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ABSTRACT 

The C3 symmetric macrocycle 1,4,7-triphosphacyclononane (1) is a highly 

desirable analogue of the ubiquitous 1,4,7-triazacyclononane ligand, and is expected to 

form kinetically stable transition metal complexes with potential applications in areas 

such as biomimicry and catalysis. Traditional synthetic strategies have not successfully 
/ 

pr~dzccd 'I as the free iigand; a novei tempiating strategy employing a C3 symmetric 

tris(si1ane) tripod (derived fi-om tris(dimethylsily1)methane or -ethane) as a molecular 

framework for the preparation of 1 is therefore proposed. This synthetic route exploits 

the phosphorus protecting group chemistry of silicon to hold three cyclizable 

vinylphosphine units in close proximity and promote ring closure via three P-H addition 

reactions across adjacent vinyl groups. Solvolytic cleavage of the P-Si bonds should 

afford the free macrocycle (1). 

Substitution of the bromosilane groups in RC(Me2SiBr)3 (17, R = H; 18, R = Me) 

with three equivalents of LiPRY2 produced the model tris(sily1phosphine) tripods 13-14 

(R' = Ph) and 19-20 (R' = Et). Incorporation of the bulky dimethylsilyl "elbow" groups 

was found to affect the conformational preferences of the tris(si1ane) core in solution and 

in the solid state. Barriers to rotation around the tripod arms (C,,,,-Si) in tripods 13-14 

and 17-20 (probed by molecular modelling and variable temperature NMR spectroscopy) 

ranged fi-om 6-8 kcal/mol, with higher barriers observed for compounds with larger 

substituents on silicon (Br < PEt2 < PPh2). Replacement of the apical proton on the 

tripod core by a methyl group also increased the barrier to arm rotation. The 

susceptibility of compounds 13-14 and 19-20 to solvolytic cleavage of the P-Si bonds by 

protic reagents was studied: P-Si bond cleavage proceeded cleanly, with quantitative 

liberation of secondary phosphine. Molybdenum carbonyl complexes of the Lewis basic 

tris(sily1phosphine) tripods 13-14 and 19-20 were prepared by reaction with Mo(CO)~ or 

M0(pip)~(C0)~. Compounds 19-20 form both K ~ -  and K~-coordinated metal complexes, 

while the more sterically congested tripods 13-14 only coordinate to the metal in a K ~ -  

fashion. 



The phosphide transfer reagents LiPHPh (34), TMEDA*Mg(PHPh)2 (35), 

LiAl(PHPh)4 (36), and "TMEDA*Zn(PHPh)2" (37) were investigated for their ability to 

install reactive P-H functionalities into monohalosilanes and 1,2- 

bis(chlorodimethylsilyl)ethane (41). Reactions with lithium phosphide 34 gave primarily 

disilylated products (SizPPh), while phosphides 35-37 were more selective for formation 

of silylphosphines (SiPHPh) retaining a P-H bond. 

Structural trends in the 'H and 3 1 ~ ( 1 ~ )  NMR spectroscopic data of a number of 

novel silylphosphines were identified, and used to analyze the products of reactions 

between 17 andlor 18 and the phosphide transfer reagents M(PHR), (M = Li, 

TMEDAoMg; R = Ph, Cy, vinyl; n = 1 [Li], 2 [Mg]). When R = Ph or Cy, the products 

from reactions with 17-18 varied with both the metal and tripod used, while reactions of 

17 and 18 with lithium or magnesium vinylphosphide reagents typically produced 

mixtures of partially substituted tripod species, including the tis(phosphines) 

RC(Me2SiPH(CH=CH2))3 (83, R = H; 86, R = Me). Reductive coupling of the 

vinylphosphide reagent(s) may explain the appearance of large quantities of phosphorus- 

containing by-products, presumed to be the triphosphine (CH2=CH)P[PH(CH=CH2)I2 

(89). Tripods 83-86 were proposed as non-metal templates for the synthesis of the P3 

macrocycle 1. Treatment of mixtures containing 83-86 with AIBN suggests that 

hydrophosphination of vinylphosphine moieties in 83-86 is successful, and that 83-86 are 

viable templates for the cyclization of 1,4,7-triphosphacyclononane (1). 
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(Kn-) multidentate ligand systems; ligand-metal complex is 

designated as K"-coordinated, where n is the number of 
donor atoms coordinated to the metal centre. 

Diphosphine 

Oligosilanes 

Phosphides 

Phosphines 

Saturated compounds of tervalent phosphorus; prefix 
(di-, tri-, etc.) indicates number of unbranched 
phosphorus atoms in the chain. 

Saturated compounds of tetravalent silicon; short chain 
analogues of alkanes containing only Si-Si bonds along 
the backbone. Prefix (di-, tri-, etc.) indicates number of 
unbranched silicon units in the chain. 

An anionic center derived formally by the removal of one 
or more hydrogens from any position of a neutral parent 
hydride; compounds obtained from phosphines PR3 by 
replacing one or more hydrogen atoms by a metal (e.g. 
NaPHPh - sodium phenylphosphide). IUPAC has 
recommended the alternate name of phosphanides to 
avoid confusion with the monoatomic phosphide anion 
p3-, but this convention has not been followed here. 

pH3 and compounds derived from it by substituting one, 
two or three hydrogen atoms by organic groups. WH2, 
R2PH, and R3P (R not equal to H) are called primary, 
secondary, and tertiary phosphines, respectively. 
Compounds are named by listing the organic groups 
attached to phosphorus in alphabetical order. As 
prefixes, dialkylphosphino may be used for R2P-. 

Phosphine oxides Compounds having the structure R3P=0 - R~P+-o-. 

Phosphonium compounds Salts [w]+x- containing a tetracoordinate phosphonium 
ion and the associated anion. 



xxxi 

Silanes 

Silanol 

Si!9?r.nes 

SiH4 and compounds derived fi-om it by substituting one 
or more hydrogen atoms by organic groups. Compounds 
are named by listing the organic groups attached to 
silicon in alphabetical order. Silanes may be subdivided 
into silanes, oligosilanes and polysilanes. 

Technically H3SiOH, but a name commonly applied to 
organic derivatives of silanol, R3SiOH. 

SaeGr2ted &con-oxygeii 20r1PO-~T& -%i~\ lin~iaic~ied or 

branched chains of alternating silicon and oxygen atoms 
(each silicon atom is separated fi-om its nearest silicon 
neighbours by single oxygen atoms). Organic 
derivatives of compounds containing Si-O-Si bonds are 
commonly included in this class. 

Silyl groups H3Si- and groups derived fi-om it by substituting one or 
more hydrogen atoms by organic groups (R3Si-). 

Triphosphine See diphosphine 

t~aming conventions in this thesis are based on W A C  recommendations given in Moss, G. P.; 
Smith, P. A. S.; Tavernier, D. "Glossary of Class Names of Organic Compounds and Reactive 
Intermediates Based on Structure (IUPAC Recommendations 1994)", Pure & Appl. Chem. 
1995, 67, 1307. (except where otherwise noted). 
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CHAPTER 1 

Overview 

1.1 Project Goals and Rationale 

The 1,4,7-triazacyclononane ligand (N3[9]ane) and its derivatives display a wide 

and varied coordination chemistry, as shown by a brief survey of the literat~re-l-~ Rigid, 

facial coordination of the nitrogen donor atoms to three mutally cis sites on a metal centre 

directs all incoming ligands to the opposite face, and provides a measure of control over 

the coordination sphere of the metal. Complexes of these tridentate amine ligands 

typically exhibit a pronounced kinetic "macrocycle effect ,,IO,l 1 and are resistant to 

dissociation of the chelating cyclo-N3 ligand even at extreme p ~ ' 2 , ' 3  or under redox 

 condition^'^^'^. The high kinetic stability of these macrocyclic complexes has lead to a 

number of applications for N3-macrocycles, including their use in metal ~helation,'~-'* 

crystal engineering,'g.20 molecular recognition21 and ~ a t a l ~ s i s , ' ~ . ~ ~  biomimetic model 

systems,23 and as r a d i o i m m ~ n o t h e r a ~ ~  and imaging agents25'26. As cyclic six-electron 

donors, triaza-crown ligands behave as neutral cyclopentadienyl analogues, and provide a 

route to chemical transformations not observed in complexes of the anionic 

cyclopentadienyl ligand. The related triphosphorus macrocycle 1,4,7- 

triphosphacyclononane (P3[9]ane, 1) is a highly desirable compound, as the presence of 

soft phosphorus donor atoms in place of the harder nitrogen donors should promote 

tighter binding of 1 to late transition metal centres. Facile derivatization of the secondary 

phosphine centres in 1 would allow considerable control over the steric and electronic 

environment of the metal centre in its coordination complexes, and could be used to tailor 
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the P3-macrocycle for specific applications. This offers a considerable advantage over 

the known t r i~xa-*~ and trithiacyclononane2* ligand systems, which cannot be be further 

functionalized at the divalent heteroatom centres. Given the undoubted' usefulness of the 

P3[9]ane ligand, and the number of related nine-membered ring systems known 

(illustrated in Figure 1.1), it is surprising that compound 1 is still unknown as the free 

macrocycle. 

j unknown as [ 
j free ligand 

Figure 1.1 Nine-membered macrocycles related to 1,4,7-triphosphacyclononane (1). 

Tris(phosphine) ligands are not unusual in that a large number of acyclic and 

tripodal phosphine ligands are known; tris(phosphine) macrocycles, however, are rare. 

Attempts to synthesize P3[9]ane by untemplated cyclization of vinyl phosphine produced 

only polymerized ~naterial,'~ and while it is possible to prepare this compound by metal- 

templated cyclization of pendant phosphine units coordinated to a metal centre (vide 

inpa), liberation of the P3 macrocycle fiom the metal template is not facile, and 

fundamentally alters the nature of the phosphorus donor atoms by oxidizing them fiom 
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P(II1) to P(V). The oxidized macrocycle (2, Figure 1.2) is remarkably stable, and has not 

yet been reduced back to its P(II1) f01-m.~' 

P(l1l) donor atoms P(V), cannot be 
reduced at this time 

P-H bonds available 
for functionalization 

No P-H bonds present; 
limited functionalization 

possible 

Figure 1.2 Comparison between target macrocycle P3[9]ane (1) and macrocycle obtained fiom 
transition metal templated synthesis (2). See Section 1.2.2.2.2 for details. 

To avoid the problems associated with metal-templated synthesis of P3[9]ane, a 

metal-fi-ee route to the P3 macrocycle is proposed here, as depicted in Scheme 1.1. 

Metalloid elements such as silicon, tin, and boron can be used as temporary fkameworks 

for the synthesis of macrocyclic compounds because they form covalent metalloid- 

heteroatom bonds that can be easily cleaved by solvolysis under mild  condition^.^^ The 

proposed synthetic method, which employs a C3 symmetric tris(si1ane) tripod as a non- 

metal template for the synthesis of 1, exploits the phosphorus protecting group chemistry 

of silicon to hold three cyclizable vinylphosphine units in close proximity and promote 

ring closure via three P-H addition reactions across adjacent vinyl groups. Liberation of 

the macrocycle fi-om the Si3 template by solvolytic cleavage of three P-Si bonds should 

afford the free macrocycle 1. This thesis describes the development of the proposed 

template system, including the preparation, functionalization, and conformational 
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preferences of the Si3 template scaffold, and the application of this template towards the 

synthesis of macrocycle 1. 

Me,Sii""~C\SiMe, P-H addition H 
I ! - 

HP S1Me2 bH 
HP 1 

Scheme 1.1 

1.2 Introduction to Macrocycle Chemistry 

Cyclic saturated organic compounds, cyclo-(CH2),, can be classified into four size 

ranges: small rings (n = 3, 4); normal rings (n = 5 - 7); medium rings (n = 8 - 11); and 

large rings (n 2 12). The distinction between each group is based on available synthetic 

methods, as each class requires a specific synthetic methodology, or modification of a 

general procedure particular to that range of ring sizes3'. Basic methods for the synthesis 

of medium and large hydrocarbon rings were established over 60 years ago, but the late 

1960s brought a renewed interest in heteroatom-containing macrocyclic compounds as 

effective and selective complexing agents for metal cations. 32-34 Current interest in 

macrocyclic species of varying composition is driven in part by investigations of their 

metal complexing abilities, and by the ongoing discovery of naturally occurring 

macrocycles (Figure 1.3), many of which display beneficial biological a~t ivi t ies .~~ 
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$-Cyclodextrin 

OH 

Amphotericin B (antibiotic) 

Figure 1.3 Naturally occurring macrocycles. 

1.2.1 Synthetic Principles 

Macrocycles are usually formed fiom one or more linear segments that undergo 

cyclization via connection of two chain ends. The challenge in these syntheses is to 

ensure that bond formation occurs between opposite ends of the same chain, rather than 

between two different chains. This competition between intramolecular cyclization and 

intermolecular polymerization is a fundamental problem affecting the synthesis of 

macrocyclic compounds. Several factors can influence the extent to which 

intramolecular cyclization is favored in a given synthesis, including the length of 

individual chain segments and the size of the target macrocycle, the nature of the atoms 

in the chains andlor rings, and the number of units involved in the cyclization. 
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Intramolecular Cyclization 

Intermolecular Polymerization 

Figure 1.4 Competing reactions in synthesis of macrocycles from linear precursors. 

The likelihood that a particular linear chain will undergo cyclization depends 

largely on interactions along the chain, and on the entropy change between open and 

cyclized species. In most cases, polymerization of linear substrates is thermodynamically 

favoured, as cyclization decreases the entropy of the system by decreasing the number of 

rotational degrees of fkeedom within the newly formed macrocycle, relative to the open 

chain species. Ease of ring preparation is also influenced by the degree of ring strain in 

the proposed cycle. Medium sized rings have only limited ring strain through the carbon 

backbone (comparable to that in five-membered rings), but chain conformations give rise 

to significant interactions with substituent groups located around the ring, resulting in a 

large transannular strain. These interactions reduce the rate of ring closure and allow 

intermolecular coupling reactions to dominate over the desired cyclization. Incorporation 

of heteroatoms (0, S, NH) into the ring decreases transannular interactions relative to 

carbon-based macrocycles, and may help promote ring formation. Similarly, the 

presence of rigid groups (aromatic rings, double or triple bonds) in the backbone of the 

cyclizable unit can also favor cyclization by decreasing the internal entropy of the open 

chain, which leads to a smaller overall decrease in entropy upon ring closure. In the 
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example shown in Figure 1.5, the presence of a rigid ortho-substituted aromatic group 

promotes cyclization such that it is possible to form a series of rings in high yields, with 

no significant decrease in yield observed for the formation of the less favored medium 

sized rings relative to the more accessible five- to seven-membered rings.35136 

n = 6 t o 1 0  

Figure 1.5 Rigid group effect on medium ring formation. 

The yield of a cyclization reaction also depends on the number of units involved 

in the cyclization (Scheme 1.2), as this dictates the number of new bonds that must be 

formed. Formation of more than one bond, as required for multiple component 

cyclizations (b), increases the likelihood of component oligomerization prior to ring 

closure, and produces a mixture of larger ring systems. By restricting a cyclization 

substrate to a single bifunctional unit (a), side reactions that lead to formation of multiple 

ring systems are minimized; however, polymerization remains a competing reaction. 
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(a) One component cyclization 

(b) Two component cyclization 

Scheme 1.2 

1.2.2 Synthetic Methods for Phosphorus Macrocycle Formation 

Synthesis of phosphorus-containing macrocycles can be very straightforward. For 

example, the mixed donor macrocycle Ph4P402[18]ane (3) was formed by nucleophilic 

displacement of chlorides by anionic phosphides (Scheme 1.3, a). This preparative route 

is directly analogous to that used for the synthesis of the well known crown ether 

06[1 81ane (1 8-crown-6), but unlike most crown ethers, the mixed donor macrocycle 3 

does not show the same tendency to coordinate small alkali metal cations (such as 

lithium), suggesting that the soft donor nature of the phosphorus atoms in 3 dominates 

37-40 over the harder oxygen donors. The synthesis of crown ether macrocycles by th s  

method is possible because the 0-CH2CH2-0 fragments prefer to adopt low energy 

gauche conformations along the growing macrocycle backbone ("gauche effect")", 

placing the reactive chain ends in close proximity and promoting ring formation. 

Unfortunately, the successful formation of P-donor macrocycles under standard synthetic 
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conditions is unusual, because disubstituted ethane fragments with larger, less 

electronegative substituents do not display a gauche effect, and tend to adopt low energy 

anti conformations along the E-CH2CH2-E fragments instead of higher energy gauche 

conformations (E = N, P, s ) . ~ ~ , ~ ~  The resulting extended chain conformation limits the 

probability of bond formation between opposite ends of the same chain, such that 

intramolecular cyclization is thermodynamically disfavoured relative to intermolecular 

bond formation. As a result, most reactions intended to produce macrocyclic 

polyphosphines, including halide substitution reactions similar to those employed in the 

synthesis of 3 (b),44 and untemplated P-H addition across olefinic sites (c):' result in 

polymerization of the phosphorus-containing substrates. However, the desirability of 

phosphorus macrocycles as synthetic targets has prompted the development of specific 

synthetic methods to supress polymerization and promote ring closure. 

n Bul '""' 

3 

(b) aPHPh BuLilTHF- a PLiPh Ci CI 
Polymerization 

' PHPh p ~ i p h  0.05 M in THF 

NEt2 $3 high dilution 
(4 6 4 -  + - Polymerization 

Me' 
PH HPXMe 

Scheme 1.3 
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1.2.2.1 High Dilution Macrocycle Synthesis 

High dilution methods were developed in order to create reaction conditions 

where cyclization of a substrate was favoured over polymerization, and were first 

formulated and applied by Ruggli in 1912 for the synthesis of amide macrocycles.31 The 

theoretical basis for the hgh dilution method lies in the kinetics of the reactions taking 

place; intramolecular cyclization is a first order reaction, with the rate being proportional 

to the concentration of the substrate to be cyclized, while the intermolecular condensation 

reaction is second order, as the rate is proportional to the square of the substrate 

concentration. Decreasing the concentration of the reactive species therefore favors 

intramolecular ring closure over polymerization. For reactions carried out in a 

homogeneous solution, the stationary state concentration of the cyclizable/polymerizable 

intermediate should be kept as low as possible. 

While high dilution methods have been used for the successful synthesis of a wide 

range of macrocycles, this method does have a number of drawbacks. Due to the low 

concentration of substrate required, solvent volumes are extremely high, resulting in 

increased cost for purchasing and disposal of reagents. With the low substrate 

concentrations employed, even a small amount of impurity in the solvent used can have a 

significant effect on the outcome of the reactions, and reaction workup is further 

complicated by the need to isolate small quantities product from a large volume of 

solvent. Despite these problems, high dilution remains a useful synthetic method. 
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Fih 
high dilution _ 

Ph 
4 

(5% isolated yield) 

n ph 
high dilution _ sp pw 

up u 
Ph Ph/ u P \ P h  

5 
(33% yield) 

Scheme 1.4 

The study of macrocyclic phosphorus compounds first developed in 1977, when 

~ ~ b a ~ ~  published the earliest reported synthesis of macrocycles containing at least three 

phosphine groups (Scheme 1.4), carried out under high dilution  condition^.^^ The 

synthesis of 444346 (and 548P9) via halide substitution by ortho functionalized benzo groups 

exploits the rigid group effect discussed in Section 1.2.1 to reduce the internal entropy of 

the intermediate (acyclic) species (4a/5aY respectively), and reduce the overall entropy 

decrease required by ring closure. In spite of the entropic advantage offered by the planar 

benzo- group, cyclization to form the 11- and 14-membered rings is still unfavorable 

relative to polymerization at moderate substrate concentrations (vide supra). However, at 

extremely low substrate concentrations, the amount of 4a or 5a in solution is minimized, 

and reaction kinetics favor intramolecular cyclization of 4a and 5a over intermolecular 

chain formation, promoting formation of macrocycles 4 and 5. Isolation of the desired 

macrocycles demonstrates the usefulness of high dilution syntheses, which provide 

access to compounds not readily available under normal reaction conditions; the 

disadvantage of this synthetic method is demonstrated by the low isolated yields of 
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compounds 4 and 5, which are typical of high dilution syntheses, and have prompted the 

development of higher yielding cyclization methods, including templated ring 

formations. 

1.2.2.2 Templated Macrocycle Synthesis-Internal and External Templates 

Templated ring closure methods involve the use of a template (either temporary or 

permanent) as a framework for ring formation. Depending on the target macrocycle, a 

template can be internal (endo) or external ( e ~ o ) . ~ '  Endo templates have been used 

extensively in the synthesis of polyamine macrocycles; one of the most common 

applications involves ring expansion by transamidation with incorporation of an amino 

side chain into a pre-existing, but smaller, lactarn ring (e.g. Figure 1.6, a). Side chain 

insertion into the ring can be a single step, or it can be repeated numerous times along an 

appropriately functionalized chain to further expand the ring (e.g. Figure 1.6, ah). 

Bicyclic systems (Figure 1.6, c) also represent potential endo templates for synthesis of 

medium and large rings, as cleavage of an internal bridge bond results in macrocycle 

formation. This endo template has been used primarily for the formation of cyclic 

species with carbon atoms at the (formerly) bridgehead positions, though some examples 

bearing bridgehead nitrogen atoms are known. 
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a> KAPA reagent 

Figure 1.6 Cyclizations using an internal (endo) template (KAPA = potassium 1,3- 
aminopropylamide) . 

In an exo-templated cyclization, assembly of a macrocycle on a temporary 

framework or group may be followed by removal of the template and isolation of the free 

cycle. The scaffold used to prepare the target ring can be ionically or covalently bonded 

to the macrocycle substrates or fragments, and in some cases can be recovered and 

recycled after use. Probably the oldest and most commonly used exo template involves 

the use of a metal center to preorganize component units prior to cyclization (Sections 

1.2.2.2.1 and 1.2.2.2.2). With reactive sites located in close proximity around the central 

ion, macrocycle formation is highly favored-a result known as the "template effe~t".~' 

Less common is the use of covalently bonded exo templates (Section 1.2.2.2.3), which 

typically involve the use of metalloids such as silicon, tin, and boron, to form a 

framework on which the macrocycle can be a~sembled.~' Once cyclization is complete, 
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the metalloid-heteroatom bonds can undergo solvolytic cleavage to liberate the newly 

formed macrocycle (vide infia). 

1.2.2.2.1 Metal-Templated Cyclizations of P4 Macrocycles 

One of the greatest advantages of a metal-templated ring closure is that it can 

completely inhibit the formation of polymers and shorter linear chains, while making it 

possible to selectively synthesize a specific macrocycle (e.g. Scheme IS5'). 

Unfortunately, syntheses are often specific for a certain metal ion, and cannot be 

generalized to another metal or macrocycle.. In addition, it can be extremely difficult to 

remove the macrocycle from the metal template once formed due to the kinetic 

macrocycle effect. 5' 

35% yield 

Scheme 1.5 

A particular advantage of this synthetic method is demonstrated by Stelzer's 

Ni(I1) templated synthesis of crown phosphine (Scheme 1 .6).45 Even under high dilution 
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conditions, co-polymerization of 6 with diethylaminodivinylphosphine is highly favored. 

Coordination of 6 to a nickel center, followed by addition of the divinylphosphine gives 

the square pyramidal complex 7. The terminal secondary phosphine units of 7 are fixed 

in a position suitable for cyclization by coordination to the metal, and addition of 

terminal P-H bonds across the vinyl groups on the adjacent phosphorus center results in 

formation of the desired P4 macrocycle 8 as a mixture of diastereomers in 98% yield. 

Me, Br2 Me 

Ph 

Me. I 

Scheme 1.6 

The high cyclization yield obtained fkom this reaction offers a clear demonstration 

of why metal-templated cyclization reactions are common in macrocycle chemistry. 

Incorporation of a Et2N-P group indicates that, in this case, the templated cyclization is 
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relatively tolerant to the presence of functional groups, and the P-N bond provides a 

useful location to further modifj the ring. Unlike the previous example of templated 

cyclization, however, liberation of the macrocycle is not straightforward. Addition of 

excess CN- is not enough to drive decomplexation of the macrocycle, but oxidation with 

10% H202 cleaves the P-N bond, forming the phosphine oxide 8, and allowing extraction 

of the modified P4 macrocycle. 

1.2.2.2.2 Metal-Templated Cyclizations of P3 Macrocycles 

Although the examples discussed above all use nickel (or related late transition 

metal) cations for template-aided cyclization of phosphamacrocycles, earlier transition 

metals can also be used as templates for synthesis of phosphorus-containing rings. The 

syntheses of symmetric P3 macrocycles of varying sizes have been successfully carried 

out using group 6 metal carbonyls as templates (Cr, Mo, w ) . ~ ~ ~ ~ ~  In these syntheses, the 

first step involves facial coordination of three primary phosphine units bearing alkene 

substituents to an octahedral metal center (such as molybdenum). Radical P-H addition 

across a carbon-carbon double bond is used to form the macrocycle, and is initiated by 

the addition of AIBN. 

Scheme 1.7 

Attempts to prepare P3[12]ane (9) by reaction of allylphosphine with ABN in the 

absence of a metal template resulted only in polymerization.52 In contrast, 

crystallographic structural analysis of the metal-templated products showed that the 
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desired macrocycle had formed, remaining facially coordinated to the metal template, and 

that the P-H addition proceeded exclusively in an anti-Markovnikov fashion. In this way, 

metal-ligated P3[12]ane (9) and P3[15]ane (10) could be prepared in >70% yields from 

three equivalents of allyl- or butenylphosphine, respectively. 

9 10 

Following the work of Norman on the molybdenum-templated synthesis of 

macrocycles 9 and 10, Edwards et a1 extended this method to use tungsten- and 

chromium tricarbonyl templates as well, and investigated the functionalization of the 

phosphorus moieties.537s4 As mentioned in Section 1.1, one of the advantages of 

phosphacrown macrocycles over oxygen- and sulfur-containing crown ethers is that, 

unlike the divalent donor atoms in oxa- and thiacrowns, the trivalent phosphorus atoms 

retain a functionalizable pendant substitutent on each phosphorus centre. Edwards was 

able to metallate the phosphorus centres of 9 and 10 using three equivalents of nBuLi 

(Scheme 1.9, followed by metathesis with an alkyl halide to give P-modified complexes 

with varying R groups. AIBN-promoted P-H addition across the double bond in allyl 

amine gave the metal-coordinated macrocycles with three pendant amine groups; 

introduction of other functional groups is also possible.55 
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Scheme 1.8 

Early attempts by Norman to displace the P3 macrocycles from the metal template 

by reaction with PPh3, PF3, KCN, and P(OMe)3 were unsuccessll, demonstrating the 

strong ligating ability of the macrocycles.52 Later investigators had similar difficulty 

obtaining the free m a c r ~ c ~ c l e ~ ~ ' ~  and it was not until 1996 that Edwards was able to 

isolate the P3 macrocycles in a metal-free ~ t a t e . ~ ~ ' ~ ~  Scheme 1.9 shows the relatively 

harsh conditions required for removal of the metal template: oxidation of the metal 

centre by a halogen is followed by treatment with a strong base, eventually producing the 

free macrocycle in 80% yield. The liberation is stereospecific, with the lone pair on each 

chiral phosphorus atom all oriented on one side of the ring (syn-syn-syn); conversion to 

the anti-syn-anti isomer via inversion at phosphorus can be achieved by heating the free 

cycle. 
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x2 
-+ 

-78OC 2) H20 

( w 3  X = CI, Br 

/ 

,i' 9,80% 
syn-syn-syn 

"%,, c"l ,H 

CJ H 

anti-syn-anti 

Scheme 1.9 

More recent work by Edwards has involved attempts to extend this template 

method to the synthesis of the related nine-membered ring, P3[9]ane (1). Application of 

the template method described above to three metal-coordinated vinylphosphine groups 

does not produce the desired nine-membered ring.29 While P-H addition ocurs readily in 

this system, 3 1 ~  NMR data shows that the cyclization is incomplete (Scheme 1.10) even 

when the smaller chromium atom is used as a template. Molecular modelling carried out 

by Edwards et a1 suggests that the rigid octahedral environment around group 6 metals 

places the terminal phosphorus atoms in 11 too far away for the final P-H addition to 

occur. 29 

Scheme 1.10 

The inability of group 6 metals to act as templates for the synthesis of P3[9]ane 

prompted Edwards et a1 to develop a new transition metal template based on Fe(I1) 
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(Scheme 1.1 1).59 In the iron template, a bulky, facially coordinated Cp* ligand forces the 

three mutually cis phosphorus coordination sites on iron into closer proximity, allowing 

complete cyclization to proceed, and yielding the unsymmetrically substituted nine- 

membered ring as the Cp*Fe(II) complex. Functionalization reactions can be carried out 

as for the group 6 macrocycle complexes, but again, liberation of the macrocycle from 

the metal template is difficult. Exhaustive oxidation allows the removal of the iron 

centre, but provides the nine-membered ring as the trioxide 2, which has thus far resisted 

all attempts at red~ction.~' 

Scheme 1.11 

1.2.2.2.3 Ring Closure Using Metalloid Templates 

Metalloid scaffolds (Sn, Si, B) can be used as external templates for the assembly 

of macrocyclic units, with the intermediate formation of metalloid heterocycles acting as 

a chemical template to promote ~~cl izat ion.~ '  An example is shown in Scheme 1.12, 

where compound 12 acts as a distannoxane template for the double cyclization of 
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ethylene glycol with a,o-diisocyanates. The resulting dicarbamates can be liberated 

from the tin template by hydrolysis. Although the number and type of macrocycles that 

can be formed by this method are limited compared to the more widely applicable metal 

templated cyclizations, metalloid templates do provide one significant advantage: they 

allow isolation of metal-fiee product macrocycles via mild solvolytic cleavage of the 

metalloid-heteroatom bonds. 

(CH2)n 
HN' \ 

I 
NH 
\ 

O=C C=O 
\ I 
o\ /o 

C-C 
H2 H2 

Scheme 1.12 

The potential for an effective, non-metal templated synthesis of 1 prompted the 

design of the tripodal tris(si1ane) template proposed in Scheme 1.1. This silicon-based 

template draws on the well-established use of silanes as protecting groups in phosphorus 

chemistry, offering an alternative to the more traditional metal-based synthetic methods. 
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1.3 The Chemistry of Phosphorus-Silicon Bonds 

1.3.1 Reactions Occurring at the Phosphorus-Silicon Bond 

The phosphorus-silicon bond is a highly reactive functional group, and can be 

cleaved by a variety of reagents, some of whch are shown in Scheme 1.13. 60-63 Most 

compounds containing phosphorus-silicon bonds must be handled under an inert 

atmosphere in non-protic solvents to prevent decomposition, as the P-Si bonds are 

susceptible to cleavage by water and other protic solvents (Scheme 1.13 b-c). Halogens 

(X2) (d) and hydrohalic acids (HX) (e) can also disrupt this bond, releasing halosilanes 

along with the corresponding halo- or hydridophosphine. Addition of alkyllithium 

reagents (a) to fully organosubstituted silylphosphines results in P-Si bond cleavage with 

alkylation of the silane moiety and production of a lithium phosphide. The reaction of 

silylphosphines with borane or trihaloborane initially results in adduct formation by 

donation of the phosphorus lone pair into the empty orbital on the boron atom (f). Upon 

heating, the borane adduct decomposes with cleavage of the P-Si bond, forming an 

oligomeric phosphinoborane and losing the silane fragment. In all cases, the products 

observed suggest that the phosphorus-silicon bond behaves as P"-s?', an assessment 

consistent with the bond polarity predicted based on the Pauling electronegativities of Si 

(1.8) and P (2.2).64 
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XPPh2 + ?nefii>c 

X = CI, Br, I 

+ X = CI, Br, I 

Me3SiX + [Ph2PBX2], 

X = H, halogen 

Scheme 1.13 

Oxidation of silylphosphines occurs by insertion of 0 2  into the Si-P bond, with 

oxidation of the P(II1) moiety to P(V), according to Eqn l-l.62365y66 Similar insertion 

reactions have been observed for silylphosphines with C02 and CS2 (Eqn 1-2). 

Hexafluoroacetone also inserts into the P-Si bond of silylphosphines to give two 

products, as shown in Scheme 1.14. Interestingly, the major product does not contain a 

silicon-oxygen bond; instead, the oxygen is bound to the phosphorus centre, which 

undergoes an Arbuzov rearrangement to give compound 13, containing a P(V) unit.65 

References p 28 



Chapter I 24 

CF3 
/ CF3 

I 
CF3 I 

Me3Si-PPh2 + O=C 
\ 

Me3Si-C-0-PPh2 + Me3Si-0-C-PPh2 
I I 

CF3 CF3 CF3 

major minor 

Arbuzov 
Rearrangement 

Scheme 1.14 

1.3.2 Applications of Silylphosphines 

The sensitivity of the Si-P linkage to cleavage by a range of common reagents has 

been exploited in a number of applications relying on the degradation of silylphosphine 

compounds. Disilylphosphido complexes of zinc, cadmium, mercury, tin, and lead 

(M[P(SiMe3)2],, n f 1) are of interest as organometallic precursors for the solution-phase 

synthesis of nanoparticulate phosphide semiconductors (eg. Eqn 1-3).67,68 Polyphosphido 

silicon hydrides (Si(PH2),) have been shown to act as single-source precursors for 

chemical vapour deposition of silicon phosphides as semiconductor dopants.69y70 The 

tetrakis(phosphido)silane Si(PH2)4 has also been used as a mild -pH2 transfer reagent for 

the synthesis of mixed chloro/phosphido silanes (Eqn 1-4), which may be of use in the 

synthesis of novel compounds bearing Si-P multiple bonds, or for the preparation of new 

lithium phosphide clusters.71 

'I2 {Cd[P(SiMe3)2]2}2 + 4 MeOH - 'I3 Cd3P2 + 4/3 pH3 
- 4 Me3SiOMe 
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SiCI4/THF 
Si(PH2)4 - CISi(PH2)3 + C12Si(PH2)2 + CI3SiPH2 ( 1 -4) 

A particularly relevant application of phosphorus-silicon bond chemistry is the 

use of trimethylsilyl as a protecting group for a P-H bond.72173 AS shown in Scheme 

1.1 5,72 the presence of the -%Me3 group in Me3SiPH2 does not hinder the reactivity of 

the remaining P-H bonds towards radical addition across an olefin. Once the desired 

degree of alkylation has been reached, the protected P-H group can be unmasked by 

treatment with a protic reagent. The relative ease with which silane protection and 

deprotection of the P-H functionality can be accomplished makes this a valuable 

technique for the synthesis of functionalized phosphines. It should be possible to extend 

this methodology to larger polysilane frameworks such as the tris(si1ane) tripod proposed 

in Scheme 1 . l ,  and to exploit t h s  aspect of phosphorus-silicon chemistry for the 

templated assembly of polyphosphine macromolecules like P3[9]ane (1). 

Me3Si-pH2 

&R 
AlBN 

$. 
~ e , ~ i  . p m R  &R 

____) 

AlBN 

Scheme 1.15 
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1.3.3 Phosphorus-Silicon Bond Forming Reactions 

The development of phosphorus-silicon chemistry began in the 1950s, with the 

synthesis and isolation of the first monomeric compound containing a P-Si bond by Fritz 

et a1.74y62,63 Silylphosphme, H3SiPH2, was prepared by thermal craclung of the gaseous 

starting materials (silane and phosphine, Eqn 1-5) at high temperatures, resulting in 

radical formation and recombination to give a mixture of products fkom which H3SiPH2 

could be isolated in low yield. Interest in phosphorus-silicon chemistry continued to 

grow, and in 1957 Kuchen and Buchenwald reported the first fully organo-substituted 

silylphosphine, ~ e $ i ~ ~ h 2 . ~ '  Their synthesis, which employed a salt elimination 

reaction between a chlorosilane and sodium diphenylphosphide (Eqn 1-6), proved to be 

well suited for the preparation of silylphosphines bearing alkyl, aryl, or other organic 

substituents. Later investigators confirmed that analogous metathesis reactions could be 

carried out with a variety of phosphide sources, and nucleophilic substitution of a 

halosilane by a metal phosphde reagent with elimination of a metal halide salt has since 

become the standard method for formation of silicon-phosphorus bonds. 62,63,66,76 We 

therefore considered treatment of a tripodal tris(bromosi1ane) with an appropriate 

phosphide transfer reagent (Scheme 1.16) to be a viable method for the preparation of the 

proposed tris(si1ane) template framework. 

-5OO0C 
SiH4 + pH3 H3SiPH2 + H2 (1-5) 

Me3SiCI + NaPPh2 Me3Si-PPh2 + NaCl (1-6) 
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Scheme 1.16 

1.4. The Scope of This Thesis 

The work presented in this thesis involves the development of tripodal tris(si1ane) 

compounds as non-metal templates for the synthesis of P3[9]ane (1). Chapter 2 describes 

the synthesis of the brominated Si3 scaffolds, and the incorporation of three pendant -PR2 

groups (R = Ph, Et) onto the tripod core. Preparation of tris(si1ane) frameworks with 

pendant phosphine substitutents was used to confirm the viability of halide substitution 

for the formation of tris(sily1phosphine) molecules such as the proposed macrocycle 

template. The presence of the bulky SiMe2 elbow groups was expected to impart a 

degree of rigidity to the S i  framework, and reduce the overall entropy of the proposed 

macrocycle precursor (and related derivatives). To determine if the elbow substituents 

affected the flexibility of these tripod scaffolds, their conformational preferences were 

investigated by low temperature 'H{"P) and '~P{'H) NMR spectroscopy, x-ray 

crystallographic analysis, and low level computational methods. The tris@hosphine) 

tripods reported in Chapter 2 represent a new class of bulky triphos analogues of interest 

as potential ligands for transition metals. The ability of these compounds to ligate a 

molybdenum carbonyl centre was investigated, and the observed coordination modes 

were used as a measure of steric bulk around the tripod core; results are presented in 

Chapter 3. Critical to the success of the proposed template method is the ability to 

incorporate three pendant -PH(vinyl) substitutents onto the Si3 template precursors, as 
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shown in Scheme 1.16. This was more challenging than we had anticipated, and required 

the development of a synthetic methodology for the selective formation of 

silylphosphines and a,o-bis(sily1phosphmes) bearing pendant -PHR units as detailed in 

Chapter 4. The extension of this method to the synthesis of tris(silylphosphines) 

retaining P-H functionality is described in Chapter 5. The final chapter of this thesis, 

Chapter 6, presents some conclusions, and suggests some areas for fbture work. 
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Development and Characterization of Tripodal Si3 Scaffolds 

2.1 Introduction 

The selection of sr template for macrocycle synthesis is governed by specific 

requirements. First and foremost, the template must hold the required number of 

cyclizable groups in close proximity and be of an appropriate size to allow complete 

cyclization to occur. It should also be possible to readily remove the ternplating molecule 

once the cyclization is complete, to allow isolation of the template-free macrocyclic 

species. The choice of C3-symmetric Si3 tripodal scaffolds as potential templates for the 

synthesis of P3[9]ane (1) is based on their ability to meet these requirements; the 

flexibility of the tripod core (relative to the octahedral transition metal templates 

described in Chapter 1) should permit pendant phosphine groups to approach closely 

enough for cyclization, followed by facile solvolysis of the Si-P bonds to remove the 

tripodal template. 

An additional feature of our proposed template is the presence of bulky methyl 

substituents at the Si "elbows" of the tripod arms. The steric demands of the SiMe2 

"elbows" are expected to restrict rotation of the tripod arms around the C-Si bonds, 

lending a rigidity to these Si3 tripods not found in tripodal molecules lacking such elbow 

substituents. This reduced flexibility relative to tripods with unsubstituted elbows 

decreases the overall entropy of the template prior to cyclization, and minimizes the 

entropy decrease caused by cyclization of the pendant phosphine groups. 
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The syntheses of a number of tripodal tris(si1anes) have been reported in the 

literature, most commonly containing a proton or phenyl group as the substituent at the 

apex of the tripod. Thus, generation of the Si3 core and subsequent functionalization to 

the corresponding tris(bromosily1) derivatives can be carried out using reasonably well 

established methodology.3y7y8 Introduction of group 15 substituents to the tripod scaffold 

by nucleophilic displacement of bromide at silicon has also been reported. Tris(si1ane) 

7,9,10 tripods bearing pendant primary mine  groups have been studied in some detail, with 

particular emphasis on applying their tripodal tris(mide) derivatives as ligands for heavy 

group 14 elements (Sn, ~ b ) ~ - "  and early transition metals (see Scheme 2.1).15-l7 

R = alkyl, aryl 

3 BuLi 

CI 
M = Zr, Ti, Sn, Pb 

Scheme 2.1 

Considerably less information is available on similar compounds with pendant 

phosphine groups. Compound 13, based on a trisilylmethane core, is the only example 

known in the literature, and was prepared concurrently by this laboratory8 and Eaborn et 

all8. Curiously, methyl-capped tripods (based on a 1 , l  , 1 -tris (dimethylsi1yl)ethane core) 

are not described in the literature despite their structural similarity to other carbon-based 

tripods such as 1 , 1 , 1 -tris(diphenylphosphinomethyl)ethane (triphos).Ig 

This chapter describes the development of routes to tripodal Si3 scaffolds bearing 

proton and methyl substituents at the tripod apex, the preparation of tris(bromosi1ane) 

tripods, and incorporation of the pendant -PR2 groups (R = Ph, Et) onto the tripod 
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framework. Investigations into the effect of the bulky SiMe2 "elbows" on the solution 

and solid state conformations of the tripod arms are presented.20 

Tris(dipheny1phosphino- 1 3b .I triphosC -. 14 
methyi )methanez This work I I nis work 

"See reference 21 b ~ e e  also l8  "See reference 19. 

2.2 Building the Si3 Scaffold 

Assembly of the tris(si1ane) fi-amework is the first step in preparation of the 

proposed macrocycle template. A "one-pot" Grignard reaction developed for the 

synthesis of tris(sily1)methane derivatives exploits the difference in reactivity between C- 

X and Si-X bonds (X = Br, Cl), so that addition of a trihaloalkane to three equivalents of 

chlorodimethylsilane in the presence of magnesium metal produces the desired Si3 

tripods as shown in Eqn 2-1. The formation of carbon-based Grignard reagents (RMgX) 

starting fi-om magnesium metal and halogenated organic compounds is well documented, 

but the analogous reaction with halosilanes to form "silyl-Grignard" compounds 

22-24 ("R3SiMgX") is rare. Reaction of the trihaloalkane with magnesium yields a carbon- 

based Grignard reagent that rapidly undergoes metathesis with chlorodimethylsilane to 

eliminate the magnesium salt. Generation of the Grignard reagent in the presence of the 

halosilane should suppress undesired C-C coupling. It is unlikely that the tri-Grignard 

species RC(MgX)3 ever actually exists in solution due to the high concentration of the 

silylhalide, which is maintained throughout most of the reaction. Instead, the reaction 

probably occurs in a stepwise fashion through a variety of Grignardlsilyl intermediate 
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species, a proposal supported by the appearance of signals in the 'H NMR of reaction 

mixtures assigned to compounds containing residual C-X bonds. 

2.2.1 Synthesis and Characterization of Tris(dimethylsily1)methane (15) 

Tris(dimethylsilyl)methane, 15, was prepared according to literature  method^^.^ 

with only minor modifications. Attempts to reproduce the reported synthesis with 

magnesium turnings were hampered by rapid temperature fluctuations near the end of the 

reaction, presumed to arise fiom inhomogeneity of the reaction mixture (a thick slurry of 

magnesium turnings and salts in THF) caused by inefficient stirring. Replacement of the 

magnesium turnings with magnesium powder eliminated these uncontrolled temperature 

changes, and reduced pressure distillation allowed the isolation of 15 in 51% yield. No 

attempt was made to further optimize the synthesis of 15, but it is likely that the high 

volatility of this compound resulted in consistently low isolated yields due to product loss 

during reaction work-up, as seen for the related tris(si1ane) 16 (vide infia). IR spectra, 

EI-MS (70 eV), and NMR spectra obtained in benzene-d6 and chloroform-dl ('H, 

1 3 c { ' ~ ) )  were in agreement with those reported in the literature; no further 

characterization was performed. 

2.2.2 Synthesis and Characterization of l,l,l-Tris(dimethylsily1)ethane (16) 

1,1,1 -Tris(dimethylsilyl)ethane (16) was prepared by the slow addition of 1,1,1- 

trichloroethane to a THF solution containing chlorodimethylsilane and magnesium 
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powder in a reaction analogous to the synthesis of 16 (Eqn 2-1). After extraction and 

reduced pressure distillation, 16 was isolated as a colourless liquid in modest yield, 

usually less than 50%. The pure compound is air and water stable, but degrades slowly 

even under nitrogen if stored prior to purification. Undesired side reactions (vide inpa) 

contribute to the reduced yield, but the consistently low isolated yields of this reaction 

can iargeiy be attributed to product losses during reaction work-up, discovered while 

attempting to obtain a sample of 16 pure enough for elemental analysis. Repeated low 

pressure distillations resulted in the loss of significant amounts of 16, leading to an 

investigation of the synthethic work-up and isolation of this compound. Organic extracts 

of the quenched Grignard reaction were concentrated on a rotary evaporator and then 

distilled under reduced pressure; 16 was detected by proton NMR in the solvent collected 

in the rotary evaporator trap, and an appreciable amount (est. 15-20%) of 16 was also 

found in the solvent trap of the vacuum line used for reduced pressure distillation (10 

mmHg). Distillation at higher pressures (30 mmHg) and the use of a fkactionating 

column still resulted in significant product loss, demonstrating the considerable volatility 

of 16. 

EI-MS (70 eV) of 16 showed only a small peak for the molecular ion (204 m/z, 

I%), but a higher abundance of the ion [M-HI+ was observed (7%), indicating that 16 

readily loses a proton. Loss of a methyl group is also facile as demonstrated by the 

relatively high abundance of the [M-CH~]+ ion (32%). Exact molecular mass 

determination of 16 by high-resolution mass spectrometry was precluded by sample 

volatility, as the ions of interest were not resident in the ion source long enough for an 

accurate mass determination to be made. 
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Figure 2.1 EI-MS (70 eV) of a sample of 16; major sample component changes with increasing 
time in spectrometer. Top: scans 1-3, MI = CH3C(Me2SiH)3. Middle: scans 4-7, 
M2 = H[SiMe&H. Bottom: scans 8-1 0, M3 = CH3C([SiMe2],H)- 
([SiMe&H)([SiMe2],H) (x + y + z = 7). 

A satisfactory elemental analysis of 16 could not be obtained, due to the persistent 

presence of higher molecular weight impurities that could not be removed despite 

numerous attempts at purification by distillation and column chromatograph$'. Analysis 

of the EI-MS trace for a sample of 16 suggests that these contaminants are primarily 

composed of the oligosilane H[SiMe2I5H (292 m/z) and a compound with the general 

Figure 2.1. 
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Oligomerization of chlorodimethylsilane probably occurs in the reaction vessel 

prior to the addition of the trihaloalkane. Chlorosilanes are known to undergo reductive 

coupling to form disilanes in the presence of magnesium, a coupling reaction purported to 

proceed via a "Grignard-like" intermediate (Eqn 2-2).26 The presence of aryl substituents 

on silicon is usually considered necessary for the oligomerization of chlorosilanes by this 

Wurtz-type coupling,27 but at least one example involving reductive coupling of 

chlorotrimethylsilane (with chlorotriphenylsilane) is known (Eqn 2-3).24 It is therefore 

possible that transient formation of small amounts of a "silyl-Grignard" reagent (though 

not present in synthetically useful ~ p a n t i t i e s ~ ~ ' ~ ~ )  could result in a Wurtz-type reductive 

coupling of chlorodimethylsilane, producing 1,1,2,2-tetramethyldisilane. The reaction of 

Si-H bonds with magnesium to form magnesium hydrides, or a metal mediated Si-H/Si- 

C1 exchange would then allow further growth of the oligosilane chains, building up a 

small reservoir of oligosilanes (Scheme 2.2). Upon addition of the trihaloalkane, 

formation of the carbon-centered Grignard is favoured, and the reaction proceeds as 

intended. Formation of the tripodal oligosilane may take place by reaction of CH3CC13 

with trace amounts of "silyl-Grignard" at the beginning of haloalkane addition, or at the 

end of the reaction when the stock of chlorodimethylsilane has been exhausted. 

While every effort was made to minimize the length of time that the chlorosilane 

remained in contact with magnesium powder prior to the addition of 1,1,1- 

trichloroethane, the potential for further reaction modifications to reduce the amount of 

impurities formed is limited. Pre-generation of the tri-Grignard reagent CH3C(MgC1)3 is 

inadvisable, as this species is likely to undergo extensive C-C coupling, and reducing the 
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concentration of the chlorosilane is also expected to promote C-C coupling at the expense 

of product formation,. Instead, compound 16 produced by this method was used "as is" in 

the subsequent bromination step, and impurities removed at a later stage. 

Scheme 2.2 

2.3 Bromination of the Si3 Scaffold 

Bromination of 15 and 16 was accomplished by nucleophilic substitution of the 

Si-H bonds with Br2, producing the Si-Br functional groups necessary for later 

introduction of three cyclizable phosphine moieties. Although some flexibility in the 

template is necessary to allow ring closure (vide supra), the fact that cyclization requires 

a significant decrease in entropy, and is therefore entropically disfavored, leads to some 

concern regarding the flexibility of the tripodal Si3 fkamework. Carbon-based tripodal 

species analogous to the proposed templates (such as triphos) are typically "floppy" due 

to a high degree of rotational freedom around the tripod arms, and are thus high in 

entropy (vide infia). The barrier to arm rotation is predicted to be even lower for tripodal 

tris(silanes), due to the increased length of C-Si bonds relative to C-C bonds.28 It was 

hoped that the introduction of methyl groups on the silicon "elbows" would provide 

sufficient steric bulk to counteract the longer C-Si bonds, restricting arm rotation around 
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the C-Si bonds and reducing the "floppiness" of the Si3 scaffold. The increased rigidity 

of the templates should make them lower in entropy than their less sterically constrained 

analogues, and minimize the entropy decrease required by later cyclization. Variable 

temperature NMR and single crystal x-ray difTi-action studies were carried out on the 

brominated derivatives of 15 and 16, to determine the effect of bulky groups on the tripod 

"eibows" on the preferred conformations of the tripod arms in both the solution and solid 

states, and the further effect of a substituent at the tripod apex on the preferred structure. 

Crystallographic and computational studies of 17 and 18 suggest that exchanging a 

proton for a methyl group at the apex of these Si3 tripods affects the preferred 

conformations of the tripod arms in the solid state (vide infia). The effect here is subtle, 

with the apical methyl group of 18 prompting an increase in the barrier to tripod arm 

rotation of approximately 1 kcallmol relative to 17. However, replacement of the 

bromine atoms in 17 and 18 with more sterically demanding groups, as will be described 

in Section 2.4, further amplifies the influence of both the SiMe groups at the tripod 

elbows and the apical substituent on the preferred conformation of these tripodal cores 

and the barriers to rotation around the tripod arms. 

2.3.1 Synthesis of Tris(bromodimethylsilyl)methane (17) and l , l , l -  
Tris(bromodimethylsily1)ethane (18) 

Addition of a 3 M solution of bromine to tris(dirnethylsily1)methane ( 1 5 ) ~ ~  

resulted in bromination of all three Si-H bonds, with evolution of HBr according to Eqn 

2-4. Previous literature reports had described the synthesis of 17 by this m e t h ~ d ~ . ~ ,  but 

no attempts to trap or destroy the evolved HBr gas were detailed. These syntheses were 

therefore modified by the use of sequential cis-cycloocteneltoluene and sodium 

hydroxide traps to prevent the release of HBr and unreacted Br2 into the laboratory 
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atmosphere (see Experimental Section 2.5.3 for details8). After vacuum distillation, 17 

was collected as a waxy white solid in 43% yield. 

Bromination of the three Si-H bonds of 16 was carried out in a manner analogous 

to the synthesis of 17 (Eqn 2-4). Using this method, 18 was isolated as a waxy white 

crystalline solid in 80% yield. Compound 18 is thermally stable under nitrogen, but due 

to its relatively high melting point (compound sublimes at 225OC1760 rnmHg) could not 

be isolated by reduced pressure distillation. Vessel-to-vessel vacuum transfer was 

therefore used as an effective method for purification; the vacuum transfer was repeated 

to collect a sample of sufficient purity for elemental analysis. Both 17 and 18 are 

moisture sensitive, and soluble in common organic and halogenated solvents. NMR 

spectra and EI-MS results for 17 are consistent with those reported in the literature. 

2.3.2 X-ray Crystal Structures of Tris(bromodimethylsilyl)methane (17) and 1,1,1- 
Tris(bromodimethylsilyl)ethane (18) 

Single crystals of the brominated tripods 17 and 18 suitable for study by x-ray 

diffraction formed ftom a crude sample during storage (17), or were grown from pentane 

solution at -20•‹C (18). ORTEP diagrams of the crystal structures are shown in Figures 

2.2 and 2.3, and selected bond lengths, angles, and distances are presented in Tables 2.1 

to 2.3. 
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Figure 2.2 Perspective view of the tris(bromodirnethylsilyl)methane molecule (17). For this and 
all following structures, non-hydrogen atoms are represented by Gaussian ellipsoids 
at the 20% probability level. 

Figure 2.3 Perspective view of the 1, I, 1 -tris(bromodimethylsilyl)ethane molecule (18) showing 
the atom labelling scheme. 
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C1 - Sil 1.8 84(8) C1 -Si 1.905(2) I 

HC(Me2mL - (17) 
Bond Length (A) 

Table 2.2 Selected bond and torsional angles for HC(Me2SiBr)3 (17) and 
CH3C(Me2SiBr)3 (18). a 

-- CH3C(Me2SiBr)3 - (18) 

Bond Length (A) 
C1 -C2 1.577(11) 

HC(M&SIBr)3(17) 
Bonds Angle (deg) 

-- CH3C(Me2SiBr)3 (18) 

Bonds Angle (deg) 

Bond Angles 

Sil - C1 - Si2 1 1 5.4(4) 

Sil - C1 - Si3 11 5.9(4) 

Si2 - C1 - Si3 1 14.4(4) 

"Primed atoms are related to unprimed ones via the rotational symmetry operation (1-y, x-y, 2). 

Si-C1-C2 1 08.4(2) 

Si - C1 - Si' 1 1 0.6(2) 

Torsional Angles 

Table 2.3 Least-squares planes defined by silicon atoms for HC(Me2SiBr)3 (17) and 
CH3C(Me2SiBr)3 (18):" ax + by + cz = d 

Coefficients Distance of 
Cl from Si3 

compound a b c d plane 
HC(Me2SiBr)3 (17) -4.187(10) -0.222(15) 8.082(9) 2.459(8) 0.41 8(8) A 

H1-C1-Sil-Brl 165.1 

H I -  C1- Si2 -Br2 38.6 

CH3C(M~Si13r)3 (18) 0.000(0) 0.0000(0) ll.l43(2) 2.7857(6) 0.600(7) A 
" x, y, and z are crystallograpnic coordinates 

Br-Si-C1 -C2 83 .29(8) 
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In the solid state, 17 adopts a relatively low symmetry conformation (Figure 2.2), 

with the bromine atom on one tripod arm oriented approximately syn relative to the 

central methine proton, and the remaining two bromine atoms oriented anti to this C-H 

bond. Molecular modeling using HyperChem software (AM1) suggests that the syn-anti- 

anti orientation of the tripod arms displayed in the solid state is one of the two lowest 

energy conformations, the other having a syn-syn-anti orientation. Both conformations 

minimize the steric repulsions between silylmethyl elbow groups, and are 2-3 kcallmol 

lower in energy than the more symmetric all syn, all anti structures. More rigorous ab 

initio calculations have shown that a C3 symmetric conformation with H-C-Si-Br torsion 

angles of approximately 80" (such as that observed for 18, vide inJi-a) is most effective as 

minimizing unfavorable interactions between SiMe and SiBr groups in 17, and is lower in 

energy than both the syn-anti-anti and syn-syn-anti  conformation^.^ Gas phase electron 

diffraction showed that all three of these conformations were present in the gas phase; 

paclung forces may cause 17 to crystallize in the syn-anti-anti conformation instead of 

the lowest energy C3 symmetric conformation. Widening and flattening of the tripodal 

Si3 core in the solid state structure of 17 further demonstrates the impact of the bulky 

silylmethyl substituents; Si-C-Si angles average 115.2(4)", wider than typical tetrahedral 

values, and the central methine carbon is located 0.418 A above the basal plane 

containing the three silicon atoms (Figure 2.4). 

I 
Me 

syn-anti-anti 

I 
Br 

anti-anti-anti 
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Replacement of the central methme proton of 17 with a methyl group (18) reduces 

the degree of "splaying" observed at the tripod core, as bond angles at the Si3 core of 18 

(Si-C-Si avg 110.6") approach those seen for typical tetrahedral centers. All silicon and 

bromine atoms lie in the same plane, which is located 0.600 below the central carbon 

atom (d in Figure 2.4). Compound 18 exhibits a high degree of symmetry in the solid 

state, with the tripod core possessing a threefold rotation axis coincident with the CH3-C 

bond, consistent with the preferred conformation predicted by ab initio calculations for 

17 .~  Thus, in the solid state structure of 18, the methyl groups on silicon appear to 

occupy two distinct sites: one with the SiMe groups approximately anti to the central 

CH3-C bond (C4), and one with the SiMe groups approximately syn to the central CH3-C 

bond (C3). The high symmetry of 18 can be attributed to compression of the tripod core 

which forces the SiMe elbow groups to adopt a geared structure to minimize unfavorable 

contacts between the apical methyl and adjacent SiMe substituents, and disallows the 

more relaxed structure adopted by proton-capped 17 in the solid state. 

Figure 2.4 The effect of an apical substituent on the Si3 scaffold core. d is the distance in 
angstroms between the central carbon atom and its projection onto the plane 
containing the three silicon atoms. For 17: d = 0.418 A, Oavg = 115.2"; for 18: d = 

0.600 A, O,, = 110.6"; for 13: d = 0.484 A, Oav, = 113.7"; for 14: d = 0.602 A, OaVg 
= 1 10.6". 
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2.3.3 Rotational Barrier Calculations and Variable Temperature 'H NMR Studies 
of Tris(bromodimethylsilyl)methane (17) and l,l,l-Tris(bromodimethylsily1)ethane 
(1 8) 

Our calculations based on the crystallographically determined molecular structure 

of 17 point to a barrier to rotation of one tripod arm around the Cmethine-Si bond of 

approximately 5 kcallmol (Figure 2.5, see Section 2.5.8 for details). A rotational barrier 

of 5 kcallmol is consistent with the conclusion that the presence of methyl substituents on 

the tripod elbows of 17 affects the preferred conformation of the tripod arms in the solid 

state. The ab initio calculations reported in the literature for compounds 15 and 17 also 

support this conclusion, demonstrated by the fact that the lowest energy conformer of 

both 15 and 17 is the same as the C3 symmetric conformation adopted by 18 in the solid 

state. This conformation, with H,,-C-Si-X angles of 80" (gauche-gauche-gauche), 

minimizes intramolecular interactions between SiMe groups, and places the three Si-X 

substituents (X = H, Br) in the molecule as far apart as possible.6 However, the 'H NMR 

spectrum of 17 indicates that the 5 kcal/mol barrier to rotation around the tripod arms is 

not high enough to restrict rotation of the tripod arms in solution. At room temperature, 

the 'H NMR spectrum of 17 shows a sharp singlet for the methyl groups on silicon, 

indicating an average structure of C3, symmetry. This average structure is maintained for 

17 even at low temperature; the 'H NMR spectrum shows negligible broadening of the 

SiMe signal even at -90•‹C (toluene-ds). 

Low temperature 'H NMR of 18 does show some evidence for the persistence of a 

geared conformation analogous to that displayed in the solid state structure. Rapid 

exchange of methyl groups between the two diastereotopic sites by rotation around the C- 

Si bonds gives rise to a singlet in the room temperature 'H NMR spectrum. At decreased 
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temperature, the SiMe signal of 18 shows considerable broadening in the 'H NMR 

spectrum (0112 = 40 HZ at 175 K, toluene-ds). 

Calculated Rotational Barriers in Compounds 17 and 18 

syn-anti-anti 

0 50 100 150 200 250 300 350 
Torsion Angle (deg) 

Figure 2.5 Graph of HyperChem (AM1) calculations showing change in AHof with R-C-Si-Br 
torsion angle for one arm of compounds 17 and 18. See Experimental Section 2.5.8 
for details. 

Temperature a112 @fZ) 

(K) 
297 0.75 0.75 

Complete decoalescence was not observed over the temperature range studied, 

suggesting that the barrier to exchange between diastereotopic sites in 18 (Figure 2.6) is 
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not particularly large. Based on the presumed simple two-site exchange involved, line 

shape analysis of the SiMe peak ('H NMR) was used to extract rate constants for the 

exchange at various temperatures (Av taken as 60 Hz, see Appendix A for details). 

Substitution of these values into the Arrhenius equation gave an activation barrier of 6.9 

kcallmol for the exchange, while an Eyring plot gave the following activation parameters: 

AH' = 6.5 kcallmol, AS$ = -1.0 callmol*K, and ~ ~ ' ( 3 0 0 ~ )  = 6.8 kcallmol. HyperChem 

(AM1) calculations (Figure 2.5) based on the x-ray crystal structure give a barrier to C-Si 

bond rotation around one of 18 of approximately 6 kcallmol, in good agreement with 

the values obtained fi-om VT-NMR data, and slightly larger than that calculated for 17. 

y - 4 3  

Figure 2.6 Exchange of SiMe groups between diastereotopic sites in 18 

2.4 Derivatization of Tripod Scaffolds with Symmetric Secondary Phosphines 

To establish a general methodology for the introduction of phosphine moieties 

onto the tripodal Si3 scaffolds, model tripods bearing pendant secondary phosphine 

groups were synthesized. These syntheses were carried out via nucleophilic substitutuion 

of the Si-Br bonds in the tripodal precursors 17 and 18 by lithium salts of nucleophilic 

[R2P]-, which are readily accessible from commercially available reagents. Thus, lithium 

diphenyl- and diethylphosphide were prepared by addition of one equivalent of n- 

butyllithium to a hexanes solution of the respective secondary phosphines30 (Eqn 2-5). 
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These reagents could be prepared in situ, or (preferably) isolated as yellow/whte 

powders and stored under nitrogen for later use (vide infia). 

hexanes 
HPR2 + n-BuLi ----+ LiPR2 + ~ - B u H ( ~ )  

2.4.1 Incorporation of Diphenylphosphino- Units into the Si3 Scaffold 

2.4.1.1 Synthesis and Isolation of Tris({diphenylphos~hino~dimethplsilyl~methane 
(13) and l,l,l-~ris({di~hen~l~hos~hino]dimeth~l&l)ethane (14) 

The reaction of three equivalents of lithum diphenylphosphide (generated in situ) 

with the brominated compounds 17 or 18 gave the desired tris(phosphine) tripods 13 or 

14 as white powders in 51-63% yield following toluene extraction of the reaction mixture 

(Eqn 2-6). Lithium diphenylphosphide was prepared by cleavage of a phenyl group &om 

triphenylphosphine with lithium metal (for 13), or by metallation of diphenylphosphine 

with n-butyllithium (for 14). When the lithium diphenylphosphide prepared by addition 

of n-butyllithium to diphenylphoshine was used directly in the reaction with 18, the 

maximum yield of 14 was 51%. Higher yields of 14 (up to 83%) were obtained when 

previously isolated solid lithium diphenylphosphide was used as the phosphide source. 

The difference in yield between these two methods is attributed to inaccuracies in the 

nominal concentrations of both the phosphine and n-butyllithium solutions. Although the 

concentration of the diphenylphosphine solutions (purchased as 10 wt% in hexanes) used 

for these syntheses was checked regularly by 3 1 ~ { 1 ~ }  NMR against a known amount of 

triphenylphosphine oxide standard, it is possible that rapid oxidation of the secondary 

phosphine in solution between concentration checks resulted in addition of less than the 

required amount of reagent to reactions. Similarly, n-butyllithium solutions (nominally 

1.6 M in hexanes) were titrated against ~-~ivalo~l-o-benz~laniline~~ on a regular basis, 
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but the actual concentration may have drifted more than expected between titrations. 

Discrepancies between the actual and expected concentrations of both the phosphine and 

alkyllithium solutions would therefore lead to addition of less than three equivalents of 

lithium diphenylphosphide to 18 and thus a reduced yield of 14, while the presence of 

excess nBuLi would result in alkylation of Si-Br groups, further diminishing the yield of 

i4. Compounds 13 and 14 are air and moisture sensitive, reacting with water (and other 

protic solvents) to liberate diphenylphosphine. Although both tris(phosphine) 

compounds are only slightly soluble in saturated hydrocarbons, they are quite soluble in 

ethers, aromatic hydrocarbons, and halogenated solvents, dissolving in the latter without 

reaction or decomposition. 

I I 

3 LiPPhP Me2Si,,..ss"'C~ 
~ e , ~ i " " " " ~ ~ ~ i M e ,  , / SiMe, 

I I 
B~SIM~,  Br -3 LiBr Ph2P SlMe2 PPh2 

I I 

While this work was in progress, synthesis of 13 via a similar method was 

reported in the literature1*. In their paper, Avent et a1 describe the reaction of 17 with 

three equivalents of potassium diphenylphosphide to give 13. The choice of metal 

phosphide appears to affect the solution stability of the resulting product, as the authors 

report that storing THF solutions of 13 at room temperature for one week resulted in the 

appearance of significant amounts of [Ph2PI2 (detected by "P{~H) NMR). Although 

traces of [Ph2PI2 have been detected in our crude reaction mixtures, no such 

decomposition has been observed with pure 13 prepared using lithium 

diphenylphosphide. It is likely that this decomposition is promoted by trace amounts of 

alkali metal present in solution, suggesting either that the removal of lithium salts from 
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13 is more efficient than removal of potassium salts, or that potassium is more able than 

lithium to promote dimerization of diphenylphosphine at the expense of 13. 

2.4.1.2 X-ray Crystal Structures of Tris((dipheny1phosphino)dimethyl- 
silyljmethane (13) and l,l,l-Tris((diphenylphosphino)dimethylsilyl ethane (14) 

Crystals of 13 and 14 suitable for x-ray crystallographic analysis were grown at 

-20•‹C fiom toluenehexanes (13) or toluene (14). Figures 2.7 and 2.9 show the molecidz- 

structures of 13 and 14, and selected bond lengths, angles, and distances are given in 

Tables 2.5-2.7. 

Figure 2.7 Left: Perspective view of the tris ((diphenylphosphino)dimethylsilyl)me 
molecule (13). Right: Alternate view of the molecule slightly offset from the C1- 
H1 bond axis, illustrating the pseudo-threefold symmetry of the molecule and the 
orientations of the phosphorus lone pairs. Hydrogen atoms (except H1) omitted for 
clarity. 
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HC(Me?SiPPh2J - (13) 

Bond Length (A) 

C1 - Sil 1.906(2) 

C1 - Si2 1 894(2) 

Table 2.6 Selected bond and torsional angles for HC(Me2SiPPh2)3 (13) and 

I 

-- CH3C(Me2SiPPh2I3 (14) 

Bond Length (A) 
C1- C2 1.567(3) 

C1 - Sil 1.923(2) 

~1 - si2 

C1 - Si3 1.900(2) 

Sil -P1 2.2827(10) 

Bonds Bonds Angle (deg) 

I 
1.91 1(2) 

C1 - Si3 1.91 8(2) 

Sil -P1 2.3151(9) 

Bond Angles 
I s i l  - c 1  - c 2  107.10(14) 

Sil - C1 - Si2 114.34(12) 

Sil - C1 - Si3 111.84(11) 
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Sil - C1 - Si2 1 1 0.03(11) 

Sil - C1 - Si3 109.69(11) 

Torsional Angles 

H1 -C1 -Sil -P1 -37.1 

H1 -C1 -Si2-P2 -48.3 

P1 -Sil -C1 -C2 -42.07(15) 
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Table 2.7 Least-squares planes defined by silicon atoms for Hc(Me2siPPh1)~ (13) and 
CH3C(Me2SiPPh2)3 (14): " ax + by + cz = d 

Coefficients Distance of 
CI from Sij 

Compound a b c d plane 

" x, y, and z are crystallographic coordinates 

Replacement of the bromine atoms in 17 and 18 with diphenylphosphine moieties 

further amplifies the steric effects of the SiMe2 elbow groups on the preferred 

conformation of the tripod arms. X-ray crystallography of a single crystal of 13 shows 

that the tripodal tris(phosphine) adopts a pseudo-C3 symmetric conformation in the solid 

state, similar to that seen for compound 18. Figure 2.7 shows one of the two 

enantiomeric forms of 13, both of which are present in equal abundance in the unit cell. 

Gauche conformations along each of the three H-C-Si-P fragments of 13 give rise to the 

observed pseudo-chirality, which is complemented by a "gearing" of phenyl substituents 

on phosphorus around the tripod base. This orientation of the tripod arms maximizes the 

distance between phenyl and methyl substituents, and results in two distinct environments 

for the silylmethyl groups. One methyl group on each silicon elbow is directed towards 

. the base of the tripod, approximately anti to the Cm&hihi,e-H bond, while the second methyl 

group is directed towards the lone pair of the phosphorus atom on an adjacent arm 

(Figure 2.8). As in 17, the steric bulk of the silylmethyl elbows results in a widening of 

the tripod core, with Si-C-Si angles (O,,,) in 13 averaging 113.7", and Cmethine located just 

0.484 A above the Si3 basal plane (d, Figure 2.4). 
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Figure 2.8 Diastereotopic methyl groups in 13 

Figure 2.9 Left: Perspective view of the CH3C(SiMe2PPh2)3 molecule (14) showing the atom 
labelling scheme. Right: View of the molecule slightly offset from along the C1-C2 
bond axis. Hydrogen atoms not shown. 

As described above for the brominated precursors 17 and 18, the presence of a 

methyl group at the apex of the Si3 tripod fixther increases conformational constraints in 

14, relative to compound 13. The steric influence of t h s  apical methyl group is 

illustrated by the solid-state molecular structure of 14, shown in Figure 2.9. The tripod 

arms are arranged unsymmetrically, giving 14 overall C1 symmetry. Two of the 

diphenylphosphine substituents are oriented approximately gauche relative to the central 

CH3-C bond, canted in the same direction (PllP3, see Figure 2.10), while the third 
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phosphine moiety has the opposite cant, with a CH3-C-Si-P torsion angle of 85". The 

disposition of the tripod arms distinguishes one of the diphenylphosphine groups (P 1) by 

placing it in a relatively uncrowded environment, with the lone pair on phosphorus 

pointed approximately "up" along the direction of the CH3-C bond, and the phenyl 

groups pointed away fkom the bulk of the tripod core (Figure 2.10). The remaining 

phosphine substituents (P2, P3) are directed towards each other, with the lone pair on 

each phosphorus atom pointed roughly towards the phosphorus atom on the adjacent arm. 

One of the phenyl groups on each of P 1, P3 is directed "up", parallel to the CH3-C bond, 

resulting in a partial "gearing" of the phenyl substituents, similar to that seen for 13. At 

the %Me2 elbows of these two arms, one methyl group on each silicon atom is anti 

relative to the CH3-C bond, whle the second methyl group is approximately gauche. The 

SiMe groups on the third tripod arm are staggered between those on the other arms to 

maximize the distance between the bulky methyl and phenyl substituents. As seen for the 

precursor tripod 18, compound 14 also shows typically tetrahedral Si-C-Si angles at the 

tripod core (8,, = 110.6"); once again, this must be due to the presence of the apical 

methyl group. Thus the tendency of the Si3 core to splay out (increasing Si-C-Si angles) 

is counteracted by repulsions between Meapical and SiMe groups, returning the Si-C-Si 

angles to the expected tetrahedral angles (see Figure 2.6). The 0.602 A distance (d) of 

the central carbon atom from the basal Si3 plane in 14 is elongated slightly relative to its 

immediate precursor 18 (0.600 A), but is considerably longer than that observed for 13 

(0.484 A, see Figure 2.4)). Silicon-phosphorus bond lengths in 14 are also 1-2% longer 

than those in 13, a consequence of the increased steric congestion around the core of 14. 
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Figure 2.10 Distinct environments for SiMe and PPh2 groups in the molecular structure of 14. 
View is down the CH3-C bond. 

2.4.1.3 Variable Temperature 'H{~~P)  and 3 ' ~ { 1 ~ )  NMR Studies of 
Tris{(diphenylphosphino)dimethylsilyl}methane (13) and l , l , l -  
Tris{(diphenylphosphino)dimethylsilyl}ethane (14) 

2 A.1 .3.l NMR Studies of Tris{(diphenylphosphino)dimethylsilyl}methane (13) 

Variable temperature 'Hi31p) NMR spectroscopy of a toluene-ds solution of 13 

suggests that the combination of -PPh2 substituents and bulky SiMe2 elbow groups 

produces a significant barrier to rotation around the CCentml-Si bonds in solution. When 

the solution is cooled to 195 IS, the slightly broad singlet of the silylmethyl groups 

observed at RT undergoes decoalescence (Figure 2.1 1); two broad singlets of equal 

intensity centered on the original signal at 0.53 ppm are observed at the lowest 

temperature studied (180 K). This pattern is consistent with a ground state solution 

conformation of C3 symmetry, and the coalescence corresponds to mutual exchange of 

silylmethyl groups between two diastereotopic sites on each of the three SiMe2 elbows. 

No signals are observed by ' H { ~ ~ P )  or 3 1 ~ { 1 ~ )  NMR that correspond to structures with 

less symmetric solution conformations, such as the syn-anti-anti conformation seen in the 

solid state of the brominated precursor, 17. The phenyl signals in the ' H { ~ ~ P )  NMR 
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spectrum of 13 also change as the sample temperature is decreased, with the Hmeta and 

Hortho signals undergoing decoalescence, while the Hpwa signal broadens slightly, but is 

otherwise unchanged. At the low temperature limit, the pattern observed for the Hortho 

signal is consistent with a simple, two-site exchange process; Hmeta provides little 

information due to the complex overlap of signals in this region. 

Figure 2.11 Variable temperature 'H{~'P) NMR spectrum of 13 (toluene-d8, 500 MHz). 
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Table 2.8 Variable temperature 'H{~'P) NMR dataa for 13 (toluene-d8, 500 MHz) 

6.75, br s, 6H, 37Ad 
'6 (ppm), multiplicity, RI, J H - ~  or (Hz). 'H,. CHp. d ~ , .  %ome peaks were lost under solvent 
signals. 

Interconversion between the two atropisomers of 13 present in equal amounts in 

solution is represented by the exchange of SiMe groups between diastereotopic sites in 

C3-symmetric ground state conformations. This exchange requires rotation of the tripod 

arms around the three CmethineSi bonds in 13 (Figure 2.12). Line shape analysis of the 

SiMe peaks in the ' H { ~ ~ P )  NMR was used to evaluate the barrier to this rotation, and 

extract rate constants for the exchange process at various temperatures. Substitution of 

these values into the Arrhenius equation gave an activation barrier for the two site 

exchange of 10.9 kcal/mol, while an Eyring plot gave the following activation 

parameters: AH$ = 10.5 kcal/mol, AS$ = 9.1 cal/mol*K, and ~ ~ ~ ( 3 0 0 ~ )  = 7.7 kcal/mol. 

The conformational preference of 13 in solution is therefore thermodynamically 

enforced, giving a tripodal framework that is unusually rigid compared to tris(phosphine) 
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tripods with unsubstituted elbow groups (such as triphos), which display relatively 

unhindered rotation around the tripod arms in solution.32 

Figure 2.12 Interconversion between atropisomers in 13. 

2.4.1.3.2 NMR Studies of l,l,l-Tris{(diphenylphosphino)dimethylsilyQAhane (14) 

Room temperature 'H and 3 1 ~ { 1 ~ )  NMR spectra of a solution of 14 in toluene-ds 

are consistent with a solution structure of average C3, symmetry. Only one signal is 

observed in the phosphorus NMR spectrum for the diphenylphosphine groups of 14, and 

the %Mez signal in the 'H("P) NMR spectrum is a slightly broad singlet. As the sample 

is cooled, however, a less symmetric structure is observed by both proton and phosphorus 

NMR (Figures 2.13 and 2.14). At 195 K, decoalescence of the SiMe2 signal occurs in the 

1 H { ~ ~ P )  NMR spectrum to give three broad singlets; changes in the phenyl signals are 

observed at the same temperature, but the complexity of this region makes it difficult to 

identify specific decoalescence processes. In the 3 1 ~  {'H) NMR, two different 

decoalescences are observed: at 195K, separation of the room temperature singlet into 

two peaks of 2: 1 intensity, and at 185K, separation of the larger signal into two to give a 

total of three signals with approximately equal relative intensities. 
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Figure 2.13 Variable temperature 'H(~'P) NMR of SiMe region of 14 (toluene-ds, 500 MHz). 
Vertical scale of bottom trace is 40x that for top trace. *Hexanes. 

0 
1 ' 1 ' 1 ' 1 1 1 ' 1 ' 1 ' 1 ' 1 ~ 1 ' 1 ' 1 ' 1 ' 1 ' 1 ' 1 ~ 1 ' 1 ~  

PPM -47.5 -48.5 -49.5 -50.5 -51.5 -52.5 -53.5 -54.5 -55.5 -56.5 -57.5 -58.5 -59.5 -60.5 -61.5 -62.5 -63.5 

Figure 2.14 Variable temperature 3 ' ~ { 1 ~ )  NMR of 14 (toluene-ds, 500 MHz). 
*CH3C(Me2SiBr)(Me2SiPPh2)2. 

The observed decoalescence is obviously not due to a simple two-site mutual 

exchange as seen for 13, but is the result of a more complicated exchange process (or set 

of processes). If the crystallographically determined solid-state structure of 14 

corresponds to the ground state solution conformation at the low temperature NMR limit, 

a possible exchange mechanism can be postulated. In the solid state, the SiMe groups of 

14 occupy three distinct environments (Figure 2.15): ~ e * ,  with the methyl groups 

approximately perpendicular to the plane containing all three silicon atoms, and directed 
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away fi-om the apical methyl group; ~ e ~ ,  directed approximately gauche to the apical 

CH3-C bond (thus, two tripod arms contain ~ i ~ e * M e ~  elbows); and MeC, the pair of 

methyl groups sharing the silicon atom of the "distinct" tripod arm of 14. From this 

analysis, we would expect to see three distinct SiMe signals, with a 1:l: 1 ratio for 

MeA:~eB:MeC. Three phosphorus environments can also be distinguished: P", directed 

away from the bulk of the molecule; P", approximately perpendicular to the CHrC bond, 

near the pC site on an adjacent arm; pC, approximately gauche to the CH3-C bond, near 

the adjacent pB site. TO understand the observed coalescences in both proton and 

phosphorus NMR, a series of exchange processes that might occur for this idealized 

structure in solution were considered. 

Figure 2.15 Proposed ground state conformation of 14 in solution (derived from solid-state 
structure) showing labelling scheme. View is down the CH3-C bond. 
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I11 IV 

Figure 2.16 Postulated site exchange for SiMe and PPh2 groups in 14. 

At room temperature, rotation of tripod arms around the CCentml-Si bonds occurs 

rapidly, leading to an average C3-symmetric solution conformation and a singlet signal is 

observed for the SiMe protons in the 'H{~'P) NMR spectrum of 14 (Figure 2.16, I). As 

the solution cools, full rotation around two of the tripod arms becomes restricted and 

gearing of the phenyl substituents on these arms only permits limited "waggling" 

motions, causing ~ e *  and ~e~ to occupy different chemical environments and appear as 

two distinct singlets (11). The remaining tripod arm is also restricted to "waggling" 

motions that exchange the two ~ e '  groups. The 'H{~'P) NMR spectrum obtained at 190 

K is consistent with this assessment, as three signals of approximately equal intensity are 
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observed for the SiMe groups, The narrow central singlet at 0.33 ppm is presumed to 

arise from ~ e ' ,  as these methyl groups most closely resemble (in chemical shift and 

environment) the room temperature SiMe signal observed. Two signals consisting of 

broad singlets at 0.79 and -0.04 ppm are assigned to ~ e ~ . ~ ,  which have undergone 

decoalescence, and are therefore expected to demonstrate broad signals and a change in 

chemical shift. No further changes are observed in the 'H{~'P) NMR spectrum, except 

for a slight broadening of the signal assigned to ~ e '  that may arise either from slowing 

of exchange between the two ~ e '  sites, or because we are approaching the freezing point 

of the solution (111, IV) at 190 K. 

In the 3 1 ~  {'H) NMR spectrum, the C3-symmetric solution conformation gives rise 

to a singlet at room temperature. Cooling the solution results in the "gearing" of phenyl 

groups on two of the tripod arms, restricting rotation around these two arms. The 

phosphorus atoms on these arms (P, no labels) still undergo exchange via a "waggling" 

motion, and should appear as a single signal (11). The remaining phosphorus atom, pA, is 

distinct from P, and should appear as a separate signal in the 3 1 ~ ( 1 ~ )  NMR spectrum. 

This is consistent with the 3 ' ~  ('H) NMR spectrum observed at 185 K, where two signals 

due to P and P* appear in a relative intensity of 2:l. At even lower temperatures, the 

"waggling" motion exchanging pB and P' is slowed as well, leaving three distinct signals 

in the 180 K 3 1 ~  ('H) NMR spectrum (111, IV). Due to the complexity of the suspected 

exchange process, and the lack of resolution at the lowest accessible temperature, 

assignment of the appropriate site exchange parameters and line shape analysis has not 

been attempted. 
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2.4.2 Incorporation of Diethylphosphino Units into the Si3 Scaffold 

2.4.2.1 Synthesis and Characterization of Tris((diethylphosphinofdimethylsily1)- 
methane (19) and Tris((diethy1phosphino)dimethylsilyl)ethane (20) 

Addition of three equivalents of lithium diethylphosphide to 17 or 18 (Eqn 2-7) in 

THF or ether gave the tris(diethy1phosphino)-substituted tripods 19 and 20. Removal of 

the reaction solvent under vacuum left a pale yellow paste, which was extracted into 

pentane and filtered through Celite to remove- LiBr. Evaporation of the pentane gave 19 

and 20 as air and moisture sensitive pale yellow oils in good yield (purity >95% by 'H 

NMR). 

Both 19 and 20 are highly soluble in saturated and aromatic hydrocarbon solvents 

and ethers, and do not solidify or crystallize from pentane even at -20•‹C. Further 

purification attempts involving reduced pressure distillation of 20 at temperatures up to 

130•‹C (5 x 10" mrnHg) gave a pale yellow oil consisting mainly of unidentified 

impurities, while the distillation residue contained compound 20 (purity -98%). 

Although samples of 19 and 20 pure enough for elemental analysis have not yet been 

obtained, they have been spectroscopically characterized and used in metal complexation 

reactions (see Chapter 3). Mass spectrometric analysis (EI-MS, 70 eV) of 19 did not 

result in detection of the expected mass ion at 454 d z ;  instead, the fragment ions [M- 

~ t ] '  (425 mlz, 100%) and [M-PE~$ (365 d z ,  75%) were ~ b s e r v e d . ~ ~ . ~ ~  Rapid 
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decomposition of 19 was observed in chloroform-dl, as the solution changed immediately 

from colourless to yellow, and signals due to 19 disappeared fi-om the 'H NMR spectrum. 

The decomposition likely follows the general reaction shown in Eqn 2-8, however, no 

discrete decomposition products were identified for the reaction of 19 with chloroform. 

This has discouraged the use of chlorinated solvents in attempts to further purify 

compounds 19 and 20. 

2.4.2.2 Variable Temperature NMR Studies of l , l , l -  
Tris{(diethylphosphino)dimethylsilyl)ethane (20) 

Variable temperature NMR of 19 and 20 in toluene-d8 again demonstrate the 

effect that the apical methyl group has on rotation around the C-Si bonds at the tripod 

1 core. At low temperature, H{~'P)  NMR spectra of 19 show slight broadening of the 

SiMez signal, similar to that observed for 18. In contrast, ' H { ~ ~ P )  NMR spectra of the 

methyl-capped analogue (20) show decoalescence of the SiMe signal at low temperature, 

to give two equal-intensity singlets, as was observed for the -PPh2 substituted tripod 13. 

The observed pattern (Figure 2.17) corresponds to slowed exchange of SiMe groups 

between two inequivalent sites in a pseudo-C3 symmetric ground state structure presumed 

to resemble the solid state structures of 18 and 13. Site exchange of SiMe groups in this 

manner requires rotation of the tripod arms around the C,,,-Si bonds; lineshape analysis 

of the SiMe peaks in the low temperature 'H{~'P) NMR spectra of 20 was used to 

calculate the barrier to this rotation (Appendix A). Rate constants were extracted for the 

exchange process at various temperatures, and substituted into the Arrhenius equation, 

giving a barrier for the two site exchange of 10.7 kcallmol. An Eyring plot gave the 

following activation parameters: AH$ = 10.4 kcal/mol, AS$ = 10.9 cal/mol*K, and 
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~ ~ ~ ( 3 0 0 ~ )  = 7.1 kcallmol. Increased crowding at the tripodal core of 20 due to the 

presence of an apical methyl group results in an increased barrier to rotation around the 

C,,,-Si bonds relative to 19. The rotational barrier is also increased relative to the 

brominated precursor 18 ( ~ ~ ~ ( 3 0 0 ~ )  = 6.8 kcallmol), demonstrating the sensitivity of 

tripod arm rotation to the steric influence of both terminal phosphino- groups and apical 

substitution (shown graphically in Scheme 2.3). 

I I I I I I I I I 

PPM 0.80 0.70 0.60 0.50 0.40 0.30 0.20 0.10 0.00 

Figure 2.17 ' H { ~ ~ P )  NMR spectra of the %Me2 region of 20 (toluene-dsy 500 MHz) at a) room 
temperature and b) low temperature (1 80 K). c) Calculated low temperature 
spectrum. Vertical scale forb) and c) is 40x that for a). Signals due to an impurity 
of the disubstituted compound CH3C(Me2SiBr)(Me2SiPEt2)2 are marked with an 
asterisk. 

Low temperature 3 1 ~ { ' ~ )  NMR of 20 showed a number of broad resonances, 

very different fiom the single phosphorus peak observed for 13 at low temperature. 

Unlike the phenyl groups in 13 and 14, the more flexible ethyl substitutents in 20 may not 

be forced into "geared" rotations, leading to the appearance of multiple phosphorus 

signals arising from conformations that are intermediate between the two limiting 
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conformations defined by the two-site exchange observed in the proton NMR spectra, but 

this hypothesis has not yet been confirmed. 

increasing barriers to rotation around tripod arms * 

low T 'H{~'P} NMR: sharp singlet 
(SiMe2 region) 

I I I 

Me2si,s~~-"'C\BiMe2 Me2Si..."/C\SiMe2 Me2Si~~" " '~ 'C~SiMe2 
I I 

Br S1Me2 Br 
I I( 

E ~ ~ P  SiMe2 P E ~ ~  Ph,p SMe2 kph2 
I 
Br 

I 
PEt2 

I 
PPh2 

18 20 14 

broad singlet two broad singlets multiple broad signals 

Scheme 2.3 

2.4.3 Oxidative and Solvolytic Sensitivity of Tris(phosphine) Tripods 

Of concern in the proposed templated synthesis of P3[9]ane (1) is the ease with 

which the macrocycle can be liberated fiom the template tripod after cyclization (Scheme 

2.4). The value of the tripodal templates investigated here lies in the well-documented 

sensitivity of P-Si bonds to cleavage by water and other protic  solvent^.^^'^^ To confirm 

that the steric congestion around the tripod cores observed by x-ray crystallography and 

NMR spectroscopy does not block access to the solvolytically sensitive P-Si bonds in 

tripods 13-14 and 19-20, oxidation and solvolysis reactions of these tripods were 

investigated by NMR spectroscopy and summarized in Scheme 2.5. 
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Scheme 2.4 

Addition of excess water to toluene-d8 solutions of tripods 13-14 and 19-20 

showed that all of the tris(phosphine) compounds hydrolyze to give the corresponding 

tris(silano1) with liberation of secondary phosphine (Eqn 2-9). Phosphorus-silicon bond 

cleavage in compounds 13, 14, and 19 was typically slow at room temperature, requiring 

3+ days to reach completion. Compound 20 was the exception, with quantitative 

cleavage of all P-Si bonds occuring within 15 minutes of the addition of water. The 

application of heat accelerated the hydrolysis of 13, so that complete hydrolysis was 

achieved in three hours at 123OC. Addition of a catalytic amount of acid (HCl) also 

increased the rate of hydrolysis of 13, decreasing the time required for quantitative P-Si 

bond cleavage in 13 from three days to four hours at room temperature. 

13: R = H, R'= PPh2 
19: R = H, R' = PEt2 
14: R = Me, R' = PPh2 
20: R = Me, R' = PEt2 

In all of the hydrolysis reactions reported above, the sole phosphorus-containing 

product was the expected secondary phosphine, while the fate of the S i  core depended 

on the reaction conditions employed. Room temperature hydrolysis of tripods 13-14 and 

19-20 formed the tris(silano1) 21 as the major silicon-containing product. However, self- 

condensation of the Si-OH groups in 21 to give oligomeric siloxane impurities was also 
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observed, resulting in a series of new peaks in the SiMe region of the 'H NMR spectrum, 

and a slight cloudiness in the samples. More extensive oligomerization occurred at 

higher temperatures, as determined by the increased number and complexity of SiMe 

signals, and the formation of a gelatinous white precipitate in the NMR tube. The 

presence of acid in the hydrolysis of 13 also promoted oligomerization of the Si3 

framework, as initial formation of 21 was rapidly followed by the appearance of a white 

precipitate, and new peaks in the SiMe region of the 'H NMR spectrum. Solvolysis of 13 

with methanol was also investigated and proceeded cleanly at room temperature and 

higher to convert 13 into Ph2PH and the known tris(methoxysi1ane) HC(Me2SiOMe)3 (22, 

Scheme 2.5).3 Compound 22 does not oligomerize, and could likely be isolated from a 

larger scale reaction mixture by distillation, allowing for potential recovery and reuse of 

the Si3 template core following liberation of the proposed macrocycle 1 by methanolysis. 

MeOH, RT 

or HCI, RT 
21a + [HC(Me2SiO-)3]n + 3 Ph2PH 

7 
C7D8 ~ e ~ ~ ~ ~ ' + " ' ~ ~ i M e ~  

3 Ph2PH + Me0 S[Me2 OMe 

dtvte 
22 

Scheme 2.5 

The sensitivity of -PPh2 substituted tripods 13 and 14 to oxidation was examined 

by bubbling oxygen through toluene solutions of 13 and 14 (or passing 02(g) over solid 
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samples of these compounds) for 30 minutes. This resulted in only minimal 

decomposition (<5%), primarily hydrolysis resulting fiom residual water in the oxygen 

gas. Oxidation of 13 was observed, with trace amounts (2-3%) of the oxidation product 

HC(Me2SiOP{=O)Ph2)3 (23) identified by 3 1 ~ { ' ~ )  NMR spectroscopy (6p = 98.9 ppm). 

The -PEt2 substituted tripods 19 and 20 were considerably less stable than their -PPh2 

bearing counterparts, as the clear pale yellow oils decomposed immediately to give an 

opaque white paste (not analyzed by NMR spectroscopy) when exposed to the laboratory 

atmosphere. 

2.5 Experimental 

2.5.1 General Comments 

Unless otherwise noted, all reactions and manipulations were performed under 

nitrogen in an MBraun Unilab 12001780 glovebox or using conventional Schlenk 

techniques. Toluene was dried by distillation from sodium under argon; benzene, 

pentane, hexanes, tetrahydrofuran, and ether were distilled from sodiumibenzophenone 

under argon. Deuterated solvents were purchased from Canadian Isotope Labs (CIL), 

freeze-pump-thaw degassed and vacuum transferred from sodiumibenzophenone 

(benzene-d6, toluene-ds) or calcium hydride (chloroform-dl) before use. 

Triphenylphosphine oxide and n-butyllithium (1.6 M in hexanes) were purchased fiom 

Aldrich Chemical Co. and used as received without further purification. NMR spectra 

were acquired on a Bruker AC 300 operating at 300.133 MHz for 'H, 75.469 MHz for 

13 C, and 121.495 MHz for 3 1 ~ ;  a Bruker AMX 360 operating at 360.135 MHz for 'H, 

90.565 MHz for 13c, 145.784 MHz for 3 1 ~ ,  and 71.550 MHz for 2 9 ~ i ;  a Bruker Avance 

500 operating at 500.129 MHz for 'H, 202.430 MHz for 3 1 ~ ,  and 99.361 MHz for 2 9 ~ i .  
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Chemical shifts are reported in ppm at ambient temperature unless otherwise stated. 'H 

chemical shifts are referenced to residual protonated solvent peaks at 7.16 ppm (C6D~H), 

2.09 ppm (PhCD2H), and 7.24 (CHC13). 13c chemical shifts are referenced to C6D6 at 

128.4 pprn and CDC13 at 77.5 ppm. 'H, 13c, and 2 9 ~ i  chemical shifts are reported relative 

to tetramethylsilane, 3 1 ~  chemical shifts are reported relative to 85% H3P04(aq). 

Microanalysis was performed by Guelph Chemical Laboratories Ltd., Guelph, ON, 

Canada, or by Canadian Microanalytical Service Ltd., Delta, BC, Canada. IR spectra 

were recorded on a Perkin Elmer FTIR Spectrum 1000 or Thermo Nicolet FTIR 200 

spectrophotometer for KBr pellets (unless otherwise noted). Mass spectrometric analyses 

were carried out by Mr. David McGillivray in the Department of Chemistry, University 

of Victoria, and by Mr. Wayne Buchannon in the Department of Chemistry, University of 

Manitoba. 

2.5.2 General Procedures and Reagent Synthesis 

Chlorodimethylsilane, 1 , 1 , 1 -trichloroethane, and bromine (Br2) were purchased 

from Aldrich Chemical Co. and used as received without further purification. Diphenyl- 

and diethylphosphine were purchased from Strem Chemicals as 10 wt% solutions in 

hexanes, and the concentration checked against a known quantity of triphenylphosphine 

oxide by 3 ' ~ { 1 ~ )  NMR before use. Tris(dimethylsily1)rnethane (15),~.~ and tert- 

b ~ t ~ l c h l o r i d e ~ ~  were prepared according to literature methods. Lithium 

diphenylphosphide38 and lithium diethylphosphide were prepared by the reaction of 

equimolar amounts of n-butyllithium and the desired dialkylphosphine in hexanes. The 

preparation of tris(bromodimethy1silyl)methane (16)3.7.8 has been reported in the 

literature, and was modified as described below. 
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2.5.3 Preparation of Tris(si1ane) Tripods 

2.5.3.1 Synthesis of CH3C(Me2SiH)3 (16) 

Magnesium powder (10.9 g, 0.450 mol) and THF (150 mL) were stirred together 

in a 500 mL two-necked RB flask equipped with a magnetic stir bar, reflux condenser, 

and pressure equalizing dropping funnel. Chlorodimethylsilane (50 mL, 0.450 mol) was 

added to the RB flask by syringe. 1 , 1 ,l -Trichloroethane (1 5 mL, 0.150 mol) in THF (50 

mL) was placed in the dropping funnel and added to the RB flask over a period of 2 h, 

with the dropping rate adjusted to maintain gentle reflux during the addition. The reaction 

mixture was stirred under reflux for an additional 4 h, then cooled to room temperature, 

poured over 500 mL crushed ice and allowed to stand for 1 h, then stirred for an 

additional hour. The mixture was filtered through glass wool into a 500 mL separatory 

funnel and the aqueous and organic layers separated. The aqueous layer was extracted 

with 2 x 30 mL of hexanes, and the organic layer washed with 2 x 30 mL of distilled 

water. The combined organic fractions were dried over MgS04, and then gravity filtered 

to remove the drying agent. Solvents were removed on a rotary evaporator, and the 

remaining liquid was distilled under reduced pressure. The fraction distilling between 60- 

80•‹C (10 rnmHg) was collected, giving 16 in >90% purity by '1 NMR. Yield: 13.9 g (45 

%). 'H NMR (300 MHz, C6D6, 6): 4.137 (sept, 'JHH = 3.7 HZ, SiH), 1.071 (s, 3H, 

CCH3), 0.129 (d, 3 ~ ~ H  = 3.7 HZ, 181, SiCH3). 1 3 c { l ~ )  NMR (75 MHz, C6D6, 8): 13.56 

(s, CCH3), -3.95 (s, SiCH3), -5.54 (s, CCH3). 2 9 ~ i ( 1 ~ )  NMR (99 MHz, C6D6, 8): -9.20 

(s, SiCH3). IR (thin film on NaCl plate, vs,~, cm-'): 2103. MS (EI, 70 eV) m/z: 203 ([M- 

HI, 7%), 189 ([M-CH3], 32%), 144 ([M-Si(CH3)2H], loo%), 129 ([M- Si(CH3)3H], 81%), 
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85 ([M-2 Si(CH3)2H], 21%), 73 ([Si(CH3)3], 65%), 59 ([Si(CH3)2H], 74%), 40 ([Sic], 

78%). 

Attempts to obtain a sample of 16 pure enough for elemental analysis were 

unsuccessful, due to the persistence of higher molecular weight impurities (2-3% by 'H 

NMR), which could not be removed despite repeated low pressure fractional distillation. 

Exact molecular mass determination of 16 by high-resolution mass spectrometry was 

precluded by sample volatility, as the ions of interest were not resident long enough in the 

ion source. Analysis of the EI-MS trace for a sample of 16 suggests that the high 

molecular weight contaminants are primarily composed of H(SiMe&H (292 d z )  and a 

compound with the general structure CH3C((SiMe2),H} ((SiMe&H} ((SiMe&H} (x + y 

+ z = 7, 436 d z ) ,  both of which show fragmentation patterns similar to 16. Fortunately, 

these impurities were easily removed from derivatives of 16 in subsequent synthetic 

steps. 

2.5.3.2 Modified synthesis of HC(MezSiBr)3 (17) 

A 3.0 M solution of bromine in benzene was added dropwise over 3 h to a 

solution of HC(Me2SiH)3 (15, 10.46 g, 54.91 mrnol) in benzene (10.0 mL). A stream of 

nitrogen was passed through the flask and allowed to exit via a dispersion tube 

submerged in a 1 M solution of cis-cyclooctene in toluene (400 mL), then through a 1 cm 

layer of NaOH pellets, to trap product HBr(,) and any unreacted Br2(,). The addition of 

Br2 was stopped when the orange colour of bromine persisted in the reaction mixture 

(total volume 35 mL, 105 mmol Br2). The solvent was removed in vacuo to give a pale 

beige paste, which was dissolved in ether or benzene (3.0 mL) for transfer by syringe to a 

distillation flask. Distillation under reduced pressure gave the product, a white crystalline 
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solid that solidified in the condenser and had to be transferred over using a heat gun; bp 

7047•‹C (0.1 -Hg). Yield: 9.97 g (42.5%, purity >99%). 'H NMR (300 MHz, C6D6, 

6): 0.67 (s, 18H, SiCH3), 0.27 (s, IH, CH). 13c('H) NMR (75 MHz, C6D6, 8): 15.15 (s, 

CH), 7.47 (s, SiCH3). 

cis-cyclooctenel NaOH 
toluene pellets 

N2 O U ~  

Figure 2.18 Experimental set up for the synthesis of HC(Me2SiBr)3 (17) and CH3C(Me2SiBr)3 
(18) 

2.5.3.3 Synthesis of CH3C(Me2SiBr)3 (18) 

This compound was prepared according to the method described above for 17, 

using the following reagents and amounts: compound 16 (10.50 g, 51.34 rnrnol) in 20 

mL benzene, bromine (3.0 M in benzene, 0.15 moly 7.9 mL Br2 total). The solvent was 

removed in vacuo to give a pale orange solid, which was purified by sublimation under 

vacuum with the aid of a heat gun to give a white crystalline solid in >93% purity by 'H 

NMR. Yield: 18.19 g (80.3%). The product was resublimed to obtain a sample for 

elemental analysis. mp (uncorrected) 225•‹C (sublimes); mp (5 x mmHg) 77•‹C 
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(sublimes). 'H NMR (300 MHz, C6D6, 8): 1.091 (s, 3H, CCH3), 0.689 (s, 18H, SiCH3). 

' 3 ~ { ' ~ )  NMR (75 MHz, C6D6, 8): 14.6 (s, CCH3), 10.3 (s, CCH3), 5.8 (s, SiCH3). 

2 9 ~ i { 1 ~ )  NMR (71 MHz, C6D6, 6): 28.4 (s, SiCH3). Anal. Calcd for C8H2,Br3Si3: C 

21.78, H 4.80; found: C 21.85, H 4.75. MS (EI, 70 eV) d z :  427 ([M-CH3], 32%), 361 

([M-Br], loo%), 224 ([M-Br, Si(CH3)2Br], 6 1 %), 139 ([Si(CH3)2Br], 2 1 %), 85 ([M-Br, 2 

Si(CH3)2Br], 38%), 73 ([Si(CH3)3], 37%). 

2.5.4 Preparation of Tris(phosphine) Tripods 

Tris(sily1phosphine) syntheses were conducted using a nominal P : tripod ratio of 

3 : 1. In all cases, the lithium phosphide was the limiting reagent, a decision prompted by 

reports that side reactions could be minimized, in halosilane substitution reactions with 

lithium phosphides, by maintaining an excess of halosilane throughout the r e a c t i ~ n . ~ ~ ' ~ ~  

The slight excess of halosilane used in the synthesis of -PEt2 substituted tripods 19 and 

20 has lead to contamination of these compounds with tris(si1ane) tripods bearing only 

two phosphorus units per tripod, whch have not yet been separated fiom the liquid P3 

tripods due to similarities in solubility and boiling points. The partially substituted tripod 

impurites persist through subsequent reactions, and have complicated the preparation of 

molybdenum complexes of 19 and 20 by concurrent formation of complexes of the P2 

tripod species (see Chapter 3, Section 3.5.2). 

2.5.4.1 Synthesis of HC(Me2SiPPh2)3 (13) 

In a 100 mL two-neck RB flask equipped with an air-cooled reflux condenser, 

PPh3 (9.7 g, 37 mmol) was dissolved in THF (25 mL). To this solution was added 

lithium metal (0.5 1 g, 74 mmol) in thin strips, and the mixture was left stirring until most 

of the lithium had been consumed. After 2 h, tert-butylchloride (4.0 mL, 37 mmol) was 
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added slowly to the dark red LiPPh2 solution by syringe, giving a white precipitate and 

the evolution of gaseous isobutene. A 250 mL, two-neck RE3 flask equipped with a 

pressure-equalizing dropping h e 1  and an air-cooled reflux condenser was charged with 

HC(SiMe2Br)3 (17, 5.3 g, 12 mmol) in THF (25 mL). The LiPPh2 solution was filtered 

by cannula into the dropping funnel, and added dropwise to the solution of 17 over 30 

min, giving a yellow solution with a white precipitate. The clear yellow solution was 

filtered by cannula into a small Schlenk tube, the solvent removed in vacuo and the 

residue extracted with toluene (75 mL). The resulting solution was filtered through 

Celite on a sintered glass fiit, and the toluene removed under vacuum. The product, a 

white powder, was washed with pentane (3 x 10 mL) and dried under vacuum. Yield: 

5.68 g (62%). mp (uncorrected) 197-203•‹C. 'H NMR (300 MHz, C6D6, 6): 7.53 (br my 

12H, ortho-C6H5), 7.01 (br my 18 H,para-, meta-C6H5), 1.20 (q, 3 ~ p ~  = 3.5 Hz, lH, CH), 

0.53 (br s, 18 H, SiCH3). I 3 c { l ~ )  NMR (75 MHz, CDC13, 6): 135.85 (my C,,), 134.22 

(m, Coriho), 128.42 (my Cmta), 127.45 (s, Cpa,), 1.86 (my SiCH3), 1.24 (q, 2 ~ p C  = 10.7 HZ, 

CH). 3 1 ~ { ' ~ )  NMR (121 MHz, C6D6, 6): -51.1 (s, PPh2) 2 9 ~ i { 1 ~ }  NMR (60 MHz, 

C7Ds, 6): 8.1 (complex multiplet, SiCH3). Anal. Calcd for C43H49P3Si3: C 69.51, H 

6.65; found: C 69.28, H 6.74. MS (EI, 70 eV) mlz: 557 [M-PPh2], 372 [M-2PPh21, 186 

[M-3PPh2]. 

2.5.4.2 Synthesis of CH3C(Me2SiPPh2)3 (14) 

In a Schlenk tube equipped with a magnetic stir bar, LiPPh2 (2.61 g, 13.6 mmol) 

was dissolved in 25 mL THF to give a clear red solution. A solution of 18 (2.00 g, 4.52 

mmol) in 5 mL THF was added to the LiPPh2 solution by syringe, and stirred overnight 

under nitrogen. The solvent was removed under vacuum to give an orange paste, which 
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was extracted with toluene (25 mL) and filtered by cannula to remove lithium bromide. 

Toluene was removed under vacuum to leave a yellow foam, which was washed with 3 x 

10 mL dry pentane to give the product as a white powder. This was collected on a glass 

h t  and dried under vacuum. Yield 2.86 g (83%). mp (uncorrected) 166-168•‹C. 'H 

NMR (360 MHz, C6D6, 6): 7.68 (m, 12H, ortho-C6Hs), 7.04 (br m, 18 H, para-, meta- 

C6H5), 2.05 (s, 3H, CCH3), 0.43 (br s, 18 H, SiCH3). I 3 c { l ~ )  NMR (90 MHz, C6D6, 6): 

136.9 (m, CWo), 135.4 (m, Cortho), 128.1 (m, Cmem), 127.7 (s, Cpru), 19.6 (9, 3 ~ ~ p  = 7.8 

Hz, CCH3), 5.0 (q, 2 ~ C p  = 12.7 Hz, CCH3), 1.4 (td, 4 ~ ~ p  = 4.3 Hz, 2 ~ ~ p  = 4.6 Hz, SiCH3). 

3 1 P {'HI NMR (145 MHz, C6D6, 6): -50.9 (s, PPh2). 2 9 ~ i  {'HI NMR (99 MHz, C7Ds, 6): 

8.90-7.65 (m, SiCH3). Anal. Calcd for C44H51P3Si3: C 69.81, H 6.79; found: C 67.82, H 

6.72. Although microanalysis samples were clean by 'H NMR, thls analysis was 

consistently low in carbon over repeated attempts, even with the use of V2O5 as a 

combustion agent. This may be due to Sic formation during the combustion process.41 

MS (EI, 70 eV) mlz: 571 ([M-PPh2], 1 I%), 386 ([M-2PPh2], 1 I%), 201 ([M-3PPh2], 

19%). 

2.5.4.3 Synthesis of HC(Me2SiPEt2)3 (19) 

In a Schlenk tube equipped with a magnetic stirbar, 17 (1.49 g, 3.48 rnmol) was 

dissolved in 3 mL THF and cooled in an ice bath. In a second Schlenk tube, LiPEt2 (0.98 

g, 10 rnmol) was dissolved in THF (25 mL), and slowly added to the cooled solution of 

17 by cannula. After the LiPEt2 addition was complete, the ice bath was removed, and 

the mixture allowed to stir under nitrogen. After 1.5 h, the solvent was removed under 

vacuum to give a pale yellow paste. The paste was extracted with dry hexanes (30 mL) 

and filtered by cannula; the solvent was removed fiom the filtrate under vacuum. The 
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cloudy, pale yellow oil was dissolved in pentane (6 mL) and filtered through Celite to 

remove remaining solid LiBr. Pentane was removed under vacuum to give 19 as a pale 

yellow oil. Yield: 1.17 g (76%, purity >95% by 'H NMR). 

This high-boiling oil could not be obtained free of the disubstituted tripod 

HC(SiMe2PEt2)2(SiMe2Br) (3'36, 8p -81.3) and other SiMe-containing impurities, which 

precluded its elemental analysis. However, diagnostic quartets due to coupling to three 

equivalent phosphorus nuclei are observed for the apical CH group in both the 'H and 

1 3 c { ' ~ )  spectra of this compound (vide infra), analogous to those observed for the solid 

13, for which successful microanalysis was obtained. 'H NMR (360 MHz, C6D6, 6): 

1.56 (my 6 H, PCH2CH3), 1.43 (my 6 H, PCH2CH3), 1.18 (dt, 3 ~ p ~  = 15.1 HZ, 3~~~ = 7.6 

Hz, 1 8 H, PCH2CH3), 0.47 (s, 18 H, SiCH3), -0.12 (q, 3 ~ p ~  = 3.9 Hz, 1 H, HCSi3). 

13 c{'H) NMR (90 MHz, C6D6, 6): 15.2 (my PCH2CH3), 14.0 (my PCH2CH3), 1.1 (q, 2 ~ C p  

= 12.4 Hz, HCSi3), 1.0 (m, SiCH3). 3 1 ~ { 1 ~ ~  NMR (145 MHz, C6D6, 6): -80.2 (s, PEt2). 

2 9 ~ i { ' ~ )  NMR (99 MHz, C6D6, 8): 3.0-2.2 (m, SiCH3). MS (EI, 70 eV) m/z: 425 ([M- 

Et], loo%), 365 ([M-PEt2], 72%), 275 ([M-2PEt2],20%), 187 ([M-3PEt2], 12%). 

2.5.4.4 Synthesis of CH3C(Me2SiPEt2)3 (20) 

In a Schlenk tube equipped with a magnetic stirbar, 18 (1.62 g, 3.67 mmol) was 

dissolved in 3 mL THF and cooled in an ice bath. In a second Schlenk tube, LiPEt2 (1 .O1 

g, 10.6 mmol) was dissolved in THF (25 mL), and slowly added to the cooled solution of 

18 by cannula. After the LiPEt2 addition was complete, the ice bath was removed, and 

the mixture was allowed to stir under nitrogen. After 1 h, the solvent was removed under 

vacuum to give a yellow paste. The paste was extracted with dry hexanes (25 mL) and 

filtered by cannula; the solvent was removed fiom the filtrate under vacuum. The cloudy, 

References p 85 



Chapter 2 8 0 

pale yellow oil was dissolved in pentane (6 mL) and filtered through Celite to remove 

remaining solid LiBr. Pentane was removed under vacuum to give 20 as a yellow oil. 

Yield: 1.44 g (87%, purity >95% by 'H NMR). Reduced pressure distillation of 20 was 

attempted, but the compound did not distill under the conditions employed. bp >130•‹C (5 

x 1 0 " m m ~ ~ ) .  Tlus high-boiling oil could not be obtained fi-ee of disubstituted tripod 

CH3C(SiMe2PEt2)2(SiMe2Br) (-4%, 8p -82.6), which precluded its elemental analysis. 

Diagnostic quartets observed for both carbons in the apical C-CH3 group in the 1 3 c { ' ~ )  

spectrum of this compound (vide infia), due to two- and three-bond coupling to three 

equivalent phosphorus nuclei, indicate that all three arms are phosphorus-substituted in 

the bulk solution sample. 'H NMR (360 MHz, C6D6, 8): 1.63 (my 6 H, PCH2CH3), 1.41 

(s, 3H, CCH3), 1.40 (m, 6 H, PCH2CH3), 1.19 (dt, 3 ~ p ~  = 15.1 HZ, 3~~~ = 7.6 Hz, 18 H, 

13 PCH2CH3), 0.41 (s, 18 H, SiCH3). c{~H} NMR (90 MHz, C6D6, 6): 16.8 (q, 3 ~ ~ p  = 8.6 

Hz, CCH3), 15.6 (my PCH2CH3), 14.3 (m, PCH2CH3), 2.9 (q, 2 ~ ~ p  = 11.9 HZ, C(CH3)), - 

0.5 (td, 4 ~ ~ p  = 4.2 Hz, 3 ~ ~ p  = 3.7 Hz, SiCH3). 3 ' ~ { ' ~ )  NMR (145 MHz, C6D6, 6): -81.4 

(s, PEt2). 2 9 ~ i { 1 ~ )  NMR (99 MHz, C6D6, 8): 7.3-5.9 (my SiCH3). MS (EI, 70 eV) d z :  

439 ([M-Et], 70%), 379 ([M-PEt2], 68%), 321 ([M-SiMe2PEt2], 14%), 291 ([M-2PEt2], 

14%). For the disubstituted tripod CH3C(SiMe2PEt2)2(SiMe2Br): 'H NMR (360 MHz, 

C6D6, 8): 1.65-1.50 (m, 6 H, PCH2CH3), 1.45-1.30 (m, 6 H, PCH2CH3), 1.33 (s, 3H, 

CCH3), 1.20-1.10 (m, 18 H, PCH2CH3), 0.71 (s, 6 H, SiCH3Br), 0.44 (s, 6 H, 

SiCH3PEt2), 0.35 (s, 6 H, SiCH3PEt2). "P{'H) NMR (145 MHz, C6D6, 6): -82.6 (s, 

PEt2). 
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2.5.5 Oxidative and Solvolytic Sensitivity of Tris(phosphine) Tripods 

2.5.5.1 Reaction of HC(Me2SiPPh2)3 (13) with 0 2  

a) In the solid state. In a Schlenk tube, solid HC(Me2SiPPh2)3 (13, 20 mg, 0.030 

mmol) was placed under an atmosphere of oxygen gas (99.9%) for 15 min, then the 

oxygen was removed under vacuum. The sample was dissolved in benzene-d6 (0.6 mL) 

and the solution was transferred to an NMR tube for analysis by 'H and 3 1 ~ { ' ~ )  NMR 

spectroscopy. For HC(Me2SiP{=O)Ph2)3: 'H NMR (300 MHz, C6D6, 8): 0.41 (s, 18H, 

SiCH3), other peaks were lost in the baseline; 3 ' ~ { 1 ~ )  NMR (121 MHz, C6D6, 6): 98.9 

(s, P(=O)Ph2). 

b) In toluene solution. In a Schlenk tube, oxygen gas (99.9%) was bubbled 

through a solution of 13 (20 mg, 0.030 rnmol) in toluene (5 mL) for 15 min. After 

removal of toluene and oxygen under vacuum, the remaining oily white solid was 

dissolved in benzene-d6 (0.6 mL) and transferred to an NMR tube for analysis by 'H and 

31 P { 'H) NMR spectroscopy. 

2.5.5.2 Reaction of CH3C(Me2SiPPh2)3 (14) with 0 2  

a) In the solid state. In a Schlenk tube, solid CH3C(Me2SiPPh2)3 (14, 23 mg, 

0.030 mmol) was placed under an atmosphere of oxygen gas (99.9%) for 30 min, then the 

oxygen was removed under vacuum. The sample was dissolved in benzene-d6 (0.6 mL) 

and the solution was transferred to an NMR tube for analysis by 'H and 3 1 ~ { 1 ~ )  NMR 

spectroscopy. 

b) In toluene solution. In a Schlenk tube, oxygen gas (99.9%) was bubbled 

through a solution of 14 (25 mg, 0.033 mmol) in toluene (5 mL) for 30 min. Afier 

removal of toluene and oxygen under vacuum, the remaining oily white solid was 
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dissolved in benzene-d6 (0.6 mL) and transferred to an NMR tube for analysis by 'H and 

31 P {'HI NMR spectroscopy. 

2.5.5.3 Reaction of HC(Me2SiPPh2)3 (13) with Hz0 

a) At room temperature. Distilled water (60 pL, 3.3 mmol) was added under 

nitrogen to a sealable NMR tube containing HC(Me2SiPPh2)3 (13,24 mg, 0.032 mmol) in 

toluene-ds (0.5 mL), the sample sealed under vacuum after one fi-eeze-pump-thaw cycle, 

and the reaction followed by 'H and 3 1 ~ c ~ )  NMR spectroscopy. At room temperature, 

14% of 13 was consumed within 7.5 h to give HPPh2 and HC(Me2SiOH)3, 21a. 

Quantitative conversion to 21a required 3.5 days at room temperature. For 

HC(Me2SiOH)3 (21a): 'H NMR (300 MHz, C7D8, 8): 0.37 (s, 3H, SiOH), 0.27 (s, 18H, 

SiCH3), -0.1 1 (s, lH, CH). 

b) At 123•‹C. A sealed NMR tube containing distilled water (60 pL, 3.3 mmol) 

and HC(Me2SiPPh2)3 (13, 24 mg, 0.032 mmol) in toluene-ds, prepared as described 

above, was placed in an oil bath at 123OC and removed periodically to monitor the 

reaction by 'H and 3 1 ~  {'H) NMR spectroscopy. Quantitative cleavage of the Si-P bonds 

in 13 was observed within 6.5 h to give HPPh2 and HC(Me2SiOH)3, 21a. 

2.5.5.4 Reaction of HC(MezSiPPha)3 (13) with CH30H 

a) At room temperature. A sealed NMR tube containing HC(Me2SiPPh2)3 (13,24 

mg, 0.032 mmol) and methanol (130 pL, 3.23 mmol) in toluene-ds, was prepared as 

described above. The progress of the reaction was monitored by 'H and 3 ' ~ { ' ~ )  NMR 

spectroscopy. After 4 h, 26% of 13 had been converted to HPPh2 and HC(Me2SiOMe)3; 

complete consumption of 13 required 3 days at room temperature. 
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b) At 123•‹C. A sealed NMR tube containing HC(Me2SiPPh2)3 (13,24 mg, 0.032 

mrnol) and methanol (130 pL, 3.23 mmol) in toluene-ds, prepared as described above, 

was placed in an oil bath at 123OC and removed periodically to monitor the reaction by 

1 H and 3 1 ~ { 1 ~ )  NMR spectroscopy. Quantitative cleavage of the Si-P bonds in 13 was 

observed within 3.5 h to give HPPh2 and HC(Me2SiOMe)3. 

2.5.5.5 Reaction of HC(Me2SiPPh2)3 (13) with 0.1 M HCl(,,) 

A sealed NMR tube containing HC(Me2SiPPh2)3 (13,24 mg, 0.032 mrnol) and 0.1 

M HCl (60 pL, 3.3 mmol H20, 0.006 mmol H~o+, degassed by three fi-eeze-pump-thaw 

cycles) in toluene-d8 was prepared as described above and monitored by 'H and 3 1 ~ { 1 ~ )  

NMR spectroscopy. Quantitative cleavage of the Si-P bonds in 13 was observed within 4 

h at room temperature to give HPPh2 and polysiloxane by-products, with trace amounts 

of HC(MeaSiOH)3 (21a). 

2.5.5.6 Reaction of CH3C(Me2SiPPh2)3 (14) with H 2 0  

Distilled water (1.5 pL, 0.083 mmol) was added under nitrogen to an NMR 

sample containing CH3C(Me2SiPPh2)3 (14, 19 mg, 0.025 mmol) in benzene-d6, and the 

reaction was followed by 'H and 3 1 ~ { 1 ~ )  NMR spectroscopy. At room temperature, 

35% of 14 was consumed withm 24 h to give HPPh2 and CH3C(Me2SiOH)3, 21b. After 

24 h, significant conversion of 21b to siloxane condensation products occurred indicated 

by the appearance of new peaks in the SiMe and Meapiml region of the IH NMR spectrum. 

For CH3C(Me2SiOH)3 (21b): 'H NMR (360 MHz, C6D6, 8): 1.23 (s, 3H, CCH3), 0.27 

(s, 18H, SiCH3). The signal due to SiOH was lost in the baseline beneath SiMe signals. 
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2.5.5.7 Reaction of HC(Me2SiPEt2)3 (19) with H 2 0  

Distilled water (2.0 pL, 0.11 mm01) was added under nitrogen to an NMR sample 

containing HC(Me2SiPEt2)3 (19, 179 mg, 0.037 mmol) in benzene-d6, and the reaction 

followed by 'H and 3 1 ~ { ' ~ }  NMR spectroscopy. After 24 h, 17% of 19 had been 

hydrolyzed to give HPEt2 and 21b. 

2.5.5.8 Reaction of CH3C(Me2SiPEt2)3 (20) with H20 

Distilled water (2.5 pL, 0.14 mmol) was added under nitrogen to an NMR sample 

containing CH3C(Me2SiPEt2)3 (20, 18 mg, 0.038 mmol) in benzene-d6, and the reaction 

followed by 'H and 3 1 ~ ( 1 ~ )  NMR spectroscopy. Complete cleavage of all Si-P bonds 

occurred within 15 min of water addition, liberating HPEt and 21b quantitatively. 

2.5.8 Molecular Modeling of HC(Me2SiBr)3 (17) and CH3C(Me2SiBr)3 (18) 

Atomic coordinates from the crystallographically determined molecular structures 

of 17 and 18 were imported into the HyperChem modeling program.42 These structures 

were used as the starting points for semi-empirical, AM1 calculations, employing a 

Polak-Ribiere conjugate gradient for geometry minimization. To determine the barrier to 

rotation around the CCmhl-Si bonds, one torsional angle (HI-C1-Si2-Br2 for 17, C2-C 1- 

Si-Br for 18) was varied between 0" and 360": for each calculation the rest of the 

molecule was allowed to relax around this constrained angle. Once the minimization was 

complete, the torsion constraint was removed and the heat of formation was calculated. 

Rotational barriers were determined fiom a plot of the heat of formation versus torsion 

angle. We note that this method of computational analysis is not comprehensive, and will 

not identify all possible low energy conformations of 17 and 18. It is intended to provide 

Referencesp 85 



Chapter 2 85 

an approximate value for the barrier to rotation of one arm around the CCenmI-Si bond in 

compounds 17 and 18. 

Appendix A. Lineshape analysis of VT-NMR spectra for 18,13, and 20. 

Appendix B. Crystallographic structure report for HC(Me2SiBr)3 (17). 

Appendix C. Crystallographic structure report for CH3C(Me2SiBr)3 (18). 

Appendix D. Crystallographic structure report for HC(Me2SiPPh2)3 (13). 

Appendix E. Crystallographic structure report for CH3C(Me2SiPPh2)3 (14). 
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CHAPTER 3 

Molybdenum Complexes of Tris(phosphine) Tripods 

3.1 Introduction 

Polydentate phosphine ligands are ubiquitous in the coordination chemistry of 

transition metals and catalysis. Chelating tris(phosphine) tripods such as 1,1,1- 

tris(diphenylphosphinomethy1)ethane (triphos, 24) have been studied extensively14 due 

to their ability to control the coordination environment at a metal centre by placing three 

ancillary phosphine groups selectively on one face of the metal in a mutually cis 

relationship. While considerable effort has been devoted to the development of tripodal 

polyphosphines with modified and apical pendant groups,8-10 and pendant 

substituents at phosphorus,11-13 only two examples of this ligand structure without -CH2- 

"elbow" groups in the chelate backbone have appeared in the literature: 25" and 13l5>l6. 

The potential impact of bulky %Me2 elbow substituents on the metal coordination 

chemistry of tris(phosphine) tripods such as 13-14 and 19-20 has therefore remained 

relatively unexplored. 

CH2 "elbow" SiMe, "elbow" 

24, triphos 25 13 

This chapter presents the synthesis, characterization, and varied coordination 

modes of the molybdenum carbonyl complexes of the tripodal tris(phosphine) ligands 13- 

14 and 19-20 (described in Chapter 2) containing SiMe2 elbow groups, and an analysis of 
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the observed structures and coordination modes of the ligands in the context of their 

steric bulk. The choice of molybdenum tri- or tetracarbonyl as the metal fragment was 

dictated by its relevance to the synthesis of P3[9]ane, as the molybdenum tricarbonyl 

fragment was used by Edwards et a1 as a template for the attempted synthesis of this 

target macrocycle (1).17-l9 The carbonyl stretching fi-equencies of metal carbonyl 

complexes observed by IR spectroscopy also provide useful information regarding the 

electronic environment at the metal centre, and has lead to the use of metal carbonyl 

fragments M(CO), (M = Ni? Cr, W; ~ o ~ ~ - ~ ~ )  as "probes" to study the coordination 

chemistry and donorlacceptor abilities of phosphine ligands. The molybdenum carbonyl 

complexes therefore seemed worthwhile standards with which to analyse the tripodal 

template analogues 13-14 and 19-20. 

3.2 Synthesis and Characterization of ~ ~ - ~ r i ~ o d  Complexes of Molybdenum 

Stirring a toluene or benzene solution of tripods 13 or 14 with an equimolar 

amount of bis(piperidine)tetracarbonylmolybdenum(0) for 2 hours at 45OC produced the 

K~-tripod molybdenum complexes 26 and 27 as off-white powders in good yield (Scheme 

3 .I). 3 1 ~  {'H) NMR spectroscopy allowed the identification of these complexes as the K ~ -  

coordinated tripod species, as two signals were observed in a 2:l ratio, with the 

phosphorus chemical shift of the uncoordinated tripod arm corresponding closely to that 

observed for the free tripod. An alternate synthesis of compound 26, reported in the 

literature while t h s  work was in progress, involved refluxing 13 with Mo(CO)~ in 

toluene.15 Although several attempts were made to duplicate this synthesis with both 13 

and 14, the only products isolated were insoluble tan powders presumed to be polymers 

consisting of multiple molybdenum centres linked by bridging K'- and ~ ~ - t r i ~ o d  
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molecules. This assessment is supported by IR spectroscopy, as the intractable product 

from the reaction of 14 with Mo(CO)~ shows two strong carbonyl bands at 1923 and 

1822 cm" that do not correspond with carbonyl bands seen for any of the molybdenum- 

tripod complexes prepared here. 

I 

Me2si'..tf'siMe2 M ~ ( P ~ P ) ~ ( C O ) ~  
I 

ph2p siMe2 6ph2 to1 or benz, 45OC 

insoluble tan powder 
(this work) 

+ 2 C:, 
H 

26, reference 15 

Scheme 3.1 

(29) were prepared by reaction of equimolar amounts of the appropriate -PEt2 substituted 

tripod with M0(pip)~(C0)~ in toluene, as described above for the synthesis of compounds 

26 and 27 (Eqn 3-1). To prevent formation of the K~-coordinated complex (vide infra), 

the reaction mixture was not heated, but instead was allowed to stir under static vacuum 

at room temperature prior to workup. 
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3.2.1 X-ray Crystal Structure of [(K~-HC{M~~S~PP~~)~)MO(CO)~] (26) 

Crystals of a toluene adduct of 26 suitable for x-ray crystallographic analysis were 

grown from a toluene solution stored at -20•‹C. The molecular structure of 26 is shown 

in Figure 3.1, and selected bond lengths and angles are listed in Tables 3.1-3.2. 

Figure 3.1 

In 

View of the [(K*-Hc(M~~s~PP~~)~}Mo(co)~] molecule (26) showing the atom 
labelling scheme; only the ips0 carbons of the phenyl rings are shown. The hydro- 
gen atom attached to the methine carbon (C 10) is shown with an arbitrarily small 
thermal parameter; all other hydrogens are not shown. For this and all following 
structures, non-hydrogen atoms are represented by Gaussian ellipsoids at the 20% 
probability level. 

the solid state, the six-membered chelate ring in compound 26 adopts a chair- 

like conformation, as shown in Figure 3.1. This conformation directs the uncoordinated 

tripod arm away from the crowded tripod core and minimizes unfavorable interactions 

between the silylmethyl groups and the phenyl substituents on phosphorus. However, the 

chair conformation does not completely alleviate steric conflicts around the core of the 

tripod, as further distortion of the already "splayed" core of uncomplexed ligand 13 

(discussed in Section 2.4.1.2) results in the large Sil-C10-Si2 angle of 1 18" within the 

chelate ring of 26. 
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The molecular structure of 26 is otherwise unremarkable, with relatively 

undistorted octahedral geometry around the molybdenum atom and Mo-P bond lengths 

similar to those reported for other phosphine complexes of molybdenum ~arbonyls."*~~ 

Bond Length (A) 
Sil -P1 2.3 022(7) 

Si2 - P2 2.3 103(7) 

Si3 - P3 2.2772(8) 

Torsional Angles 

Bonds Angle (deg) 
PI -Sil -C10-H 55.8 

Bond Length (A) 
Mo-P1 2.5473(5) 

Mo - P2 2.5497(5) 

Bond Annles 

3.3 Synthesis and Characterization of rc3-~ris({dieth~l~hos~hino)- 
dimethylsily1)methane (30) and -ethane (31) Molybdenum Complexes 

Bonds Angle (deg) 
Sil - C10 - Si2 1 18.02(10) 

Sil - C10 - Si3 1 10.58(9) 

Si2-C10- Si3 112.38(10) 

The reaction of approximately equimolar amounts of Mo(CO)~ or 

M~(mesitylene)(CO)~ with 19 or 20 in refluxing toluene gave the metal complexes [ (K~- 

HC {Me2SiPEt2}3)Mo(CO)3] (30) and [(K~-cH~c { ~ e 2 ~ i ~ ~ t 2 )  ,)Mo(co)~] (31), 

respectively, as white solids in moderate yield (Scheme 3.2). 'H and 3 1 ~ { 1 ~ )  NMR 

spectra of these species are consistent with the K~-coordination of ligands 19 and 20, as 

Bonds Angle (deg) 
P1 -Mo-P2 91.109(16) 

Mo-P1 -Sil 119.1 l(2) 

Mo - P2 - Si2 124.24(2) 
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only one peak was observed in the 3 1 ~ ( 1 ~ )  NMR spectrum of each product. In both 

cases, the singlet lies in the centre of a low intensity sextet ( l~p-Mo =: 11 1 Hz in both 

complexes) arising fiom coupling of the phosphorus nuclei to 9 5 ~ o  (I = 512, 15.72% 

natural abundance). Complexes 30 and 31 could also be accessed by heating solutions of 

the analogous ~ ~ - t r i ~ o d  complex in benzene or toluene, converting -35% of the K ~ -  

complex 29 into K~-31  upon heating for 12 h at 85•‹C; the 27329 transformation required 

over 20 h for -35% conversion, as determined by 'H and 3 1 ~ { ' ~ )  NMR spectroscopy. 

Compression around the tripod core of 29 caused by the presence of the apical methyl 

group likely drives the faster K ~ ~ K ~  conversion seen for the methyl-capped tripod 

complex. Although the methyl cap increases the barrier to rotation around Cc0,-Si bonds 

in these Si3 tripods, it does not prevent fiee rotation about these bonds at room 

temperature (and above). The smaller Si-C-Si angles expected in 29, combined with 

unrestricted rotation of the fkee tripod arm, should bring the uncoordinated phosphine in 

29 closer to the metal centre than in the more splayed tripod complex 28 and increase the 

rate of carbonyl substitution, as observed here. 

Samples of K~-coordinated 19 (compound 30) in chloroform-dl reacted slowly 

with the chlorinated solvent, with complete degradation of metal-coordinated 19 due to 

cleavage of P-Si bonds occurring within 30 minutes of dissolution in chloroform, in 

contrast to the immediate decomposition of the free ligand 19 in chloroform described in 

Section 2.4.2.1. The K ~ -  and K~-coordinated complexes 28/29 and 30131 are also 

noticeably less susceptible to hydrolysis and/or oxidation of the Si-P bonds than the fiee 

ligands 19 and 20, as exposure of the molybdenum complexes to the laboratory 
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atmosphere, with rapid filtration and washing of the solid compounds with unpurified 

hexanes (in air, -1 5 min total exposure) resulted in only minimal decomposition. 

benzene or 
Et +\ / 

R 
'MO 

\ I 
(C0)3 

Me2Sio....-.,C, SiMe2 30: R = H 

SiMe2 4 ~ 1 ~  
31: R = Me 

Scheme 3.2 

3.3.1 X-ray Crystal Structures of [ ( K ~ - H C { M ~ ~ S ~ P E ~ ~ ) ~ ) M O ( C O ) ~ ]  (30) and [(K~- 
CH3C{Me2SiPEt2}3)Mo(C0)3] (31) 

Crystals of compounds 30 and 31 suitable for x-ray crystallographic analysis were 

grown fkom toluene at -20•‹C. ORTEP diagrams of the molecular structures of 30 and 31 

are shown in Figures 3.2 and 3.3, respectively, and selected bond lengths and angles are 

listed in Tables 3.3 to 3.5. 
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Table 3.4 Selected bond and torsional angles for [(K~-HC { M ~ ~ S ~ P E ~ ~ } ~ ) M O ( C O ) ~ ]  (30) 

Table 3.3 Selected bond lengths for [(K~-HC{M~~S~PE~~}~)MO(C~)~] (30) and [(K~- 
CH3C {Me2SiPEt2} 3)M~(C0)3] (31). 

and [(K'- CH3C {Me#PEt2}3)M 

J(K~-HC {Me?SiPEt2t1)M~(CO)31 - - (30) 

Bonds Angle (deg) 
P-Mo-P' 90.388(15) 

I(K~-HC IMe2SiPEt313)Mo(CO)3] - - (30) 

Bond Length (A) 
Mo-P 2.5582(5) 

SiA - P 2.3245(8) 

SiB - P 2.277(3) 

SiA- C10- SiA' 1 14.98(7) 

SIB - C10 - SiB' 1 12.45(11) 

[(K~-cH$ I M ~ ~ S ~ P E ~ & ~ O ~ ~ ]  - (31) 

Bond Length (A) 
Mo-PI 2.5577(4) 

MO - P2 2.5554(4) 

MO - P3 2.5547(4) 

Sil -P1 2.2947(5) 

Si2 - P2 2.2923(5) 

Si3 - P3 2.2979(6) 

(cO)31 (31). 

[(K~-cH$ I ~ e 2 ~ - ~ ~ ) ~ 1 ( 3 1 )  - 

Bonds Angle (deg) 
P1 -Mo-P2 91.964(12) 

PI -Mo-P3 90.25 1(12) 

P2-Mo-P3 89.236(12) 

Sil - C4 - Si2 1 12.42(7) 

Sil - C4 - Si3 113.51(8) 

Si2 - C4 - Si3 112.74(8) 

Table 3.5 Least-squares planes for [ ( K ~ - H C { M ~ ~ S ~ P E ~ ~ ) ~ ) M O ( C O ) ~ ]  (30) and [(K~- 
CH3C {Me2SiPEt2) 3)M~(CO)3] (31). 

Coefficients Distance (d) 
of Ccore from 

Compound a b c d Si3 plane 

Torsional Angles 

' ( K ~ - ~ ~ ~ ~ { ~ ~ ~ ~ ~ -  -6.4763(17) -3.905(3) 13.2901(19) 4.3%7(11) 0.5 l84(14) A 
PEt2) 3)Mo(C0)31 (31) 

" x, y, and z are crystallographic coordinates 

P-SiA-C10-H -169.5 

P-SiB-C10-H 159.8 
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Figure 3.2 Perspective view of the [(K~-Hc{M~&PE~~)~)Mo(co)~] molecule (30) showing the 
atom labeling scheme. The hydrogen atom attached to the methine carbon (C 10) is 
shown with an arbitrarily small thermal parameter; all other hydrogens are not 
shown. 

Figure 3.3 View of the [(K~-cH& {Me2SiPEtz)3)Mo(CO)3] molecule (31) approximately along 
the C4-C5 bond axis, illustrating the pseudo-threefold molecular symmetry. The 
hydrogen atoms attached to the methine carbon (C5) are shown with arbitrarily small 
thermal parameters; all other hydrogens are not shown. 
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The molecular structures of both 30 and 31 are highly symmetric, displaying 

approximately threefold symmetry along the tripod-molybdenum axis. Torsion angles 

between the phosphine groups and the tripod apex are in the range 160-1 70•‹, resulting in 

a right- or left-handed "twist" of the tripod core relative to the C3 symmetry axis of the 

molybdenum centre. This "twist" gives rise to two possible enantiomeric structures 

(Figure 3.4), both of which are present in the unit cell of 31. The structure of compound 

30 is slightly more complex, and is somewhat distorted in the solid state. The SiA and 

SIB labels in Tables 3.3 and 3.4 represent alternate atom positions arising fi-om the 

presence of a tripod with an opposite "twist". Atoms bearing an "A" label are refined at 

516 occupancy, and " B  atoms are refined at 116 occupancy giving a local 5:l disorder. 

However, due to the presence of an inversion centre in the unit cell (centrosymmetric 

space group R3), the 5:l disorder also occurs as a 1:5 disorder in the invertomer, 

resulting in a overall equal distribution of the tripod "hands", as illustrated in Figure 3.4. 

Figure 3.4 "Handedness" in the coordination of 19 and 20 to molybdenum. View is down the 
central R-C bond (R = H, CH3). 

3.3.2 Metal Coordination Behaviour of Tris(phosphine) Tripods 

Infi-ared spectra of the molybdenum carbonyl complexes of tripodal phosphines 

26-31 show carbonyl stretching fi-equencies suggesting these ligands have strong Lewis 

basicities (Table 3.6). Significantly lower stretching frequencies (vco) are observed for 

the K~-coordinated tripodal complexes 30 and 31 than are reported for a wide range of 
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analogous tris(phosphine) complexes, indicative of a weaker CO bond due to increased 

back bonding from molybdenum to CO. The strong o-donating nature of tripodal ligands 

13-14 and 19-20 is also reflected in the carbonyl stretching frequencies of the K ~ -  

complexes, which are lower than those observed for Mo(PR&(C0)4 complexes where R 

= Ph or Et (entries 12 and 13). One of the few tris(phosphine) molybdenum complexes to 

show vco values similar to compounds 30-31 is MO((P(N(H)~P~)~)~(CO)~ (entry 3), 

containing an unusually bulky phosphine ligand. That this complex shows strong back 

bonding to the carbonyl ligands is unexpected, as the phosphine ligand should be a good 

n-acid, limiting back bonding from molybdenum to the carbonyl groups. However, the 

influence of coordination geometry on the observed carbonyl stretching frequencies 

cannot be ruled out, as the complex listed in entry 3 displays a much larger P-Mo-P angle 

than is typically observed for K~-coordinated tris(phosphine) complexes with a range of 

different substituents at phosphorus (94" vs -83"). Similarly, crowding of the SiMe2 

elbow groups in complexes 30-31 results in average P-Mo-P angles of 90" in both K ~ -  and 

K ~ -  coordinated complexes. The almost undistorted octahedral coordination around 

molybdenum in complexes 30-31 may provide optimum overlap between the metal and 

tris(sily1phosphine) bonding orbitals, and permit highly efficient electron donation from 

the Lewis basic tripods 19-20 to the molybdenum centre. Enhanced o-donation from the 

tridentate phosphine ligand to the metal would result in increased n-backbonding to the 

carbonyl groups on molybdenum, and result in a decrease in the observed carbonyl 

stretching frequency, which is what we observe. 
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Table 3.6 Infrared data for selected molybdenum carbonyl tertiary phosphine 
complexes. Crystallographic data included where available. 

P-Mo-P C-Mo-C 
Complex vco(cm-') avg (O)  avg (O) Reference 

f ~ c - L ~ M o ( C 0 ) ~  where L3 is: 

1 (Pph313 1934,1835 
26 

2 (PEt3)3 1937,1841 
26 

3 PO\J(H)W3)3 1918,1815 94 87 
25 

4 K ~ - c H ~ c ( c H ~ P P ~ ~ ) ~  1937,1844 84 85 cH2cl2" 

5 K~-cH~c(cH~P(E~)P~)~ 1931,1844 83 89 C H ~ C ~ ~ "  
6 K~-cH~c(cH~P(cH~P~)P~)~  1934,1838 83 87 C H ~ C I ~ "  
7 K ~ - c H ~ c ( c H ~ P ( ~ - ~ B u P ~ ) ~ ) ~  1934,1840 C H ~ C ~ ~ ~ '  

8 K ~ - H O C H ~ C ( C H ~ P P ~ ~ ) ~  1937, 1845 C H ~ C ~ ~ ~ ~  

9 K ~ - M ~ S O ~ O C H ~ C ( C H ~ P P ~ ~ ) ~  1927,1844, 1826 C H ~ C ~ ~ "  
10 K ~ - H c ( M ~ ~ s ~ P E ~ ~ ) ~  (30) 1904, 1802, 1773 (sh) 90 86 This work 
11 K ~ - C H ~ C ( M ~ ~ S ~ F ' E ~ ~ ) ~  (31) 1911, 1816,1802 90 86 This work 

~ i s -L~Mo(C0)~  where L2 is: 

12 (pph3)2 2023, 1929,191 1,1899 
26 

13 (PEt312 2016,1915,1900,1890 
26 

14 K ~ - H c ( M ~ ~ s ~ P P ~ ~ ) ~  (26) 2015,1917,1876 (br) 90 89 This work" 
15 K ~ - c H ~ c ( M ~ ~ s ~ P P ~ ~ ) ~  (27) 2010,1909, 1883, 1871 This work 

16 K ~ - H c ( M ~ ~ s ~ P E ~ ~ ) ~  (28) 2002,1892,1881,1859 This work 
17 K ~ - C H ~ C ( M ~ ~ S ~ P E ~ ~ ) ~  (29) 2005, 1881(br), 1857 This work 

"These deviate somewhat from previously reported values15 of 2018, 1950 (sh), 1925, 1880 cm-'. In 
particular, no stretch at 1950 cm-' was observed for 26. The elemental analysis reported in reference l5 for 
this complex is 6.4% low in carbon; it may be that this sample contained some Mo-CO impurities. 

The high Lewis basicity of -PR2 substituted tripods 13-14 (R = Ph) and 19-20 (R 

= Et), influenced by the strongly donating %Me2 elbow groups, should make it more 

difficult to displace both the tripod and carbonyl ligands in ligand substitution reactions. 

To test the stability of the tripod-molybdenum complexes with respect to ligand 

substitution, complexes 26-31 were sealed in NMR tubes with approximately equimolar 

amounts of the strong Lewis base, PMe3, and heated at 8S•‹C. After 12 hours of heating, 

the ~ ~ - c o m ~ l e x e s  28 and 29 showed no reaction with PMe3 as determined by 3 1 ~ ( 1 ~ )  

NMR spectroscopy, but did show partial conversion into the u3-coordinated complexes 

30 and 31 with loss of one ancilliary CO ligand-a reaction that also occurred when the 
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~ ~ - c o m ~ l e x e s  were heated in the absence of PMe3, as described earlier in Section 3.3 

(Eqn 3-2). The K~-coordinated complexes 30 and 31 did not react fbrther with PMe3. 

Perhaps due to the slightly lower Lewis basicity of tripods 13-14 relative to 19-20, the K ~ -  

complexes 26-27 reacted with PMe3 within 4 hours to give small amounts of compounds 

32-33, resulting from substitution of one CO ligand by PMe3 (Eqn 3-3). After 12 hours 

of heating, compound 27 reacted further with PMe3 to displace the tris(phosphine) 14 as 

the free ligand (-24%) and form cis- and tran~-Mo(PMe~)(CO)~. An additional species 

appearing in the 3 1 ~ { 1 ~ )  NMR spectrum was tentatively identified as { K ~ -  

CH3C(Me2SiPPh2)3)Mo(C0)3 based on its phosphorus chemical shift (-17.5 ppm, -5%), 

although this has not yet been confirmed.28 

3.4 Conclusion 

The steric constraints in tripods 13-14 and 19-20 imposed primarily by the SiMe2 

elbow groups (and apical methyl group in 14 and 20) have a significant impact on metal 

coordination behaviour observed for these compounds, affecting the relative stabilities of 

the K ~ -  and ~ ~ - t r i ~ o d  molybdenum complexes. Coordination of all three phosphine arms 
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to a metal centre requires that the tripod adopt a conformation in which all of the 

phosphine units are oriented anti relative to the apical substituent, forcing SiMe groups 

on adjacent arms to point directly towards each other. Crystallographic and variable 

temperature NMR data reported here and in the literature2' have shown tlvs all-anti 

conformation to be sterically unfavorable for the free tripods 13 and 14, as well as for the 

brominated precursors 17 and 18. In the solid state, the K~-coordinated complexes 30 and 

31 adopt a twisted conformation of the six-membered chelate rings that helps to relieve 

unfavourable SiMe interactions, with the ethyl substituents on phosphorus arranged to 

minimize steric conflicts by directing half of the ethyl groups away from the SiMe 

elbows, and half between the SiMe2 groups on the adjacent tripod arm. This arrangement 

is not possible for tris(sily1) tripods bearing less flexible phenyl substitutents at 

phosphorus, and consequently the increased crowding at both the tripod core and around 

the metal centre decreases the relative stability of the putative ~ ~ - t r i ~ o d  complexes 

relative to the K' complexes 26 and 27. This is demonstrated quite clearly in the 

molecular structure of 26 (Figure 3.1, Section 3.2. l), as the two tripod arms coordinated 

to molybdenum show a wide apex angle of 118", representing a M h e r  distortion of the 

already "splayed" tripod core in order to accommodate gauche interactions of the %Mez 

and -PPh2 groups on adjacent anns of the tripod. 
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CH3 
I PPh2 

chair-boat 
exchange 

1 - 

Scheme 3.3 

The relatively high barrier to rotation around Cc0,,-Si bonds determined for the 

-PPh2 substituted tripods 13 and 14 (relative to -PEt2 substituted 19-20) suggests that K ~ -  

coordination of these crowded tris(phosphines) may also be kinetically unfavorable 

relative to K~-coordination, precluding the formation of K~-coordinated complexes of 

these tripods. Formation of the ic3-coordinated complex presumably proceeds via the K ~ -  

complex, and involves rotation around the Cco,-Si bond of the uncoordinated tripod arm 

to bring the final phosphine substituent within bonding distance of the metal centre 

(Scheme 3.3). More impoL-tantly, the transition from K ~ -  to K~-coordination would require 

conversion of the "chair-like" conformation of the six-membered chelate ring in the K ~ -  

complex into the less favoured "boat" conformation. This conformational change 

requires simultaneous rotation around two Cc0,-Si bonds, and is likely to be hindered by 

unfavorable interactions between substituents on both the silicon and phosphorus atoms. 

Fortunately, the kinetic barriers to this chair-boat interconversion should also render the 

K~-coordinated complexes of -PEt2 substituted ligands 19 and 20 inert to reactions 
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involving arm-dissociation, a result consistent with the lack of ligand substitution 

observed for ~ ~ - c o m ~ l e x e s  30 and 31 with PMe3 (vide supra). 

The high barriers to tripod arm rotation demonstrated for compounds 13-14 and 

19-20 are advantageous in the context of the proposed templated cyclization of P3[9]ane, 

because the lower entropy of the relatively rigid tripod system should help promote 

macrocycle formation by minimizing the entropy decrease required upon ring closure of 

1. As the molybdenum coordination chemistry presented in this chapter demonstrates, 

these rotational barriers can be overcome at reasonable temperatures ( 4  30•‹C) and, in the 

case of tripodal tris(sily1phosphines) bearing smaller, more flexible phosphine 

substituents such as -PEt2, the S i  compounds can achieve the all-anti tipod 

conformation required for cyclization of 1. Our efforts to prepare the proposed template 

molecules, bearing three pendant vinylphosphine units on scaffolds 17 and/or 18 is 

described in the following chapters. 

3.5 Experimental 

3.5.1 General Procedures and Reagent Synthesis 

Common procedures, reagent preparation, and instrument specifications are listed 

in Section 2.5.1. Hexacarbonylmolybdenum(O), mesitylene, and piperidine were 

purchased fiom Aldrich Chemical Co. and used as received without further purification. 

[AgI-PMe3I4 was purchased fiom Acros Chemical Co. and used as received. 

(~esit~lene)tricarbon~lmol~bdenum(0)~~ and bis(piperidine)tetracarbonyl- 

molybdenum(0)31 were prepared according to literature methods. The syntheses of 

compounds 13-14 and 19-20 are described in Chapter 2. The preparation of [ K ~ -  
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(HC(Me2SiPPh2)3)Mo(C0)4] (26) has been reported in the literature1'; a modified 

synthesis is described here. 

3.5.2 Preparation of Molybdenum Complexes 

3.5.2.1 Synthesis of [K~-{HC@~~$~~PP~~)~)MO(CO)~] (26) 

Compound 13 (0.51 g, 0.68 mmol) and M0@ip)~(C0)4 (0.26 g, 0.68 mmol) were 

suspended in 30 mL dry toluene in a Schlenk tube. The headspace was evacuated and the 

yellow suspension stirred under static vacuum in an oil bath for 2 h at 45OC, after which 

the solvent was removed in vacuo. The resulting sticky golden brown foam was washed 

with hexanes (10 mL), and the supernatant decanted by cannula filtration to give 26 as a 

pale yellow powder that was dried under vacuum. Yield: 0.32 g (49%). Spectroscopic 

and physical properties are in agreement with those reported in the literature,I5 except for 

the IR data (KBr disk, vco, cm-I): 2015 (s), 1917 (s), 1876 (br). As mentioned in Table 

3.6, these deviate somewhat from previously reported values of 201 8, 1950 (sh), 1925, 

1880 ~ m - l . ' ~  In particular, no stretch at 1950 cm-' was observed for samples of 26 

prepared in this lab. The elemental analysis reported in reference 15 for this complex is 

6.4% low in carbon; it may be that the sample contained some Mo-CO impurities giving 

rise to the band at 1950 cm-'. 

3.5.2.2 Synthesis of [K~-{cH~c(M~~s~PP~~)~]MO(CO)~] (27) 

This compound was prepared as described above for compound 26, using the 

following reagents and amounts: compound 14 (0.40 g, 0.53 mmol), M0(pip)~(C0)~ 

(0.20 g, 0.51 mmol), 25 mL benzene. Yield: 0.33 g (69%, 90% purity by 'H NMR). 

Solution samples of this compound consistently contain a fine suspension of intractable 

tan powder, which cannot be entirely removed, even when the solutions are filtered 
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through Celite. This insoluble by-product is believed to be an oligomeric or polymeric 

complex formed from intermolecular reaction of the unbound phosphine from the K ~ -  

product with itself, or with residual Mo starting material, based on the presence of two 

distinct carbonyl bands in the IR spectrum. IR (KBr disk, vco, an-'): 1923 (s) 1822 (s). 

A sample of 27 free of this trace impurity has not yet been isolated. mp 125•‹C (decomp). 

1 H NMR (360 MHz, CDC13, 6): 7.59 (m, 4H, ortho-C6H5PMo), 7.52 (my 4H, ortho- 

C6H5PMo), 7.41 (m, 4H, ortho-C6H5P), 7.4-7.2 (my 18H,para-, meta-C6H5P/PMo), 1.36 

(br s, 3H, CCH3), 0.48 (d, 3 ~ p ~  = 2.9 Hz, 6H, SiCH3), 0.45 (d, 3 ~ p ~  = 6.1 HZ, 6H, 

SiCH3PMo), 0.14 (d, 3 ~ p ~  = 2.5 Hz, 6H, MoPSiCH3). 1 3 c ( ' ~ )  NMR (90 MHz, CDC13, 

6): 215.2 (dd, 2~~p(,,) = 23.1 Hz, 2 ~ ~ p ( W  = 9.1 HZ, CO), 214.7 (t, 2 ~ ~ ~ ( c j s )  = 7.1 HZ, CO), 

208.4 (t, 2~Cp(,js) = 7.2 HZ, CO), 137.5 (dd, 'JCP = 21.1 HZ, 3 ~ ~ p  = 6.8 HZ, @s0-C6H5PMo), 

137.3 (d, ' J C ~  = 21.7 Hz, @so-C6H5PMo), 135.1 (d, 2 ~ C p  = 20.7 Hz, ortho-C6HsPMo), 

135.1 (d, ' J C ~  = 13.1 HZ, @0-C6H5P), 135.0 (d, 2 ~ C p  = 12.1 HZ, ortho-C6H5PMo), 134.0 

(d, ' J C ~  = 11.4 HZ, ortho-C6H5P), 128.8 (s, para-C6H5P), 128.4 (s, para-C6H5P), 128.4 

(d, 3 ~ C p  = 7.1 HZ, meta-C6H5P), 128.1 (s, paY&C6H5P), 128.1 (d, 3 ~ C p  = 6.7 Hz, meta- 

C6H#), 128.0 (d, 3 ~ ~ p  = 7.5 Hz, meta-C6H5P), 18.6 (d, ' J C ~  = 10.0 HZ, CCH3), 8.0 (q, 

2 JCP = 9.1 HZ, CCH3), 3.6 (d, 2 ~ ~ p  = 1 1.7 HZ, SiCH3PMo), 2.1 (d, 2 ~ C p  = 5.8 Hz, 

SiCH3PMo), 0.7 (d, 2 ~ ~ p  = 10.0 HZ, SiCH3). 3 1 ~  {'H) NMR (145 MHz, CDC13, 6): -1 8.9 

29 (s, 2P, PMo), -50.4 (s ,  1P, P). s~{'H) NMR (99 MHz, C6D6, 6): 7.66 (dt, 'Jsip = 40.4 

Hz, 3 ~ ~ i p  = 8.1 HZ, lSi, SiP), 7.14 (m, 2Si, SiPMo). MS (FAB, mNBA matrix) m/z: 966 

([MI, 2%), 782 ([M-PPh21, 21%), 753 ([M-PPh2, -CO], 40%), 725 ([M-PPh2, -2CO], 

38%), 697 ([M-PPh2, -3CO1, 68%), 669 ([M-PPh2, -4CO1, 39%). IR (KBr disk, vco, 

cm"): 2010 (s), 1909 (s), 1883 (s), 1871 (s). 
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3.5.2.3 Synthesis of [K~-{HC(M~~S~PE~&]MO(CO)~] (28) 

In a Schlenk tube, 19 (0.43 g, 0.94 mmol) was dissolved in iL dry toluene. 

M o ( p i ~ ) ~ ( c O ) ~  (0.37 g, 0.97 mmol) was added under a flow of nitrogen, and the cloudy 

yellow suspension was allowed to stir at RT under static vacuum for 4 days, until all of 

the solid had dissolved to give a clear yellow solution. The solvent was removed in 

vacuo to give a pale yellow paste that was extracted into 10 mL hexanes and filtered by 

cannula. The hexanes was removed under vacuum, and the residue washed with 5 mL of 

ice cold pentane to give 28 as a pale yellow powder (in -85% purity by 'H NMR) which 

was dried under vacuum. Yield 0.32 g (51%). This compound, which is readily soluble 

in pentane, retains trace amounts of piperidine that has precluded its elemental analysis. 

mp 123-130•‹C. 'H NMR (360 MHz, C6D6, 8): 1.70-1.51 (overlapping m, 6H, 

PCH2CH3), 1 SO-1.21 (overlapping my 6H, PCH2CH3), 1 .l4-0.95 (overlapping m, 18H, 

PCHZCH~), 0.42 (d, 3 ~ p ~  = 3.2 Hz, 6H, SiCH3), 0.18 (d, 3 ~ p H  = 2.2 Hz, 12H, SiCH3PMo), 

0.12 (dt, 3 ~ p H  = 3.6 HZ, 3 ~ p ~  = 1.8 HZ, lH, CH). 1 3 c { ' ~ )  NMR (90 MHz, C6D6, 8): 

216.1 (dd, 2~Cp(nons) = 22.2 HZ, 2~Cp(cjs) = 12.3 HZ CO), 213.4 (t, 2~Cp(cis) = 6.3 HZ, CO), 

21 1.8 (t, 2~Cp(cjs) = 9.5 HZ, CO), 19.7 (dd, ' J C ~  = 11.3 HZ, 'JCP = 8.0 HZ, MoPCH2CH3), 

19.1 (dd, 'JCP = 13.5 HZ, 3~~~ = 8.9 HZ, MoPCH2CH3), 15.0 (d, 'JCp = 16.4 Hz, 

PCHKH,), 13.9 (d, 2 ~ ~ p  = 16.3 HZ, PCH2CH3), 10.6 (s, M0PCH2CH3), 10.2 (s, 

MoPCH2CH3), 3.2 (dt, 2 ~ ~ p  = 11.0 HZ, 2 ~ ~ p  = 9.6 Hz, CH), 1.8 (d, 2 ~ C p  = 8.2 HZ, SiCH3), 

1.4 (br s, SiCH3), 0.3 (d, 2 ~ ~ p  = 4.4 Hz, SiCH3). 3 1 ~ { ' ~ )  NMR (145 MHz, C6D6, 8): 

-49.3 (s, 2P, MoPEB), -81.2 (s, lP, PEt2). 2 9 ~ i { 1 ~ )  NMR (99 MHz, C6D6, 8): 1.91 (dt, 

1 Jsip = 29.8 HZ, 3~sip = 8.7 HZ, 1 Si, SIP), 0.03 (my 2Si, SIPMo). MS (FAB, mNBA 

matrix) rnlz: 592 ([M-SiMe31, 18%), 564 ([M-%Me3, -CO], 11%), 536 ([M-%Me3, 
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-2CO1, 36%), 508 ([M-SiMe3, -3CO], 92%), 506 ([M-(HCSiMe2PEt2)Iy 100%). IR (KBr 

disk, vco, cm-'): 2002 (s), 1883 (br s), 1859 (s). 

3.5.2.4 Synthesis of [K~-(CH~C(M~~S~PE~~)~)MO(CO)~I (29) 

This compound was prepared as described above for compound 28, using the 

following reagents and amounts: compound 20 (0.55 g, 1.2 mmol), Mo(pip)~(CO)~ (0.45 

g, 1.2 mmol), 30 mL toluene. Yield 0.32 g (41%, purity -95% by 'H NMR). This 

hydrocarbon-soluble compound contains 5% of K~-(B~s~M~~)(cH~)c(M~~s~PE~~)~- 

Mo(CO)~, arising fiom an impurity of this disubstituted tripod ligand in 20, as determined 

by 3 1 ~ { 1 ~ )  NMR (6p -19.9 ppm). mp 87-105'C. 'H NMR (360 MHz, C6D6, 6): 1.9-1.2 

(overlapping my 12H, PCH2CH3), 1.34 (s, CCH3), 1.2-0.9 (overlapping m, 18H, 

PCH2CH3), 0.30 (d, 3~~ = 2.9 Hz, 6H, SiCH3), 0.27 (d, 3~~ = 4.3 Hz, 6H, SiCH3), 0.09 

(d, ' J H ~  = 1.8 HZ, 6H, SiCH3). 1 3 c { ' ~ }  NMR (90 MHz, C6D6, 6): 216.3 (dd, 2 ~ ~ p ( n a m )  = 

20.1 Hz, 2 ~ ~ p ( c i s )  = 10.9 HZ, CO), 212.7 (t, 2 ~ ~ p ( W  = 6.9 Hz, CO), 21 1.9 (t, 2 ~ ~ p ( c i s )  = 7.2 

Hz, CO), 20.5 (br d, 'JCp = 15.5 Hz, MoPCH2CH3), 18.5 (d, ' J C ~  = 14.2 Hz, 

MoPCH2CH3), 16.1 (br d, 3 ~ ~ p  = 7.3 Hz, CCH3), 15.2 (d, ' J C ~  = 17.8 Hz, PCH2CH3), 13.9 

(d, 2 ~ ~ p  = 18.5 HZ, PCH2CH3), 11 . l  (s, MoPCH2CH3), 10.0 (s, MoPCH2CH3), 2.5 (rn, 

CCH3), 1.5 (br s, SiCH3), -0.5 (d, 2 ~ ~ p  = 5.3 Hz, SiCH3), -1.0 (s, SiCH3). 3 1 ~ { 1 ~ )  NMR 

(145 MHz, C6D6, 6): -55.5 (s, 2P, MoPEt2), -78.5 (s, IP, PEt2). 2 9 ~ i { ' ~ )  NMR (99 

MHz, C6D6, 6): 5.64 (dt,  sip = 29.8 HZ, 3 ~ S i p  = 6.6 HZ, 1 Si, S iP~, ) ,  2.95 (m, 2Si, 

SiPMo). MS (FAB, mNBA matrix) d z :  648 ([M-EtH], 25%), 606 ([M-SiMe31, 22%), 

590 ([M-PEt2], 22%), 578 ([M-SiMe3, -CO], 26%), 550 ([M-%Me3, -2CO1, 61%), 522 

([M-SiMe3, -3CO1, loo%), 506 ([M-(CH3CSiMe2PEt2)], 28%). IR (KBr disk, vco, cm-l): 

2005 (s), 1881 (br, s), 1857 (s). 
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3.5.2.5 Synthesis of [K~-{HC(M~~S~PE~&)MO(CO)~] (30) 

This compound can be prepared fiom Mo(CO)~ (method a) but higher yields were 

obtained using M~(mesitylene)(CO)~ as a precursor (method b). 

Method a) Under a flow of nitrogen, a thick-walled glass reaction vessel with a J. 

Young valve (100 mL capacity) was charged with a magnetic stir bar, Mo(CO)~ (0.499 g, 

1.90 mmol), HC(Me2SiPEt2)3 (0.843 g, 1.85 mmol), and 30 mL dry toluene. The 

headspace was evacuated and the vessel sealed under static vacuum, then heated in an oil 

bath at 120•‹C for 18 h. After cooling to room temperature, solvent was removed in vacuo 

to give a yellow paste, which was washed with hexanes (2 x 10 mL) to give [ K ~ -  

{HC(Me2SiPEt2)3)Mo(C0)3] as a white powder that was isolated by filtration and dried 

under vacuum. Yield 0.267 g (22.7%). Method b) Under nitrogen, a 250 mL Schlenk 

flask was charged with 19 (61 0 mg, 1.34 mmol), and M~(mesitylene)(CO)~ (402 mg, 1.34 

mmol). Toluene (90 mL) was added by syringe, the flask was equipped with a reflux 

condenser, and the clear yellow solution was heated at reflux for 2 h. When the solution 

cooled, the solvent was removed under vacuum to leave a pale yellow solid. Repeated 

washing with hexanes (4 x 10 mL) and toluene (2 x 10 mL) ultimately allowed isolation 

of 30 as a white microcrystalline powder, which was dried under vacuum. Yield 0.455 g 

(54%). mp 220•‹C (decomp). 'H NMR (300 MHz, C6D6, 6): 1.90-1.70 (m, 12 H, 

PCH2CH3), 1.08 (dt, 3 ~ p H  = 13.5 HZ, 3~~~ = 7.3 Hz, 18 H, PCH2CH3), 0.06 (br d, 3 ~ p ~  = 

1.9 Hz, 18 H, SiCH3), -1.01 (q, 4 ~ p H  = 16.2 Hz, lH, CH). 3 ' ~ { ' ~ ~  NMR (121 MHz, 

1 C6D6, 6): -55.7 (s, PEt2), also see sext, J95M031P = 11 1 HZ. Anal. Calcd for 

C22H49M003P3Si3: C 41.63, H 7.78; found: C 41.32, H 8.08. IR (KBr disk, VCO, cm-I): 

1904 (s), 1802 (s), 1773 (sh). 
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3.5.2.6 Synthesis of [K~-{cH~c(M~~s~PE~~)~)MO(CO)~] (31) 

Under a flow of nitrogen, a thick-walled glass reaction vessel with a Teflon J. 

Young valve (100 mL capacity) was charged with a magnetic stir bar, Mo(CO)~ (0.9998, 

3.78 mmol), CH3C(Me2SiPEt2)3 (2.5 g, 3.8 mmol), and 30 mL dry toluene. The 

headspace was evacuated and the vessel sealed under static vacuum, then heated in an oil 

bath at 120•‹C for 18 h. After cooling to room temperature, solvent was removed in vacuo 

to give a yellow paste, which was washed with pentane (20 mL). A pale yellow powder 

was isolated by filtration, washed repeatedly with hexanes and toluene and dried under 

vacuum. Yield 0.80 g (33%). mp 227•‹C (decomp). 'H NMR (360 MHz, C6D6, 8): 1.85 

(m, 6 H, PCH2CH3), 1.76 (m, 6 H, PCH2CH3), 1 .O8 (dt, 3 ~ p H  = 13.3 Hz, 3~~~ = 7.4 Hz, 18 

H, PCH2CH3), 0.77 (q, 4 ~ p ~  = 1.8 HZ, 3H, CCH3), 0.01 (d, 3 ~ p ~  = 1.8 HZ, 18 H, SiCH3). 

13 c('H) NMR (90 MHz, C6D6, 6): 220.7 (m, CO), 19.1 (m, PCH2CH3), 13.1 (q, 3 ~ ~ p  = 

5.3 Hz, CCH3), 9.9 (s, 0112 = -5 Hz, PCH;?CH3), 2.6 (q, 2 ~ ~ p  = 16.6 Hz, CCH3), 0.2 (s, 

wllz = -5 Hz, SiCH3). 3 1 ~ ( 1 ~ )  NMR (145 MHz, C6D6, 8): -57.3 (s, PEt& also see (sext, 

1 J95M031P = 11 1 HZ). 2 9 ~ i { 1 ~ )  W R  (99 MHz, C6D6, 8): 2.16 (complex my SiCH3). MS 

(FAB, mNBA matrix) m/z: 650 ([MI, 24%), 622 ([M-CO], 46%), 594 ([M-2 CO], 

100%). Anal. Calcd for C23H51M003P3Si3: C 42.58, H 7.92; found: C 42.72, H 8.04. 

IR (KBr disk, vco, cm-I): 19 1 1 (s), 18 16 (s), 1802 (s). 

3.5.2.7 Conversion of [K~-{HC(M~~S~PE~~)~)MO(CO)~] (28) to [tc3- 

{HC(Me2SiPEt2)3)Mo(C0)3] (30) 

Compound 26 (9 mg, 0.01 mmol) was dissolved in 0.5 mL C7Ds in a 5 rnrn NMR 

tube equipped with a Teflon J. Young valve, and degassed by one freeze-pump-thaw 

cycle. The sample was heated in an oil bath at 85OC and removed periodically to monitor 
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the progress of reaction by 3 1 ~ { 1 ~ )  NMR spectroscopy. After 22.5 h, 38% of 28 had 

converted to the ~ ~ - c o m ~ l e x  30. 

Compound 29 (21 mg, 0.031 mmol) was dissolved in 0.5 mL C7D8 in a 5 mm 

NMR tube equipped with a Teflon J. Young valve, and degassed by one fieeze-pump- 

thaw cycle. The sample was heated in an oil bath at 85OC and removed periodically to 

monitor the progress of reaction by 3 1 ~ { 1 ~ )  NMR spectroscopy. After 12 h, 32% of 29 

had converted to the ~ ~ - c o m ~ l e x  31. 

3.5.3 Reactions of Molybdenum Tripod Complexes with PMe3 

General Procedure. Approximately 30 mg of the desired tripod-molybdenum 

complex was placed in a sealable NMR tube, and attached via a glass "T" connector to a 

10 mL RB flask containing an appropriate amount of [AgI*PMe3I4. The entire apparatus 

was connected to a vacuum line and placed under vacuum, and toluene-d8 (0.5 mL) was 

vacuum transferred into the NMR tube. Under static vacuum, the NMR tube was cooled 

in liquid nitrogen, and the RB flask containing [AgI*PMe3I4 was warmed with a heat gun 

until evolution of PMe3 could no longer be observed. After allowing the PMe3 to collect 

in the NMR tube, the tube was flame-sealed under static vacuum, and warmed to room 

temperature. The actual amount of PMe3 present in each tube was determined by 

3 1 ~ { 1 ~ )  NMR, relative to the known amount of tripod-molybdenum complex (delay time 

D l  = 20 s). 3 1 ~ { 1 ~ )  NMR spectra were rerecorded after heating the tubes in an oil bath 

at 85•‹C for 12-16 h. Percent conversions are reported with respect to the overall amount 

of tripodal ligand present in the sample. 
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a) Compound 26 (20 mg, 0.021 mmol), PMe3 (0.039 mmol). After 12 h at 85OC, 

3 1 ~ ( 1 ~ )  NMR showed 26 (6 -21.4 and -52.4, -67%), ( K ~ -  

HC (Me2SiPPh2)3)(PMe3)Mo(C0)4 (6 -1 9.2 (d), -24.6 (t), and -5 1.3 (s), -3 1 %), PMe3 (6 

-62.3), and a small amount of HPPh2 (6 -40.4). 

b) Compound 27 (38 mg, 0.039 mmol), PMe3 (0.10 mmol). After 12 h at 85OC, 

3 1 ~ { 1 ~ )  NMR showed 27 (6 -17.9 and -50.2, -55%), ( K ~ -  

CH3C(Me2SiPPh2>3)(PMe3)Mo(C0)4 (6 -13.7 (d), -23.7 (t), and -49.3 (s), -6%), free 

CH3C (Me2SiPPh2)3 (7, 6 -50.9, -24%), c i~-Mo(PMe~)~(Co)~ (6 -1 6.4), trans- 

M O ( P M ~ ~ ) ~ ( C O ) ~  (6 -6.3), PMe3 (6 -62.3), and a signal tentatively assigned to (u3- 

CH3C (Me2SiPPh2) ~ ) (PM~~)Mo(CO)~  (6 -1 7.5, -5%). 

c) Compound 28 (29 mg, 0.044 mmol), PMe3 (0.038 rnmol). After 12 h at 85OC, 

3 ' ~ { 1 ~ )  NMR showed only 28 (6 -49.1, -81.2), PMe3 (6 -62.3), and trace amounts of 

HPEt2 (6 -55.6). Small white crystals on the walls of the NMR tube were identified as 

30, indicating that -10% of the original complex had converted from u2- to K ~ -  

coordination, with concomitant liberation of CO. 

d) Compound 29 (28 mg, 0.041 mmol), PMe3 (0.099 mmol). After 16 h at 85OC, 

3 1 P('H) NMR showed 29 (6 -55.4 and -78.6, -60%), 31 (6 -57.0, -30%), PMe3 (6 

-62.3), and trace amounts of HPEt2 (6 -55.6). Peaks potentially representing -15% of 

the total tipod complex were also observed, but were unassigned (6 -54.8 (s), -55.7 (s)). 

e) Compound 31 (32 mg, 0.049 mmol), PMe3 (0.007 mmol). After 12 h at 85OC, 

3 1 ~ ( ' ~ )  NMR showed no change; only 31 (6 -57.0), and PMe3 (6 -62.3) were detected. 

References p 112 



Chapter 3 112 

Appendix F. Crystallographic structure report for [ K ~ -  { ~ ~ ( ~ e 2 ~ i ~ ~ h 2 ) 3 )  - 

Mo(C0)41(26). 

Appendix G. Crystallographic structure report for [ K ~ -  { H C ( M ~ ~ S ~ P E ~ ~ ) ~ ) -  

Mo(C0)31(30). 

Appendix H. Crystallographic structure report for [u3- (CH3C(Me2SiPEt2)3) - 

Mo(C0)31 (31). 
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CHAPTER 4 

Synthesis of Silylphosphines Bearing Pendant P-H Groups 

4.1 Introduction 

Chapter 2 described the synthesis and characterization of bulky trisilylmethane 

and -ethane precursors to a potential template for the synthesis of 1,4,7- 

triphosphacyclononane (1). Vital to the success of the proposed template synthesis is the 

incorporation of three pendant vinyl phosphine moieties onto the silicon atoms of tripods 

17 andlor 18 (Eqn 4-1). Achieving complete substitution of the Si-Br groups by 

phosphine units while maintaining the integrity of the P-H bonds in this synthesis was 

both crucial and challenging. This chapter describes investigations of a number of metal 

phosphide reagents, including lithium, magnesium, aluminum, and zinc phosphides, for 

their ability to effect silicon-phosphorus bond formation at mono- and a,o- 

bis(halosi1anes) in the presence of ancillary P-H bonds. 

R R 
I I 

Me2Si/C~1'",,SiMe, 3 [R'HPI-M' + Me2Si /Ci..',SiMe2 
1 Me2Si I -3 MBr I 
Br I Br 

I Me2Si PHR' 
R'HP 

Br R'HP 

R = H (17), CH3 (18) R' = Ph, Cy, CH=CH2 

As will be described more hlly in Chapter 5, initial attempts to introduce -PHR 

(R = Ph, Cy, vinyl) groups into tripods 17 and 18 using the appropriate lithium 

phosphides confirmed that introduction of pendant P-H containing substituents is not a 

trivial task. Although the intended Si-P bond formation did occur, significant scrambling 

of the silyl groups was also observed, giving a complex mixture of products including 



Chapter 4 115 

disilylphosphines, along with (regenerated) primary phosphine. The reactions primarily 

responsible for this substituent rearrangement are metallhydrogen exchange between the 

metal phosphde and a silylphosphine, and redistribution between two silylphosphines 

(Scheme 4.1). Both of these pathways are known, having been observed for reactions 

involving lithium phosphides andlor silylphosphines, particularly if the silylphosphines 

are stored in contact with metal salts remaining after the reaction is complete1". It was 

therefore necessary to develop a synthetic method that suppressed these unwanted side 

reactions while still permitting silicon-phosphorus bond formation at all three arms of the 

proposed tris(si1ane) templates. 

MetaVhydrogen exchange 
. . 

Redistribution 

+ R3SiX 

- LiX 

Scheme 4.1 

As described in Chapter 1, Section 1.3.3, one of the most common methods for 

the synthesis of silylphosphines involves a metathesis reaction between a silylhalide and 

an alkali or alkaline earth metal phosph~de.4 This method has been used to prepare a 

wide range of silylphosphines, with varying numbers and types of organic substituents on 

both silicon and However, there has been relatively little focus on the 

selective formation of monosilylphosphine complexes retaining one P-H functionality. 

The reaction of a halosilane with primary alkyl or aryl phosphines usually produces a 
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mixture of mono- and disilylphosphines, and a yield of approximately 30% for the 

monosilylphosphine is typical (see Eqn 4-2 for general rea~tion).'.~ In extreme cases, 

such as the example shown in Eqn 4-3, polysilylation of phosphorus is so prevalent that 

no monosilylphosphine is ~btained.~ This becomes problematic in the context of our 

proposed template when these conditions are applied to the tris(halosi1anes) 17 and 18. 

The Si3 scaffolds discussed in Chapter 2 incorporate three silyl halide units in one 

molecule, and a 30% yield of the monosilylated product translates into, on average, only 

one of these silyl halide units undergoing the correct transformation. The remaining 

tripod arms are able to participate in side reactions, including both inter- and 

intramolecular disilylation of pendant phosphine moieties which could result in a 

complex mixture of cyclic and/or oligomeric products (see Figure 4.1). The formation of 

a four-membered ring involving two of the tripod arms is not without precedent, as Gade 

et a1 have reported an analogous species with t-butylamine in place of the vinylphosphine 

groups. 10 

3 R3SiX + 3 MPHR' -+ R'P(SiR3)2 + R'HPSiR3 + H2PR' + 3 MX (4-2) 

The challenge therefore became one of identifying an appropriate phosphide 

source that would allow optimum, selective incorporation of pendant -PHR moieties into 

the Si3 scaffolds 17 and 18. To this end, a series of metal phosphide reagents (M = Li, 

Mg, Al, Zn) were evaluated to determine whch provided the best selectivity for silicon- 

phosphorus bond formation at halosilanes in the presence of a P-H functional group. 

Phosphides derived fi-om phenylphosphine (H2PPh) were chosen for these tests based 

primarily on availability; phenylphosphine is commercially available, whle 
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vinylphosphine (required for the proposed templated cyclization to form 1) must be 

synthesized in-house prior to use. Ultimately, lithium and magnesium vinylphosphide 

reagents were also prepared. Their synthesis and reactivity with the tris(bromosi1ane) 

tripods 17 and 18 is discussed in Chapter 5. 

Precedent: Gade et all0 

... and other extended arrays 

Figure 4.1 Possible (a) cyclic and/or (b) oligomeric products predicted from uncontrolled P-Si 
coupling of Si3 scaffold. 

4.2 Metal Phosphides-Synthesis and Reactivity 

4.2.1 Survey of Routes to Metal Organophosphides 

A number of methods have been developed for the preparation of metal 

organophosphides derived fiom phosphine (pH3), and primary and secondary phosphines. 

Reductive cleavage of a phosphorus-element bond (E = P, X, Ar, H) can be used for the 
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synthesis of secondary phosphide species, [R2P]-, but the preparation of primary 

phosphides by these methods is frequently limited by a lack of suitable starting materials, 

or plagued by side reactions. Therefore, it is often more effective to exploit the acidic 

nature of the P-H group to metallate the phosphorus using acidbase exchange chemistry, 

occasionally followed by transmetallation with a second metal to obtain the desired metal 

phosphide reagent. 

4.2.1.1 Reductive Cleavage of Diphosphines 

Reductive cleavage of the P-P bond in diphosphines can be effected by alkali 

metals in refluxing ether or THF to give two equivalents of alkali metal phosphide (Eqn 

4-4). Unsymmetric cleavage of diphosphines can also be achieved by treatment with 

organometallic reagents such as nBuLi, generating one equivalent of metal phosphide and 

an organo-substituted phosphine (Eqn 4-5).6 Classically, both of these methods have 

been used for the preparation of alkali metal phosphides, but the extremely small number 

of commercially available diphosphines" (none of which are derived &om primary alkyl 

phosphines) limits the synthetic utility of thls method. 

R2P-PR2 + 2 M 2 [R2P]-M+ (4-4) 

R2P-PR2 + 2 R'M [R2P]- M+ + R'R2P (4-5) 

4.2.1.2 Reduction of Halophosphines by Alkali Metals 

Alkali metals are also able to reduce halophosphines to alkali metal phosphides, 

in a manner similar to the reductive cleavage of diphosphines described above. In an 

initial step, metathesis of the phosphorus-halogen bond produces a diphosphine, which 

then undergoes reductive cleavage of the P-P bond as shown in Eqn 4-6.6 The overall 
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transformation fiom phosphorus halide to alkali metal phosphide closely resembles the 

direct synthesis of many common organometallic reagents (Eqn 4-7). 

reductive - R ~  ?/ reductive 
coupling . . p-P + 2 M X  cleavage- 

2RpPX+4M . - -- 2 [R2P]-M+ + 2 MX 
R$] 

(4-6) 

R 

-MgCI2 

RCIP-PCIR + Mg 

Scheme 4.2 

Although halophosphine reduction is effective for the synthesis of diphosphines 

and metal phosphides derived from secondary phosphines, it is not well suited for the 

preparation of metal phosphides derived from primary phosphmes. Mixed H/X 

phosphines (RPHX) are not available commercially, and reduction of dihalophosphines 

(RPX2) with alkali metals results in dimetallation of phosphorus to form R P M ~ . ~  

Alkaline earth metals will also effect reduction, but as shown for magnesium in Scheme 

4.2, initial formation of diphosphine is followed by a second metathesis reaction to 

produce a phosphorus-phosphorus double bond, rather than by reductive cleavage of the 

P-P bond to give the phosphide. This method has been successfully applied to the 
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synthesis of diphosphene compounds (RP=PR) bearing bulky mesityl substituents12, but 

is not viable for the preparation of metal organophosphide reagents. 

4.2.1.3 Reduction of Aryl Phosphines with Alkali Metals 

The reaction of tertiary aryl phosphines with alkali metals (Li, Na, K) in ether, 

THF, or liquid ammonia results in reductive cleavage of an aryl group from the 

phosphine, as shown in Eqn 4-8.I3,l4 This method is quite general for the synthesis of 

diorganophosphide anions from tertiary phosphines bearing at least one aryl group, and 

was used to prepare lithium diphenylphosphide for the syntheses of compound 13 

described in Chapter 2. In these reactions, the organometallic species MAr that is also 

generated can be selectively destroyed in situ by addition of t-butyl chloride, generating 

isobutylene gas and lithium chloride. Reduction of primary or secondary aryl phosphines 

leads to other products (described in Section 4.2.1.4), instead of P-C bond cleavage. 

Ar3P + 2 Li - [Ar2P]-Li+ + LiAr + t-BuCI 

4.2.1.4 P-H Bond Cleavage by Alkali Metals 

Under conditions similar to those used 

[Ar2PImLi+ + LiCl + ArH + K (4-8) 

to effect cleavage of a P-C bond in aryl 

phosphines, primary and secondary phosphmes react with sodium or potassium to 

produce metal phosphdes with release of hydrogen gas (Eqn 4-9). Reduction of the 

acidic P-H bond is favoured over P-C cleavage, even in reactions with primary and 

secondary aryl phosphines. Secondary phosphines with strongly electron donating 

substituents (specifically HPEt2 and HPCy2) do not react with sodium metal under any 

conditions, restricting the range of metal phosphides available by this route.6 Also, 

careful control of reaction conditions is required for the reaction of potassium with 

primary phosphines, to avoid dimetallation (RPK~) .~  

References p 160 



Chapter 4 

R2PH + M - R2PM + '12 H2 

4.2.1.5 P-H Bond Cleavage by Metal Hydride Reagents 

Certain metal hydride reagents are known to reduce the P-H bond in phosphine 

(pH3) and methylphosphine (MePH2), liberating hydrogen gas with formation of a metal 

phosphide (Eqn 4-10). Potassium and aluminum hydrides (including LiAlH4 and 

NaAlH4) are known to effect this reaction, while LiH does not react with phosphines in 

this Phosphorus-hydrogen bond cleavage in this reaction is typically slow, 

requiring 72-96 hrs for the synthesis of L ~ A I ( P H ~ ) ~ , ' ~  and replacement of hydride groups 

is not always quantitative; reduction of methylphosphine with LiA1H4 stops at 

L~A~(H) (PHM~)~ . '~ '~ '  Compounds containing residual hydrides are not suitable for the 

selective formation of P-Si bonds, as reduction of the halosilane competes with 

phosphorus-silicon bond formation. The reduction of other primary and secondary 

phosphmes by this method has not been reported. 

n pH3 + MH, - M(PH2), + "I2 H2 (4- 1 0) 

4.2.1.6 P-H Bond Cleavage by Organometallic Reagents - "Metallation" 

Probably the most common method used to prepare metal phosphide species is the 

reaction of phosphine (pH3) or primary/secondary organophosphines with organometallic 

reagents of the general type "MR,". This process favours formation of the weaker E-H 

acid, which in most cases is the organic product RH, and leads to a reaction that proceeds 

as written in Eqn 4-1 1. A variety of metal organyl reagents have been employed for this 

reaction, including organolithium compounds ( L ~ R ) ' ~ , ~ ~ ,  Grignard and 

6,22,23 diorganomagnesium reagents (RMgX, MgR2) , and diorganozinc species. 6,22,24 
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Preparation of sodium phosphides by this method is less common, as there are few 

readily available organosodium reagents. 

n R2PH + MRtn M(PR2), + n R'H (4-1 1) 

The choice of organometallic reagent introduces some limitations to the types of 

phosphides that can be prepared by this route. For example, primary phosphines react 

with phenyllithium to give exclusively the dimetallated phosphide, RPLi2, whch can be 

converted to the monometallated phosphide on addition of another equivalent of H ~ P R ; ~  

the use of a butyllithium reagent instead gives direct access to the monometallated 

phosphide. Dialkylmagnesium and -zinc compounds do not react with phosphines 

bearing aliphatic or cycloaliphatic substituents, so phosphides derived fi-om this class of 

phosphines must be synthesized via metal exchange as discussed in Section 4.2.1.4.~ 

Aluminum phosphides also cannot be prepared by this method, as addition of a phosphine 

to a trialkylaluminum solution results in the formation of stable phosphorus-aluminum 

adducts instead of the desired phosphide.25 With these few exceptions, the action of 

readily available organometallic reagents on primary and secondary phosphines provides 

a convenient route for the preparation of metal phosphides. 

4.2.1.7 Transmetallation with Metal Halides 

[R2P]M + M'X - - [R2P]M1 + MX 
(4- 12) 

where EoEd(M') > Eored(M) 

Metal exchange involves the reaction of a metal phosphide with a metal halide, 

and results in transmetallation, in whch the two metals are exchanged (see Eqn 4-12 for 

general reaction). The metals involved govern success of this method, as the reaction 

proceeds to give the metal halide in which the metal has the greater negative reduction 

potential. Typically, this involves reaction of an alkali metal phosphide with the metal 
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halide of a less active metal. Both primary ([RHPI-, R = ~ e ' ,  s ~ R ~ ~ ~ )  and secondary 

([R2P]-, R = ~ e ~ ~ ,  ~ t ~ ~ - ~ ~ ,  B U ~ ~ )  phosphides have been used this reaction. Aliphatic and 

cycloaliphatic magnesium and zinc phosphides are commonly made by transmetallation 

with lithium phosphides6, and it is the method of choice for the synthesis of aluminum 

phosphides.28,29 AS shown in Scheme 4.3, addition of three equivalents of lithium 

phosphide to an aluminum trihalide gives the neutral aluminum phosphide as an 

intractable Addition of a fourth equivalent of lithium phosphide converts the 

polymer into monomers with four-coordinate anionic aluminum centres, which are 

soluble in donor solvents like ethers and polyethers. 

3 LiPEt2 + AICI3 -----., [AI(PEt2)3]n (polymeric) 

+ LiPEt;! 1 
4 LiPEt2 + AICI3 - Li[AI(PEt2)4] (discrete monomer) 

Scheme 4.3 

Metallation of primary phosphines with organometallic reagents is the most 

general of the synthetic methods described above, allowing formation of metal 

phosphides containing P-H functional groups. This method was applied to the synthesis 

of lithium, magnesium, and zinc phosphides (compounds 34-35 and 37, described 

below). The tetra(phosphido)aluminate 36 was not accessible by this method, and so was 

prepared from lithium phenylphosphide by transmetallation. 
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4.2.2 Preparation of Metal Phosphide Reagents Containing P-H Bonds 

4.2.2.1 Synthesis of Lithium Phenylphosphide (34) 

The synthesis of LiPHPh (34) via metallation of H2PPh by an organolithium 

reagent has been reported in the literatw-e32; this method was also applied to the 

preparation of the vinylphosphide analogue (see Chapter 5). Treatment of a hexane 

solution of H2PPh with one equivalent of n-butyllithium resulted in almost quantitative 

precipitation of the desired lithium phosphide (LiPHPh, 34), which was isolated by 

filtration (Eqn 4-13). The lithium phosphide prepared in this manner is pyrophoric, 

flaming immediately in air, but is a stable powder when handled under an inert 

atmosphere. Contact with water or other protic solvents results in decomposition, with 

concomitant liberation of the parent primary phosphine (Eqn 4-14). Although 34 is 

insoluble in straight chain hydrocarbons such as pentane and hexanes, it is slightly 

soluble in aromatic solvents like toluene and benzene, and is soluble in ethereal solvents. 

NMR spectroscopy was carried out in 2: 1 THF/C6D6; the 3 1 ~ { ' ~ )  NMR shift of -1 13 

ppm for compound 34 was in agreement with that reported in the literature.32 

H2PPh + nBuLi - LiPHPh + nBuH 

LiPHPh + ROH H2PPh + LiOR 

4.2.2.2 Synthesis of Magnesium Bis(pheny1phosphide) (35) 

The synthesis of bis(pheny1phosphdo)magnesium reported in the literature 

describes the initial formation of polymeric [Mg(PHPh)2],, which can then be dissolved 

in N,NY-tetramethylethylenediamine (TMEDA) to give the monomeric adduct 35, as 

confirmed by x-ray crystallography.22 For the studies presented in this thesis, the 
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synthesis was converted to a more efficient one-pot reaction by slow addition of a 1.0 M 

solution of Mg(nBu)(secBu) in heptane to two equivalents of phenylphosphine in hexane 

in the presence of one equivalent of TMEDA. The magnesium bis(pheny1phosphide) 

compound 35 was isolated as a yellowlwhite solid in good yield (Eqn 4- 15). Compound 

35 is soluble in ethereal and aromatic organic solvents, and is air and moisture sensitive. 

The 3 ' ~ ( 1 ~ )  NMR spectra of samples of 35 prepared in this laboratory show a 

broad singlet at -126 ppm that splits into a doublet ('JpH -- 194 Hz) in the proton-coupled 

3 1 ~  NMR spectrum. This signal is presumed to be due to the magnesium phosphide 35, 

with unresolved 2 ~ p p  and 3 ~ p p ~  coupling contributing to the broad linewidth of the peak. 

A sharp singlet at -123.5 ppm usually accompanies the broader peak, and was identified 

as the primary phosphine PhPH2 based on its chemical shift and the triplet splitting 

observed in the proton-coupled 3 1 ~  NMR spectrum (lJpH = 199 Hz). The phosphorus 

chemical shift assignments for 35 given here do not agree with those reported in the 

literature: Hey et a1 report a 3 1 ~ { 1 ~ )  NMR chemical shift of -123.64 ppm (s) for 

compound 35, with proton coupling splitting this signal into two triplets (A6 0.05 ppm, 

JpH = 198.5 H Z ) . ~ ~  Since this is essentially identical to the chemical shift and coupling 

constants seen for PhPH2, with the 3 1 ~  NMR triplet arising fiom coupling to two P-H 

groups, and finer P-H coupling with the ortho protons of the phenyl ring, it was assumed 

that the literature assignment of the 3 ' ~  NMR spectrum of 35 was incorrect, and that the 

broad signal at -126 pprn corresponded to compound 35. 

References p 160 



Chapter 4 

4.2.2.3 Synthesis of Lithium Tetra@henylphosphido)aluminate (36) 

As mentioned above in Section 4.2.1.4, the preparation of phosphido aluminates 

by metal exchange of AlX3 with lithium phosphides is well established in the 

1iteratu1-e.28'30 Using this general method, the novel compound LiAl(PHPh)4 was 

prepared as a yellow powder in good yield by addition of four equivalents of LiPHPh to 

an ether solution of AlC13 (Eqn 4- 16). 

4 LiPHPh + AIC13 - LiAI(PHPh)4 + 3 LiCl (4- 16) 

LiAl(PHPh)4 (36) is highly soluble in 1,2-dimethoxyethane (DME), and cooling a 

DME solution of 36 gave yellow crystals suitable for x-ray diffraction analysis. ORTEP 

diagrams of the molecular structure of [(DME)3*LiAl(PHPh)4] are shown in Figure 4.2 

(anion) and 4.3 (cation); detailed crystallographic data, including bond lengths and 

angles, are given in Appendix I. 

In the solid state, compound 36*3DME exists as a monomer, with each lithium 

cation solvated by three bidentate DME molecules. The discrete anion units display a 

tetrahedral arrangement of phosphido groups around the central aluminum atom (avg P- 

Al-P bond angle in 36 is 109.5"), typical of tetracoordinate Al(II1) species.33 NMR 

spectroscopy in THF-d8 suggests that 36 is also monomeric in solution, as only one sharp 

signal due to 36 is observed in the 3 1 ~ { ' ~ )  NMR spectrum. This singlet is consistent 

with a structure in whch all of the phosphido units are equivalent, in contrast to the 

broadening and/or splitting of one or more signals that would be predicted for a more 

associated species. Proton NMR spectroscopy supports the formulation of 36 as a 

monomer in solution, as the compound displays well defined P-H and phenyl signals, 
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again without the complex splittinghroadening expected for a highly associated 

compound. 

Figure 4.2 Perspective view of the [Al(PHPh)J ion in 36 showing the atom labeling scheme. 
The A1 atom is located upon a 4 (Sq) center of symmetry. 

Figure 4.3 View of the [L~(M~ocH~cH~oM~)~]'  ion in 36. The Li atom is located upon a 4 
(Sq) center of symmetry, but the dimethoxyethane ligands are disordered; this view 
shows one (unassigned) conformation. 
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An additional peak appearing at 4 4 . 3  ppm in the 3 1 ~ ( 1 ~ )  NMR spectrum of 36 

has been identified as HPEtPh. Synthesis of 36 always resulted in formation of this 

secondary phosphine in small quantities (<2%), attributable to cleavage of the C-0 bond 

in diethyl ether according to Eqn 4- 17. No attempt was made to remove the phosphine 

impurity from 36, as the amount present remained constant and it did not interfere with 

subsequent reactions. The by-product of ether cleavage, LiA1(OEt)(PHPh)3 was not 

observed by 'H or 3 1 ~ ( 1 ~ )  NMR, and was presumed to co-precipitate with lithium 

chloride, although this has not been confirmed. 

LiAI(PHPh)4 + Et20 - LiAI(OEt)(PHPh)3 + HPEtPh (4- 1 7) 

4.2.2.4 Synthesis of "TMEDA*ZII(PHP~)~" (37) 

The bis(pheny1phosphido)zinc reagent was prepared by metallation of 

phenylphosphine by dialkylzinc reagents.34 The dialkylzinc reagent initially selected for 

the metallation, Zn(nBu)2, was prepared in situ by treating ZnCl2 with two equivalents of 

n-butyllithium (Eqn 4-18). Later syntheses employed commercially available ZnEt2 as 

the metallating agent; fewer synthetic steps were involved, and the concentration of the 

dialkylzinc species was known more accurately. Metallation of phenylphosphine by 

either Zn(~zBu)~ or ZnEt2 in the presence of TMEDA gave the zinc phosphide (Eqn 4- 19), 

which was isolated as a white powder in good yield. 

2 nBuLi + ZnC12 - Zn(nBu)* + 2 LiCl (4- 1 8) 

TMEDA 2 H2PPh + ZnR2 - "TMEDA*Zn(PHPh)g + 2 RH 
R = Et, nBu 

37 

Literature reports of the preparation of a range of zinc phosphides by this method 

describe the resulting phosphides as insoluble, polymeric substances, which are air and 

moisture sensitive. 6,24,35 It was hoped that incorporation of the chelating ligand TMEDA 
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would prevent or reduce aggregation of the zinc phosphide species, increasing the 

solubility of the resulting product. However, the compound produced, even with the 

addition of the (normally) solubilizing TMEDA, was insoluble in common hydrocarbon, 

aromatic, and ethereal solvents, including chelating ethers such as DME. The extreme 

insolubility of 37 prevented its characterization by NMR spectroscopy. Infi-ared 

spectroscopy of 37 demonstrates that P-H bonds remain intact (vPH = 2309 cm-l), but the 

poor solubility of this compound suggests that it has a highly aggregatedlpolymeric 

structure in the solid state; it is referred to as "TMEDA*Zn(PHPh)T (37) only to indicate 

its "deliverable" components. 

4.2.3 Reactivity of Metal Phosphide Reagents 

Phosphorus-silicon bond formation from metal phosphides and halosilanes 

proceeds by nucleophilic attack of the phosphide anion on the electrophdic silicon (si8+- 

x?, with elimination of a metal halide salt. Metal phosphides are known to be strong 

nucleophiles and good bases, a result of the highly polar metal-phosphorus bond, [R2P]- 

M'. Four compounds of this type, Lithum-, magnesium-, aluminum-, and zinc 

phenylphosphide (compounds 34-37, respectively), were prepared as described above and 

used in test reactions with both monohalosilanes and a,o-bis(halosi1anes) to determine 

which phosphide source best promoted the desired Si-P bond formation while minimizing 

metallhydrogen exchange and redistribution of the newly formed silylphosphines (see 

Section 4.1). 

The polarity of the metal-phosphorus bond, and hence the reactivity of the metal 

phosphide, can be correlated to the difference in Pauling electronegativities between 

phosphorus and the metal. The series of metals investigated here have Pauling 
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electronegativities ranging from 1.0 - 1.7. In all cases, this is lower than the Pauling EN 

of phosphorus (EN = 2.2), meaning that the polarity of the M-P bond results in a 

nucleophilic phosphorus atom with significant anionic character 

Pauling Electronegativities 

Reactivity of M-P Group M AEN = /ENp - ENMI 

Figure 4.4 Pauling electronegativities and reactivity of metal phosphides. Ionic character of 
metal-phosphorus bond decreases with decreasing m N .  

Nucleophilicity of the phosphide anion is desirable in the context of P-Si bond 

formation, but as the difference in electronegativity between phosphorus and metal 

(AEN) increases, so does the overall reactivity (both nucleophilicity and basicity) of the 

phosphide. In reactions generating compounds retaining P-H functional groups, highly 

basic phosphide reagents are undesirable, because they may deprotonate the 

silylphosphine and lead to increasing silyl substitution at phosphorus (Scheme 4.4). 

Typical P-Si bond forming reactions involve the addition of halosilane to a metal 

phosphide, with both components present in equimolar amounts in the reaction mixture. 

As shown in Scheme 4.4, nucleophilic substitution of a halogen atom on silicon by a 

phosphido group results in the formation of a silylphosphine compound (step 1). The 
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presence of silylphosphine in solution opens up a competing reaction path for unreacted 

metal phosphide: deprotonation of the silylphosphine species by [RHPI-M+ to release 

one equivalent of the primary phosphne (RPH2) with formation of [(R'~s~)RP]-M+ (step 

2). The silylphosphide ([(R'$~)RP]-M+) can then react with halosilane to give the 

disilylphosphine (step 3). Metallation (metalhydrogen exchange) of the silylphosphine 

in the manner described above is an acidbase equilibrium, in which the position of the 

equilibrium normally lies on the side of the phosphine with the least acidic P-H. 

Step 1 

-RPH2 

Step 3 

Scheme 4.4 

To prevent extensive metallation of silylphosphine, the rate of nucleophilic 

substitution (ratest, 1 = ~I[MPHR][R'~S~X]) must be significantly faster than the rate of 

metallation (ratest, 2 = k2[MPHR][RP(H)SiR'3]). According to Eqn 4-20, this could be 

achieved by manipulating reaction conditions such that a high concentration of halosilane 

in maintained throughout the reaction (assuming kl =: k2); reducing the amount of 

silylphosphine present in the reaction mixture would have a similar effect, but is not 

practical fiom an experimental standpoint. The difficulty arises in applying this 
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simplified treatment to reactions involving the tris(bromosi1ane) scaffolds 17 and 18, as 

maintaining a large excess of 17 or 18 in the reaction results in incomplete substitution of 

Si-Br by Si-P bonds, and gives Si3 products bearing a mixture of bromine and phosphme 

substitutents at silicon instead of the intended tris(phosphine) tripods. 

= a large value 

The idea that manipulation of reaction conditions will promote Si-P bond 

formation in these systems, while discouraging metallation of the resultant 

silylphosphine, was predicated on the assumption that k2 is similar in magnitude to kl, 

and is independent of phosphide source. The selection of a phosphide transfer reagent 

does, however, affect the actual values for the specific rate constants kl and k2 (Scheme 

4.4). As shown above in Figure 4.4, the overall reactivity of a phosphde reagent is 

related to the ionic character of the compound, and can be reduced by decreasing the 

polarity of the M-P bond. Based on thls argument, lithium phosphides should be the 

most basic of the phosphide reagents investigated, as the highly polar Li-P bond results in 

a strongly anionic phosphorus atom ([PI-~i') with a high affinity for protons. The Zn-P 

bond in zinc phosphides has much more covalent character (P'--z~'+), and should lead to 

a less anionic phosphorus atom with significantly reduced basicity; proton affinities of 

magnesium and aluminum phosphides are expected to lie between those of lithium and 

zinc phosphides. Use of a phosphde transfer reagent with a less polar M-P bond should 

therefore reduce the magnitude of k2 and slow the rate of metallation of silylphosphine by 

the metal phosphide. The nucleophilicity of the phosphorus centre is also reduced by a 

decrease in the metal-phosphorus bond polarity, but probably not linearly with basicity, 

as even the uncharged R3P: species are considered good nucleophiles, while displaying 
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only weakly basic behaviour. An increase in the covalent nature of the M-P bond in the 

metal phosphide should therefore result in a relatively small reduction in the size of kl 

(and presumably k3), but a significant decrease in the magnitude of k2, such that selection 

of an appropriate phosphide transfer reagent should permit silicon-phosphorus bond 

formation without promoting metallation of the resulting silylphosphine. 

4.3 Silicon-Phosphorus Bond Formation Using Metal Phosphides 

The selection of monohalosilanes 39-40 as test substrates to evaluate the metal 

phosphide compounds described above for their efficiency in silicon-phosphorus bond 

formation was driven by the relatively small number of possible products, most of which 

could be identified by NMR spectroscopy. In addition, silicon-phosphorus bond forming 

reactions of metal phosphides with bromo- and chlorotrimethylsilane (38 and 39, 

respectively) provided some insight into the effect of the halide on Si-P bond formation, 

and the reactions with chlorodimethylsilane (40) aided in the identification of mono- and 

disilylated phosphlnes via scalar coupling observed in the Si-H signal of the 'H NMR 

spectrum. 

The monosilane substrates described above were chosen to probe the ability of 

metal phosphide reagents to selectively incorporate -PHR moieties into small silane 

units. However, extending this methodology to an Si3 scaffold introduces the possibility 

of intramolecular cyclization reactions due to disilylation (Figure 4.1), in addition to 

those arising fi-om intermolecular interactions. Direct evaluation of metal phosphide 
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reagents 34-37 in reactions with the tris(si1ane) tripods 17 and 18 was not attempted, as 

the complex 3 1 ~ { 1 ~ )  NMR spectra obtained from intial attempts to incorporate -PHR 

groups into 17 and 18 prevented unambiguous identification of target species and discrete 

side products. Instead, reactions of metal phosphides 34-37 with the a,o- 

bis(chlorosi1ane) 41 (Figure 4.5) were used to determine whether intramolecular side 

reactions were competing with intermolecular reactions, and identify the most suitable 

phosphide transfer reagent for the selective formation of Si-PHR bonds. 1,2- 

Bis(chlorodimethylsilyl)ethane (41) was selected as a Si2 model of the Si3 tripod 17; 

although the ideal model compound would correspond directly to the tripodal tris(si1ane) 

17, with one carbon atom linking two halosilane groups (Figure 4.5), 41 was the closest 

commercially available analogue. As shown in Figure 4.1, intramolecular disilylation of 

a phosphine group with the tris(si1ane) scaffolds 17 or 18 gives a disilylphosphine unit 

incorporated into a sterically crowded four-membered ring. Bis(si1ane) 41 therefore 

offers an advantage over the direct analogue of 17, as ring closure resulting from 

intramolecular disilylation of a phosphine substituent in 41 should generate a relatively 

unstrained five-membered ring, instead of the less favourable four-membered ring 

expected from intramolecular cyclization of the Si3 scaffolds. The five-membered 

phosphadisilolane ring is expected to have a distinct phosphorus chemical shift; 

formation of excessive quantities of the cyclo-disilylphosphine should identify phosphide 

transfer reagents that show a propensity for side reactions leading to disilylation and 

unwanted heterocycle/oligomer formation. 
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B r 
original tripodal scaffold theoretical model 

17 compound 
closest commercially 
available analogue 

41 

Figure 4.5 Relationship between 1,2-bis(chlorodimethy1silyl)ethane (41) and Si3 scaffold 17 

4.3.1 Evaluation of the Extent of Phosphorus-Silicon Coupling 

Test reactions of metal phosphide reagents 34-37 (described above) with 

monohalosilanes 38-40 were carried out in sealed 5 rnm NMR tubes due to the volatility 

of the silicon-containing reactants and products. Triphenylphosphine oxide was added as 

an internal standard, and was inert; control samples containing triphenylphosphine oxide 

and a metal phosphide or halosilane showed no reaction under the conditions employed. 

Analogous test reactions with the less volatile a,o-bis(chlorosi1ane) 41 were carried out 

in Schlenk tubes under an inert atmosphere. In all cases, product distributions were 

obtained from integration of signals in the 3 1 ~ { 1 ~ )  NMR spectra (see Experimental 

Sections 4.5.3.2 and 4.5.4). 

4.3.2 Sealed NMR Tube Reactions of Metal Phosphides with Monohalosilanes 

The reactions of metal phosphides 34-37 with monohalosilanes 38-40, carried out 

as described above, gave the product distributions listed in Table 4.1. 
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Table 4.1 Product distribution (%) for reactions of M(PHPh), with halosilanes 

M(PHPh), Entry Halosilane PhPH(SiMe2R)" PhP(SiMe2R)2 PhPH2 
Other ecies 

LiPHPh 1 Me2SiHC1 (40) 9 0 26 65 

Lithium phenylphosphide (34) seems particularly unsuited for phosphde transfer 

PHsirpsi Ratio 2 

n/a 

35 5 Me3SiC1 59 14 8 20 
6 Me3SBr 52 10 8 30 

LiAl(PHPh)4 7 Me2SiHC1 47 3 1 16 5 
36 8 Me3SiC1 70 23 4 3 

9 Me3SBr 68 2 1 6 6 
"TMEDA-Zn(PHPh)2" 10 Me2SiHC1 26 11 14 49 

37C 11 Me3SiC1 60 7 12 2 1 
12 Me3SiBr 59 8 14 19 

to halosilanes-only the reaction with chlorotrimethylsilane (38, entry 2) resulted in 

4.2 
5.2 
1.5 
3.0 
3.2 
2.4 
8.6 
7.4 

significant formation of the desired product. The remaining three metal phosphides all 

"R = H, Me %o discrete signals could be assigned to these species. If present, signals must overlap with broad 
peaks due to "other species" (see Section 4.3.2.1) 'Unreacted halosilane and undissolved solid present in NMR 
tube reactions of 37. 

show good (>50%) yields of monosilylphosphine in reactions with tertiary halosilanes, 

with lower yields observed for the secondary chlorodimethylsilane. The high yield of 

silylphosphines relative to other species in the reactions of halosilanes 38-40 with 

aluminate 36 was also promising. Although yields of monosilylphosphine greater than 

55% are an improvement over those obtained using the lithium phosphide reagent 34, 

there is still room for improvement, as incorporation of phosphines into the tris(si1ane) 

template scaffolds 17 and 18 requires much greater than 60% yields in the P-Si bond 

forming reactions to ensure that the tripodal species contain three pendant phosphine 

units. 

The ratio of monosilyl- to disilylphosphine formed in each reaction was used as a 

measure of the selectivity of the phosphide reagent for synthesis of the 

monosilylphosphine product over the disilylphosphine derivative. This ratio (tabulated 
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above) shows that none of the metal phosphide reagents investigated were hghly 

selective for the formation of the monosilylated product PhP(H)(SiMe2R), although 

phosphides 35-37 were more selective than lithium phosphide 34, particularly in 

reactions with tertiary halosilanes. As hypothesized in Section 4.2.3, P-Si bond forming 

reactions using metal phosphides with more covalent M-P bonds resulted in an increased 

selectivity for monosilylation of the phosphorus centre, with less metallation of the 

monosilylphosphine (vide infia). The least ionic phosphide reagent investigated, zinc 

phosphide 37 displayed the highest selectivity for monosilylation of the phosphorus 

centre, followed closely by the magnesium phosphide 35. Contrary to what was 

predicted in Section 4.2.3, aluminate 36 was less selective for monosilylphosphine 

formation than the magnesium phosphide, producing unexpectedly large quantities of 

disilylphosphine. A survey of the literature revealed that while phosphido aluminates 

provide one of the most selective routes for the synthesis of silylphosphines containing P- 

H bonds, isolated yields of the silylphosphines prepared by this method are typically only 

50-70%, due to concurrent formation of disilylphosphine and loss of the parent phosphine 

by redistribution, shown in Eqn 4-21.2 The redistribution of silylphosphine in these 

syntheses is thought to proceed via a four-centred mechanism (Figure 4.6), promoted by 

the presence of the Lewis acidic aluminum halide in the reaction mixture; addition of 

fresh AlX3 to the reaction has been shown to accelerate the decomposition of the 

silylphosp~ne.3 Lewis acid-promoted redistribution of silylphosphines containing P-H 

36-38 bonds has also been observed with boron reagents (BH3, BX3), and appears to be 

general for group 13 reagents. 

2 H3Si-PHMe [*IX3' + (H3Si)*PMe + H2PMe (4-2 1) 
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Figure 4.6 Proposed four-centred mechanism for redistribution of silylphosphine compounds 
containing P-H bonds. 

4.3.2.1 Side Reactions Resulting from Choice of Metal Phosphide 

The reactions of metal phosphides 34-37 with halosilanes 38-40 (summarized in 

Table 4.1) generated more products than just the expected silylphosphines. An effort was 

made to identify these unwanted products and understand the side reactions that produced 

them. This knowledge could be used to help supress undesirable side reactions, and 

optimize the intended P-Si bond formation. The types of side reactions observed may 

also help rationalize the selectivity (or lack thereof) demonstrated by metal phosphides 

34-37 in the synthesis of silylphosphines bearing pendant -PHR groups. 

The "Other Species" column in Table 4.1 lists the combined abundances 

(determined from the 3 1 ~ { 1 ~ )  NMR spectrum) of all compounds originating from side 

reactions of metal phosphides 34-37. Most of the NMR tube reactions contained 

unreacted metal phosphide (2-15%), as it was not always possible to measure exact 

equivalents due to the small quantities of reagents involved. The oxidatively coupled 

cyclic pentaphosphide [PhPIS (-1%) appeared in all of the NMR tube reactions and was 

identified by comparison to the literat~re.~ Phenylphosphine, the parent phosphine used 

to synthesize the metal phosphide reagents under investigation, was observed in all of the 
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NMR samples prepared, and was assumed to be the product of metalhydrogen exchange 

or similar side reactions in solution; trace amounts may also have been present as an 

impurity in the metal phosphides. 

4.3.2.1.1 Side Products Observed in Reactions of LiPHPh (34) 

Coupling of two [PhHPI- moieties results in production of the diphosphine 

[PhHP]2 (42) with reduction of the metal centre(s). For LiPHPh (34), this reaction 

apparently occurs spontaneously in ethereal solvents, as white Teflon-coated magnetic 

stir bars consistently turn dark greyhlack in THF or Et20 solutions of L ~ P H P ~ . ~ '  The 

same reaction was also observed to take place in the sealed NMR tube reactions of 

LiPHPh (34) listed in Table 4.3 (entries 1-3, -3% [PhHP]2), as determined by the 

appearance of two singlets at -67.4 and -70.0 ppm in the 3 ' ~ { 1 ~ )  NMR spectra due to 

the diastereomeric diphosphine40. Two additional singlets, which were similar in 

appearance to those of 42, were observed at -104.1 and -106.7 ppm (for reactions with 

M~&x)" or at -103.0 and -105.5 ppm (reactions with Me2SiHC1). The approximately 

30 ppm upfield shifi of these peaks relative to the diphosphine42, and the lack of proton 

coupling in the 3 1 ~  NMR spectrum suggest that these peaks are due to two diastereomers 

(rac and meso) of [(RMe2Si)PhPI2 (43 R = Me, 44 R = H, -3%), with the two peaks 

arising fi-om the presence of two diastereomers. The most likely route for the formation 

of 43/44 is metallation of the monosilylphosphine by LiPHPh to give the lithium 

silylphosphide (observed in the NMR spectra of these reactions, vide infiu), which then 

oxidatively couples to form the disilylated diphosphine 43/44 (Scheme 4.5). The first 

step on the route to this intermolecular coupling is the same reaction predicted to produce 

disilylphosphines, and probably occurred due to a shortage of the halosilane in the sealed 
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reaction tubes. The small scale of these reactions, combined with the volatility of the 

halosilanes, made it difficult to ensure that exact equivalents of reagents were used. It is 

also possible that this compound could form by metallhydrogen exchange between 

diphosphine 42 and unreacted lithium phosphide, or fi-om the presence of small amounts 

of the dimetallated phosphide Li2PPh, which first couples to give [LiPHPIz, then reacts 

with the halosilane to give the 1,2-bis(alkylsily1)- 1,2-diphenyldiphosphine: we did not 

obtain any evidence indicating which pathway was operative. 

-2 nBuH J -2 PhPH2 

THF or Et20 + 2 RMe2SiX 2 Li2PPh 
-2 Li 

* PhLiP-PLiPh 
-2 LiX 

2 PhP(H)(SiMe2R) + 2 LiPHPh - 2 LiP(Ph)(SiMe2R) 
34 -2 PhPH2 R = H (45), Me (46) 

Scheme 4.5 

In the reaction of LiPHPh (34) with chlorodimethylsilane (entry 1, Table 4. l), the 

major product (44%) appeared as a broad singlet at -145.3 ppm in the 3 1 ~ { ' ~ )  NMR 

spectrum, while the 'H NMR spectrum consisted of a broad singlet in the SiMe region, a 

broad and featureless Si-H peak, and broad signals in the pheny'l region; no P-H signals 

were detected. It is probable that this compound was the result of metallhydrogen 

exchange producing LiP(Ph)(SiHMe2) (45), as described in Section 4.2.3. The presence 

of a relatively large amount of PhPH2 was consistent with this possibility (Eqn 4-22). 

Similar results were observed for the reaction of 34 with bromotrimethylsilane: no 
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discrete signals which could be assigned to either PhP(H)(SiMe3) (48) or PhPH2 were 

observed in the 3 1 ~ { ' ~ ]  NMR spectrum. Instead, a broad resonance at -121.9 ppm 

corresponding to a species with no direct P-H bonds was observed, overlapping (and 

overwhelming) the sharp signals expected for PhP(H)(SiMe3) (-121.7 ppm) and PhPH2 

(-123 ppm). Due to the similarity between this species and the major product observed 

for the reaction of LiPHPh with chlorodimethylsilane, this compound was tentatively 

identified as LiP(Ph)(SiMe3) (46), although the identities of these compounds (45-46) 

have not yet been confirmed. 

LiPHPh + PhP(H)(SiMe2R) - LiP(Ph)(SiMe2R) + PhPH2 
(4-22) 

R = H (47), Me (48) R = H (45), Me (46) 

4.3.2.1.2 Side Products Observed in Reactions of TMEDA*Mg(PHPh)2 (35) 

The magnesium phosphide TMEDA.Mg(PHPh)2 (35) appeared to have 

undergone a metalhydrogen exchange reaction similar to that observed for lithium 

phosphide 34, as the 'H NMR spectrum of the reaction of 35 with chlorodimethylsilane 

40 showed three sets of Si-H signals, one more than the two sets expected for the mono- 

and disilylated products. This unexpected third Si-containing compound was bound to 

one phosphorus centre, which did not bear a P-H bond. Tentative identification of this 

species as the silylphosphide TMEDA*Mg[P(Ph)(SiHMe2)12 (49, 

TMEDA*Mg[P(Ph)(SiMe3)I2 [50] for reactions with Me3SiX) was also consistent with 

3 ' ~ ( 1 ~ )  NMR data, and was presumed to give rise to the broad singlet appearing at 

-1 59.7 ppm (- 153.5 ppm for the -SiMe3 derivative). 

References p 160 



Chapter 4 142 

4.3.2.1.3 Side Products Observed in Reactions of LiAI(PHPh)4 (36) and 
'6TMEDA*Zn(PHPh)2bb (37) 

The aluminum and zinc phenylphosphides (36 and 37, respectively) did not 

appear to undergo metalhydrogen exchange reactions with silylphosphines bearing P-H 

functional groups. Reactions of halosilanes 38-40 with phosphido aluminate 36 were 

remarkably clean (Table 4.1, entries 7-9), with side products that accounted for less than 

6% of all phosphorus-containing species. Analogous reactions with zinc phosphide 37 

gave product mixtures that contained undissolved solids (likely 37) and unreacted 

halosilanes (entries 10-12); the "other species" observed consisted primarily of low, 

broad lumps in the baseline of the 3 1 ~ { ' ~ }  NMR spectra, and have not yet been 

identified. 

4.3.2.2 Effect of Halide on Reactions of M(PHPh), with Me3SiX 

Determining the effect of the halide on the selectivity of reaction between metal 

phosphides 34-37 and halosilanes 38-40 was of considerable importance, as the proposed 

template scaffold incorporates three bromosilane units. For the magnesium, aluminum, 

and zinc phosphde reagents investigated, product distributions were similar regardless of 

which halosilane was used, suggesting that the choice of halosilane (Sic1 or SiBr) had 

little effect on the substitution reaction. Lithium phosphides, on the other hand, showed a 

dramatic difference in reaction products depending on which halosilane was present. 

Reactions of LiPHPh (34) with the tertiary chlorosilane 39 proceeded relatively cleanly, 

while those with bromosilane 38 and the secondary chlorosilane 40 primarily gave 

products arising from unwanted side reactions. These results confirm that the original 

choice of lithium phosphide reagents for the introduction of -PHR groups onto a scaffold 
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of -SiBr units was particularly unfortunate; under the conditions employed here, the 

Li/P/Si/Br combination is the most likely to participate in undesirable side reactions. 

An additional side reaction that is independent of the phosphide reagent but 

dependent on halide selection is the reaction of halosilanes with the reaction solvent, 

THF. Prior to the experiments summarized in Table 4.1, standard solutions of halosilane 

were made up in dry THF and stored in sealed containers. Comparison of the 'H NMR 

spectra of "aged" halosilane solutions with spectra of those that had been freshly 

prepared showed that the Me3SiBr/THF solution was unstable, as reaction of the 

bromosilane with solvent to form (4-bromobutoxy)trimethylsilane (53) could be observed 

within 24 hours; quantitative conversion to the silylether occurred within a month (Eqn 4- 

23). Ring opening of THF in this manner is not uncommon, as there are reports in the 

literature of halosilane compounds, particularly Me3SiBr and Me3SiI, activating cyclic 

ethers and esters towards cleavage of C-0 bonds.43 In the presence of a metal phosphide 

reagent, (4-bromobutoxy)trimethylsilane reacted in the same way as the parent 

bromosilane to give phenyl(4-trimethylsiloxybutyl)phosphine (54, ap -52 ppm, Eqn 4-24) 

and phenylbis(4-trimethy1siloxybutyl)phosphine (55, 6p -25 ppm), with the quantity 

produced depending on the age of the bromosilane solution (Figure 4.7). 

LiPHPh + Me3Si / O w B r  - M h s i / o ~ p H p h  + LiBr (4-24) 
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Figure 4.7. 3 1 ~ ( 1 ~ )  NMR spectra of reactions of TMEDAoM~(PHP~)~ (35) with a) freshly 
prepared and b) two month old solutions of Me3SiBr in THF 

THF solutions of Me3SiC1 and Me2SiHC1 were both considerably more stable 

with respect to attack on ether solvents than Me3SiBr, and remained unchanged for longer 

periods of time, although a small amount of the analogous ring-opened silylether was 

observed in reactions with chlorodimethylsilane, While products attributable to ring 

cleavage of THF have not so far been identified in reactions with the brominated tripod 

scaffolds 17 and 18, this cannot be ruled out as a possible side reaction. 

4.3.3 Reactions of Metal Phosphides with an a,o-Bis(chlorosilane) 

The series of reactions described in Section 4.3.2 were extended to investigate the 

ability of the metal phosphide reagents 34-37 to selectively introduce two -PHR moieties 

onto the a,o-bis(chlorosi1ane) 41. Scheme 4.6 shows the products expected from 

reaction of 41 with a phosphide transfer reagent. If only the desired Si-P coupling 

occurs, with retention of the P-H functional group, 57 is expected to be the major 
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product. As mentioned in Section 4.1, and noted for the reaction of metal phosphdes 

with monosilylhalides, disilylation at phosphorus is also likely to occur, and can proceed 

either intramolecularly to give a five-membered heterocycle (58), or intermolecularly to 

yield linear chains of varying lengths (59). The products should all have distinct 3 1 ~ { 1 ~ )  

chemical shift values, allowing rapid evaluation of product distribution for the four metal 

phosphide reagents investigated. 

Me2Si SiMe2 [PHPh l i  Me2Si 
n 

SiMe2 + [PHPh] i  Me2Si 
/-7 

SiMe2 
I 

CI 
I 
CI 

I 
CI 

I 
PHPh 

I 
PhHP 

I 
PHPh 

41 56 
\ 

57 
/ 

Intermolecular / \ Intramolecular 

I Me2 
+ longer chains Me23 -si,PHPh 

59 

Scheme 4.6 

4.3.3.1 Characterization of a,o-Bis(sily1phosphines) and Related Products 

To ensure correct identification of the a,o-bis(sily1phosphine) compounds 

generated .ti-om the reaction of bis(chlorosi1ane) 41 with the metal phosphide reagents, 

compounds 56, 57, and 58 were deliberately prepared and characterized by 'H and 

3 1 ~  (lH) NMR spectroscopy. Reaction of the magnesium bis(phosphide) 35 with 41 (1: 1) 

gave the bis(sily1phosphine) 57 in good yield as a white solid (purity -94% by 3 ' ~ { 1 ~ )  
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NMR spectroscopy). The reaction of magnesium phosphide 35 with bis(si1ane) 41 in a 

1:2 ratio gave a mixture containing 56, as well as significant amounts of the 

bis(sily1phosphine) 57 and heterocyclic 58, as determined by phosphorus NMR 

spectroscopy (see Table 4.2 for 3 1 ~ { 1 ~ )  NMR data); compound 56 was characterized 

fiom the reaction mixture. Intermolecular disilylation of the phosphide moieties was 

expected to produce oligomeric disilylphosphines such as 59 with phosphorus chemical 

shifts in the range -130 to -160 ppm, as seen for PhP(SiMe2R)2 compounds above. 

However, while species with phosphorus NMR signals in this range were observed, these 

compounds typically accounted for less than 5% of the total reaction products, and were 

never isolated. Instead, intramolecular disilylation resulting in formation of the five- 

membered ring 58 with a distinct phosphorus chemical shift (-168.6 ppm) was the 

dominant side reaction. Reduced pressure distillation of reaction residues produced an 

oil enriched in cyclic 58 (purity -75%), fiom which compound 58 was characterized. 

Analytically pure samples of 56-58 have not yet been isolated fiom the (mostly 

inseparable) product mixtures, a further illustration of the difficulty of developing 

selective P-Si bond forming reactions for this and related tris(si1ane) systems. 

4.3.3.2 Small Scale Reactions of Metal Phosphides with an a,o-Bis(chlorosi1ane) 

Table 4.2 lists the product distributions observed for reactions of 41 with metal 

phosphide reagents 34-37. Lithium phosphide 34 formed the target compound (57) in 

28% yield, significantly larger than the amount of 57 produced by reaction of 41 with 

either the aluminum or zinc phosphides. However, lithium phenylphosphde appeared to 

promote extensive intramolecular disilylation at phosphorus, with almost half of the total 

phosphide being converted into heterocycle 58. Cyclic 58 was also the major product 
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produced in the reaction of 41 with the tetra(pheny1phosphido)aluminate (36). This was 

somewhat surprising, considering that analogous reactions with monohalosilanes 

suggested this reagent showed some selectivity for formation of monosilylphosphines. 

However, as discussed in Section 4.3.2, Fritz et a1 have reported that silylphosphines 

prepared using aluminum phosphide transfer reagents are particularly prone to metal- 

catalyzed redistribution, promoted by the AlX3 by-product.3 In the presence of A1Cl3, 

initial formation of the bis(sily1phosphine) 41 was likely followed by redistribution 

according to Eqn 4-25, resulting in ring-closure to form the heterocycle 58. The major 

product of the reaction between 41 and the intractable zinc phosphide 37 was compound 

56 with only one pendant phenylphosphine group, but a significant amount of cyclic 58 

was also generated. As seen for reactions with the monosilanes, product distributions 

reported for zinc phosphide 37 may not be completely reliable, as the phosphde's 

extreme insolubility makes it unlikely that the quantitative phosphide transfer took place. 

In contrast to the lithium, aluminum, and zinc phosphides, the magnesium phosphide 35 

showed high selectivity for the formation of the bis(sily1phosphine) 57. Disilylation of 

the phosphorus centre was drastically reduced, with <lo% of the phosphide converted to 

heterocyclic 58. 
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Table 4.2 Product distributions (%) for reaction of M(PHPh), with 1,2- 

Intramolecular disilylation at phosphorus resulting in formation of cyclic species 

is clearly a plausible side reaction in P-Si bond forming reactions with bis(chlorosi1ane) 

41 (and tris(bromosi1anes) 17-18, Figure 4.1 (a)). The yields of 58 in reaction of the a,o- 

bis(chlorodimethylsilyl)ethane (41) 

bis(chlorosi1ane) with metal phosphides almost certainly exaggerate the amount of ring 

31p{1H' NMR 
8 (c6D6) 

M 

formation that would occur in analogous reactions with Si3 scaffolds, since ring closure to 

-127.6 ppm -128.2 ppm -168.6 ppm 

n Other P- 

Me2Si 
n 

SiMe2 Me2Si 
n 

SiMe2 Me2Si,p,SiMe2 Containing 
I I I I 

PhHP PHPh CI PHPh DL Species 

give the five-membered ring 58 is expected to be more facile than formation of the more 

congested four-membered ring in 60. However, intermolecular R 
I 

Me2si \ \ , \"I '~\ 
disilylation resulting in the formation of oligo- or polymeric SiMe2 

/,sible2 I 
P species must still be considered as a possible side reaction of the 1 PHPh 
Ph 

tris(si1ane) tripods. 60 

4.4 Conclusion 

The reactions discussed in this chapter provided useful information regarding the 

reactivity of metal phosphide reagents with halosilanes, and a number of conclusions can 

be drawn. Although an initial survey of the literature suggested that the reaction of 

LiPHR with bromosilanes should be straightforward, these results indicate otherwise, 

clearly demonstrating that this is not the most suitable combination of reagents for the 
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selective formation of silicon-phosphorus bonds in the presence of a P-H functional 

group. It is possible that exchanging a tris(bromosi1ane) scaffold for a chlorosilane 

analogue would reduce some of the difficulties encountered in reactions of these template 

precursors with lithium phosphides, as fewer side products were observed in reactions of 

34 with chlorosilanes. However, the reaction of LiPHPh with mono- and 

bis(chlorosi1anes) still showed relatively poor selectivity for formation of 

monosilylphosphines compared to metal phosphides 35-37, which coupled successfully 

with both chloro- and bromosilanes. 

The magnesium, aluminum, and zinc phosphides investigated here all displayed 

improved selectivity for Si-P bond formation relative to the lithium phosphide in 

reactions with monohalosilanes, but analogous reactions with the bis(chlorosi1ane) 41 

revealed some limitations. The poor solubility of the zinc phosphide reagent (37) made 

this compound a poor candidate for applications in silylphosphine synthesis, as it was 

difficult to determine if and when quantitative phosphide transfer had occurred. 

Although the phosphido aluminate (36) was moderately selective for the formation of 

monosilylphosphines, extending this methodology to the synthesis of 

poly(silylphosphines) such as 57 is not straightforward, as tethering two (or more) Si- 

PHR units in close proximity to each other on the same molecular framework may 

increase the likelihood of A1C13-catalyzed redistribution to form cyclic products such as 

58. The ability of aluminate 36 to selectively introduce three -PHR substituents onto a 

tris(si1ane) framework without such redistribution must therefore be considered unlikely. 

The most successful reagent for synthesis of silylphosphines was the magnesium 

phosphide, 35, which gave good yields of monosilylphosphines with both mono- and 
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bis(halosi1anes). Magnesium phosphides were therefore the reagents of choice for the 

synthesis of tripodal tris(silylphosphines), as they demonstrated a high selectivity for 

nucleophilic exchange reactions with halosilanes without disruption of P-H bonds. 

4.5 Experimental 

4.5.1 General Procedures and Reagent Synthesis 

Common procedures, reagent preparation, and instrument specifications are listed 

in Section 2.5.1. 1,2-Dimethoxyethane (DME) was distilled from sodium/benzophenone 

under argon. THF-d8 was purchased from Canadian Isotope Labs (CIL) and used as 

received. 1,2-Bis(chlorodimethylsilyl)ethane, Mg(nBu)(secBu) (1.0 M in heptane), and 

ZnEt2 (1.0 M in heptane) were purchased from Aldrich Chemical Co. and used as 

received without further purification. N,N'-Tetramethylethylenediamine (TMEDA) was 

purchased from Aldrich Chemical Co. and distilled from sodium under nitrogen before 

use. Bromotrimethylsilane, chlorodimethylsilane, and chlorodimethylsilane were 

purchased from Aldrich Chemical Co. and distilled under nitrogen before use. 

Phenylphosphine was purchased from Strem Chemicals as a 10 wt% solution in hexanes, 

and the concentration checked against a known quantity of triphenylphosphine oxide by 

3 1 ~ { ' ~ )  NMR before use. Lithium phenylphosphide (34) was prepared by the reaction of 

equimolar amounts of n-butyllithium and phenylphosphine in hexanes. ZnC12 was 

purchased from Anachemia Science and used as received without further purification. 

References p 160 



Chapter 4 

4.5.2 Synthesis of Metal Phosphide Reagents 

4.5.2.1 Synthesis of TMEDA*Mg(PHPh)2 (35) 

The synthesis of compound 35 has been reported in the l i t e ra t~re~~,  and was 

modified as follows: A 10 wt% solution of H2PPh in hexanes (10 g H2PPh, 91 rnmol) 

was placed in a 250 mL Schlenk flask under nitrogen. TMEDA (4.5 mL, 46 mmol) was 

added by syringe, and the mixture cooled in an ice bath. Slow addition of 

Mg(nBu)(secBu) (1.0 M in heptane, 45.5 mL, 45.4 mmol) by syringe, resulted in the 

formation of a pale yellow ppt. After 20 min, the ice bath was removed and the solution 

was allowed to stir overnight under static vacuum. The product, a pale yellow solid, was 

isolated by filtration and dried under vacuum. Yield: 13.85 g (85%). 'H NMR (360 

MHz, C6D6, 6) :  7.50-7.75 (m, 4H, Ph-HorthO), 7.20-6.80 (m, 6H, Ph-Hmeta, Hpara), 3.12 (d, 

l ~ p H  = 194 Hz, 2H, PH), 1.73 (s, 12H, CH3), 1.56 (s, 4H, CH2). 3 1 ~ ( 1 ~ )  NMR (145 

MHz, C6D6, 8): -126.1 (br s, 2P, MgP). See Section 4.2.2.2 for discussion of 3 1 ~ ( 1 ~ }  

NMR assignment. IR (KBr disk, cm-', vpH): 2280 (m), 2263 (m). (Lit. 2262, 2250 

~m-l ) .~ '  

4.5.2.2 Synthesis of LiAl(PHPh)4*3DME (36*3DME) 

The synthesis of compound 36 was adapted fiom the preparation of LiA1(PEt2)4 

reported in the 1iterat~u-e.~~ A1Cl3 (0.86 g, 6.4 mmol) was dissolved in 10 mL ether, and 

the solution was cooled in an ice bath. A yellow suspension of LiPHPh (3.00 g, 25.8 

mmol) in 50 mL ether was added to the cooled AlC13 solution by cannula. After 10 

minutes, the ice bath was removed, the headspace evacuated, and the solution allowed to 

stir overnight. The resulting white suspension was filtered by cannula, and the solvent 

was removed from the filtrate under vacuum to give a pale yellow glassy foam. Pentane 
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(10 mL) was added with vigorous stirring, and the resulting suspension filtered to leave a 

pale yellow powder that was dried under vacuum. Yield: 2.62 g (86%). Straw yellow 

crystals suitable for x-ray crystallographic analysis were obtained by recrystallization 

fi-om DME at -1 2OC. mp (uncorrected) 1 10-1 12•‹C. 'H NMR (360 MHz, C4D80, 6): 

7.01 (m, 8H, Ph-Ho&o), 6.85 (my 8H, Ph-Hmek), 6.78 (my 4H, Ph-H,,), 3.43 (br s, 12H, 

DME CH2), 3.27 (br s, 18H, DME 0CH3), 2.62 (br d, ' J ~ ~  =: 190 HZ, 4H, PH). 1 3 ~ { ' ~ )  

NMR (90 MHz, C4D80, 6): 133.90 (br S, Ph-Co*ho), 133.89 (d, 'JCP = 13.5 HZ, Ph-Cirxo), 

127.61 (s, Ph-Cme& 123.34 (s, Ph-C,,,) 72.81 (s, DME CH2), 58.95 (s, DME 0CH3). 

3 1 ~  ('H) NMR (145 MHz, C4D80, 6): -133.6 (br s, PHPh). IR (KBr disk, cm-', vpH): 

2297 (br). MS (triglyme matrix): EI-MS (positive mode) and FAB-MS (negative mode) 

showed no peaks corresponding to compound 36. Anal. Calcd for C36H5406A1LiP4: C 

58.38, H 7.35; found: C 54.10, H 6.40. Although elemental analysis was performed on a 

sample of x-ray quality crystals of 36*3DME that was pure by 'H and 3 ' ~  ('H) NMR 

spectroscopy (and representative of the bulk solution fiom which it was crystallized), the 

experimental and calculated values do not agree. The presence of an impurity that could 

not be detected by 'H or 3 1 ~ { ' ~ )  NMR, such as LiCl or AlC13, could account for the low 

values obtained, though none was found in the crystals sent for crystallographic analysis. 

4.5.2.3 Synthesis of "TMEDA.Zn(PHPh)z" (37) 

The synthesis of compound 37 was adapted from the preparation of Zn(PPh2)2 

reported in the literat~n-e.24 

Method A: Dry ZnC12 (1.24 g, 9.08 mmol) was placed in a Schlenk tube under 

nitrogen and the vessel cooled in an ice bath. nBuLi (1.6M in hexanes, 1 1.3 mL, 18.2 

mrnol) was added by syringe to the cooled Schlenk to give a suspension of the insoluble 
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ZnC12. Upon addition of 5 mL THF, the mixture bubbled vigorously and the reaction 

flask became warm. After 1 h, the ice bath was removed and the mixture allowed to 

warm to room temperature. The milky white suspension was allowed to settle, then 

filtered by cannula into a clean Schlenk tube. TMEDA (0.9 mL, 1 mmol) was added to 

the filtrate (ZnBu2), which had been cooled in an ice bath, and H2PPh (0.6M in hexanes, 

30.3 mL, 18.2 mmol) was added by syringe, resulting in the formation of a white ppt. 

The suspension was allowed to stir at RT for 48 h, then the volume was reduced by half 

under vacuum and the white solid isolated by filtration and b e d  under vacuum. Yield: 

1.7 1 g (47%). 

Method B: To a 500 mL two-necked round bottom flask equipped with a 

magnetic stir bar, pressure equalizing dropping funnel, and gas inlet adaptor was added a 

1 M solution of ZnEt2 in hexanes (90.0 mL, 90.0 mmol) and TMEDA (9.0 mL, 91.0 

mmol). The dropping funnel was charged with H2PPh (10 wt% in hexanes, 20 g, 182 

mmol), and the flask cooled in an ice bath. The contents of the dropping funnel were 

added to the stirred zinc solution over 45 min, then the ice bath was removed and the 

cloudy white suspension was stirred under nitrogen overnight. The mixture was filtered 

by cannula to give the product as a white powder that was dried under vacuum. Yield 

24.34 g (68%). IR (KBr disk, cm-', vpH): 2309 (br). This compound is effectively 

insoluble in all organic solvents (hydrocarbon and aromatic) and ethers (including THF 

and DME). No further characterization was attempted. 
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4.5.3 Reactions of Monohalosilanes with Metal Phosphides 

4.5.3.1 Preparation of Standard Halosilane Solutions 

THF (10 mL) was transferred by syringe into a thick-walled glass reaction vessel 

equipped with a J. Young valve. Freshly distilled Me2SiHC1 (0.53 mL, 4.7 mmol), 

Me3SiC1 (0.60 mL, 4.7 mrnol), or Me3SiBr (0.62 mL, 4.7 mrnol) was added by syringe to 

give a standard THF solution of silylhalide (approx. 0.45 M). 

4.5.3.2 NMR Tube Reactions of Metal Phosphides with Monohalosilanes 

General Procedure: In the glovebox, approximately equimolar amounts (based 

on phosphorus) of M(PHPh), and Ph3P=0 were placed in a sealable 5 mm NMR tube 

attached to a needle valve adapter, along with C6D6 (0.1-0.2 mL). On a double manifold 

vacuum line, the sample was cooled, and 0.4 mL of the desired silylhalide solution (-0.45 

M in THF) was added by syringe under a flow of nitrogen. After two freeze-pump-thaw 

cycles to degas the sample, the tube was flame-sealed under vacuum. Product 

distributions were obtained from 3 ' ~ { 1 ~ )  NMR spectra, with pulse delay Dl  = 20 s (64 

scans) to allow for relatively accurate integrations. Conversion percentages were 

calculated by comparing peak integration of discrete species to the total integration of all 

phosphorus-containing species arising from the metal phosphide. Triphenylphosphine 

oxide was added as an internal standard and is inert; control samples containing 

triphenylphosphine oxide with a metal phosphide or halosilane showed no reaction under 

the conditions employed. Integration of the triphenylphosphine oxide peak (in sealed 

NMR samples) was not included in the total integration used to calculate product 

distribution. NMR spectroscopic data for relevant product species are listed in Table 4.3. 
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4.5.4 Reaction of Metal Phosphides with 1,2-Bis(chlorodimethylsily1)ethane (41) 

4.5.4.1 Small Scale Reactions Evaluated by NMR Spectroscopy 

General Procedure: In the glovebox, the metal phosphide reagent and 1,2- 

bis(chlorodimethylsilyl)ethane (41) were placed in a Schlenk tube, which was sealed and 

brought out to the Schlenk line. Ether was added to the Schlenk tube at room 

temperature, making the solution approx. 0.1 M in 41, and the reaction mixture was 

stirred for 2 h. The resulting milky white suspension was then filtered by cannula, and 

solvent was removed fkom the filtrate under vacuum; evacuation time was kept to a 

minimum to prevent loss of by-product PhPH2 (bp 160•‹C/760 mmHg), but no attempt 

was made to quantify this loss. Product distribution ratios were determined from the 

3 1 ~  {'H) NMR spectrum of the residue, with the delay time Dl = 20 seconds to allow for 

reasonably accurate integrations. The 20 second delay time was determined fiom a T1 

inversion-recovery experiment carried out on a sealed NMR sample containing a mixture 

of 56,57,58, and what was presumed to be oligomeric 59. 3 ' ~ { 1 ~ )  NMR spectra of this 

mixture with various delay times .r: are shown in Figure 4.8. 
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I 

PP. -120 

Figure 4.8 3 1 ~ ( 1 ~ )  NMR T1 inversion experiment to determine optimum delay times for 
integration of samples containing compounds 56-31. Pulse delay selected to be -4 x 
the longest observed tlI2. 

Z - 
i 10 s 

57 

4.5.4.2 Characterization of 1-(Ch1orodimethylsilyl)-2-((pheny1phosphino)- 
dimethylsilyl}ethane (56) 

56: T, 2 sec, tl12 3 sec. 
57: T, 3 sec, tl,2 4 sec. 
58: T, 4 sec, tl12 6 sec. 

56 

59: .so 1.5 sec, tl12 2 sec. 

In the glovebox, TMEDAOM~(PHP~)~ (35, 0.492 g, 1.37 mmol) and 41 (0.58 1 g, 

2.70 rnmol) were placed in a Schlenk tube equipped with a magnetic stir bar, which was 

59 

58 

1 1 1 1  

sealed and brought out to the Schlenk line. Ether (15 mL) was added to the Schlenk tube, 

and the colourless solution was allowed to stir for 1.5 h. A grainy white precipitate 

formed, and was allowed to settle before the supernatant was filtered by cannula into a 

second Schlenk tube. Solvent was removed from the filtrate under vacuum to leave a 

grainy white oil. This was shown by 'H and 3 1 ~ { 1 ~ )  NMR spectroscopy to contain the 

I 6 s 
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desired product 56 (25%), as well as compounds 57 (64%) and 58 (4%). For 56: 'H 

NMR (360 MHz, C6D6, 6): 7.2-7.3 (my 2H, Ph-HO&,), 6.8-7.1 (my 3H, Ph-Hmeta, Hpam), 

3.25 (d, 'JpH = 200.9 Hz, 2H, PH), 0.56-0.62 (complex multiplet, 4H, CH2), 0.182 (s, 3H, 

Si(CH3)2Cl), 0.180 (s, 3H, Si(CH3)2C1), 0.026 (d, 3 ~ p ~  = 4.7 Hz, 6H, Si(CH3)2PHPh). 

3 1 ~ { ' ~ )  NMR (145 MHz, C6D6, 6): -128.2 (s, lP, PHPh). 

4.5.4.3 Synthesis of 1,2-(Bis((phenylphosphino)dimethylsilyl)ethane (57) 

Under a nitrogen atmosphere, TMEDA*Mg(PHPh)2 (35, 0.998 g, 2.75 mrnol) and 

compound 41 (0.605 g, 2.81 mmol) were placed in a Schlenk tube equipped with a 

magnetic stir bar. Ether (30 mL) was added to the Schlenk tube, and the colourless 

solution was allowed to stir for 2.5 h. A grainy white ppt formed, and was allowed to 

settle before filtering by cannula into a second Schlenk tube. Solvent was removed fiom 

the filtrate under vacuum to leave a white solid. Crude yield: 0.87 g (87%, purity 

-97%). For 57: 'H NMR (360 MHz, C6D6, 6): 7.2-7.3 (my 4H, Ph-HOdh,), 6.8-7.1 (my 

6H, Ph-Hmaa, Hpara), 3.28 (d, 'JPH = 200.7 Hz, 2H, PH), 0.47-0.56 (complex multiplet, 

4H, CH2), 0.05 1 (d, 3 ~ p ~  = 4.0 HZ, 6H, SiCH3), 0.044 (d, 3 ~ p H  = 4.7 Hz, 6H, SiCH3). 

3 1 ~ { 1 ~ )  NMR (145 MHz, C6D6, 6): -127.7 (s, 2P, PHPh). 

4.5.4.4 Characterization of 2,2,5,5-Tetramethyl-l-phenyl-[l,2,5]phosphadis~olane 
(58) 

Characterization of this compound was achieved by reduced pressure distillation 

of the combined residue of several small-scale reactions of LiAl(PHPh)4 with 41 to give 

58 as a colourless oil (purity -75%). bp 73-75•‹C (5 x 1 om3 mmHg). 'H NMR (360 MHz, 

C6D6, 6): 7.43 (my 2H, Ph-Ho&o), 7.02 (my 3H, Ph-H,,, HPm), 0.91 (br d, ' J ~ H  = 2.2 Hz, 

4H, CH2), 0.20 (br s, 6H, SiCH3), 0.19 (br s, 6H, SiCH3). 3 ' ~ { 1 ~ )  NMR (145 MHzy 
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Appendix I. Crystallographic structure report for LiA1(PHPh)4*3DME (36). 
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CHAPTER 5 

Selective Incorporation of -PHR Groups Into an Si3 Scaffold 

5.1 Introduction 

In Chapter 1, a non-metal templated synthesis of the phospha-crown macrocycle 

P3[9]ane (1) was proposed, in which the cyclization of pendant vinylphosphine units was 

templated by the supporting tripodal tris(si1ane) scaffold. The preparation of the 

tris(phosphine) template molecule, with three vinylphosphine groups bound to a tripodal Si3 

framework, is essential for the eventual success of this template method. However, as this 

work has shown, the selective formation of silylphosphines retaining P-H functionality is not 

a trivial task, particularly for molecules bearing more than one -PHR group. As 

demonstrated in Chapter 4, selection of an appropriate phosphide transfer reagent is one of 

the major factors governing successful incorporation of -PHR units into poly(si1ane) 

scaffolds, with the moderately reactive magnesium phosphide reagent showing the best 

selectivity for Si-P bond formation in mono- and a,o-bis(si1anes) with a minimum of side 

reactions. The NMR spectral data for silylphosphines discussed earlier in this thesis, 

augmented by that of new model compounds (prepared andlor spectroscopically 

characterized here) revealed a number of trends that could be used to identify tripods bearing 

one, two, or three -PHR substituents. This chapter presents the application of lithium and 
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magnesium phenylphosphides 34 and 35, as well as their vinylphosphide analogues, towards 

selective incorporation of three pendant -PHR groups into the tris(si1ane) templates, and the 

NMR-based identification of the P-chiral phosphines produced from these reactions. 

5.2 Empirical 'H and 3 1 ~  NMR Chemical Shift Trends in Silyiphosphines 

The 'H and 3 1 ~ { 1 ~ )  NMR spectroscopic data from a series of model compounds, 

including mono-, bis-, and tris(silylphosphines), were examined for chemical shift trends 

which were used to identify tris(si1ane) tripods bearing one or more pendant -PHR groups. 

All of the bis- and tris(sily1phosphines) included in the spectroscopic analysis are new 

compounds and were prepared by reaction of the bis(ch1oro-) (41) or tris(bromosi1ane) (17- 

18) with a metal phosphide reagent as described in Section 5.6 (and in previous chapters). 

Tripodal tris(si1anes) with fewer than three phosphine substituents were identified from 

reactions in which only one or two equivalents of phosphide were used (e.g. Scheme 5.1). 

The model silylphosphines investigated here were derived either fiom secondary phosphmes 

(-PR2) with phenyl or ethyl substitutents, phenylphosphine (commercially available), or from 

vinylphosphine (prepared in-house), required for the templated synthesis of the P3 

macrocycle 1. Ultimately, these results were used to interpret the spectra fiom reactions of 

vinylphosphide reagents with the brominated tripods 17-18. 

5.2.1 'H NMR Chemical Shift Trends 

In compounds containing terminal -SiMe2X units (X = Br, Cl), substitution of a 

phosphine group for the halogen atom on silicon results in an upfield shift of the silylmethyl 

signals in the 'H NMR spectrum relative to the parent halosilane compound. The 

disilylethane and tripodal tris(sily1) compounds listed in Table 5.1 clearly illustrate this trend, 

with the NMR signal(s) for the halogenated silylmethyl groups appearing markedly 
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downfield ti-om the phosphine-substituted analogues. The magnitude of this chemical shift 

change varies, depending on the parent halosilane: introduction of phosphine units onto the 

brominated tripod precursors 17 or 18 results in a much larger A6 than that observed for 

phosphine substitution into the bis(chlorosi1ane) 41. This distinction probably results more 

from the different halogen atoms (bromo- versus chlorosilanes), than from any significant 

difference between the Si2 and Si3 frameworks, although the influence of the silane scaffold 

on the absolute chemical shifts of the SiMe groups cannot be ignored. The chemical shift 

difference between -SiMe2X and -SiMe2P groups is also dependent on the substituents at 

phosphorus, but because both -PR2 and -PHR subsitituted silylmethyl groups appear 

upfield of the precursor halosilane, an upfield chemical shift change can be considered 

diagnostic for the replacement of Si-X by Si-P. 

Scheme 5.1 
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Table 5.1 Effect of phosphine substitution on 'H NMR spectra of bis- and tris- 

Compound 
'H NMR Chemical Shifts (8) 

Entry 
Si(CH3)2X Si(CH3)2P RCSi3 

Me2Si 
n 

SiMez (61) 2 --- 0.11 --- 
I I 
PPh2 PPh2 

n 
Me2Si SiMen (62) 3 --- 0.12 --- 

I 
PEt2 PEt2 

n 
Me2Si SiMe2 (63) 

I 4 --- 0.129, 0.120 --- 
b P H  HP- 

n 
Me2Si ?Me2 (56) 5 0.180,o. 182 0.03 1,0.043 --- 

I 
CI PHPh 

n 
MezSi ?Me2 (57) 6 --- 

I 0.037,0.045 
PHPh PHPh 
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Table 5.1 (continued) Effect of phosphme substitution on 'H NMR spectra of bis- and 
tris-(halosilanes) (C6D6, 360 MHZ).' 

'H NMR Chemical Shifts (6) 
Compound Entry 

Si(CH3)2X Si(CH3)2P RCSi3 

P ~ t 2  

"See Experimental Section 5.6 for detailed assignments b 6 H  1.08 in C7D8, 0.85 in CDC13. 

The proton chemical shift of the apical methyl group in tripodal phosphines derived 

from the CH3-capped precursor 18 proved to be particularly useful for tracking the progress 

of phosphine substitution onto the Si3 framework. Identification of tris(si1anes) bearing one, 

two, or three pendant -PR2 units was achieved by the addition of one, two, or three 

equivalents of LiPR2 (R = Ph, Et) to compound 18 (Scheme 5.1); the major species identified 

by 'H and 3 1 ~ ( 1 ~ )  NMR spectroscopy corresponded to the amount of added phosphide (see 

Experimental Section 5.6.7 for details). As shown in Table 5.1, the proton chemical shift of 

the capping -CH3 group shows a clear correlation with the degree of phosphine substitution. 

Sequential addition of -PPh2 groups results in a 0.3 ppm downfield shift of the apical methyl 

signal for each Si-Br group that is replaced by a phosphine. The effect is smaller when the 
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bromine atoms are replaced by -PEt2 units (downfield shifi of -0.1 ppm/PEt2), but is still 

directly related to the number of phosphine groups incorporated onto the tripodal scaffold. 

Step-wise replacement of Si-Br groups by -PR2 was not attempted with proton-capped 

tripods derived fi-om 17, as it was often difficult to identify the methine proton in the 'H 

NMR spectrum, due to the low intensity of the signal. The unpredictable chemical shift of 

the C-H proton is probably a result of its close proximity to both the SiMe2 elbow groups and 

the substituent groups attached to the silicon atoms, as shown in Figure 5.1. Through-bond 

and through-space interactions between the tripod arms and the central methme are sensitive 

to the conformation of the tripodal framework in solution, and strongly affect the observed 

chemical shift of the C-H cap. The same interactions will moderate the chemical shift of the 

apical methyl protons in the CH3-capped tripods, but to a much smaller extent; the methyl 

protons are farther away fi-om the crowded tripod core, and located four bonds away fiom the 

nearest phosphorus atoms, leading to a significant reduction in through-bond P-H coupling 

relative to the three bond P-H coupling observed for the methine proton. The 'H chemical 

shifi of the methine peak also varies considerably depending on the NMR solvent used, 

consistent with the conclusion that the apical proton in compounds derived from 17 is highly 

sensitive to its chemical environment. 

Figure 5.1 Schematic showing close proximity of C-H methine proton to substituents on silicon 
elbows in tris(phosphine) tripods relative to CH3-capped tripods. 
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5.2.2 3 1 ~ { 1 ~ )  NMR Chemical Shift Trends 

In a trend similar to that described above for the apical methyl group in tripodal 

phosphines derived from 18, sequential substitution of Si-Br by -PR2 results in an 

incremental downfield shift of the corresponding 3 1 ~ { 1 ~ }  NMR peak in the resulting mono-, 

bis-, and tris@hosphines), as shown in Table 5.2; the same trend was observed for 

incorporation of -PHR units into the bis(chlorosi1ane) 41. This provides a particularly useful 

method for monitoring incorporation of phosphine moieties into the tris(bromosi1ane) tipods 

17 and 18, given the simplicity of the 3 1 ~ { 1 ~ )  NMR spectra of reaction products relative to 

the corresponding 'H NMR spectra. 

Table 5.2 Effect of incremental phosphine substitution on 3 1 ~  {IH) NMR spectra of bis- 
and tris(halosi1anes) (C6D6, 360 MHz). 

Compound Entry 31~{1FI} NMR Chemical Shift (6) 
n 

Me2Si 
I 

SiMe2 (57) 
I 

1 -127.7 
PHPh PHPh 

Me@ 
n 
I 

SiMen (56) 
I 2 -128.2 

CI PHPh 

Me2Si 
n 
I 

SiMe2 (63) 
I 3 -140.4 

\PH H P d  

Me2Si 
A 
I 

SiMe2 (68) 
I 4 -141.0 

CI HP- 

7H3 

(1 4) 5 -50.6 
PhP SlMe2 PPh, 

I 
PPh2 
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Table 5.2 (continued) Effect of incremental phosphine substitution on 3 1 ~  {'H) NMR 

- spectra of bis- and tris(halosi1anes) (C6D6, 360 MHz). 

- Compound Entry 3 1 ~ { 1 ~ )  NMR Chemical Shift (6) 

For acyclic phosphines and polyphosphines, the phosphorus chemical shift is also 

sensitive to the number of silicon atoms attached to each phosphorus centre. For example, 

Table 5.3 lists the 3 1 ~ { 1 ~ )  NMR shifts for a small selection of silylphosphmes (derived fiom 

primary and secondary phosphines) as a function of the number of silyl substituents on 

phosphorus. Replacement of one hydrogen atom on a primary phosphine with a silane group 

has relatively little effect on the phosphorus chemical shift (A& < 10 ppm) as shown by 

entries 1-4 in Table 5.3. Replacement of a second P-H by P-Si, however, leads to a notable 

upfield shift in the observed chemical shift (entries 5-8), attributed to an increase in the s- 

character of the orbital containing the phosphorus lone The effect of silane 

substitution on phosphorus chemical shift is more pronounced for silylation of secondary 

phosphines (entries 9-10), with the phosphorus resonance moving upfield by 10 to 30 ppm 

upon replacment of RzP-H by R2P-Si. 
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Table 5.3 Effect of silyl substituents on 3 1 ~ ( 1 ~ 3  NMR chemical shifts of 

Compound Entry 3 1 ~ { 1 ~ )  NMR Chemical Shift (6) 

1 Phosphine Derivatives 

RPH2 

Me2Si 
n 

SiMe2 
I I 
CI PHR 

Me2Si 
n 

SiMe2 
I I 
PHR PHR 

cy~lo-(Si)~PR /-7 
Me2Si ,p,SiMe2 

R 

2 O  Phosphine Derivatives 

R2PH 
R,P(Si) 

R = P h  R = vinyl 

-123.5 -135.9 
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The effect of silane substituents on the phosphorus chemical shifts of cyclic 

phosphines is somewhat harder to predict. Intramolecular cyclization of the a,@-bis(si1ane) 

41 with phenylphosphine, described in Chapter 4, formed a five-membered 

phosphadisilolane ring system with a 3 1 ~  chemical shift approximately 45 ppm upfield of the 

parent primary phosphine (and -20 ppm upfield of the related acyclic disilylphosphine). 

Similar chemical shift differences were observed for the analogous vinylphosphine systems 

(Table 5.3, compare entries 7 and 8). The chemical shifts of these cyclic disilylphosphines 

are diagnostic, and allow rapid identification of five-membered cyclophosphines. However, 

this trend cannot be directly extrapolated to aid in the identification of four-membered cyclic 

disilylphosphine species such as 60, which are predicted to be side products from the 

introduction of pendant -PHR units into a tris(si1ane) framework. According to Quin, 

incorporation of phosphine units into heterocyclic systems can result in "strong and 

sometimes puzzling shift  effect^".^ In the series shown in Figure 5.2, the four-membered 

cyclophosphine 72 displays a phosphorus chemical shift that is located significantly 

downfield from the related three-, five-, and six-membered heterocycles, suggesting that the 

four-membered ring in 60 may also show a similarly low field phosphorus signal. However, 

replacing just one of the CH2 groups on phosphorus in 72 with a SiMe2 group dramatically 

changes the observed chemical shift, from +13.9 ppm for 72 to -78 ppm for the 

cyclosilylphosphine 73.4 Incorporation of a second %Me2 unit into the four-membered ring 

is likely to move the phosphorus signal even further upfield, but the magnitude of the change 
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is uncertain, making it difficult to predict phosphorus chemical shifts for 60 and related 

species. 

Figure 5.2 Effect of ring size on phosphorus chemical shift for a series of cyclic phosphines.3 

5.2.3 Predictions Regarding the 'H and "P NMR Spectra of Si3 Tripods with Pendant - 
PHR Groups 

The introduction of pendant -PHR groups onto an Si3 framework (as shown in Eqn 5- 

1) could potentially result in complex mixtures of products arising fiom incomplete 

substitution of bromine by phosphorus, as well as a number of unwanted side reactions as 

described in the previous chapters. The 'H and 3 1 ~  ('H) NMR trends discussed above provide 

a number of useful tools to aid in the identification of these products, and allow some 

predictions regarding the diagnostic NMR characteristics of the desired tris(sily1phosphine) 

tripods (see Figure 5.3). 
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CH3 - sH -1.2 to 1.6 (dep. on # of P) 
I 

R = Ph, - -120 to -130 - bHR 
R = vinyl, - -135 to -145 

Figure 5.3 Predicted 'H and 3 1 ~  ('HI chemical shifts for tris(si1ane) tripods derived from 18, 
bearing three pendant -PHR groups (R = Ph, vinyl). 

Successful incorporation of one or more -PHR units into the tri(bromosi1anes) 17 or 

18 should give rise to phosphorus NMR signals appearing between -1 20 and -1 30 ppm (for 

R = Ph), or between -135 and -145 ppm (for R = vinyl), the number of which will 

correspond to the number of phosphine moieties present in the molecule. The signals 

appearing in this region are expected to be complex, as the phosphine moieties being 

introduced are chiral (a consequence of the high inversion barrier at phosphorus3), and 

incorporation of more than one chiral phosphne will result in the formation of multiple 

diastereomers with distinct phosphorus chemical shfts. This has been demonstrated by 

Huttner et al, through the preparation of a series of chiral tris(phosphine) tripods derived 

&om triphos, as synthesis of the chiral tripodal phosphine 74 produced a statistical mixture. of 

isomers: the enantiomeric pairs R W S S S  and RRSISRR, in a 1:3 ratio.5 The 3 1 ~ { 1 ~ )  NMR 

spectrum of this compound consists of four resonances spread out over -10 ppm, three of 

which are complex multiplets displaying 4 ~ p p  coupling (RRSISSR), and only one of which is 

a simple singlet (RRRISSS). Additional signals arising from partially phosphinated silicon 

scaffolds are expected to further complicate the observed phosphorus NMR spectra, as 

described above. 
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In the 'H NMR spectrum of -PHR substituted S i  tripods, silylmethyl groups bearing 

pendant phosphine units should give rise to multiple peaks appearing below 0.5 ppm, while 

unsubstituted -SiMe2Br groups should appear above 0.6 ppm. For phosphine derivatives of 

the methyl-capped tris(si1ane) 18, 6H for the apical methyl group is expected to move 

downfield with increasing phosphine substitution, with the actual chemical shift depending 

on the substituents attached to phosphorus. As explained above in Section 5.2.1, no reliable 

predictions can be made about the chemical shift of the apical methine proton in derivatives 

of tris(bromosi1ane) 17. 

5.3 Reactions of LiPHR with Tris(bromosi1ane) Scaffolds 17 and 18 

The reactions of LiPH(viny1) (76) with brominated tripods 17 and 18, and of the 

lithium phosphides LiPHR (R = Ph (34), Cy (75)) with 18, were investigated. Although 

these reactions were all expected to produce the phosphine-substituted tripods, only the 

vinylphosphide reagents gave products resembling the desired tris(silylphosphines), as 

determined by "P {'H) NMR spectroscopy. The phenyl- and cyclohexylphosphide reagents 

produced compounds that have not yet been identified, despite their simple 'H and 3 1 ~  NMR 

spectra. 

5.3.1 Reaction of LiPHPh (34) with CH3C(Me2SiBr)3 (18) 

Addition of three equivalents of LiPHPh to the brominated tripod 18 in THF gave a 

thick orangehrown oil after extraction with benzene. The 3 1 ~ { ' ~ }  NMR spectrum of the 
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compound (in benzene-d6) suggested that the product obtained was relatively pure, as the 

only significant signal observed was a singlet at -1 38.2 ppm. The 'H NMR spectrum was 

also quite clean, with discrete, well-defined peaks (Figure 5.4). This was surprising, as the 

products predicted for this reaction were expected to show complex 3 1 ~ ( 1 ~ )  and 'H NMR 

spectra (Scheme 5.2). 

P H P ~  
78 

complex 'H/~'P{' H) NMR predicted 

CH3 
I 

~e2~i\'"',~\SiMe, 
3 LiPHPh + I 

ii * 77 

B! SiMe2 B, 
34 I 

Br k simple 'HP1P('~} NMR observed 

18 

Scheme 5.2 

The chemical shift of -138.2 ppm observed in the 3 1 ~ ( 1 ~ )  spectrum of 77 is 

considerably upfield of that seen for the related monosilylphosphine, Me3SiPHPh (- 12 1.6 

ppm), but closely resembles that of the disilylphosphine, (Me3Si)2PPh (-137.2 ppm). No 

change was observed when the "P NMR spectrum was acquired without proton decoupling, 

indicating that the P-H substitutent of the phosphido group was no longer present, and had 

probably been replaced by a silicon atom. The 'H NMR spectrum of product 77 was 
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consistent with this interpretation, as no P-H signals were observed in the 2-5 ppm region 

(Figure 5.4). 

SiMe 

4 6 3 3366 
, , I , , ,  / , 1 , 1 ' 1 1 1  l l l l ~ I r , ~ I ~ I ~ , ~ I ~ , ~ I ~ , ~ I ~  

PPM 7.2 6.8 6.4 6.0 5.6 5.2 4.8 4.4 4.0 3.6 3.2 2.8 2.4 2.0 1.6 1.2 0.8 0.4 0.0 

Figure 5.4 'H NMR spectrum (360 MHz) of product 77 from reaction of LiPHPh with 18 in 
benzene-d6 ( * C a b ,  ZTHF). 

Figure 5.4 shows the 'H NMR spectrum of compound 77 in benzene-d6. The apical 

methyl peak of the tripodal scaffold appears to be a doublet centred at 1 ppm with J = 7.5 Hz, 

but as Figure 5.5 shows, phosphorus decoupling produces little change in the this signal. The 

lack of P-H coupling, combined with the absence of neighbouring protons (no possible 3 ~ H H  

coupling, Scheme 5.4) in t h s  methyl group implies that the two peaks observed are not a 

doublet, but signify the presence of two distinct methyl-capped Si3 scaffolds. Splitting 

observed in the SiMe proton peaks arises from three bond coupling between the silylmethyl 

protons and a phosphorus atom bound to silicon, as determined from the ' H { ~ ~ P )  NMR 

spectrum (Figure 5.5); however, integration of peaks in the 'H NMR spectrum suggests that 

there are only two "-PPh" units per tripod core. 
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Scheme 5.3 

MeC SiMe 

7.5 Hz 

h 
a 

A 

b) 

PPM 1.10 1.00 0.90 0.80 0.70 0.60 0.50 0.40 0.30 0.20 

Figure 5.5 Product 77 from reaction of LiPHPh with 18: (a) 'H and (b) ' H { ~ ~ P )  NMR spectra of 
the %Me2 shift region in benzene-d6 (360 MHz). 

A number of possible structures for product 77 can be postulated, but all fail to 

explain the observed NMR spectra. Incomplete substitution of -Br by -PHPh could result in 

the formation of compound 79. With two chiral phosphorus centers, 79 should exist as a set 

of diastereoisomers (RRISS, RS/SR) and would therefore give rise to two peaks in the 

phosphorus NMR spectrum. Compound 79 would also require the presence of P-H bonds, 

not seen for 77. Intramolecular cyclization to form a four-membered ring is possible (81), 

but is inconsistent with the observed number of -PPh groups per Si3 tripod. Incorporation of 

a second phosphine group into this structure (60) would generate at least two 3 1 ~ ( 1 ~ )  NMR 

signals, whereas only one is observed for compound 77. Assuming that the restriction of two 

phenylphosphine moieties per tripod is correct, 77 cannot have a bridgedlpolymeric structure, 

as the number of phosphine units per tripod in these structures is always less than 1.5; most 
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polymeric frameworks would also have multiple inequivalent phosphorus environments, 

giving rise to multiple 3 1 ~  NMR peaks not observed here. 

60 79 81 

In proposing structures for product 77, the possibility of P-P bond formation was not 

ruled out; however, the presence of a P-P bond was not consistent with the observed 3 1 ~  

chemical shift6 nor with the number of peaks observed in the spectrum (two peaks expected 

due to the formation of rac and meso diastereomers; see Chapter 4, Section 4.3.2). The 

phosphorus chemical shift is also inconsistent with a four-coordinate phosphorus center, as 

most quaternary phosphonium compounds have chemical shifts in the 20 to 60 ppm range.3 

Mass spectrometric analysis (EI, 70 eV) of compound 77 provided little new 

information: the highest mass ion observed (mlz 417.8) agreed with the formula 

"CH3C(Me2SiPPh)2(MezSi)" (two "-PPh" units per tripod core, formula weight 417.7 glmol). 

This matches what could be inferred fi-om the NMR data, but this formula does not satisfy 

valence requirements for the Si3 scaffold. The presence of a bromine substitutent would 

fulfill this requirement, but the MS trace did not contain any ions displaying the 

characteristic bromine isotope pattern. Incorporation of a bromine atom in the molecular 

structure of 77 is therefore considered unlikely. 

Despite its relatively simple 'H and 3 1 ~ { 1 ~ )  NMR spectra, the molecular structure of 

77 remains unknown. From the data reported above, compound 77 clearly differs 

significantly fi-om the desired tris(phosphine) 78, and so further characterization of 77 was 

not pursued. 
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5.3.2 Reaction of LiPHCy (75) with CH3C(MezSiBr)3 (18) 

Reaction of three equivalents of LiPHCy with the brominated tripod 18 produced a 

thick yellowlwhite paste after solvent was removed under vacuum. A 3 1 ~ ( ' ~ )  NMR 

spectrum of the crude product (82) in benzene-d6 showed that the paste was relatively pure, 

with only one singlet at -1 39.5 ppm. The 'H NMR spectrum was also quite clean, and 

strongly resembled that seen for the analogous reaction with LiPHPh (compound 77) (see 

Section 5.3.1, and Figure 5.6). Due to the similarities in the NMR spectra of reaction 

products 77 and 82, the structures of these compounds are presumed to be the same. Since 

the product of this reaction appears to have little in common with the desired target 

CH3C(Me2SiPHCy)3, characterization of 82 was not pursued. 

2 
Figure 5.6 'H NMR spectrum (300 MHz, C&) of compound 82 from the reaction of LiPHCy 

with 18 (*THF). 
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5.3.3 Reactions of LiPH(CH=CH2) (76) with Si3 Scaffolds 

5.3.3.1 Reactions of LiPH(CH=CH2) (76) with HC(MezSiBr)3 (17) 

Treatment of an ether solution of 17 with three equivalents of LiPH(CH=CH2) in 

toluenehexanes gave a colourless solution that, after workup, yielded a white oil containing 

the tris(phosphine) tripod 83. Compound 83 is air and moisture sensitive, and is soluble in 

ethereal, aromatic, and hydrocarbon solvents: This compound is one of the template 

molecules proposed for the synthesis of 1,4,7-triphosphacyclononane (I), and was positively 

identified by the presence of a quartet for the C-Hmthine proton ( 3 ~ H p  = 4.7 Hz) at -0.9 ppm in 

the 'H NMR spectrum (Figure 5.7). The presence of numerous P-H peaks was also 

indicative of 83, and clearly showed that this reaction had not generated products analogous 

to 77 and 82 (which contained no P-H bonds). 
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SiMe 
I 

- 
-0.02 -0.06 -0.10 -0.14 

Hc Halb PHx 

- " 

I ~ I I I ' I ~ ~ ~ ~  

PPM 6.0 5.6 5.2 4.8 4.4 4.0 3.6 3.2 2.8 2.4 2.0 1.6 1.2 0.8 0.4 0.0 

Figure 5.7 'H NMR spectrum (300 MHz) of crude HC(Me2SiP(H)CH=CH2)3 (83) in benzene-d6. 
Inset: detail of apical methine peak in the a) 'H and b) 'H{~'P) NMR spectra ( 3 ~ W  = 
4.7 Hz). 

I ' I ' I ' I ' I ~ , ' , ' 1 ' 1 ' 1 ' I ' I ' 1 '  

PPM -121.9 -122.1 -122.3 -122.5 -122.7 -122.9 -123.1 -123.3 -123.5 -123.7 -123.9 -124.1 

Figure 5.8 3 1 ~ { ' ~ )  NMR spectrum of crude sample of 83 in benzene-d6 (121 MHz). 

The 3 1 ~ { 1 ~ )  .NMR spectrum showed multiple peaks grouped within a narrow 

chemical shift range (-122 to -124 ppm), downfield of that predicted for the -PHvinyl 
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substituted tripods (predicted -135 to -145 ppm). Figure 5.8 shows the phosphorus NMR 

spectrum; assignment of these regions to signals arising from mono-, bis-, and 

tris(phosphine) tripods was based on the trend established for partially substituted Si2 and Si3 

scaffolds in Section 5.2.2. 

I . ,  1 , ' 1 1 1 ' 1 ' 1 ' 1 ' 1 ' 1 ' 1 ' 1 ' 1  

PPM -60.0 -70.0 -80.0 -90.0 -100.0 -110.0 -120.0 -130.0 -140.0 -150.0 -160.0 

Figure 5.9 3 ' ~ { ' ~ j  NMR spectra (145 MHz, C6D6) for reaction of LiPH(CH=CH2) with 17: a) 
commonly observed spectrum of sample; b) unusually clean spectrum of crude 
reaction mixture. 

Although the number of side products present in the reaction mixture resulting from 

this first attempt to synthesize 83 were minimal relative to the amount of 83 produced, 

attempts to reproduce this reaction frequently yielded disparate results, where 83 was only a 

minor product, and 3 1 ~ { 1 ~ )  NMR spectra of reaction mixtures more commonly resembled 

that shown in Figure 5.9 (a). The formation of multiple unintended side products may be due 

to the presence of the acidic apical methine proton in 17 (and derivatives). Deprotonation of 

the methine core in HC(Me2SiPPh2)3 (13) has been reported (Scheme 5.4), and can be carried 

out using one equivalent of n ~ u ~ i . '  It is possible that the lithium phosphide reagents are 

basic enough to deprotonate the methine core of 17 in the same way that they deprotonate 

silylphosphines (see Chapter 4), and promote unwanted side reactions. Replacing the 
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methine proton with a methyl group (as in compound 18) should eliminate this reactive site, 

reducing the number of side reactions and increasing reproducibility. 

Scheme 5.4 

5.3.3.2 Reactions of LiPH(CH=CH2) (76) with CH3C(Me2SiBr)3 (18) 

The reaction of three equivalents of LiPH(CH=CH2) (76), with CH3C(Me2SiBr), (18) 

in THF produced a white paste that was extracted into benzene or toluene and filtered to 

remove LiBr. 3 1 ~  ('H) NMR spectroscopy of this product in benzene-d6 gave a spectrum that 

was relatively simple, as shown in Figure 5.10. The complex group of signals centred 

around -126 ppm closely resembled that seen for the proton-capped tripod 83 (again, 

downfield of the chemical shft range predicted in Section 5.2.3), and so was assigned to the 

trisbhosphine) 86. Unfortunately, compound 86 comprised only a small portion of the 

reaction products, whle the majority of the crude product consisted of some compound(s) 

giving rise to four broad peaks, two of which displayed one-bond P-H couplings in the "P 

NMR. 
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1 ' 1 ' 1 ' 1 ' 1 ' 1 ' 1 ' 1 ' 1 ' 1 ' 1 ' ~ 1 ~ ~ ~ ~ ~ 1 ~ 1 ~ ~ ~ ~ ~ ~ ~  
PPM -125 -127 -129 -131 -133 -135 -137 -139 -141 -143 -145 -147 -149 -151 -153 -155 -157 -159 

Figure 5.10 a) 3 1 ~ { ' ~ )  and b) 3 1 ~  NMR spectra (145 MHz, C6D6) of product mixture obtained 
from reaction of LiPH(CH=CH2) with 18 (* Unknown [possibly 89]), $ H2PEt, 
•˜H2P(CH=CH2)). 

'H NMR spectroscopy (Figure 5.1 1) provided little information about the identity of 

the unknown product(s). The appearance of two signals attributed to H, protons on a vinyl 

group suggested that there was more than one type of vinylphosphine environment present in 

the crude reaction mixture. The sharp H, multiplet at -6.1 ppm was presumed to correspond 

to tris(phosphine) 86, while the broader signal at -6.3 ppm was assigned to the species 

responsible for the broad peaks in the phosphorus NMR spectrum. Only two signals could 

be identified as the apical -CH3 of an Si3 scaffold, one of which (at 1.21 ppm) was due to 
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unreacted tris(bromosi1ane) 18. The remaining signal was assigned to tris@hosphine) 86 

(1.23 ppm). No other peaks were observed that might correspond to partially phosphinated 

tripod species. More thorough removal of the reaction solvent (THF) under vacuum would 

help to confirm that 18 and 86 were the only two tripodal S i  species present in the product 

mixture, as signals due to the apical methyl group of additional tripod species could be 

hidden under the THF signal at 1.3- 1.4 ppm. However, partial substitution of the tris(si1ane) 

framework is unlikely, as no SiMe signals were observed with 'H chemical shifts in the 

range expected for -SiMe2Br (0.6-0.8 ppm); the SiMe2 peak of compound 18 is clearly 

unaccompanied by other species with similar shifts. The lack of tris(si1ane)-derived species 

in the 'H NMR spectrum of this reaction is unexpected, as it implies that the broad peaks 

appearing in the phosphorus NMR spectrum are not bound to some version of the tripod 

scaffold. 

1 1 1 1 1 1 1 1 1 1 ~ 1 1 1 1 1 1 1 1 1 1 l 1 1 1 1 1 1 1 1 ~ 1 1 1 1 1 1 1 1 1 1 1 1 1 1 I l l 1 l ~ l l l l l 1 1 1 1 1 1 1 1 1 1 1 1 1 1 ~ 1 1 1 1 1 1  

PPM 6 4 2 0 

Figure 5.11 'H NMR spectrum (360 MHz, C6D6) of products from reaction of LiPH(CH=CHz) 
and 18 ($ THF, 5 18, IJ CH3C of 86, hexanes). 
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The presence of a large amount of unreacted 18 in the crude product mixture, and the 

absence of LiPH(CH=CH2) and H2P(CH=CH) in the 'H and 3 1 ~ { ' ~ )  NMR spectra, also 

suggested that all of the original LiPH(CH=CH2) had been converted into some species that 

no longer reacted with Si-Br bonds. Polymerization by P-H addition across the vinyl group 

of the lithium phosphide or of the original vinylphosphine should give rise to complex 

multiplets approximately between 1-2 ppm, but was deemed unlikely, as there were no 

signals in the 'H NMR spectrum attributable to polymeric alkylphosphine chains. Oxidative 

coupling of the LiPH(CH=CH2) to form a triphosphine (89) could, however, give rise to 

broad signals such as those observed in the phosphorus NMR spectrum.* The presence of 

two chiral end groups would generate diastereomers, producing a total of four peaks, two of 

which (terminal -PH(vinyl) groups) would show PH coupling, with broadening of the 

observed signals arising fiom unresolved P-P coupling between phosphorus atoms in 89. 

While the formation of 89 would explain the observations discussed above, this assignment 

is merely speculative. Further attempts to discern the origin and identity of the phosphorus- 

containing compound(s) giving rise to the broad NMR peaks in Figure 5.10 have not yet 

been carried out. 

5.4 Reactions of TMEDA*Mg(PHR)2 with Si3 Scaffolds 

The studies reported in Chapter 4 showed that, for reactions with mono- and a,o- 

bis(silylhalides), magnesium phosphdes displayed high selectivity for the formation of 

silylphosphines bearing -PHR substituents, with minimal degradation of the P-H 
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functionality. The phosphide transfer reagents TMEDA*Mg(PHPh)2 (35) and 

TMEDAoM~(PH(CH=CH*))~ (90) were used to introduce -PHR groups into the tris(si1ane) 

scaffold 18 to determine whether their selectivity was retained in phosphide transfer reactions 

with tris(silylha1ides); the results were compared to reactions of the analogous lithium 

phosphide reagents, described above. 

5.4.1 Reaction of TMEDA*Mg(PHPh)2 (35) with CH3C(Me2SiBr)3 (18). 

A solution of TMEDA*Mg(PHPh)2 and 18 in ether reacted to give a mixture of the 

mono-, bis-, and tris(sily1phosphines) 80, 79, and 78 as a thick white oil. The oil is soluble in 

ethers, aromatic, and hydrocarbon solvents, and is air and moisture sensitive. 

The 3 1 ~ ( 1 ~ )  NMR spectrum of the crude reaction mixture demonstrated the 

selectivity of this reaction, as less than 10% of the total phosphorus-containing species were 

the result of unwanted side reactions (mainly H2PPh and [PhHPI2). No signals analogous to 

those observed for 77 in the reaction of LiPHPh with 18 (vide supra) were observed. Over 

90% of the phosphorus-containing species present resulted from the intended Si-P bond 

formation, and retained P-H functionality. These species appeared as three distinct groups of 

peaks located around -1 16 ppm, near the chemical shift range of -120 to -130 ppm predicted 

for these compounds in Section 5.2.3, and could be assigned as shown in Figure 5.12. It is 

clear from this spectrum that monophosphine 80 and bis@hosphine) 79 were the major 

reaction products, with the tris(phosphine) 78 appearing only as a minor product. Each of 
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these peaks showed one bond P-H coupling of -200 Hz, well within the range expected for 

secondary phosphmes. 

CH3 
I 

CH3 CH3 
I I 

Me2Si /C,1"/SiMe2 Me2Si /C,'i~SiMe2 M ~ ~ s ~ / ~ ~ ~ ~ ~ ~ / s ~ M ~ ~  1 Me2Si I 1 Me2Si I I Me2Si I 
PHPh 1 I'Hph Br I Br 1 

PHPh PHPh Br 

I ' I ~ I ' , ~ , ~ I ' , I , ' , . I . , l , ~ , . I . , . ,  

PPM -115.4 -1 15.6 -115.8 -116.0 -116.2 -1 16.4 -116.6 -116.8 -117.0 -117.2 -117.4 -117.6 -117.8 

Figure 5.12 3 1 ~  (IH) NMR spectrum (145 MHz, C6D6) of crude product mixture from reaction of 
TMEDAOM~(PHP~)~  (35) with 18. 

The 'H NMR spectrum of the product mixture (Figure 5.13) was similarly 

encouraging. Two distinct ortho-proton signals appeared in the aromatic region at 7.30 and 

7.24 ppm and were assigned to the bis- and mono(sily1phosphines) 79 and 80, respectively, 

based on the abundance of these two species in the phosphorus NMR spectrum (Dl = 20 

sec). Signals due to apical methyl groups were assigned following the trend described in 

Section 5.2.1: as the degree of phosphorus substitution on the methyl-capped tripods 

increased, the proton chemical shift of the CH3C group moved to lower field. Thus, the 

broad singlet appearing at 1.16 ppm was assigned as the methyl cap in compound 80, the 

small group of two peaks (1.2411.25 ppm) was attributed to the bis(phosphine) 79, and the 

small packet of peaks around 1.33 was deemed to represent tris(phosphine) 78. A number of 

overlapping P-H peaks were also observed, but were not assigned to specific compounds. 
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Further evidence for partial substitution of the bromine substituents on the Si3 scaffold were 

signals between 0.6 and 0.8 ppm due to silylmethyl groups retaining bromine substituents 

(SiMe*Br), and signals below 0.4 ppm corresponding to silylmethyl groups bearing a -PHPh 

substituent. The chemical shifts of both the bromine- and phosphine-substituted SiMe2 

elbow groups is in agreement with the values predicted in Section 5.2.3. 

MeC 
80 

3r 

MeSiP 

l ' l ' l ' 1 ' l ' I  I I ' I  ~ I ~ I ' I ' I ' I ' I ' I ~  1 ' 1  I  I  

PPM 6.8 6.4 6.0 5.6 5.2 4.8 4.4 4.0 3.6 3.2 2.8 2.4 2.0 1.6 1.2 0.8 0.4 0.0 

Figure 5.13 'H NMR spectrum (360 MHz, CO6) of crude product mixture from reaction of 
TMEDA-Mg(PHPh)2 (35) with 18 (*C6D6). Inset: expansion of apical methyl 
signals showing peak assignments. 

The presence of unreacted tris(bromosi1ane) 18 in the residue of this reaction is 

somewhat puzzling, as the reaction was not carried out in the presence of excess 18. It is 

likely that the low solubility of the magnesium phosphide reagent 35, combined with 

insufficient reaction time, resulted in incomplete substitution of the bromine atoms in the 

tris(si1ane) 18. Optimization of reaction conditions, including increasing the reaction time 

and replacing ether with THF as the reaction solvent to increase the magnesium phosphide 

solubility should allow the preparation of the fully substituted tris(phosphine) 79 fiom 

magnesium phosphide 35 and the tris(bromosi1ane) 18. 
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5.4.2 Reaction of TMEDA *Mg(PHCH=CH2)2 (90) with CH3C(Me2SiBr)3 (18). 

In ether, TMEDA*Mg(PHCH=CH2)2 and 18 reacted to produce a mixture of 

compounds, including the tris(phosphine) 86, bis(phosphine) 87, and monophosphine 88, as 

identified by 3 1 ~  {'H) NMR ( 6 ~  -1 26 to -1 28, shown in Figure 5.14). Four additional broad 

signals were also observed, and appeared upfield of the tripodal phosphines. The peaks at - 

13 1 and -1 35 ppm both retained P-H functional groups as demonstrated by ' J~~ coupling in 

the proton-coupled 3 1 ~  NMR spectrum, while the peaks at -152 and -157 ppm remained 

broad singlets. These same four broad signals were observed in the reaction of 

LiPH(CH=CH2) with 18 (Section 5.3.3.2, Figure 5.1 O), and have been tentatively assigned as 

the triphosphine 89. 



Chapter 5 

Figure 5.14 3 1 ~ ( ' ~ )  NNLR spectrum (360 MHz, C6D6) of product mixture from reaction of 
TMEDA*Mg(PH(CH=CH2))2 (90) with 18 (* Unknown [possibly 891, 5 
H2P(CH=CH2)). 

'H NMR spectroscopy was not particularly useful for evaluating the success of this 

reaction, as there were a large number of peaks that appeared to originate from the starting 

materials (solvents and other impurities). These overwhelmed signals arising from the 

phosphine-substituted tripods. However, it is possible to conclude that the reaction of 

magnesium vinylphosphide 90 with tris(bromosi1ane) 18 is not as selective as the analogous 

reaction of magnesium phenylphosphide 35, discussed in Section 5.4.1 above. Since the 

same side products formed with magnesium vinylphosphide 90 are produced in the reaction 

of LiPHCH=CH2 (76) with 18, this loss of selectivity does not appear to relate to the choice 

of metal cation in the metal phosphide reagent. Auto-decomposition of the vinylphosphide 

reagents has also been ruled out, as control reactions involving the dissolution, cannula 

transfer, and reaction workup of phosphides 90 and 76 in the absence of the tris(bromosi1ane) 

showed no noticeable degradation of the phosphide reagents as judged by 3 ' ~ { 1 ~ )  NMR 
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spectroscopy. Catenation of the vinylphosphide reagent in the presence of the 

tris(bromosi1ane) suggests that this side reaction may proceed via metalihalogen exchange 

between the metal phosphide and the bromosilane, as shown in Scheme 5.5. Both lithium 

and magnesium phosphides are known to participate in this type of reaction, with lithium 

reported to show the highest propensity for metalihalogen exchange.g It is not clear why the 

analogous phenylphosphide reagents did not produce similar polyphosphine side products. 

. . /Me MlBr exchange 
-\\,\~f-~ + Br-Si, * -,\#, .P -~ r  + M-Si, 

I+ s R  H pR 
Me 

1) Metallation 
4 

4 \ 

2) MlBr exchange l-i' H 

and metathesis 

Scheme 5.5 

5.5 AIBN-Promoted Cyclization of Tris(viny1phosphine) Tripods-Preliminary Results 

The successful preparation of tris(si1ane) scaffolds with three pendant vinylphosphine 

groups leads into the next step of the proposed macrocycle synthesis: cyclization of the 

vinylphosphine groups around the tripodal template to form the nine-membered 

triphosphorus macrocycle P3[9]ane (1). Hydrophosphmation reactions involving the addition 

of tripod-pendant P-H bonds across the double bond of the vinyl group on the adjacent tripod 

arm (Scheme 5.6) should permit ring closure to form the P3 macrocycle. The presence of the 

template in this step is vital, as it should promote intramolecular ring formation while 

limiting intermolecular polymerization of the vinylphosphine units.'' 
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Scheme 5.6 

A preliminary study of radical initiated P-H addition in crude samples of the 

vinylphosphme-substituted tripods was carried out by heating toluene solutions of the tripods 

with 5-1 0 mol% AIBN, and monitoring the reactions by 'H and 3 1 ~  f 'H) NMR spectroscopy. 

In the IH NMR spectra of both the proton- and methyl-capped tripods, peaks assigned to the 

vinyl and P-H functional groups decreased in intensity after heating with the radical initiator, 

while a number of broad, complex signals appeared between 1.0 and 2.5 ppm, indicating of 

the formation of ethyl bridges between phosphorus centres. Signals in the 3 1 ~ { 1 ~ )  NMR 

spectra arising from the vinylphosphine-substituted tripods also decreased in intensity upon 

heating with AIBN, concomitant with the appearance of a large number of new signals 

ranging in chemical shift from -30 to -160 ppm. These new signals could not be 

unambiguously identified due to the impurity of the original vinylphosphine-substituted 

tripod samples, but it is clear that radical induced P-H addition does proceed in the 
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silylphosphine systems investigated here. Proper identification of partially- and fully- 

cyclized tripods and polymerized side products will require purification of the 

tris(viny1phosphine) templates, with particular attention to the removal of vinylphosphine- 

containing impurites that can undergo P-H addition reactions and potentially disrupt the 

intended cyclization. 

5.6 Conclusions 

Despite high expectations engendered by the results reported in Chapter 4, switching 

from a lithium- to a magnesium-based phosphide transfer reagent resulted in only a limited 

increase in the selectivity of silicon-phosphorus bond formation. For reactions involving 

phenylphosphide derivatives, the magnesium phosphide (35) was clearly more selective than 

LiPHPh (34), which formed an unidentifed product when reacted with the brominated 

scaffold 18. This selectivity did not, however, extend to the vinylphosphide derivatives, as 

both the magnesium and lithium vinylphosphides (90 and 76, respectively) gave similar 

products from reactions with 18 (Figure 5.15). 

The use of a magnesium phosphide reagent for the introduction of phosphine units in 

the tris(si1ane) scaffolds 17 or 18 has thus far resulted in only incomplete substitution of Si- 

Br for Si-P. The attenuated reactivity of the magnesium-based phosphide transfer reagents 

relative to their lithium analogues may slow the rate of metathesis such that the reaction 

times employed were insufficient to allow the reaction to go to completion; further 

optimization of the reaction conditions should address this problem. Formation of the 

tris(viny1phosphine) tripods 83 and 86 could be achieved using lithium vinylphosphide as the 

phosphide source, but extensive decomposition of the vinylphosphide anion to form what has 

tentatively been identified as the triphosphine 89 was a significant factor limiting the 
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progress of the substitution reaction. While it may be possible to overcome this limitation by 

the addition of excess phosphide reagent, it may be more efficient to supress the halide- 

mediated degradation of the phosphide reagent by changing from the brominated template 

precursors 17 and 18 to tris(chlorosi1ane) scaffolds, as suggested in Chapter 4. 

f ' l ' l ' l ' l ' l ' l ' l ' l ' ~ ~ ~ ~ ~ l ~ ~ ~ ~ ~ r  
PPM -125.4 -125.8 -126.0 -126.4 -126.8 -127.2 -127 6 -128.0 

Figure 5.15 3 1 ~ ( 1 ~ )  NMR spectra (360 MHz, C6D6) from reactions of 18 with a) 
LiPH(CH=CH2) (34) and b) TMEDA-Mg(PH(CH=CH2))2 (35), comparing product 
distributions. 

In reactions with vinylphosphide transfer reagents, the methyl-capped tripod 18 

produced greater amounts of undesirable side products (-65% of total phosphorus-containing 

species) than did proton-capped 17 (-20% side products by 3 1 ~ { 1 ~ )  NMR spectroscopy). 

These results point to several possible explanation/observations: i) deprotonation of the 
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central methine proton in 17 is not a major reaction path, and ii) increasing steric bulk around 

the tripod core (and compressing core Si-C-Si angles) may provide more opportunity for side 

reactions to occur by placing adjacent -SiMe;?Br groups in closer proximity to each other, 

and/or rendering the silane elbows less accessible to nucleophilic attack by the phosphide 

anion, which can then participate in degradation reactions that do not involve the Si3 

scaffold. 

Isolation of the -PHR containing silylphosphine tripods reported in this chapter has 

proved challenging, as all of the syntheses reported here yield these compounds as part of a 

highly impure mixture. The high solubility of the tripodal mono-, bis-, and tris(phosphines) 

in most organic solvents has further limited attempts to separate such mixtures into pure 

compounds. An approach to !he isolation and characterization of chiral tripodal phosphines 

that has proved successful involves the formation of a metal complex, similar to those 

reported in Chapter 3 (molybdenum tricarbonyl complexes of tripodal -PR2 derivatives). 

This method has been successfully applied to the isolation of chiral triphos derivatives such 

as 74 (see Section 5.2.315, and should be equally applicable for the characterization of 

tridentate tris(phosphines) such as 78. 

5.7 Experimental 

5.7.1 General Procedures and Reagent Synthesis 

Common procedures, reagent preparation, and instrument specifications are listed in 

Section 2.5.1. Chlorodimethylsilane, 1,2-bis(chlorodimethyIsilyl)ethane (41) and 2,2'-azo- 

bis-isobutyronitrile (AIBN) were purchased from Aldrich Chemical Co. and used as received 

without further purification. N,NY-Tetramethylethylenediamine (TMEDA) was purchased 

from Aldrich Chemical Co. and distilled from sodium under nitrogen before use. Diphenyl-, 
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diethyl, cyclohexyl- and phenylphosphine were purchased from Strem Chemicals as 10 wt% 

solutions in hexanes, and the concentration checked against a known quantity of 

triphenylphosphine oxide by 3 1 ~ { ' ~ )  NMR before use. Vinylphosphine was prepared 

according to literature methods and stored as a solution in toluene." LiPPh2, LiPEt2, LiPHPh 

(34), LiPHCy (79,  and LiPH(CH=CH2) (76) were prepared by the reaction of equimolar 

amounts of n-butyllithium and the appropriate secondary or primary phosphine in hexanes or 

toluene. The preparation of tris(bromodimethylsilyl)methane (17) and -ethane (18) is 

described in Chapter 2, Section 2.5.3. TMEDA*Mg(PHPh)2 (35), was prepared as described 

in Chapter 4, Section 4.5.2.1. 

5.7.2 Synthesis of TMEDA*Mg[P(H)(CH=CH2)I2 (90) 

A solution of H2P(CH=CH2) in toluene (0.147 M, 20.6 mL, 3.02 rnmol) was placed in 

a Schlenk tube under nitrogen. TMEDA (1.0 mL, 10 rnmol) was added by syringe, and the 

mixture cooled in an ice bath. Slow addition of Mg(nBu)(secBu) (1.0 M in heptane, 1.52 

mL, 1.52 mrnol) by syringe with stirring resulted in the formation of a pale yellow ppt. After 

20 min, the ice bath was removed and the solution was allowed to stir under static vacuum 

for 4 h. The solvent was removed under vacuum to give a pale yellow paste that was washed 

with 10 mL of pentane. The product, a pale yellow solid, was isolated by filtration and dried 

under vacuum. Yield: 0.297 g (89%, purity by 'H NMR 275%). 'H NMR (360 MHz, C6D6, 

6):  6.05 (br m, 2H, H,), 5.74 (br m, 4H, H*), 5.55 (br m, 4H, Hwa), 3.38 (br dm, 'JPH = -230 

HZ, 2H, pHx), 2.15 (s, 12H, NCH3), 2.13 (s, 4H, CH2). "P {'H) NMR (145 MHz, C6Da, 6): 

- 13 1.3 (br s, PH(CH=CH2)). 
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5.7.3 Characterization of (CHz=CH)PHz-,,(SiHMez). (n = 1 [@I, 2 [701). 

In the glovebox, pale yellow LiPH(CH=CH2) (76, 79 mg, 1.2 mmol) was weighed 

into a Schlenk flask, then brought out of the glovebox and placed on the vacuum line. 

Chlorodimethylsilane (0.13 mL, 1.2 mmol) was syringed onto the neat phosphide reagent, 

which immediately turned whte in colour. After stirring for 10 min, the Schlenk flask 

contained a white solid and a small amount of a colourless liquid which contained the 

monosilylphosphine 69 (22%) and the disilylphosphine 70 (1 1%) which were characterized 

by 'H and 3 ' ~  {'H) NMR spectroscopy. 

(Dimethylsily1)vinylphosphine (69): 'H NMR (360 MHz, C6D6, 8): 6.09 (dddd, 

3 3 JHcm = 18.3 HZ, JHcHaz 11.4 HZ, 2 ~ p ~ c  = 8.0, 'JHCHy = 7.8 HZ, IH, A,), 5.51 (ddd, 'JHbH,= 

18.3 Hz, 3 ~ p m  = not observed due to overlapping signals, 2 ~ m ~ a  = 2.1 HZ, lH, Hb), 5.45 (ddd, 

3 ~ p ~ a  = 27.4 HZ, 3 ~ ~ a ~ c  = 11.4 HZ, 2~mHa = 2.1 HZ, lH, Ha), 4.31 (ddsept, 2 ~ p ~ s  = 21.8 HZ, 

3 J H ~ ~ H ~  = 3.7 HZ, 'JHSH = 3.7 HZ, lHy Hsi), 2.83 (ddd, 'JPH = 198 HZ, 3 ~ ~ y ~ c  = 7.8 HZ, 3 ~ ~ y H S i  = 

3.7 HZ, IH, Hy), O. 11 (dd, 3 ~ ~ H S i  = 6.2 HZ, 3 ~ ~ p  = 4.1, 6H, SiCH3). 3 1 ~  {'H) NMR (145 MHz, 

C6D6, 8): -142.7 (s, Psi). 

69 

Bis(dimethylsily1)vinylphosphine (70): 'H NMR (360 MHz, C6D6, 6):  6.17 (ddd, 

3 J H ~ ~  = 18.3 HZ, 3 ~ ~ c ~ a  = 11.1 HZ, 2 ~ ~ ~ c  = 7.3, IH, Hc), 5.68 (ddd, 3 ~ p ~ a  = 31.2 HZ, 3~HaHc  = 
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2 1 1.1 Hz, 2 ~ ~ a a  = 2.1 HZ, IH, Ha), 5.55 (ddd, 3~mH, = 18.3 HZ, 3 ~ p m  = 13.4 HZ, JBHa = 2.1 

Hz, 1 Hy Hb), 4.44 (dsept, 2 ~ p ~ s i  = 16.7 HZ, 3 ~ ~ s ; ~  = 3.8 HZ, 2H, Hsi), 0.22 (dd, 3 ~ H p  = 4.7 Hz, 

3~HHsi = 3.8 HZ, 12H, SiCH3). 3 1 ~ { 1 ~ )  NMR (145 MHz, C6D6, 6): -170.6 (s, Psi2). 

70 

5.7.4 Characterization of Ph2PSiMez(CH2)2Me2SiPPhz (61) 

A solution of LiPPh2 (1.79 g, 9.30 mmol) in 30 mL THF was added by cannula to a 

solution of [CH2SiMe2C1I2 (41, 1.01 g, 4.70 mmol) in THF (5 mL) cooled in an ice bath. 

The yellow colour of the phosphide disappeared immediately on addition, leaving a clear, 

colourless solution. After stirring for 20 min, the solution was warmed to RT, the solvent 

was removed in vacuo, and the residue washed with 20 mL dry pentane, filtered by cannula, 

and dried under vacuum to leave 61 as a pale yellow powder which still contained the LiCl 

by-product. (94% purity by 3 ' ~  {'H) NMR). 'H NMR (360 MHz, C6D6, 8): 7.52 (m, 8H, 

ortho-C6H5), 7.00-7.1 1 (m, 12H, meta-,para-C6H5), 0.74 (br s, 4H, CH2), 0.10 (d, 3 ~ p ~  = 4.3 

Hz, 12H, SiCH3). 3 1 ~ ( 1 ~ )  NMR (145 MHz, C6D6, 6):  -59.2 (s, PPh2). 

5.7.5 Characterization of EtzPSiMe2(CH2)2Me2SiPEt2 (62) 

A solution of LiPEt2 (1 .OO g, 10.4 mmol) in 30 mL THF was added by cannula to a 

solution of [CH2SiMe2C1I2 (41, 1 .l6 g, 5.41 mmol) in THF (5 mL) cooled in an ice bath. 

The yellow colour of the phosphide disappeared immediately on addition, leaving a clear, 

colourless solution. After stirring for 20 min, the solution was warmed to RT, the solvent 

was removed in vacuo, and the residue extracted with 20 mL dry pentane and filtered to 

remove precipitated LiCl. Pentane was removed fiom the filtrate under vacuum to leave a 
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pale yellow oil. Yield 1.56 g (93%, purity 94% by 'H NMR). 'H NMR (360 MHz, C6D6,6): 

1.46 (m, 8H, PCB2), 1.12 (dt, 3 ~ p ~  = 15.1 HZ, 3~~~ = 7.6 Hz, 12H, PCH2CH3), 0.74 (t, 3~~~ = 

0.9 Hz, 4H, CH2), 0.12 (d, 3 ~ p ~  = 3.6 Hz, 12H, SiCH3). I 3 c { ' ~ )  NMR (90 MHz, C6D6? 6): 

14.18 (d, ' JPC = 15.0 HZ, PCH2), 13.73 (d, 2 ~ p C  = 15.9 HZ, PCCH3), 8.19 (dd, 2 ~ p C  = 1 1.6 HZ, 

3 ~ p C  = 3.9 HZ, CH2), -4.21 (d, 2 ~ p C  = 9.6 HZ, SiCH3). 3 1 ~ { 1 ~ }  NMR (145 MHz, C6D6, 6): - 

89.7 (s, PEt2). 

5.7.6 Characterization of ClSiMe2(CH2)2Me2SiPH(CH=CH2) (68) and 
(H2C=CH)HPSiMe2(CH2)2Me2SiPH(CH=CH2) (63) 

In the glovebox, TMEDA*Mg[PH(CH=CH2)I2 (90, 0.556 g, 2.15 rnrnol) and 41 

(0.466 g, 2.17 mrnol) were weighed into a Schlenk tube, whch was then removed fiom the 

glovebox and attached to a Schlenk line. Ether (10 mL) was added to the reaction vessel by 

syringe and the pale yellow suspension allowed to stir under nitrogen for 3 h, during which 

time the pale yellow colour disappeared and a fine white precipitate formed. The white solid 

was allowed to settle and the colourless solution was filtered by cannula into a clean Schlenk 

tube. The solid was extracted with an additional portion of ether (10 mL) which was 

collected by cannula filtration and combined with the original filtrate. Solvent and other 

volatiles were removed f?om the combined filtrates under vacuum, to leave a cloudy white 

oil containing the bis(sily1phosphine) 63 (36%), mono(silylphosphine) 68 (25%), and cyclic 

phosphine 71 (20%), from which compounds 63 and 68 were characterized by 'H and 

3 1 ~  {'H} NMR spectroscopy. 

{[2-(Chlorodimethylsilyl)ethyl]dimethylsylylphosphe (68): 'H NMR (360 

MHz, C6D6, 8): 5.95-6.21 (m, IH, H,), 5.40-5.60 (overlapping m, 2H, Hah), 2.83 (dd, ' J H ~  = 

200 Hz, 3 ~ ~ ~ ,  = 8.3 HZ, 1H, pH), 0.62-0.90 (complex my 4H CH2). SiMe2 signals in this 
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compound have not been identified due to significant overlap with other signals in this region 

of the spectrum. 3 1 ~  ('H) NMR (145 MHz, C6D6, 8): -141.0 (s, 2P, SIP). 

1,2-Bis((viny1phosphino)dimethylsilyl)ethane (63): 'H NMR (360 MHz, C6D6, 8): 

5.95-6.21 (m, 2H, H,), 5.40-5.60 (overlapping m, 4H, Ha/b), 2.87 (dd, ' J ~  = 200 HZ, 3 ~ H H c  = 

8.3 Hz, 2H, PH), 0.637 (m, 4H CH2), 0.129 (d, 'JHp = 4.0 HZ, 6H, SiCH3), 0.120 (d, 'J, = 

4.3 Hz, 6H, SiCH3). 3 1 ~ ( ' ~ )  NMR (145 MHz, C6D6, 8): -140.4 (s, 2P, Sip). 

5.7.7 Characterization of 2,2,5,5-Tetramethyl-1-vinyl-[l,2,5]phosphadisilolane (71) 

nButyllithium (1.4 mL, 1.6 M in hexanes, 2.31 mmol) was added by syringe to a 

solution of vinylphosphme in toluene (5.0 mL, 0.23 M, 1.2 mmol). The colourless solution 

immediately turned bright yellow and deposited a yellow precipitate. The suspension was 

allowed to stir for 1 h, during which time the suspension darkened to a golden yellow colour. 

Removal of the solvent under vacuum gave Li2PCH=CH2 as a yellow microcrystalline 

powder. In the glovebox, Li2PCH=CH2 (50 mg, 0.70 mmol) and compound 41 (154 mg, 

0.7 15 mmol) were weighed into a Schlenk tube, which was removed fiom the glovebox and 

attached to a Schlenk line. THF (7 mL) was added by syringe to the reaction vessel, giving a 

cloudy, light yellow solution that was allowed to stir for 1 h under nitrogen, giving a 

colourless, slightly cloudy solution. The solvent was removed under vacuum to give a 
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cloudy white paste. A small quantity of the paste was dissolved in benzene-d6 and passed 

through a Pasteur pipet containing a 2 cm layer of Celite to remove insoluble lithium salts 

prior to analysis by NMR spectroscopy. The paste contained cyclophosphine 71 (-40%) and 

what has been identified as the bridged polyphosphine 

(vinyl)HPSiMe2CH2[CH2Me2SiP(vinyl)SiMe2CH2].CH2Me2SiPH(vinyl) (-40%, multiple 

3 1 P{'H) NMR peaks between -160 and -164 ppm, with terminal vinylphosphine groups 

appearing between -139 and -143 ppm). For compound 71: 'H NMR (360 MHz, C6D6, 8): 

6.10 (ddd, 3 ~ ~ c m  = 18.1 HZ, ?JHcH~ = 11.0 HZ, 2 ~ p H c  = 1.3 HZ, IH, Hc), 5.71 (ddd, 3 ~ H c m  = 

18.1 HZ, 3 ~ p m  = 14.0 HZ, 2~HbHa  = 2.4 HZ, IH, Hb), 5.59 (ddd, 3 ~ p H a  = 34.0 HZ, 3 ~ H c ~ a  = 11.0 

Hz, 2~H,m = 2.4 Hz, lH, Ha), 0.78 (br s, 4H, CH2), 0.193 (d, 3 ~ p H  = 4.9 Hz , 12H, SiCH3). 

3 1 ~  {'H) NMR (145 MHz, C6D6,8): -1 88.5 (s, lP). 

5.7.8 Partial Substitution of Si-Br Groups in CH3C(MezSiBr)3 (18) by L i m  

Compound 18 (approx. 500 mg) was dissolved in 3 mL THF and cooled to -10•‹C 

(ice/EtOH bath). LiPR2 (R = Ph, Et, 1 or 2 equiv.) dissolved in 40 mL THF was added to the 

cooled solution by cannula. The reaction mixture was warmed to room temperature, and 

stirred under a nitrogen atmosphere for 1.5 h to give a clear, colourless solution. Solvent was 

removed under vacuum and the grainy white residue analyzed by 'H and 3 1 ~ ( 1 ~ )  NMR 

spectroscopy. In all cases, a mixture of the mono-, bis-, and tris(phosphine) species was 

observed, with the major product corresponding to the amount of added phosphide. 
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NMR (300 MHz, C6D6, 8): 1.70-1.20 (br my 4H, PCH2), 1.22 (s, 3H, CCH3), 1.06 (dt, 3 ~ H p  = 

15.5 Hz, 3 ~ H H  = 7.4 Hz, 6H, PCH2CH3), 0.76 (br s, 6H, BrSiCH3), 0.75 (br s, 6H, BrSiCH3), 

0.35 (br s, 6H, PSiCH3). 3 1 ~ { 1 ~ }  NMR (121 MHz, C6D6, 8): -82.3 (s, lP, Sip). 

NMR (300 MHz, C6D6, 8): 1.70-1.20 (br my 8H, PCH2), 1.34 (s, 3H, CCH3), 1.20-1 .O5 (br 

my 12H, PCH2CH3), 0.72 (s, 6H, BrSiCH3), 0.44 (br s, 6H, PSiCH3), 0.36 (br s, 6H, 

1 H NMR (300 MHz, C6D6, 8): 7.54 (my 4H, ortho-C6H5), 7.14-7.00 (my 6H, meta-, para- 

CsHs), 1.40 (s, 3H, CCH3), 0.79 (br s, 6H, BrSiCH3), 0.74 (br s, 6H, BrSiCH3), 0.38 (d, 3 ~ m  

= 2.7 Hz, 6H, PSiCH3). 3 1 ~ { 1 ~ )  NMR (121 MHz, C6D6, 8): -51.8 (s, lP, Sip). 
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'H NMR (300 MHz, C6D6, 8): 7.65-7.55 (m, 8H, ortho-C6Hs), 7.14-7.00 (m, 12H, meta-, 

para-C6H5), 1.70 (s, 3H, CCH3), 0.75 (br s, 6H, BrSiCH3), 0.44 (m, 6H, PSiCH3), 0.43 (m, 

6H, PSiCH3). 3 ' ~ { ' ~ }  NMR (121 MHz, C6D6, 8): -51.5 (s, 2P, Sip). 

y 3  

5.7.9 Reaction of LiPHPh (34) with CH3C(Me2SiBr)j (18). 

A Schlenk flask was charged with a solution of H2PPh in hexanes (0.91 M, 10.0 mL, 

9.1 mmol). nBuLi (1.6 M in hexanes, 5.7 mL, 9.1 mrnol) was added dropwise by syringe, 

immediately forming a yellow ppt of LiPHPh. Upon addition of 25 mL dry THF, the ppt 

dissolved to give a clear yellow solution, which was transferred by cannula into a second 

Schlenk flask containing a solution of 18 (1.33 g, 3.02 rnrnol) dissolved in 3 mL dry THF. 

When addition was complete, the clear, bright yellow solution was allowed to stir at RT for 1 

h before the solvent was removed under vacuum to give a deep yellow oil. The oil was 

extracted with 50 mL benzene and filtered through Celite on a glass fiit, and solvent removed 

under vacuum to leave a thick, tan-orange oil (77). The 'H NMR spectrum of 77 is shown in 

Figure 5.4 and 5.5, pages 176-177. 'H NMR (360 MHz, C6D6, 6): 7.76 (m, 8H, ortho- 
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C6H5), 7.16 - 6.98 (m, 12H, meta-, para-C6H5), 1 .OO (s, 3H, CH3C), 0.98 (s, 3H, CH3C), 

0.56 (t, 3~~ = 5.0 HZ, 6H, SiCH3), 0.45 (t, 3~~ = 5.2 Hz, 6H, SiCH3), 0.33 (m, 12H, SiCH3), 

0.25 (m, 12H, SiCH3). 3 1 ~ ( ' ~ )  NMR (145 MHz, C6D6, 6):  -138.2 (s). MS (EI, 70 eV) &: 

41 8 [CH3C(Me2Si)3(PPh)2]. 

5.7.10 Reaction of LiPHCy (75) with CH3C(MezSiBr)3 (18). 

A Schlenk flask was charged with a solution of H2PCy in hexanes (0.86 M, 5.0 mL, 

4.3 mmol) and cooled to -20•‹C in an icelsalt bath. nBuLi (1.6 M in hexanes, 2.7 mL, 4.3 

mmol) was added dropwise by syringe; a yellow ppt of LiPHCy formed upon removal of the 

ice bath. The solid was dissolved by addition of THF (30 mL), and the golden yellow 

LiPHCy solution was added by syringe to a cooled (-20•‹C) solution of 18 (653 mg, 1.48 

mmol) in THF (10 mL). When addition was complete, the mixture was warmed to room 

temperature and stirred for 4 h. Solvent was removed from the pale yellow solution under 

vacuum to leave a yellowlwhite paste (82). The 'H NMR spectrum of 82 is shown in Figure 

5.6, page 179. 'H NMR (300 MHz, C6D6, 8): 2.15-1.10 (m, 22H, C6Hll), 1.08 (s, 3H, 

CH3C), 1 .O6 (s, 3H, CH3C), 0.66 (t, 3 ~ H p  = 4.6 Hz, 6H, SiCH3), 0.63 (t, 3~~ = 4.4 Hz, 6H, 

SiCH3), 0.38 (my 12H, SiCH3), 0.34 (m, 12H, SiCH3). 3 1 ~ ( 1 ~ )  NMR (121 MHz, C6D6, 6): - 

139.5 (s). 

5.7.11 Reaction of LiPH(CH=CH2) (76) with HC(Me2SiBr)3 (17). 

In a Schlenk flask, a solution of H2PCH=CH2 in toluene (0.1 13 My 30 mL, 3.39 

rnrnol) was cooled to -10•‹C in an ice1EtOH bath. nBuLi (1.6 M in hexane, 2.5 mL, 3.39 

mmol) was added to the phosphine solution by syringe; a yellow ppt formed immediately. In 

a separate Schlenk flask, 17 (487 mg, 1.14 mmol) was dissolved in 5 mL Et20, and added by 

syringe to the cooled solution of LiPH(CH=CH2). The pale yellow solution was warmed to 
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RT and stirred for 4 h. The volume of the solution was reduced by half under vacuum, and a 

white ppt (LiBr) formed. The solution was filtered by cannula into a clean Schlenk tube, and 

the remaining solvent was removed from the filtrate under vacuum to leave the a cloudy 

white oil containing compound 83 (>SO% by 3 1 ~ { 1 ~ )  NMR). 'H NMR (300 MHz, C6D6, 6): 

6.40-5.95 (m, 3H, H,), 5.90-5.35 (m, 6H, Ha, Hb), 3.70-2.60 (br my 3H, PH,), 0.50-0.15 (br 

m, 18H, SiCH3), -0.09 (q, 3 ~ H p  = 4.7 HZ, lH, HC). 3 1 ~ { 1 ~ )  NMR (121 MHz, C6D6, 6): - 

12 1.9 to -122.62 (my SiP(H)CH=CH2). 3 1 ~  NMR (12 1 MHz, C6D6, 6): -122.3 (br d, ' J ~ H  = 

190 Hz, SiP(H)CH=CH2). 

5.7.12 Reaction of LiPH(CH=CH2) (76) with C H ~ C ( M ~ ~ S B I - ) ~  (18). 

In a Schlenk flask, a solution of H2PCH=CH2 in toluene (0.212 My 10 mL, 2.12 

mmol) was cooled to -20•‹C in an icelsalt bath. nBuLi (1.6 M in hexane, 1.3 mL, 2.12 mmol) 

was added to the phosphine solution by syringe; a yellow ppt formed immediately. In a 

separate Schlenk flask, 18 (405 mg, 0.9 18 mmol) was dissolved in 10 mL THF, and added by 

syringe to the cooled solution of LiPH(CH=CH2). The pale yellow solution was warmed to 

RT and stirred for 1 h, and the solvent was removed under vacuum to leave a cloudy white 

paste containing 86 (-25%) and triphosphine 89 (-75%, determined by 3 1 ~ { 1 ~ )  NMR). 'H 

NMR (300 MHz, C6D6, 6): 6.55-6.00 (m, H,), 5.75-5.40 (my Ha, Hb), 5.00-2.45 (br my PHJ, 

1.23 (br s, CH3C), 0.50-0.10 (m, SiCH3). 3 1 ~ { 1 ~ )  NMR (121 MHz, C6D6, 6): -126.0 to - 

126.9 (my SiP(H)CH=CH& -13 1.4 (br s, 89-PH), -134.7 (br s, 89-PH), -152.2 (br s, 89-P), - 

157.4 (br S, 89-P). 3 1 ~  NMR (121 MHz, C6D6, 6): -126.5 (br d, l ~ p H  200 HZ, 
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SiP(H)CH=CH2), -1 3 1.4 (br d, ' J ~ ~  = 200 HZ, 89-PH), -134.7 (br d, ' J~~ = 200 HZ, 89-PH), - 

152.2 (br s, 89-P), -157.4 (br s, 89-P). 

. 5.7.13 Reaction of TMEDA*Mg(PHPh)2 (35) with CH3C(Me2SiBr)3 (18). 

TMEDA*Mg(PHPh)2 (1 . l6 g, 3.23 mmol) and CH3C(Me2SiBr)3 (18, 0.957 g, 2.17 

mmol) were weighed into a Schlenk flask under nitrogen. Ether (30 mL) was added to the 

flask by syringe, and the yellowlwhite suspension allowed to stir for 3 h. The suspension 

was filtered by cannula, and solvent was removed from the colourless filtrate under vacuum 

to leave the product as a thick white oil containing monophosphine 80(-50%) and 

bis(phosphine) 79 (-50%, determined by 'H NMR). 'H NMR (360 MHz, C6D6, 6): 7.30 (m, 

4H, 79-ortho-C6H5), 7.24 (m, 2H, 80-ortho-C6Hs), 7.08-6.96 (m, 9H, meta-, para-C6Hs), 

3.95-3.00 (m, 3H, PH), 1.28-1.20 (m, 3H, 79-CH3C), 1.17 (br s, 3H, 80-CH3C), 0.72-0.62 

(m, 18H, BrSiCH3), 0.40-0.80 (m, 18H, PSiCH,). "P{~H) NMR (145 MHz, C6D6, 6): - 

116.3 to -1 17.0 (m, 79-P), -1 17.4 (s, 80-P). 

80 79 

5.7.14 Reaction of TMEDA*Mg(PHCH=CH2)2 (90) with CH3C(Me2SiBr)3 (18). 

TMEDA*Mg(PHCH=CH2)2 (0.379 g, 1.47 mmol) and CH3C(Me2SiBr)3 (18, 0.439 g, 

0.995 mmol) were placed in a Schlenk flask under nitrogen. Ether (1 5 rnL) was added to the 

flask by syringe, and the off-white suspension allowed to stir for 1 h. The suspension was 

filtered by cannula, and solvent removed from the filtrate under vacuum to leave a grainy 

white oil containing a mixture of tripodal phosphines 86 (-5%), 88 (-lo%), and 87 (-lo%), 
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and compound 89 (-75%, determined by 'H and 3 1 ~ ( ' ~ )  NMR). 'H NMR (360 MHz, C6D6, 

6): 6.45-6.2 (br my Hc), 6.20-5.90 (m, Hc), 5.70-5.35 (my Ha, Hb), 3.4-2.10 (m, PH), 

remaining peaks uncleadunassigned. 3 1 ~ { ' ~ )  NMR (145 MHz, C6D6, 6): -125.9 to -126.9 

(my 86-P), -126.9 to -127.6 (my 87-P), -127.8 (s, 88-P), -13 1.6 (br s, 89-PH), -134.9 (br s, 

89-PH), -152.4 (br s, 89-P), -157.6 (br s, 89-P). 

5.7.15 AIBN-Promoted Cyclization of Vinylphosphine-Substituted Tris(si1anes) 

General Procedure. In the glovebox, a crude sample of vinylphosphme-substituted 

tris(si1ane) (containing approximately 0.25 mmol of the Si3 tripod as a mixture of the mono-, 

bis-, and tris(viny1phosphines)) was placed in a sealable NMR tube with 2-4 mg AIBN and 

toluene-ds (-0.6 mL). The sample was sealed with a needle valve, brought out of the 

glovebox, and flame sealed under vacuum on a vacuum line prior to obtaining 'H and 

3 1 ~  {'H) NMR spectra. NMR spectra were rerecorded after heating the hibes in an oil bath at 

100•‹C for 1-5 h and compared to the previously collected spectra. Notable changes in the 

NMR spectra ('H and 3 1 ~ { ' ~ ) )  are discussed in Section 5.5 of this chapter. 
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CHAPTER 6 

Epilogue 

6.1 Summary 

1,4,7-Triphosphacyclononane (I), the phosphorus analogue of the ubiquitous 

N3[9]ane ligand, is a desirable synthetic target that is expected to ligate strongly to 

transition metal centres. These complexes may have applications in areas such as 

catalysis and bioinorganic chemistry. The failure of metal-templated synthetic methods 

to allow the isolation of 1 in its free form lead to the proposal of a non-metal templated 

ring closure that would produce 1 in a metal-free state. The work presented in this thesis 

has focused on the development of a sterically hindered tripodal tris(si1ane) scaffold as a 

non-metal template for the synthesis of the P3 macrocycle 1, with particular emphasis on 

understanding the conformational preferences of the Si3 frameworks, and on establishing 

a synthetic method to permit selective incorporation of three pendant -PHR units into the 

tris(si1ane) tripods. 

The synthesis and study of the tripodal Si3 templates and -PR2 substituted 

derivatives as described in Chapter 2 showed that incorporation of the bulky SiMe2 elbow 

groups into the tris(si1ane) scaffold exerts a considerable influence on the preferred 

conformation of the tripod arms, as the tripod adopts conformations that minimize 

interactions between SiMe groups on adjacent tripod arms. The presence of an apical 

substituent (other than hydrogen) andlor phosphine groups on silicon amplifies the steric 

influence of the SiMe elbows, and increases the barrier to rotation around CCenml-Si 

bonds, as determined by low temperature NMR spectroscopy and HyperChem AM1 
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calculations. Steric congestion around the tripod core should therefore lower the overall 

entropy (and degrees of rotational freedom) of the Si3 tripods relative to tripodal 

compounds with less bulky CH2 elbow groups, and promote cyclization of the proposed 

template compound by minimizing the entropy decrease required by ring closure. 

Higher rotational barriers around CCenmI-Si bonds in tris(si1ane) frameworks are 

therefore desirable in the context of template rigidity, but could be detrimental to the 

proposed macrocycle synthesis if the tripod arms cannot achieve an all-anti conformation 

relative to the apical group (torsion angle R,iCal-C-Si-P = 160-180") required for ring 

closure. The metal coordination behaviour of the -PPh2 substituted tripods 13-14 and 19- 

20 reported in Chapter 3 shows that steric crowding around the tripod core prevents 13 

and 14 from adopting the all-anti conformation required for K~-coordination to a 

molybdenum carbonyl centre; only the K~-coordinated complexes of 13 and 14 were 

observed. In contrast, the -PEt2 substituted tripods 19 and 20, which have lower C-Si 

rotational barriers than related -PPh2 analogues, can bind to molybdenum in both K ~ -  and 

K ~ -  modes, with the K~-coordinated complex displaying the all-anti orientation of tripod 

arms required for cyclization of the proposed template. Since tris(sily1) tripods bearing 

three pendant -PHvinyl substituents are expected to have similar (or slightly lower) 

rotational barriers than the -PEt2 derivatives, conformational preferences should not 

prevent formation of macrocycles around the base of the Si3 scaffold, but should still 

provide an entropic advantage to the proposed ring formation. 

Preparation of templated macrocycle precursors 83 and 86 proved somewhat 

challenging: methods for the selective synthesis of silylphosphines retaining P-H 

functionality were not well established in the literature. As described in Chapter 4, 
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NMR-scale screening reactions of metal phosphides 34-37 with monohalosilanes 38-40 

and the a,o-bis(chlorosi1ane) 41 showed that reducing the polarity of the M-P bond in 

the metal phosphide reagent increased the yield of silylphosphines in which the P-H bond 

remained intact, and minimized the formation of disilylated phosphine species. The 

magnesium reagent 35 appeared to be the most suitable for selective introduction of 

-PHR units into poly(si1ane) scaffolds. The tetra(pheny1phosphido)aluminate 36 

produced a significant amount of disilylphosphine in reactions with bis(si1ane) 41, 

presumably as a result of AlC13 promoted redistribution of monosilylphosphine species. 

Zinc phosphide 37 (the least polar metal phosphide studied) showed good selectivity for 

monosilylphosphine formation in reactions with both the mono- and a,o-bis(halosilanes), 

but the insolubility of this highly associated compound rendered both reagent and product 

analysis unreliable; further reactions with this reagent were not pursued. 

Magnesium and lithium phosphide reagents were used to introduce -PHR wits 

into the tris(sily1) scaffolds, and displayed different patterns of reactivity depending on 

the metal and phosphine substituent. The lithium phosphides LiPHR (R = Ph, Cy) 

reacted with tripod 18 to give discrete compounds of the generic formula 

'cCH3C(Me2SiPPh)2(Me2Si)", whose structures have not yet been identified, while the 

magnesium phenylphosphide 35 produced -PHPh substituted tripod species, although 

complete replacement of bromine groups in 18 has not yet been achieved. In contrast, 
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both the Li and Mg vinylphosphide reagents (76 and 90) reacted with tris(bromosi1ane) 

scaffolds to give the intended -PHvinyl substituted tripods. The Li reagent gave more 

complete substitution, producing a higher proportion of the tris(sily1phosphine) species 

while the magnesium reagent gave only partial replacement of Si-Br by Si-P. However, 

the major product of reactions between vinylphosphide reagents 76 or 90 and 

tris(bromosi1ane) tripods appeared to result from extensive P-P coupling reactions in the 

presence of SiBr; it is not clear why only the vinylphosphide reagents undergo this 

degradation in presence of bromosilanes 17 and 18. 

The most important result of these studies is the identification of the 

tris(sily1phosphine) templates 83 and 86. These macrocycle precursor compounds were 

identified by NMR spectroscopy, aided by a set of empirical NMR spectroscopic trends 

gleaned from the NMR spectral data of a number of silylphosphine compounds reported 

here or in the literature. Preliminary cyclization attempts of tripods with pendant 

vinylphosphine moieties are promising, as an increase in the number of signals in the 1-2 

ppm region of the 'H NMR spectrum, combined with a decrease in vinylic and PH proton 

signals suggested that P-H addition across the vinylic double bond had occurred, and 

supports the viability of the proposed tris(sily1phosphine) tripods as scaffolds for the non- 

metal ternplated synthesis of P3[9]ane, 1. 

6.2 Suggestions for Future Work 

As stated in Chapter 1, the overall goal of this thesis was to develop a non- 

transition metal template for the synthesis of the C3-symmetric triphosphorus macrocycle 

1,4,7-triphosphacyclononane (1). The work presented in Chapters 2 to 5, summarized in 

Section 6.1 above, has brought this project to the point where it is possible to prepare the 
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desired tris(phosphine) template(s) (83 andlor 86) bearing three pendant vinylphosphine 

units. Cyclization and liberation of macrocycle 1 fiom the Si3 template have not yet been 

achieved, but should be possible through optimization of the methodology outlined in 

Chapter 1 (Scheme 6.1). If the proposed synthetic method proves not to be viable for the 

production of 1, modification of the original Si3 scaffold, or the use of an alternative non- 

metal template may prove more successful; suggestions for work in these areas are given 

below. 

Scheme 6.1 

6.2.1 Optimization of Current Synthetic Methodology 

Formation of the macrocycle precursors 83 and 86 can be achieved by substitution 

of Si-Br groups on tris(si1anes) 17 or 18 by lithium or magnesium vinylphosphides, as 

outlined in Chapter 5. These reactions, which were a preliminary assessment of the metal 

phosphide reagents, have not yet been optimized; higher yields of 83 and 86 could likely 

be realized by careful modification of reaction conditions, including increased reaction 

times to encourage complete substitution of Si-Br by Si-P. Isolation of 83 and 86, both 

high-boiling oils, is expected to be difficult. Prolonged heating of concentrated solutions 

of these compounds, such as that required in a distillation, should be avoided due to the 

possibility of polymerization resulting fi-om thermally induced intermolecular P-H 
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addition reactions across the vinylic double bond. In situ cyclization of the unpurified 

template molecules is therefore suggested as a more efficient alternative to the isolation 

of 83 and 86. Dilution of crude mixtures of the tris(phosphine) templates to -0.1 M in a 

solvent such as toluene should allow intramolecular P-H addition to predominate in the 

subsequent heating with the radical initiator AIBN to give the desired P3 macrocycle (1). 

This species can then be isolated and characterized once released from the tris(si1ane) 

template. 

6.2.2 Modifications of the Proposed Si3 Template Scaffold 

Metathesis reactions with lithium or magnesium phosphide reagents can be used 

to introduce three pendant -PHR substituents into the brominated tripods 17 and 18. 

However, data presented in Chapter 4 suggest that the bromosilane functional group is 

more likely to participate in or mediate unwanted side reactions of lithium phosphide 

reagents than an analogous chlorosilane. Switching from a brominated to a chlorinated 

tripod precursor may reduce the number of side products observed in reactions with 

lithium phosphide reagents. Chlorination of the Si3 scaffold can be carried out as shown 

in Eqn 6-1 (the synthesis of 91 has been reported in the literature'), and should be 

considered as a possible modification for optimizing the synthesis of 83 andlor 86. 

CI, + 3 C12 
Me2si' \11'/si~e2 - Me2Si /'pSiMe2 

I MeaSi I - 3 HCI I Me2Si I 
H l H  Cl ( Cl 

Further modification of the Si3 scaffold could be attempted by replacement of the 

silylhalide groups with silyl triflates, as shown in Eqn 6-2.* Primary and secondary 
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phosphines react with silyl triflates to form silylphosphmes with elimination of triflic 

acid, which can be trapped with an mine  base (Eqn 6-3).3,4 The advantage of the triflate 

(-OS(0)2CF3) functional group over the silylhalides lies in the mild conditions required 

for silicon-phosphorus bond formation. 

I 

3 TfOH - SiMe2 

+ NEt3 
Me3Si-OTf + HPR2 - Me3Si-PR2 + [HNEt3]'0Tf (6-3) 

In the event that cyclization of the template tripods 83 or 86 is prevented by 

excessive crowding around the core of the carbon-centred Si3 tripods, a tripodal template 

with a larger central atom (such as silicon) could be employed. Compounds based on a 

tris(sily1)silane framework such as 93 have been reported in the literature5, and the larger 

size of the central silicon atom would increase the flexibility of the tripod scaffold (a 

consequence of the longer Si-Si bond, relative to C-Si), as well as providing more space 

around the base of the tripod template for cyclization to occur. 

CI 

93 
6.2.3 Alternative Non-Metal Templates 

The selection of a non-metal template for the synthesis of P3[9]ane (1) is not 

limited to tripodal tris(si1ane) fiarneworks. Alternate C3-symmetric template scaffolds 

can be proposed, all of which take advantage of some aspect of phosphorus protecting- 

group chemistry to hold three vinyl phosphine units in close proximity. 
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1,4,7-Triazacyclononane, the commercially available nitrogen analogue of 

phosphamacrocycle 1, is a potential template for the construction of P3[9]ane. Replacing 

the N-H bonds of this template with three pendant vinylphosphine moieties, followed by 

cyclization of the phosphine units as described above should give the desired P3 

macrocycle (Scheme 6.2). Cleavage of the P-N bonds tethering the two macrocycles 

together can be achieved by treating the double macrocycle with HC1, releasing the 

halogenated P3 macrocycle, and allowing recovery of the N3 template. Size mismatches 

between the Ng template and the slightly larger P3 macrocycle that prevent complete 

cyclization can be addressed by increasing the length of the carbon backbone in the N3 

template molecule. 

a-0 
N N N  
I l l  

CIP CIP PC1 

i i k l  

+ + 3 HCI 

1 1 ) LiAIH4 
2) AIBN, A 

1 

Scheme 6.2 

Template scaffolds incorporating three borane units are also potential templates 

for the synthesis of P3[9]ane. The formation of phosphine adducts of Lewis acidic 

boranes is well documented, and could be exploited to hold three cyclizable 

vinylphosphine units in close proximity. Borane functionalized calix-6-arene scaffolds 
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have been investigated in this laboratory as potential templates for the synthesis of 

~ ~ [ 9 ] a n e . ~  With the idea of introducing three bridging -0-B(Ph)-0- units onto the lower 

rim of the calixarene, the model borane (shown below) was prepared. However, this 

borane was unable to form phosphine adducts due to its weak Lewis acidity, a 

consequence of significant overlap of the oxygen lone pairs with the empty p-orbital of 

the borane (Eqn 6-4). 

An alternative borane-based template with only one -0-B linkage at each boron 

centre is based on a cis-1,3,5-cyclohexanetriol skeleton; lithiation of the hydroxyl groups 

on cyclohexane would be followed by metathesis with three equivalents of a 

chlorodialkylborane, to give the proposed scaffold, 94, with three pendant borane groups 

(Scheme 6.3). Addition of vinylphosphine to form the template molecule as the 

tris(phosphine) adduct, followed by cyclization as described above should give the 

triphosphorus macrocycle 1, which can be released from the borane template by 

treatment with an excess of an amine such as m ~ r ~ h o l i n e . ~  The large size of the P3 

macrocycle relative to the cyclohexane scaffold should be compensated for by the 

pendant 4 - B R 2  units, increasing the effective size of the template molecule, and 

permitting cyclization. 
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1) 3 BuLi 
2) 3 Cy2BCI _ 

0. 

OH OH CY2B /O CY~'  O ' B C ~ ~  

94 

AIBN, A 

Scheme 6.3 

The single -0-B linkages should make the boron atoms in 94 more Lewis acidic 

than those in the calix-6-arene template described above. However, if the boron atoms in 

compound 94 are still not Lewis acidic enough to permit phosphine adduct formation, it 

may be necessary to devise a template in which the boron atoms are bound to the scaffold 

through B-C bonds. Synthesis of a tripodal borane such as 95 via a Grignard reaction 

(Eqn 6-5, similar to the synthesis of 15 and 16), or the selection of other tris(boranes) 

with suitable structural types should provide a template with Lewis acidic boron centres 

capable of forming phosphine adducts, and which may also act as a successful non-metal 

template for the cyclization of P3[9]ane. 
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Appendix A 

Line-Shape Analysis of Variable (Low) Temperature 'H and 'H$'P) 
NMR Spectra 

Line-shape analysis was carried out on the SiMe region of 'H or 'H{~'P) NMR 

spectra recorded for compounds 13, 18, and 20 in toluene-ds over a range of 

temperatures, using a modified version of DNMR~'  contained in the software package 

Spinworks 2.32. Rate constants for site exchange were determined by manual iteration at 

each temperature, giving well-matched simulated and experimental spectra. Estimated 

errors in k varied from 2-6%, temperatures are +5 K. Thermodynamic parameters were 

obtained from the slope and intercept of an Eyring plot (ln(k1T) vs. 11T). Energy of 

activation (E,) was determined from the slope of an Arrhenius plot (In k vs. 117'). AGt 

was also calculated for decoalescence of signals in the variable temperature 'H{~'P) 

NMR spectra recorded using the value for the rate constant kc (where kc = xAv~l(2)~'~) in 

the Eyring equation: AGf = -RTc ln[(kch)l(k~Tc)], where R = the gas constant, Tc = 

coalescence temperature, Avc = peak separation at the low temperature limit, h = 

Planck's constant, and kB = Boltzmann constant. Exchange processes in tripods 13, 18, 

and 20 were modeled as a mutual two site exchange of SiMe groups between 

diastereotopic sites, shown in Figure A. 1. Line-shape analysis data, with Eyring and 

Arrhenius plots for exchange of SiMe groups between diastereotopic sites are included 

here for completeness. 
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Figure A.1 Exchange of SiMe groups between diastereotopic sites. 

A.l l,l,l-Tris(bromodimethylsilyl)ethane (18) 

Low temperature 'H NMR of 18 in toluene-ds showed significant broadening of 

the SiMe signal, but no decoalescence point was observed even at 175 K. Rate constants 

for the presumed two-site exchange were obtained fiom line-shape analysis of spectra in 

the fast exchange regime; data obtained at 175 K was not included in analysis as the 

NMR signal of the apical methyl group had merged with the SiMe signal, distorting the 

observed line-shape of the SiMe peak. 

Temp (K) k (s-l) Avc (Hz)' Equation of Line 
240 1 00000~ Eyrina Plot fln /k/T] vs. l /T) 
210 10650 y = -3250.4~ + 19.516 ( R ~  = 0.9985) 

60 Hz 
190 2150 Arrhenius Plot ('ln k vs. l /T)  

180 800 y = -3457.8~ + 25.857 ( R ~  = 0.9985) 
"Estimated value; actual value could not be determined fiom spectra. b~ctual  value is larger than 
maximum k value allowed by simulation sofiware (k > 60000 s-I); tabulated value chosen as 
largest k maintaining linearity of remaining data. 

- -- 
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Data From Eyring Equation 

AH$ 
27.0 kJImol 

(6 A6 kcallmol) 

Data From Arrhenius Equation 
28.7 kJ1mol 

I%4 (6.87 kcallmol) 
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Temp (K) k (s-') Avc (Hz) Equation of Line 
220 18000 Eyring Plot On /k/TI vs. 1/77 

2 10 5700 y = -5263.7~ + 28.36 (R2 = 0.999) 
326 Hz 

200 1650 Arrhenius Plot fln k vs. 1/T) 

190 350 y = -5467.9~ + 34.68 (R2 = 0.9991) 

AHI 
43.8 kJImo1 

(1 0.5 kcallmol) I Ea (10.9 kcallmol) 
195 K 

Table A.4 Thermodynamic parameters determined for 13. 

Table A.5 Line-shape analysis of VT-NMR spectra ('H(~'P)) for 20 in toluene-ds. 

Temp (K) k (s-') Avc (Hz) Equation of Line 
200 5000 Eyrina Plot (In rk/T/ vs. 1/T) 

195 2500 y = -5210.8~ + 29.243 ( R ~  = 0.9972) 

185 550 Arrhenius Plot (In k vs. 1/T) 

180 250 y = -5400.4~ + 35.489 (R2 = 0.9973) 

Coalescence Results Eyring Plot Results Arrhenius Plot Results 

AH$ 
43.3 kJImo1 

(1 0.4 kcallmol) I Ea (10.7 kcallmol) 
184 K 

Eyring Plot Results 

References p 226 

Arrhenius Plot Results Coalescence Results 
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Graph A.1 Eyring Plot for Exchange of SiMe Groups 
Between Diastereotopic Sites 

Graph A.2 Arrhenius Plot for Exchange of SiMe 
Groups Between Diastereotopic Sites 

References p 226 
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A.4 References 

1. Kleier, D. A.; Binsch, G. J. Mag. Res. 1970,3, 146. 

2. Marat, K.; Spinworks 2.3 ed.; University of Manitoba: Winnipeg, MB, 2004. 
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Appendix B 

X-ray Crystallographic Structure Report for 
Tris(bromodirnethy1silyl)methane (17) 

Figu B.l Perspective view of the tris(bromodimethylsily1)methane molecule (17) showing the 
atom labelling scheme. Non-hydrogen atoms are represented by Gaussian ellipsoids 
at the 20% probability level. Hydrogen atoms are shown with arbitrarily small 
thermal parameters. 

This and all following structure determinations were carried out by Dr. Robert 

McDonald at the X-ray Crystallography Laboratory, Department of Chemistry, 

University of Alberta, Edmonton, Alberta, Canada T6G 2G2. Phone: +1 780 492 2485. 

Fax: +l 780 492 823 1. E-mail: Bob.McDonald@ualberta.ca. 



Appendix B-Crystallographic Report for HC(Me2SiBr)3 (1 7) 

Table B.l Crystallographic Experimental Details for HC(Me2SiBr)3 (17) 

A. Crystal Data 
formula 
formula weight 
crystal dimensions (rnrn) 
crystal system 

C7H19Br3Si3 
427.22 
0.69 x 0.24 x 0.12 
monoclinic 
P2 11n (an alternate setting of P2 llc [No. 141) 

B. Data Collection and Re$nement Conditions 
difEactometer Siemens P4RAb 
radiation (A [A]) graphite-monochromated Cu K a  (1.541 78) 
temperature (OC) -60 
scan type 8-2 6 
data collection 2 8 limit (deg) 115.0 
total data collected 2259(-11 IhI0,-15Ik_<0,-11_<1_<12) 
independent reflections 2126 
number of observations (NO) 1955 (Fo2 2 20(Fo2)) 
structure solution method direct methods (SHELXS-86C) 
refinement method full-matrix least-squares on @' (SHELXL-939 
absorption correction method semiempirical ( y scans) 
range of transmission factors 0.6030-0.1136 
datajrestraintslparameters 2126 [Fo2 2 - 3 a 2 ) ]  1 0 I 119 
extinction coefficient (x)e 0.0036 (3) 
goodness-of-fit ( ~ ) f  1.1 5 8 [Fo2 2 -3 o(Fo2)] 
final R indicesg 

R1 [Fo2 2 WFo2)I 0.0552 
wR2 [ F ~ ~  2 -3 o( Fo2)] 0.1557 

largest difference peak and hole 0.897 and -0.992 e A--3 

aobtained fi-om least-squares refinement of 54 reflections with 54.0" < 28< 60.3". 

bPrograms for diffiactometer operation, data collectiop, data reduction and absorption 
correction were those supplied by Siemens. 

(continued) 
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Table B.l Crystallographic Experimental Details for HC(M~Z&B~)~ (17) (continued) 

CSheldrick, G. M. Acta Crystallogr. 1990, A46,467-473. 

d~heldrick, G. M. SHELXL-93. Program for crystal structure determination. University 
of Gijttingen, Germany, 1993. Refinement on Fo2 for all reflections (all of these 
having Fo2 2 -3o(FO2)). Weighted R-factors wR2 and all goodnesses of fit S are 
based on ~ ~ 2 ;  conventional R-factors R1 are based on Fo, with Fo set to zero for 
negative Fo2. The observed criterion of Fo2 > 2o(FO2) is used only for calculating R1, 
and is not relevant to the choice of reflections for refinement. R-factors based on Fo2 
are statistically about twice as large as those based on Fo, and R-factors based on 
ALL data will be even larger. 

eFc* = kFc[l + ~{0.001~~2~3/sin(28))]-1~4 where k is the overall scale factor. 

fs = [cw(F,~ - ~,2)2/(n -p)]1/2 (n = number of data; p = number of parameters varied; w 
= [&(~,2) + (0.0808~)2 + 13.8082~1-I where P = [M~x(F,~, 0) + 2~~2113). 

Table B.2 Atomic Coordinates and Equivalent Isotropic Displacement Parameters for 
HC(Me2SiBr)3 (17) 

Atom 
Brl 
Br2 
Br3 
Si 1 
Si2 
Si3 
Cl  
C11 
C12 
C2 1 
C22 
C3 1 
C32 

Anisotropically-refined atoms are marked with an asterisk (*). The form of the 
anisotropic displacement parameter is: e~p[-2$(h~a*~Ui 1 + k2b*2U22 + F c * ~ U ~ ~  + 
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Table B.3 Selected Interatomic Distances (A) for HC(Me2SiBr)3 (17) 

Atom1 Atom2 Distance Atom1 Atom2 Distance 
Br 1 Si 1 2.263(3) Si2 C1 1.885(7) 
Br2 Si2 2.25 l(3) Si2 C2 1 1.871(10) 
Br3 Si3 2.257(3) Si2 C22 1.857(10) 
Si 1 C1 1.884(8) Si3 C1 1.883(8) 
Si 1 C11 1.871(9) Si3 C3 1 1.857(9) 
Si 1 C12 1.852(9) Si3 C32 1.846(9) 

Table B.4 Selected Interatomic Angles (deg) for HC(Me2SiBrl3 (17) 

Atom 1 
Br 1 
Br 1 
Br 1 
C 1 
C1 
C11 
Br2 
Br2 
Br2 
C1 
C1 

Atom2 
Si 1 
Si 1 
Si 1 
Sil 
Si 1 
Si 1 
Si2 
Si2 
Si2 
Si2 
Si2 

Angle 
1 O7.6(3) 
1 O7.2(3) 
105.8(4) 
1 13 .O(4) 
1 15.4(4) 
107.3(5) 
106.6(3) 
107.0(3) 
1 O2.7(4) 
1 13.4(4) 
1 14.2(4) 

Atom1 
C2 1 
Br3 
Br3 
Br3 
C1 
C1 
C3 1 
Sil 
Si 1 
Si2 

Angle 
1 1 1.9(5) 
108.3(3) 
1 O6.7(3) 
1 O4.7(3) 
1 12.4(4) 
1 l5.6(4) 
1 O8.5(5) 
1 l5.4(4) 
1 15.9(4) 
1 14.4(4) 
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Table B.5 Torsional Angles (deg) for HC(Me2SiBr)3 (17) 

Brl 
Br 1 
Brl 
C11 
Cl1 
C11 
C12 
C12 
C12 
Br2 
Br2 
Br2 
C2 1 
C2 1 
C2 1 
C22 
C22 
C22 
Br3 
Br3 
Br3 
C3 1 
C3 1 
C3 1 
C32 
C32 
C32 

Angle 
-83.9(4) 
53.8(4) 

165.1 
158.1(5) 
-64.3(6) 
47.0 
34.0(6) 

171.6(5) 
-77.1 
-72.5(4) 
149.2(3) 
38.6 
44.9(6) 

-93.3(5) 
156.0 
l74.8(5) 
36.5(7) 

-74.2 
-92.2(4) 
45.9(5) 

156.6 
l5O.2(5) 
-7l.8(6) 
38.9 
24.9(6) 

l63.O(5) 
-86.4 

Table B.6 Least-Squares Planes for HC(Me2SiBr)3 (17) 

Plane Coefficientsa Defining Atoms with Deviations (A)b 

Coefficients are for the form ax-tby-tcz = d where x, y and z are crystallographic 
coordinates. 
b~nderlined atoms were not included in the definition of the plane. 
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Table B.7 Anisotropic Displacement Parameters (Uij, K )  for HC(Me2SiBr), (17) 

Atom Ull u22 u33 u23 

Brl 0.0380(7) 0.041 9(7) 0.0200(6) -0.0045(4) 
Br2 0.041 9(7) 0.0546(8) 0.0377(7) 0.01 86(5) 
Br3 0.0340(6) 0.0369(6) 0.0325(7) 0.0064(4) 
Sil 0.0258(13) 0.0222(12) 0.021 l(13) -0.0022(10) 
Si2 O.O235(13) 0.03 l3(l3) O.O26O(l4) O.OO48(lO) 
Si3 O.O249(13) 0.0200(12) 0.02 l6(l3) 0.0008(9) 
Cl 0.014(4) 0.023(4) 0.01 8(4) 0.005(3) 
Cl 1 0.029(5) 0.049(6) 0.030(6) -0.007(4) 
C12 0.052(7) 0.022(5) 0.047(7) O.OOO(4) 
C21 0.019(5) 0.058(7) 0.040(6) 0.013(5) 
C22 0.045(6) 0.046(6) 0.060(8) 0.004(5) 
C3 1 0.042(6) 0.024(5) 0.043(6) -0.001(4) 
C32 0.030(5) 0.032(5) 0.05 l(7) 0.007(5) 

The form of the anisotropic displacement parameter is: 
e~~[ -2$ (h2a*2U~~  + k2b*2u22 + F c * ~ u ~ ~  + 2klb*c*U23 + 2hla*c*U13 + 2hka*b*U12)] 

Table B.8 Derived Atomic Coordinates and Displacement Parameters for Hydrogen 
Atoms for HC(Me2SiBr)3 (17) 

Atom 
H1 
Hl lA 
Hl lB  
Hl lC  
H12A 
H12B 
H12C 
H21A 
H21B 
H2 1 C 
H22A 
H22B 
H22C 
H31A 
H3 1B 
H31C 
H32A 
H32B 
H32C 



Appendix C 

X-ray Crystallographic Structure Report for l , l , l -  
Tris(bromodimethylsily1)ethane (18) 

V 
Figure C.l Perspective view of the 1,1,1 -tris(bromodimethylsilyl)ethane molecule (18) showing 

the atom labelling scheme. Non-hydrogen atoms are represented by Gaussian 
ellipsoids at the 20% probability level. Hydrogen atoms are shown with arbitrarily 
small thermal parameters. Primed atoms are related to unprimed ones via the 
rotational symmetry operation (I-y, x-y, z); double-primed atoms are related to 
unprimed ones via the operation (1-x+y, 1-x, z) (both operations represent opposite- 
handed one-third rotations about the crystallographc threefold rotational axis (2/3, 
l/3, z) upon which the C1 and C2 atoms are located). 

Figure C.2 View of 18 along the threefold rotational axis. 
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Table C.l Crystallographic Experimental Details for CH3C(Me2SiBr)3 (18) 

A. Crystal Data 
formula 
formula weight 
crystal dimensions (rnm) 
crystal system 
space group 
unit cell parametersa 

a ( 4  
c (4 
v (A3) 
z 

Pcalcd (g ~ m - ~ )  
P (mm-9 

CsH21Br3Si3 
441.25 
0.88 x 0.19 x 0.16 
hexagonal 
P631m (No. 176) 

B. Data Collection and Refinement Conditions 
diffiactometer 
radiation (A [A]) 
temperature ("C) 
scan type 
data collection 2 8 limit (deg) 
total data collected 
independent reflections 
number of observed reflections (NO) 
structure solution method 
refinement method 
absorption correction method 
range of transmission factors 
datdrestraintslparameters 
extinction coefficient (x)e 
goodness-of-fit (S)f 
final R indicesg 

R1 P o 2  2 24F02)1 
wR2 [Fo2 2 -3 4 Fo2)] 

largest difference peak and hole 

Bruker PLATFORMISMART 1000 C C D ~  
graphite-monochromated Mo K a  (0.7 1073) 
-80 
w scans (0.3") (15 s exposures) 
52.72 
3156(-11 I h I 6 , - 1 1  I k S 1 1 , - 1 3 I l I 1 3 )  
608 (Rbt = 0.0341) 
5 1 9 [Fo2 2 2 a(Fo2)] 
direct methods (SHELXS-86C) 
full-matrix least-squares on @ (SHEWCL-939 
multi-scan (SADABS) 
0.3838-0.0591 
608 [F,~ 2 -3 a(Fo2)] I 0 I 3 8 
0.0155 (17) 
1.145 [Fo2 2 -3 o( Fo2)] 

0.0254 
0.0575 
0.371 add -0.359 e A-3 

aObtained fiom least-squares refinement of 1506 reflections with 5.05" < 28< 51.98'. 

b~ro~rams  for diffiactometer operation, data collection, data reduction and absorption 
correction were those supplied by Bruker. 

CSheldrick, G. M. Acta Crystallogr. 1990, A46,467-473. 
(continued) 
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Table C.l Crystallographic Experimental Details for CH3C(Me2SiBr), (18) (continued) 

dsheldrick, G. M. SHELXC-93. Program for crystal structure determination. University 
of Gottingen, Germany, 1993. Refinement on ~~2 for all reflections (all of these 
having Fo2  2 - 3 6 2 ) ) .  Weighted R-factors wR2 and all goodnesses of fit S are 
based on Fo2; conventional R-factors R1 are based on Fo, with Fo set to zero for 
negative Fo2. The observed criterion of Fo2 > 20(F02) is used only for calculating R1, 
and is not relevant to the choice of reflections for refinement. R-factors based on Fo2 

are statistically about twice as large as those based on F,, and R-factors based on 
ALL data will be even larger. 

eFc* = kFc[l + x { 0 . 0 0 l ~ ~ ~ ~ ~ / s i n ( 2 @ ) ] - ~ ~ ~  where k is the overall scale factor. 

f~ = [CW(F,~ - FC2)2/(n -p)] 112 (n = number of data; p = number of parameters varied; w 
= [ d ( ~ ~ 2 )  + (0.0174P)2 + 0.5075~1-I where P = [M~x(F,~, 0) + 2FC2]/3). 

Table C.2 Atomic Coordinates and Equivalent Isotropic Displacement Parameters for 
CH3C(Me2SiBr)3 (18) 

Atom x Y z ueqy A2 
Br 0.38480(5) 0.45728(5) 0.2500 0.0659(2)* 
Si 0.44495(11) 0.24979(11) 0.2500 0.0381(3)* 
Cla 0.6667 0.3333 0.3039(7) 0.0278(15)* 
C2a 0.6667 0.3333 0.4454(7) 0.05 l(2)" 
~ 3 b  0.2905(8) 0.0944(7) 0.3595(7) 0.0642(18)* 
C4b 0.401 9(9) 0.1787(9) 0.0957(6) 0.0649(17)* 

Anisotropically-refined atoms are marked with an asterisk (*). The form of the 
anisotropic displacement parameter is: e ~ p [ - 2 d ( h ~ a * ~ U ~ ~  + k2b*2U22 + + 
2klb*c* U23 + 2hla*c* U13 + 2hka*b* U12)]. aRefined with an occupancy factor of l/6 (= 

113 [due to special position symmetry] x 112 [due to disorder]). bRefined with an 

occupancy factor of 0.5. 
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Table C.3 Selected Interatomic Distances (A) for CH3C(Me2SiBr)3 (18) 

Atom1 Atom2 Distance Atom1 Atom2 Distance 
Br Si 2.2670(10) Si C4 1.814(7) 
Si C1 1.905(2) C1 C2 1 .577(11) 
Si C3 1.890(6) 

Table C.4 Selected Interatomic Angles (deg) for CH3C(Me2SiBr)3 (18) 

Atom1 Atom2 Atom3 Angle Atom1 Atom2 Atom3 Angle 
Br Si C1 109.38(5) C1 Si C4 1 16.4(3) 
Br Si C3 103.60(18) C3 Si C4 1 12.8(4) 
Br Si C4 1 02.0(2) Si C1 Si' 1 1 0.6(2) 
C1 Si C3 1 1 1.4(3) Si C1 C2 1 08.4(2) 

Table C.5 Torsional Angles (deg) for CH3C(Me2SiBr)3 (18) 

Atoml 
Br 
Br 
Br 
C3 
C3 
C3 
C4 
C4 
C4 

Atom4 Angle 
Si' -158.08(19) 
Si" -35.3(3) 
C2 83.29(8) 
Si' 88.0(4) 
Si" -149.3(3) 
C2 -30.6(2) 
Si' -43.2(4) 
Si" 79.5(4) 
C2 -161.8(3) 

Primed atoms are related to unprimed ones via the rotational symmetry operation (1-y, x- 
y, z); double-primed atoms are related to unprimed ones via the operation (1-x+y, 1-x, z) 
(both operations represent opposite-handed one-third rotations about the crystallographic 
threefold rotational axis (213, 113'2)). 
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Table C.6 Least-Squares Planes for CH3C(Me2SiBr)3 (18) 

Plane Coefficientsa Defining Atoms with Deviations (A)b 

Si Si' Si" 

Cl 0.600(7) 2.177(8) - 
C3 1.220(8) -1.719(7) - 

acoefficients are for the form ax+by+cz = d where x, y and z are crystallographic 
coordinates. 
bPrimed atoms are related to unprimed ones via the rotational symmetry operation (I-y, 
x-y, z); double-primed atoms are related to unprimed ones via the operation (1-x+y, 1-x, 
z) (both operations represent opposite-handed one-third rotations about the 
crystallographic threefold rotational axis (213, 113,~)). Underlined atoms were not 
included in the definition of the plane. 

Table C.7 Anisotropic Displacement Parameters (Uij, A2) for CH3C(Me2SiBr), (18) 

Atom u11 u22 u33 u23 u13 u12 

Br 0.0459(3) 0.05 15(3) 0.1 13 l(5) 0.000 0.000 0.0340(2) 
Si 0.0286(5) 0.0345(5) 0.0499(6) 0.000 0.000 0.0148(4) 
C1 0.028(2) 0.028(2) 0.028(3) 0.000 0.000 0.0138(10) 
C2 0.060(4) 0.060(4) 0.03 l(4) 0.000 0.000 0.0301(18) 
C3 0.041 (3) 0.041 (3) 0.102(5) 0.009(3) 0.025(4) 0.014(3) 
C4 0.060(4) 0.067(4) 0.069(4) -0.023(4) -0.034(3) 0.034(4) 

The form of the anisotropic displacement parameter is: 
e ~ ~ [ - 2 $ ( h 2 a * ~ U ~ ~  + k2b*2U22 + + 2klb*c*U23 + 2hla*c*U13 + 2hka*b*Ul2)] 

Table C.8 Derived Atomic Coordinates and Displacement Parameters for Hydrogen 
Atoms for CH3C(Me2SiBr)3 (18) 

Atom 
H2a 
H3A 
H3B 
H3C 
H4A 
H4B 
H4C 

ahcluded with an occupancy factor of 0.5. 
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X-ray Crystallographic Structure Report for 
Tris(diphenylphosphinodimethylsilyl)methane (13) 

U 

Figure D.l Perspective view of the C43H4gP3Si3 molecule (13) showing the atom labelling 
scheme. Non-hydrogen atoms are represented by Gaussian ellipsoids at the 20% 
probability level. Hydrogen atom H1 is shown with an arbitrarily small thermal 
parameter; all other hydrogens are not shown. 

Figure D.2 Alternate view of 13 slightly offset from the C1-H1 bond axis, illustrating the 
pseudo-threefold symmetry of the molecule and the orientations of the phosphorus 
lone pairs. 



Appendix D-Ciystallograpic Report for HC(Me2SiPPhd3 (13) 239 

Table D.l Crystallographx Experimental Details for HC(Me2SiPPh2)3 (13) 

A. Cqvtal Data 
formula 
formula weight 
crystal dimensions (mm) 
crystal system 
space group 
unit cell parametersa 

a (A) 
b (A) 
c ( 4  
P (deg) 
J7 (A3) 
z 

Pcalcd (g ~ m - ~ )  
P (mm-9 

C43H49P3Si3 
743 .OO 
0.34 x 0.26 x 0.18 
monoclinic 
P2 l /n  (an alternate setting of P2llc [No. 141) 

B. Data Collection and ReJinement Conditions 
diffkactometer Bruker P4/RA/SMART 1000 C C D ~  
radiation (A [A]) graphite-monochromated Mo Kar (0.7 1073) 
temperature (OC) -80 
scan type 4rotations (0.3") / w scans (0.3") (20 s exposures) 
data collection 2 8 limit (deg) 5 1.40 
total data collected 25199(-22_<hI22 , -12IkI12 , -261ZI24)  
independent reflections 7834 
number of observations (NO) 54 1 8 (Fo2 2 2 o(Fo2)) 
structure solution method direct methods (SHELXS-86C) 
refinement method full-matrix least-squares on (SHELXL-93d) 
absorption correction method multi-scan (SADABS) 
range of transmission factors 0.9629-0.5420 
dataJrestraints1parameters 7834 [ F ~ ~  2 -3o(FO2)] 1 0 1442 
goodness-of-fit (S)e 0.950 [Fo2 2 - 3 4  Fo2)] 
final R indicesg 

R1 [Fo2 2 20(Fo2)I 0.0442 
wR2 [Fo2 2 -3 o( Fo2)] 0.1 146 

largest difference peak and hole 0.399 and -0.278 e A-3 

QObtained fi-om least-squares refinement of 6746 centered reflections. 

b~rograms for diffkactometer operation, data collection, data reduction and absorption 
correction were those supplied by Bruker. 

(continued) 
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Table D.1 Crystallographic Experimental Details for HC(Me2SiPPh2), (13) (continued) 

CSheldrick, G. M. Acta Crystallogr. 1990, A46,467-473. 

d~heldrick, G. M. SHELXL-93. Program for crystal structure determination. University 
of Gottingen, Germany, 1993. Refinement on Fo2 for all reflections (all of these 
having Fo2 2 - 3 a 2 ) ) .  Weighted R-factors wR2 and all goodnesses of fit S are 
based on Fo2; conventional R-factors R1 are based on Fo, with Fo set to zero for 
negative Fo2. The observed criterion of Fo2 > 2o(FO2) is used only for calculating R1, 
and is not relevant to the choice of reflections for refinement. R-factors based on ~~2 

are statistically about twice as large as those based on Fo, and R-factors based on 
ALL data will be even larger. 

"5' = [2w(Fo2 - Fc2)2/(n -p) ]  1'2 (n = number of data; p = number of parameters varied; w 
= [&(~,2) + (0.0623P)2]-1 where P = [Max(Fo2, 0) + 2Fc2]/3). 

f~~ = CIIFoI - IF,JICIF0I; wR2 = [Cw(Fo2 - F , ~ ) ~ / C W ( F ~ ~ ) ] ~ ~ ~ .  
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Table D.2 Atomic Coordinates and Equivalent Isotropic Displacement Parameters for 

Atom 
P 1 
P2 
P3 
Si 1 
Si2 
Si3 
C1 
C2 
C3 
C4 
C5 
C6 
C7 
C11 
C12 
C13 
C14 
C15 
C16 
C2 1 
C22 
C23 
C24 
C25 
C26 
C3 1 
C32 
C33 
C34 
C35 
C36 
C4 1 
C42 
C43 
C44 
C45 
C46 
C5 1 
C52 
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Table D.2 Atomic Coordinates and Displacement Parameters for HC(Me2SiPPh2)3 (13) 
(continued) 

Atom x Y 
C53 0.56835(14) 0.0892(3) 
C54 0.57988(14) -0.0230(3) 
C55 0.54064(14) -0.13 13(3) 
C56 0.48901(13) -0.1273(3) 
C6 1 0.39130(12) -0.1744(2) 
C62 0.44093(14) -0.2398(3) 
C63 0.43087(18) -0.3667(3) 
C64 0.3698(2) -0.43 13(3) 
C65 0.3 1929(18) -0.3692(3) 
C66 0.32987(14) -0.2419(3) 

Anisotropically-refined atoms are marked with an asterisk (*). The form of the anisotropic 

displacement parameter is: e ~ ~ [ - 2 z ~ ( h ~ a * ~  u1 1 + k2b*2u22 + 12c*2 u~~ + 2klb*c* U23 + 
2hla*c*U13 + 2hka*b*U12)]. 
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Table D.3 Selected Interatomic Distances (A) for HC(Me2SiPPh2)3 (13) 

Atoml Atom2 Distance 
2.2827(lO) 
1.845(2) 
l.837(3) 
2.2794(10) 
1.835(2) 
1.836(3) 
2.2722(8) 
1.834(2) 
1.832(2) 
1.906(2) 
1.870(3) 
1.875(3) 
1.894(2) 
1.871(3) 
1.873(2) 
1.900(2) 
1.869(3) 
1.878(2) 
1.398(4) 
1.389(4) 
1.391(4) 
1.370(4) 
1.374(4) 
1.393(4) 
1.394(4) 
1.388(4) 
1.374(4) 

Atoml 
C23 
C24 
C25 
C3 1 
C3 1 
C32 
C33 
C34 
C35 
C4 1 
C4 1 
C42 
C43 
C44 
C45 
C5 1 
C5 1 
C52 
C53 
C54 
C55 
C6 1 
C6 1 
C62 
C63 
C64 
C65 

Distance 
1.375(4) 
1.373(4) 
1.381(4) 
1.385(3) 
1.397(3) 
1.385(4) 
1.374(4) 
1.376(4) 
1.374(4) 
1.389(4) 
1.391(3) 
1.380(4) 
1.369(4) 
1.381(4) 
1.389(4) 
1.4Ol(3) 
1.396(3) 
1.387(4) 
1.375(4) 
1.376(4) 
1.382(3) 
1.392(3) 
1.398(3) 
1.375(4) 
1.374(4) 
1.378(4) 
1.386(4) 
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Table D.4 Selected Interatomic Angles (deg) for HC(Me2SiPPh& (13) 

Atoml Atom2 Angle 
97.72(8) 
1 O6.80(9) 
103 .29(ll) 
99.03(8) 
108.41(8) 
101.75(11) 
101.10(7) 
106.75(8) 
101 .%(I 1) 
107.28(8) 
106.53(9) 
109.58(10) 
110.83(11) 
117.71(11) 
1 O4.4O(l3) 
108.10(8) 
103.49(10) 
111.17(9) 
1 1 1 .25(ll) 
1 l5.84(ll) 
106.31(13) 
107.82(7) 
lO3.40(8) 
109.98(8) 
1 1 l.38(ll) 
1 l6.28(lO) 
1 O7.23(12) 
114.34(12) 
11 l.84(ll) 
1 l5.O3(ll) 
117.19(19) 
124.0(2) 
1 l8.8(2) 
120.4(3) 
120.1(3) 
120.1(3) 
120.6(3) 
120.0(3) 
117.3(2) 

Atoml Atom2 Atom3 Angle 
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Table D.5 Torsional Angles (deg) for HC(Me&PPh& (13) 

Atom1 

C11 

C11 

C11 

C2 1 

C2 1 

C2 1 

Sil 

Si 1 

C2 1 

C2 1 

Sil 

Sil 

C11 

C11 

C3 1 

C3 1 

C3 1 

C4 1 

C4 1 

C4 1 

S i2 

S i2 

C4 1 

C4 1 

Si2 

S i2 

C3 1 

C3 1 

C5 1 

C5 1 

C5 1 

C6 1 

C6 1 

C6 1 

Si3 

Si3 

C6 1 

C6 1 

Si3 

Si3 

Atom3 

Sil 

Sil 

Sil 

Sil 

Sil 

Sil 

C11 

C11 

C11 

C11 

C2 1 

C2 1 

C2 1 

C2 1 

Si2 

Si2 

Si2 

S i2 

Si2 

S i2 

C3 1 

C3 1 

C3 1 

C3 1 

C4 1 

C4 1 

C4 1 

C4 1 

Si3 

Si3 

Si3 

Si3 

Si3 

Si3 

C5 1 

C5 1 

C5 1 

C5 1 

C6 1 

C6 1 

Angle 

-178.12(11) 

-59.38(12) 

53.02(13) 

75.43(11) 

-165.83(11) 

-53.44(12) 

90.9(2) 

-87.5(2) 

-159.7(2) 

2 1.9(3) 

171.23(17) 

-14.3(2) 

68.8(2) 

-1 16.7(2) 

175.99(11) 

-65.94(12) 

47.80(12) 

70.32(11) 

-171.62(12) 

-57.88(12) 

99.4(2) 

-80.1(2) 

-149.5(2) 

3 1.0(2) 

179.85(17) 

-3.9(2) 

76.1(2) 

-107.7(2) 

166.09(11) 

-75.86(12) 

38.38(12) 

59.87(11) 

177.92(12) 

-67.84(12) 

83.25(17) 

-99.88(18) 

-166.77(18) 

10.1(2) 

-168.43(17) 

9.9(2) 

Atom 1 
C5 1 

C5 1 

P 1 

P 1 

P1 

C2 

C2 

C2 

C3 

C3 

C3 

P2 

P2 

P2 

C4 

C4 

C4 

C5 

C5 

C5 

P3 

P3 

P3 

C6 

C6 

C6 

C7 

C7 

C7 

P i  

C16 

P1 

C12 

C11 

C12 

C13 

C14 

P1 

C26 

P 1 

Atom2 

P3 

P3 

Sil 

Sil 

Sil 

Sil 

Si 1 

Sil 

Sil 

Sil 

Sil 

Si2 

Si2 

Si2 

Si2 

Si2 

Si2 

Si2 

Si2 

Si2 

Si3 

Si3 

Si3 

Si3 

Si3 

Si3 

Si3 

Si3 

Si3 

C11 

C11 

C11 

C11 

C12 

C13 

C14 

C15 

C2 1 

C2 1 

C2 1 

Atom4 

C62 

C66 

Si2 

Si3 

H1 

Si2 

Si3 

H1 

Si2 

Si3 

HI 

Sil 

Si3 

H1 

Si 1 

Si3 

H 1 

Sil 

Si3 

H1 

Sil 

Si2 

H 1 

Sil 

Si2 

H1 

Sil 

Si2 

H 1 

C13 

C13 

C15 

C15 

C14 

C15 

C16 

C11 

C23 

C23 

C25 

245 

Angle 

86.0(2) 

-95.7(2) 

-151.16(10) 

75.87(12) 

-37.1 

92.92(15) 

-4O.O5(16) 

-153.0 

-27.11(19) 

-160.08(14) 

87.0 

65.78(13) 

-162.78(9) 

-48.3 

-47.20(17) 

84.24(15) 

-161.3 

-168.74(13) 

-37.29(17) 

77.2 

-160.19(9) 

67.18(13) 

-47.3 

87.03(14) 

-45.60(15) 

-160.0 

-36.20(17) 

-168.83(12) 

76.7 

-177.0(2) 

1.5(4) 

l77.4(2) 

-1 .O(4) 

-0.9 (4) 

-0.2(4) 

0.7(5) 

-0.1(4) 

176.0(2) 

1 .O(4) 

- 174.7(2) 
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Table D.5 Torsional Angles (deg) for HC(Me2SiPPh2)3 (13) (continued) 

Atoml 

C22 

C2 1 

C22 

C23 

C24 

P2 

C36 

P2 

C32 

C3 1 

C32 

C3 3 

C34 

P2 

C46 

P2 

C42 

C4 1 

C42 

Angle 

-0.2(4) 

-0.8(4) 

-0.2(4) 

1.0(5) 

-0.8(5) 

-179.0(2) 

0.6(4) 

178.9(2) 

-0.6(4) 

-0.6(5) 

0.7(5) 

-0.7(5) 

0.7(5) 

176.3(2) 

-0.3(4) 

-175.5(2) 

0.7(4) 

-0.2(4) 

0.3(4) 

Atoml 

C43 

C44 

P3 

C56 

P3 

C52 

C5 1 

C52 

C53 

C54 

P3 

C66 

P3 

C62 

C6 1 

C62 

C63 

C64 

Atom3 Atom4 . Angle 

Table D.6 Least-Squares Planes for HC(Me2SiPPh2)3 (13) 

Plane Coeffi cientsa Defining Atoms with Deviations (A)b 

Woefficients are for the form ax+by+cz = d where x, y and z are crystallographic 
coordinates. 

b~nderlined atoms were not included in the definition of the plane. 
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Table D.7 Anisotropic Displacement Parameters (Uij, A2) for HC(Me2SiPPh2)? (13) 

Atom 
P 1 
P2 
P3 
Sil 
Si2 
Si3 
C1 
C2 
C3 
C4 
C5 
C6 
C7 
C11 
C12 
C13 
C14 
C15 
C16 
C2 1 
C22 
C23 
C24 
C25 
C26 
C3 1 
C32 
C33 
C34 
C35 
C36 
C4 1 
C42 
C43 
C44 
C45 
C46 
C5 1 
C52 
C53 
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Table D.7 Anisotropic Displacement Parameters for HC(Me2SiPPh2)3 (13) (continued) 

Atom 
C54 
C55 
C56 
C6 1 
C62 
C63 
C64 
C65 
C66 

The form of the anisotropic displacement parameter is: 
+ k2b*2U22 + F c * ~ U ~ ~  + 2klb*c*U23 + 2hla*c*U13 + 2hka*b*Ulz)] 

Table D.8 Derived Atomic Coordinates and Displacement Parameters for Hydrogen 
Atoms for HC(Me2SiPPh2)3 (13) 

Atom 
H1 
H2A 
H2B 
H2C 
H3A 
H3B 
H3C 
H4A 
H4B 
H4C 
H5A 
H5B 
H5C 
H6A 
H6B 
H6C 
H7A 
H7B 
H7C 
H12 
H13 
H14 
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Table D.8 Derived Parameters for Hydrogen Atoms for HC(Me2SiPPh2)3 (13) 

Atom 
H15 
H16 
H22 
H23 
H24 
H25 
H26 
H32 
H33 
H34 
H3 5 
H36 
H42 
H43 
H44 
H45 
H46 
H52 
H53 
H54 
H55 
H56 
H62 
H63 
H64 
H65 
H66 

(continued) 



Appendix E 

X-ray Crystallographic Structure Report for 1,1,1- 
Tris(diphenylphosphinodimethylsilyl)ethane (14) 

Figure E.l 

u 
C5 

Perspective view of the MeC(SiMe2PPh2)3 molecule (14) showing the atom 
labelling scheme. Non-hydrogen atoms are represented by Gaussian ellipsoids at the 
20% probability level. Hydrogen atoms are not shown. 
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Figure E.3 View of 14 with the Sil-Si2-Si3 plane shown almost edge-on. Only the ips0 
carbons of the phenyl groups are shown. 
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Table E.l Crystallographic Experimental Details for CH3C(Me2SiPPh& (14) 

A. Crystal Data 
formula 
formula weight 
crystal dimensions (mm) 
crystal system 
space group 
unit cell pararnetersa 

a ( 4  
b (4 
c (4 
a (deg) 
P (deg) 
Y (deg) 
v (A3) 
z 

Pcalcd ~ m - ~ )  
P (mm-9 

C44H5 lP3Si3 
757.03 
0.43 x 0.27 x 0.24 
triclinic 
p i  (NO. 2) 

B. Data Collection and Refinement Conditions 
diffiactometer 
radiation ( A  [A]) 
temperature ("C) 
scan type 
data collection 2 6 limit (deg) 
total data collected 
independent reflections 
number of observed reflections (NO) 
structure solution method 
refinement method 
absorption correction method 
range of transmission factors 
data/restraintslparameters 
goodness-of-fit (S)e 

final R indicesf 
R 1 [Fo2 2 2 o(FO2)1 
wR:! [Fo2 2 -3 o( Fo2)] 

largest difference peak and hole 

Bruker PLATFORMISMART 1 000 C C D ~  
graphite-monochromated Mo K a  (0.7 1073) 
-80 
w scans (0.4") (1 5 s exposures) 
52.78 
10365 (-15 r h 5 15, -16 < k s  13, -13 I 1s 17) 
8299 (Rbt = 0.0256) 
5997 [F~Z 2 2 o ( ~ , ~ ) ]  
direct methodslfiagrnent search (DIRDIF-96C) 
full-matrix least-squares on (SHELXL-936) 
Gaussian integration (face-indexed) 
0.95 19-0.8982 
8299 [Fo2 2 -3 a ' ) ]  1 0 I 45 1 
1.007 [Fo2 2 -3 o( Fo2)] 

0.0461 
0.1260 
0.443 and -0.399 e A-3 

QObtained from least-squares refinement of 6375 reflections with 5.04" < 20< 52.70". 

(continued) 
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Table E.l Crystallographic Experimental Details for CH3C(Me2SiPPh2)3 (14) 
(continued) 

b~rograms for diffi-actometer operation, data collection, data reduction and absorption 
correction were those supplied by Bruker. 

CBeurskens, P. T.; Beurskens, G.; Bosman, W. P.; de Gelder, R.; Garcia Granda, S.; 
Gould, R. 0.; Israel, R.; Smits, J. M. M. (1996). The DIRDIF-96 program system. 
Crystallography Laboratory, University of Nijmegen, The Netherlands. 

dsheldrick, G. M. SHELXL-93. Program for crystal structure determination. University 
of Gottingen, Germany, 1993. Refinement on FO2 for all reflections (all of these 
having Fo2 > -30(F02)). Weighted R-factors wR2 and all goodnesses of fit S are 
based on F02; conventional R-factors R1 are based on Fo, with Fo set to zero for 
negative Fo2. The observed criterion of FO2 > 2o(FO2) is used only for calculating R1, 
and is not relevant to the choice of reflections for refinement. R-factors based on Fo2 

are statistically about twice as large as those based on Fo, and R-factors based on 
ALL data will be even larger. 

eS = [ C W ( F ~ ~  - FC2)2/(n -p)]1/2 (n = number of data;p = number of parameters varied; w 
= [c?(Fo2) + (0.073 1 ~)2]-1 where P = [M~x(F,~, 0) + 2~,2]/3). 
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Table E.2 Atomic Coordinates and Equivalent Isotropic Displacement Parameters for 

Atom 
P 1 
P2 
P 3 
Si 1 
Si2 
Si3 
C1 
C2 
C3 
C4 
C5 
C6 
C7 
C8 
C11 
C12 
C 13 
C14 
C15 
C16 
C2 1 
C22 
C23 
C24 
C25 
C26 
C3 1 
C32 
C33 
C34 
C35 
C36 
C4 1 
C42 
C43 
C44 
C45 
C46 
C5 1 
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Table E.2 Atomic Coordinates and Displacement Parameters for CH3C(Me2SiPPh2)3 
(14) (continued) 

Atom 
C52 
C53 
C54 
C55 
C56 
C6 1 
C62 
C63 
C64 
C65 
C66 

Anisotropically-refined atoms are marked with an asterisk (*). The form of the 
anisotropic displacement parameter is: + k2b*2U22 + Fc*2U33 + 
2klb*c*U23 + 2hla*c*U13 + 2hka*b*U12)]. 

Table E.3 Selected Interatomic Distances (A) for CH3C(Me2SiPPh2)3 (14) 

Distance 
2.3151(9) 
1.840(2) 
1.840(2) 
2.2948(9) 
1.836(2) 
1.839(2) 
2.3063(9) 
1.842(2) 
1.839(3) 
1.923(2) 
1 .874(3) 
1.871(3) 
1.91 l(2) 
1.868(3) 
1.882(2) 
1.918(2) 
1.870(2) 
1.872(2) 
1.567(3) 

Distance 
1.389(3) 
1.393(3) 
1.380(4) 
1.372(4) 
1.377(4) 
1.389(4) 
1.384(3) 
1.391(4) 
1.387(4) 
1.373(4) 
1.375(4) 
1.388(4) 
1.393(4) 
1.384(3) 
1.377(4) 
1.376(5) 
1.377(5) 
1.387(4) 
1.395(3) 
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Table E.3 Selected Interatomic Distances (A) for CH3C(Me2SiPPh2)3 (14) (continued) 

Atom1 Atom2 Distance Atom1 Atom2 Distance 
C4 1 C46 1.399(3) C54 C55 1.377(4) 
C42 C43 1.392(4) C55 C56 1.386(4) 
C43 C44 1.370(4) C6 1 C62 1.395(4) 
C44 C45 1.369(5) C6 1 C66 1.394(4) 
C45 C46 1.400(4) C62 C63 1.378(4) 
C5 1 C52 1.399(3) C63 C64 1.385(5) 
C5 1 C56 1.392(3) C64 C65 1.376(5) 
C52 C53 1.382(4) C65 C66 1.383(4) 
C53 C54 1.376(4) 

Table E.4 Selected Interatomic Angles (deg) for CH3C(Me2SiPPh2)3 (14) 

Atoml Atom2 Angle 
lOl.75(8) 
lO3.48(8) 
104.64(11) 
1 lO.Ol(8) 
99.37(8) 

101 .34(ll) 
lOl.72(9) 
1 O6.O5(8) 
lOl.32(ll) 
107.60(7) 
108.59(8) 
107.47(9) 
113.51(11) 
112.36(11) 
107.11(13) 
1 12.26(7) 
lOl.70(8) 
1 1 O.69(9) 
112.21(11) 
1 l3.37(lO) 
105.82(12) 
1 O7.77(7) 
lO9.15(9) 
1 O7.82(9) 
1 12.09(10) 
1 l2.l9(ll) 
107.72(11) 
110.03(11) 
1 O9.69(ll) 

Atoml Atom2 Angle 
107.10(14) 
112.09(11) 
1 O9.OO(l4) 
lO8.79(15) 
1 l6.46(19) 
125.84(19) 
1 17.7(2) 
121.5(3) 
120.2(3) 
1 19.6(2) 
120.4(3) 
120.6(2) 
124.31(19) 
1 l7.4(2) 
117.9(2) 
121.3(3) 
120.2(3) 
1 19.5(3) 
120.5(3) 
120.7(3) 
1 15.70(19) 
125.9(2) 
118.1(2) 
12 1.2(3) 
120.1(3) 
1 19.7(3) 
l2O.2(3) 
120.7(3) 
123.91(19) 
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Table E.4 Selected Interatomic Angles (deg) for CH3C(Me2SiPPh2)3 (14) (continued) 

Angle 
1 l8.3(2) 
1 17.7(2) 
120.9(3) 
l2O.4(3) 
l2O.2(3) 
120.1(3) 
120.7(3) 
123.86(19) 
1 l8.2(2) 
1 l7.9(2) 
120.6(2) 
120.7(3) 

Atoml 
C53 
C54 
C5 1 
P3 
P 3 
C62 
C6 1 
C62 
C63 
C64 
C6 1 

Table E.5 Torsional Angles (deg) for CH3C(Me2SiPPh2)3 (14) 

Atoml Atom2 
C11 

C11 

C11 

C2 1 

C2 1 

C2 1 

Sil 

Sil 

C2 1 

C2 1 

Sil 

Sil 

C11 

C11 

C3 1 

C3 1 

C3 1 

C4 1 

C4 1 

C4 1 

Si2 

Si2 

C4 1 

C4 1 

Atom3 
Sil 

Si 1 

Sil 

Sil 

Sil 

Sil 

C11 

C11 

C11 

C11 

C2 1 

C2 1 

C2 1 

C2 1 

Si2 

Si2 

Si2 

Si2 

Si2 

Si2 

C3 1 

C3 1 

C3 1 

C3 1 

Angle 

-134.68(10) 

-1 1.44(12) 

104.1 l(12) 

116.95(11) 

-1 19.81(12) 

-4.27(13) 

122.24(17) 

-57.0(2) 

-130.27(19) 

50.5(2) 

117.0(2) 

-70.8(2) 

10.8(3) 

-177.0(2) 

-79.04(11) 

160.82(11) 

48.75(13) 

175.16(11) 

55.03(12) 

-57.05(12) 

178.03(17) 

4.6(2) 

-77.5(2) 

109.1(2) 

Atoml 
Si2 

Si2 

C3 1 

C3 1 

C5 1 

C5 1 

C5 1 

C61 

C6 1 

C6 1 

Si3 

Si3 

C6 1 

C6 1 

S i3 

Si3 

C5 1 

C5 1 

P 1 

P 1 

P 1 

C3 

C3 

C3 

Atom2 
P2 

P2 

P2 

P2 

P3 

P3 

P3 

P3 

P3 

P3 

P3 

P3 

P3 

P3 

P3 

P3 

P3 

P3 

Sil 

Sil 

Si 1 

Sil 

Si 1 

Si 1 

Angle 
119.5(3) 
l2O.3(3) 
l2O.9(3) 
1 22.1 (2) 
12 1.2(2) 
1 l6.l(2) 
122.3(3) 
120.2(3) 
1 19.0(3) 
120.4(3) 
122.1(3) 

Atom3 Atom4 Angle 
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Table E.5 Torsional Angles (deg) for CH3C(Me2SiPPh2)3 (14) (continued) 

Si 1 

Si 1 

Sil 

Si2 

Si2 

Si2 

Si2 

Si2 

Si2 

Si2 

Si2 

Si2 

Si3 

Si3 

Si3 

Si3 

Si3 

S i3 

Si3 

S i3 

Si3 

C11 

C11 

C11 

C11 

C12 

C13 

C14 

C15 

C2 1 

C2 1 

C2 1 

C2 1 

C22 

Atom4 

Si2 

Si3 

C2 

Sil 

Si3 

C2 

Sil 

S i3 

C2 

Sil 

Si3 

C2 

Si 1 

Si2 

C2 

Sil 

Si2 

C2 

Si 1 

Si2 

C2 

C13 

C13 

C15 

C15 

C14 

C15 

C16 

C11 

C23 

C23 

C25 

C25 

C24 

C25 

Angle 
-42.32(15) 

-166.07(12) 

76.03(17) 

-157.42(7) 

-35.08(13) 

85.41(15) 

-43.60(14) 

78.74(14) 

-160.77(15) 

76.22(14) 

-161.43(12) 

-40.95(19) 

-163.36(8) 

74.1 l(11) 

-46.5O(l5) 

-43.24(15) 

-165.78(12) 

73.61(17) 

78.1 l(13) 

-44.43(15) 

-165.04(14) 

-179.3(2) 

0.0(4) 

179.71(18) 

0.5(3) 

-0.8(4) 

1.1(4) 

-0.6(4) 

-0.2(4) 

173.1(2) 

0.8(4) 

-1 74.2(2) 

- 1.4(4) 

0.6(5) 

-1.5(5) 

Atom 1 

C23 

C24 

P2 

C3 6 

P2 

C32 

C3 1 

C32 

C33 

C34 

P2 

C46 

P2 

C42 

C4 1 

C42 

C43 

c44 

P3 

C56 

P3 

C52 

C5 1 

C52 

C53 

C54 

P3 

C66 

P3 

C62 

C6 1 

C62 

C63 

C64 

Angle 

0.9(5) 

0.5(5) 

- l73.4(2) 

0.5(4) 

172.2(2) 

-1 .O(4) 

0.9(5) 

-1.8(5) 

1.3(5) 

0.1(4) 

175.5(2) 

-0.5(4) 

-177.5(2) 

-1.3(4) 

1.2(4) 

-O.l(4) 

-1.7(4) 

2.4(4) 

-1 8O.O(2) 

-0.8(4) 

179.2(2) 

-O.l(4) 

1.0(4) 

-0.3(4) 

-0.5(4) 

0.7(4) 

-173.5(2) 

-1.8(4) 

l72.6(2) 

0.9(4) 

1.8(5) 

-0.6(5) 

-0.3(5) 

O.l(5) 
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Table E.6 Least-Squares Planes for CH3C(Me2SiPPh2)3 (14) 

Plane Coefficientsa Defining Atoms with Deviations (A)b 

1 8.354(3) 7.754(3) -0.236(4) 4.421(2) 

Si 1 Si2 Si3 

P1 -l.3345(12) P2 0.0769(12) 
P3 -l.2429(12) C1 -0.602(2) 
C3 1.789(2) C4 -0.176(3) 
C5 1.781(3) C6 -0.984(3) 
C7 -0.213(3) C8 1.804(2) 

acoefficients are for the form ax+bpcz = d where x, y and z are crystallographic 
coordinates. 

bunderlined atoms were not included in the definition of the plane. 

Table E.7 Anisotropic Displacement Parameters (Uij, A2) for CH3C(Me2SiPPh2), (14) 

Atom 
P 1 
P2 
P3 
Si 1 
Si2 
Si3 
C1 
C2 
C3 
C4 
C5 
C6 
C7 
C8 
C11 
C12 
C 13 
C14 
C15 

'C16 
C2 1 
C22 
C23 
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Table E.7 Anisotropic Displacement Parameters for CH3C(Me2SiPPh2)3 (14) 
(continued) 

Atom 
C24 
C25 
C26 
C3 1 
C32 
C33 
C34 
C3 5 
C36 
C4 1 
C42 
C43 
C44 
C45 
C46 
C5 1 
C52 
C53 
C54 
C55 
C56 
C6 1 
C62 
C63 
C64 
C65 
C66 

The form of the anisotropic displacement parameter is: 
exp[-2&(h2a*2Ul 1 + k2b*2U22 + I ~ c * ~ U ~ ~  + 2klb*c*U23 + 2hla*c*U13 + 2hka*b*U12)] 
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Table E.8 Derived Atomic Coordinates and Displacement Parameters for Hydrogen 
Atoms for CH3C(Me2SiPPh2)3 (14) 

Atom 
H2A 
H2B 
H2C 
H3A 
H3B 
H3C 
H4A 
H4B 
H4C 
H5A 
H5B 
H5C 
H6A 
H6B 
H6C 
H7A 
H7B 
H7C 
H8A 
H8B 
H8C 
H 12 
H13 
H14 
H15 
H16 
H22 
H23 
H24 
H25 
H26 
H32 
H3 3 
H34 
H3 5 
H36 
H42 
H43 
H44 
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Table E.8 Derived Parameters for Hydrogen Atoms for CH3C(Me2SiPPh2)3 (14) 
(continued) 

Atom 
H45 
H46 
H52 
H53 
H54 
H55 
H56 
H62 
H63 
H64 
H65 
H66 



Appendix F 

X-ray Crystallographic Structure Report for [ ~ ' - ~ r i s ( d i ~ h e n ~ l -  
phosphinodimethylsilyl)methane] tetracarbonylmolybdenum (26) 

Figure F.l Perspective view of the [ ( & - H C ( S ~ M ~ ~ P P ~ ~ ) ~ ) M O ( C O ) ~ ]  molecule (26) showing 
the atom labelling scheme. Non-hydrogen atoms are represented by Gaussian 
ellipsoids at the 20% probability level. The hydrogen atom attached to the methyne 
carbon (C10) is shown with an arbitrarily small thermal parameter; all other 
hydrogens are not shown. 

Figure F.2 View of 26 showing only the i&o carbons of the phenyl rings. 
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Table F.l Crystallographic Experimental Details for Compound 26 

A. Crystal Data 
formula C54H57M004P3Si3 
formula weight 1043.12 
crystal dimensions (rnm) 0.66 x 0.22 x 0.21 
crystal system monoclinic 
space group P21/c (No. 14) 
unit cell parametersa 

a (4 14.8482 (8) 
b (A) 14.8803 (8) 
c (4 23.9239 (13) 
b' (deg) 94.4133 (10) 
v (A3) 5270.2 (5) 
z 4 

Pcalcd (g ~ m - ~ )  1.315 
lu (mm-9 0.45 1 

B. Data Collection and Refinement Conditions 
diffkactometer 
radiation (A [A]) 
temperature ('C) 
scan type 
data collection 2 8 limit (deg) 
total data collected 
independent reflections 
number of observed reflections (NO) 
structure solution method 

refinement method 
absorption correction method 
range of transmission factors 
datalrestraints/parameters 
goodness-of-fit (S)e 

final R indicesf 

R1 P o 2  2 20(Fo2)1 
wR2 [Fo2 2 -3 o( Fo2)] 

largest difference peak and hole 

Bruker PLATFORMISMART 1000 CCDb 
graphite-monochromated Mo K a  (0.7 1073) 
-80 
w scans (0.3") (20 s exposures) 
52.78 
40529(-18 < h <  18, -18 I k <  l8,-29<l<29) 
10791 (Rkt = 0.0342) 
9 1 05 [Fo2 2 2 O(F~~)] 
Patterson search/structure expansion 
(DIRDIF-99') 
Ill-matrix least-squares on (sHELXL-~~~) 
multi-scan (SADABS) 
0.91 12-0.7549 
1 079 1 [F,~ 2 -3 o(Fo2)] / 0 / 587 
1 -03 5 [ ~ , 2  2 -3 o( F,~)] 

0.03 10 
0.083 1 
0.520 and -0.426 e A-3 

aobtained from least-squares refinement of 6857 reflections with 4.38' < 28< 52.74O. 

b~rograms for diffiactometer operation, data collection, data reduction and absorption 
correction were those supplied by Bruker. 

(continued) 
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Table F.l Crystallographic Experimental Details for Compound 26 (continued) 

CSheldrick, G. M. Acta Crystallogr. 1990, A46,467-473. 

CBeurskens, P. T.; Beurskens, G.; de Gelder, R.; Garcia-Granda, S.; Israel, R.; Gould, R. 
0.; Smits, J. M. M. (1999). The DIRDIF-99 program system. Crystallography 
Laboratory, University of Nijmegen, The Netherlands. 

dsheldrick, G. M. SHELXC-93. Program for crystal structure determination. University 
of Gottingen, Germany, 1993. Refinement on Fo2 for all reflections (all of these 
having Fo2 2 -3o(FO2)). Weighted R-factors wR2 and all goodnesses of fit S are 
based on F,~; conventional R-factors R1 are based on Fo, with Fo set to zero for 
negative Fo2. The observed criterion of F~~ > 2 6 2 )  is used only for calculating R1, 
and is not relevant to the choice of reflections for refinement. R-factors based on Fo2 
are statistically about twice as large as those based on Fo, and R-factors based on 
ALL data will be even larger. 

eS = [cw(F,~ - FC2)2/(n - ~ ) ] 1 / ~  (n = number of data; p = number of parameters varied; w 
= [&(F02) + (0.0427~)2 + 2.3909~1-I where P = [M~X(F,~, 0) + 2FC2]/3). 
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Table F.2 Atomic Coordinates and Equivalent Isotropic Displacement Parameters for 
Compound 26 

(a) atoms of [{~~-Hc(Si~e~~Ph~)_?jlMo(Co)~] 

Atom 
Mo 
P 1 
P2 
P3 
Si 1 
Si2 
Si3 
0 1  
0 2  
0 3  
0 4  
C1 
C2 
C3 
C4 
C 10 
C11 
C12 
C13 
C14 
C15 
C16 
C17 
C18 
C2 1 
C22 
C23 
C24 
C25 
C26 
C27 
C28 
C3 1 
C32 
C33 
C34 
C35 
C36 
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Table F.2 Atomic Coordinates and Displacement Parameters for Compound 26 

Atom 
C37 
C3 8 
C4 1 
C42 
c43 
C44 
C45 
C46 
C5 1 
C52 
C53 
C54 
C55 
C56 
C6 1 
C62 
C63 
C64 
C65 
C66 

(continued) 

X Y 
O.38605(15) 0.28039(16) 
0.28801 (1 7) O.22735(16) 
O.l4672(13) -0.1 5694(l4) 
0.1 l9Ol(l5) -O.24447(15) 
O.O2823(17) -O.26678(18) 

-0,0363 5(l7) -0.2024(2) 
-0.01 022(16) -0.1 l6OO(l9) 
0.08095(15) -0.09287(16) 
0.16507(14) 0.39536(14) 
0.1 O826(16) O.40298(16) 
0.1 176(2) 0.47421(19) 
O.l833(2) O.53792(17) 
O.23875(18) O.53275(16) 
0.2293 l(16) 0.46301 (1 4) 
O.O6509(13) O.23327(13) 
0.04873(15) O.l9326(15) 

-0.02585(16) 0.13888(17) 
-O.O8539(16) 0.123 l2(l7) 
-O.O7025(17) 0.161 74(l8) 
O.OO4O3(15) 0.21 6 l5(l6) 

(b) solvent toluene atoms 
Atom x Y 
Cl 0s  0.813 l(3) -0.0162(3) 
Cl lS  0.7540(2) -0.0329(2) 
C12S 0.7030(2) 0.0344(2) 
C13S 0.64808(19) 0.01 79(2) 
C14S 0.641 l(2) -0.0675(3) 
C15S 0.6907(2) -0.1353(2) 
C 16s 0.7478(2) -0.1 177(2) 

hisotropically-refined atoms are marked with an asterisk (*). The f o m  of the 
anisotropic displacement parameter is: exp[-2$(h2a*2U1 1 f k2b*2~22 + 12c*2U33 + 
2klb*c*U23 + 2hla*c*U13 + 2hka*b*U12)]. 
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Table F.3 Selected Interatomic Distances (A) for Compound 26 

(a) within [{K~-HC(S~M~~PP~~)~)MO(CO)~] 

Distance 
2.5473(5) 
2.5497(5) 
1.986(2) 
1.973(2) 
2.032(2) 
2.03 l(2) 
2.3022(7) 
1.853(2) 
1.836(2) 
2.3103(7) 
1 .843 (2) 
l.835(2) 
2.2772(8) 
1.842(2) 
1.841(2) 
1.8981(19) 
1.866(2) 
l.874(2) 
1.8890(19) 
l.865(2) 
1.871(2) 
1.9 l62(l9) 
1.870(2) 
1.879(2) 
1.151(3) 
1.154(2) 
l.l43(3) 
1 .144(3) 
l.BO(3) 
1.393(3) 
1.390(3) 
1.373(4) 

(b) within the solvent toluene molecule 

Atom1 Atom2 Distance 
ClOS Cl  1 S 1.468(5) 
Cl lS  C12S 1.377(4) 
Cl lS  C16S 1.386(4) 
C12S C13S 1.364(5) 

Distance 
1.370(4) 
1.3 86(3) 
1.396(3) 
1.384(3) 
1.3 82(3) 
1.374(4) 
1.375(4) 
1.391(3) 
1.390(3) 
1.401(3) 
1.395(3) 
1.377(3) 
1.379(3) 
1.389(3) 
1.391(3) 
1 .3 9O(3) 
l.385(3) 
1.378(4) 
1.374(4) 
1.393(3) 
1.3 84(3) 
1.400(3) 
1.395(3) 
1.372(4) 
1.372(4) 
1.383(3) 
1.396(3) 
1.391(3) 
1.3 84(3) 
1.377(3) 
1.378(3) 

1.380(3) 

Distance 
1.375(5) 
1.361(5) 
1.372(4) 
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Table F.4 Selected Interatomic Angles (deg) 

(a) within [{~-Hc(s~M@~~)~]Mo(co)~] 

Atoml Atom2 Angle 
91.109(16) 

177.44(7) 
89.58(6) 
90.34(6) 
93.83(6) 
89.52(6) 

176.93(6) 
87.73(6) 
95.07(6) 
89.66(9) 
87.20(9) 
88.59(9) 
89.28(9) 
87.86(8) 

174.93(9) 
119.11(2) 
1 l5.O7(7) 
114.91(7) 
97.50(7) 

107.81(7) 
99.47(9) 

124.24(2) 
115.37(7) 
109.48(6) 
96.04(6) 

105.74(7) 
1 O3.56(9) 
99.01 (7) 

101.85(7) 
106.37(10) 
1 l3.O7(6) 
103.16(7) 
106.22(8) 
112.23(10) 
11 l.52(lO) 
llO.l8(ll) 
1 14.65(6) 
103.93(8) 
104.2 l(7) 
1 1 O.62(lO) 
1 12.08(9) 

Atoml Atom2 Angle 
110.93(10) 
105.96(6) 
107.01(9) 
110.32(8) 
1 14.12(10) 
1 l7.O7(lO) 
102.02(12) 
178.0(2) 
l79.O(2) 
l76.7(2) 
175.1(2) 
1 18.02(10) 
1 10.58(9) 
1 12.38(10) 
1 l9.66(16) 
122.1 l(17) 
1 l8.2(2) 
120.7(2) 
120.1(3) 
1 l9.8(2) 
120.7(3) 
120.4(2) 
1 l7.48(16) 
l24.20(16) 
118.17(19) 
120.8(2) 
120.2(2) 
1 19.8(2) 
120.3(2) 
l2O.6(2) 
1 l8.84(15) 
122.64(16) 
118.37(19) 
l2O.7(2) 
120.2(2) 
1 19.8(2) 
120.5(2) 
120.4(2) 
1 l9.64(16) 
121.72(16) 
1 l8.24(19) 
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Table F.4 Selected Interatomic Angles for Compound 26 (continued) 

Angle 
121.0(2) 
120.2(2) 
1 19.7(2) 
120.4(2) 
120.5(2) 
l25.79(17) 
1 l6.24(17) 
1 l7.9(2) 
120.6(2) 
l2O.4(2) 
1 19.8(2) 

Atoml 
C54 
C5 1 
P3 
P3 
C62 
C6 1 
C62 
C63 
C64 
C6 1 

Angle 
120.2(2) 
120.9(2) 
126.23(16) 
1 l6.12(16) 
1 17.6(2) 
121.1(2) 
120.1(2) 
1 l9.7(2) 
120.3(2) 
121.1(2) 

@) within the solvent toluene molecule 

Atom1 Atom2 Atom3 Angle Atom1 Atom2 Atom3 Angle 
ClOS Cl lS  C12S 121.9(3) C12S C13S C14S 120.4(3) 
ClOS Cl lS  C16S 120.9(3) C13S C14S Cl5S 119.6(3) 
C12S Cl lS  C16S 117.1(3) C14S C15S C16S 119.6(3) 
C l lS  C12S C13S 121.3(3) C l lS  C16S Cl5S 121.8(3) 

Table F.5 Torsional Angles (deg) for Compound 26 

Atom1 Atom2 Atom3 Atom4 Angle Atom1 Atom2 Atom3 Atom4 Angle 

Mo P1 Sil -42.33(3) 

MO P1 C l l  -157.52(7) 

Mo P1 C2 1 87.80(7) 

Mo P1 Sil -146.5(14) 

Mo P1 C11 98.3(15) 

MO P1 C2 1 -16.4(15) 

Mo P1 Si 1 140.65(7) 

Mo P1 C11 25.47(10) 

MO P1 C2 1 -89.21(10) 

Mo P1 Sil -130.07(6) 

Mo P1 C11 114.75(9) 

Mo P1 C2 1 0.07(9) 

Mo P1 Si 1 52.82(6) 

MO P1 C11 -62.36(9) 

MO P1 C21 -177.04(9) 

Mo P2 Si2 35.09(3) 

Mo P2 C31 152.72(7) 

MO P2 C4 1 -90.98(7) 
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Table F.5 Torsional Angles (deg) for Compound 26 (continued) 

Atoml 
P2 

C 1 

C3 

C4 

P 1 

P2 

C1 

C2 

C4 

P1 

P2 

C1 

C2 

C3 

Mo 

Mo 

Mo 

C11 

C11 

C11 

C2 1 

C2 1 

C2 1 

Mo 

Mo 

Sil 

Si 1 

C2 1 

C2 1 

Mo 

Mo 

Sil 

Sil 

Cl1 

Cl1 

Mo 

Mo 

Mo 

C3 1 

C3 1 

Atom3 
C2 

C2 

C2 

C2 

C3 

C3 

C3 

C3 

C3 

C4 

C4 

C4 

C4 

C4 

Sil 

Si 1 

Sil 

Si 1 

Si 1 

Sil 

Sil 

Si 1 

Sil 

C11 

C11 

C11 

C11 

C11 

C11 

C2 1 

C2 1 

C2 1 

C2 1 

C2 1 

C2 1 

Si2 

Si2 

Si2 

Si2 

Si2 

Angle 
85(12) 

1 O(12) 

97(12) 

-79(12) 

-153(3) 

1 16(3) 

26(3) 
-63(3) 

-8(4) 
13 l(2) 

-138(2) 

-49(2) 

4 l(2) 
-15(3) 

60.58(7) 

-60.88(9) 

-176.79(8) 

-175.19(9) 

63.35(11) 

-52.56(11) 

-72.68(9) 

165.86(10) 

49.95(11) 

39.91(19) 

-141.49(16) 

-87.20(17) 

9 l.4O(l8) 

l63.24(18) 

-18.2(2) 

60.16(17) 

-124.27(18) 

-l64.39(15) 

1 1.2(2) 

-63.28(18) 

112.28(19) 

-41.85(7) 

79.01(8) 

-164.73(7) 

-168.24(9) 

-47.38(10) 

Atoml 
C3 1 

C4 1 

C4 1 

C4 1 

Mo 

Mo 

Si2 

Si2 

C4 1 

C4 1 

Mo 

Mo 

Si2 

Si2 

C3 1 

C3 1 

C5 1 

C5 1 

C5 1 

C6 1 

C6 1 

C6 1 

Si3 

Si3 

C6 1 

C6 1 

Si3 

Si3 

C5 1 

C5 1 

P1 

P 1 

C17 

C17 

C18 

C18 

P2 

P2 

C27 

C27 

Atom2 
P2 

P2 

P2 

P2 

P2 

P2 

P2 

P2 

P2 

P2 

P2 

P2 

P2 

P2 

P2 

P2 

P3 

P3 

P3 

P3 

P3 

P3 

P3 

P3 

P3 

P3 

P3 

P3 

P3 

P3 

Sil 

Si 1 

Si 1 

Sil 

Si 1 

Sil 

Si2 

Si2 

Si2 

Si2 

Atom3 Atom4 Angle 
C28 

C10 

C27 

C28 

C32 

C36 

C32 

C36 

C32 

C36 

C42 

C46 

C42 

C46 

C42 

C46 

C10 

C37 

C38 

C10 

C3 7 

C3 8 

C52 

C56 

C52 

C56 

C62 

C66 

C62 

C66 

Si2 

Si3 

Si2 

Si3 

Si2 

Si3 

Sil 

Si3 

Sil 

Si3 
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Table F.5 Torsional Angles (deg) for Compound 26 (continued) 

Atoml 

C28 

C28 

P3 

P3 

C37 

C37 

C3 8 

C38 

P1 

C16 

P 1 

C12 

C11 

C12 

C13 

C14 

P 1 

C26 

P 1 

C22 

C2 1 

C22 

C23 

C24 

P2 

C3 6 

P2 

C32 

C3 1 

C32 

C3 3 

C34 

Atom4 

Sil 

Si3 

Sil 

Si2 

Sil 

Si2 

Sil 

Si2 

C13 

C13 

C15 

C15 

C14 

C15 

C16 

C11 

C23 

C23 

C25 

C25 

C24 

C25 

C26 

C2 1 

C33 

C33 

C35 

C3 5 

C34 

C3 5 

C36 

C3 1 

Angle 

169.20(10) 

-60.28(13) 

-89.54(9) 

136.25(8) 

27.94(15) 

-106.26(13) 

146.96(11) 

12.76(14) 

177.66(19) 

-1.0(3) 

-179.27(19) 

-0.6(3) 

1.7(4) 

-0.8(4) 

-0.8(4) 

1.6(4) 

173.10(17) 

-2.7(3) 

-l73.O(2) 

2.6(3) 

1.0(4) 

0.9(4) 

-1.1(4) 

-0.7(4) 

-174.34(18) 

1.3(3) 

175.04(17) 

-0.4(3) 

- 1.6(4) 

1 .O(4) 

-O.l(4) 

-0.2(3) 

Atoml 

P2 

C46 

P2 

C42 

C4 1 

C42 

C43 

C44 

P3 

C56 

P3 

C52 

C5 1 

C52 

C53 

C54 

P3 

C66 

P3 

C62 

C6 1 

C62 

C63 

C64 

Cl 0s  

C16S 

Cl 0s  

C12S 

Cl lS  

C12S 

C13S 

C14S 

Atom2 

C4 1 

C4 1 

C4 1 

C4 1 

C42 

C43 

C44 

C45 

C5 1 

C5 1 

C5 1 

C5 1 

C52 

C53 

C54 

C55 

C6 1 

C6 1 

C6 1 

C6 1 

C62 

C63 

C64 

C65 

Cl lS  

Cl lS  

C l lS  

C l lS  

. C12S 

C13S 

C14S 

C15S 

Atom3 Atom4 Angle 

C42 C43 174.49(17) 

C42 C43 1.6(3) 

C46 C45 -173.67(19) 

C46 C45 -0.9(3) 

C43 C44 -1.1(4) 

C44 C45 -0.1(4) 

C45 C46 0.8(4) 

C46 C41 -0.2(4) 

C52 C53 -179.3(2) 

C52 C53 2.5(4) 

C56 C55 178.37(18) 

C56 C55 -3.3(3) 

C53 C54 -0.1(4) 

C54 C55 -1.6(4) 

C55 C56 0.8(4) 

C56 C51 1.7(4) 

C62 C63 178.64(18) 

C62 C63 0.3(3) 

C66 C65 -178.69(19) 

C66 C65 -0.2(3) 

C63 C64 -0.2(4) 

C64 C65 0.0(4) 

C65 C66 0.2(4) 

C66 C61 0.0(4) 

Cl2S C13S -179.7(3) 

C12S C13S 0.7(5) 

C16S C15S 177.8(3) 

C16S C15S -2.6(4) 

C13S C14S 1.2(5) 

C14S C15S -1.3(5) 

Cl5S C16S -0.6(5) 

C16S Cl lS  2.6(5) 
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Table F.6 Anisotropic Displacement Parameters (Uij, A2) for Compound 26 

Atom 
Mo 
P 1 
P2 
P3 
Si 1 
Si2 
Si3 
0 1  
0 2  
0 3  
0 4  
C1 
C2 
C3 
C4 
C10 
C11 
C12 
C13 
C14 
C15 
C16 
C17 
C18 
C2 1 
C22 
C23 
C24 
C25 
C26 
C27 
C28 
C3 1 
C32 
C33 
C34 
C35 
C3 6 
C37 
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Table F.6 Anisotropic Displacement Parameters for Compound 26 (continued) 

Atom 
C4 1 
C42 
C43 
C44 
C45 
C46 
C5 1 
C52 
C53 
C54 
C55 
C56 
C6 1 
C62 
C63 
C64 
C65 
C66 
ClOS 
C l l S  
C12S 
C13S 
C14S 
C15S 
C16S 

The form of the anisotropic displacement parameter is: 
e ~ ~ [ - 2 d ( h 2 a * 2 ~ ~  1 + k 2 b * 2 ~ ~ ~  + 12c*2U33 + 2klb*c*U23 + 2hla*c*U13 + 2hka*b*U12)] 
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Table F.7 Derived Atomic Coordinates and Displacement Parameters for Hydrogen Atoms for 

Atom 
HI0 
H12 
H13 
H14 
H15 
H16 
H17A 
H17B 
H17C 
H18A 
H18B 
H18C 
H22 
H23 
H24 
H25 
H26 
H27A 
H27B 
H27C 
H28A 
H28B 
H28C 
H3 2 
H33 
H34 
H35 
H36 
H3 7A 
H37B 
H37C 
H3 8A 
H3 8B 
H38C 
H42 
H43 
H44 
H45 
H46 

Compound 26 

X 

0.1997 
0.4683 
0.55 15 
0.482 1 
0.3309 
0.2482 
0.4773 
0.4728 
0.4646 
0.3264 
0.2295 
0.3 132 
0.1792 
0.0403 

-0.0534 
-0.0093 
0.1303 
0.4469 
0.41 82 
0.4 182 
0.1452 
0.2191 
0.2 170 
0.443 1 
0.5168 
0.4366 
0.2838 
0.2099 
0.3907 
0.3842 
0.4385 
0.2364 
0.3442 
0.2874 
0.1630 
0.0104 

-0.0986 
-0.0546 
0.0983 
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Table F.7 Derived Parameters for Hydrogen Atoms for Compound 26 (continued) 

Atom 
H52 
H53 
H54 
H55 
H56 
H62 
H63 
H64 
H65 
H66 
Hl OA 
HlOB 
HlOC 
H12S 
H13S 
H14S 
H15S 
H16S 



Appendix G 

X-ray Crystallographic Structure Report for [ ~ ~ - ~ r i s ( d i e t h ~ l -  
phosphinodimethylsilyl)methane] tricarbonylmolybdenum (30) 

Figure G.l Perspective view of the [{K~-Hc(M~~s~~E~~)~}Mo(co)~] molecule (30) showing 
the atom labelling scheme. Non-hydrogen atoms are represented by Gaussian 
ellipsoids at the 20% probability level. The hydrogen atom attached to C10 is shown 
with an arbitrarily small thermal parameter; all other hydrogens are not shown. 

Primed atoms are related to unprimed ones via the symmetry operation 6, x-y, z), 
while double-primed atoms are related to unprimed ones via the symmetry operation 

0.I-x, 2, z) (these represent opposite-handed 120deg rotations about the crystallo- 
graphic threefold axis [0, 0, z] ,  upon which the Mo and C10 atoms are located). 

Figure G.2 View of 30 slightly offset from along the Mo- -C10  axis, illustrating the 
crystallographically-imposed threefold symmetry. 
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Table G.1 Crystallographic Experimental Details for Compound 30 

A. CystalData 
formula 
formula weight 
crystal dimensions (rnm) 
crystal system 
space group 
unit cell parametersa 

a (4 
c (4 
v (A3> 
z 

Pcalcd (8 ~ f n - ~ )  
iu (mm-9 

C22H49Mo03P3Si3 
634.73 
0.40 x 0.29 x 0.23 
trigonal 
R3 (No. 146 [hexagonal setting]) 

B. Data Collection and Refinement Conditions 
diEactometer 
radiation (A [A]) 
temperature ("C) 
scan type 
data collection 2 8 limit (deg) 
total data collected 
independent reflections 
number of observed reflections (NO) 
structure solution method 
refinement method 
absorption correction method 
range of transmission factors 
datdrestraintslparameters 
Flack absolute structure paramete9 
goodness-of-fit ($)f 
final R indicesg 

R1 P o 2  2 2 0(FO2)1 
wR2 [Fo2 2 -3 4 Fo2)] 

largest difference peak and hole 

Bruker PLATFORM/SMART 1000 C C D ~  
graphite-monochromated Mo K a  (0.7 1073) 
-80 
w scans (0.2") (20 s exposures) 
52.70 
5046(-21ShS21,-21 1k121,-10<1<11) 
2083 (Rht = 0.01 67) 
2080 [Fo2 2 20(F02)] 
direct methods (SHELKS-86C) 
full-matrix least-squares on F~ (SHELXL-936) 
multi-scan (SADABS) 
0.855 14.7664 
2083 [Fo2 2 -3 0(F02)] / 0 / 105 
0.01 (2) 
1.108 [Fo2 2 -3 o( FO~)] 

0.0178 
0.0445 
0.3 16 and -0.228 e A-3 

aobtained fi-om least-squares refinement of 5701 reflections with 5.18' < 26 < 52-70". 

b~rograms for diffiactometer operation, data collection, data reduction and absorption 
correction were those supplied by Bruker. 

CSheldrick, G. M. Acta Crystallogr. 1990, A46,467-473. 
(continued) 
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Table G.l Crystallographic Experimental Details for Compound 30 (continued) 

dsheldrick, G. M. SHELXL-93. Program for crystal structure determination. University 
of Gottingen, Germany, 1993. Refinement on Fo2 for all reflections (all of these 
having Fo2 2 -34FO2)). Weighted R-factors wR2 and all goodnesses of fit S are 
based on Fo2; conventional R-factors R1 are based on Fo, with Fo set to zero for 
negative Fo2. The observed criterion of Fo2 > 24F02) is used only for calculating R1, 
and is not relevant to the choice of reflections for refinement. R-factors based on Fo2 

are statistically about twice as large as those based on F,, and R-factors based on 
ALL data will be even larger. 

eFlack, H. D. Acta Cystallogr. 1983, A39, 876-881; Flack, H. D.; Bernardinelli, G. Acta 
Cystallogr. 1999, A55, 908-915; Flack, H. D.; Bernardinelli, G. J. Appl. Cyst. 2000, 
33, 1 143-1 148. The Flack parameter will refine to a value near zero if the structure is 
in the correct configuration and will refine to a value near one for the inverted 
configuration. 

fs = [zw(F02 - Fc2)2/(n -P)]1/2 (n = number of data; p = number of parameters varied; w 
= [&(Fo2) + (0.0243P)2 + 0.8197~1-I where P = [Max(~ ,~ ,  0) + 2~~2113). 
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Table G.2 Atomic Coordinates and Equivalent Isotropic Displacement Parameters for 
Compound 30 

Atom 
Mo 
P 
SiAa 
S ~ B ~  
0 
C1 
C10 
C11 
C12 
C 13 
C14 
C15 
C 1 6Aa 
~ 1 6 ~ ~  

Anisotropically-refined atoms are marked with an asterisk (*). The form of the 
anisotropic displacement parameter is: e ~ p [ - 2 4 ( h ~ a * ~ U ~  1 + k2b*2U22 + + 

2klb*c* U23 + 2hla*c* UI3 + 2hka*b* UI2)]. aRefined with an occupancy factor of v 6 .  

b~efined with an occupancy factor of l/6. 

Table G.3 Selected Interatomic Distances (A) for Compound 30 

Atom1 Atom2 
Mo P 
Mo C1 
P SiA 
P SiB 
P C11 
P C13 
SiA C10 
SiA C15 

Distance 
2.5582(5) 
1.955(2) 
2.3245(8) 
2.277(3) 
l.846(2) 
1.847(2) 
1.8886(9) 
1.853(2) 

Atom1 
SiA 
SiB 
SiB 
SIB 
0 
C11 
C13 

Distance 
l.879(3) 
1.909(3) 
1.812(3) 
1.880(13) 
1.1 64(3) 
1.524(3) 
1.531(4) 
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Table G.4 Selected Interatomic Angles (deg) for Compound 30 

Atoml Atom2 
P Mo 
P Mo 
P Mo 
P Mo 
C1 Mo 
Mo P 
Mo P 
Mo P 
Mo P 
SiA P 
SiA P 
SIB P 
SiB P 
C11 P 
P SiA 
P SiA 

Atom3 
P ' 
C1 
C1' 
C1" 
C1' 
SiA 
SiB 
C11 
C13 
C11 
C 13 
C11 
C13 
C13 
C10 
C15 

Angle 
90.388(15) 
175.35(7) 
89.22(6) 
94.25(7) 
86.18(9) 

116.33(2) 
113.77(7) 
1 1 1.27(7) 
1 17.97(9) 
100.37(7) 
1 07.5 l(9) 
123.78(10) 
86.13(11) 

lOO.92(lO) 
107.38(9) 
112.72(9) 

Atoml 
P 
C10 
C10 
C15 
P 
P 
P 
C10 
C10 
C15 
Mo 
SiA 
SiB 
P 
P 

Atom2 
SiA 
SiA 
Si A 
SiA 
SiB 
SiB 
SIB 
SIB 
SiB 
SiB 
Cl 
C10 
C 10 
C11 
C13 

Atom3 Angle 
C16A 108.79(9) 
ClS 1 l3.49(ll) 
C 16A 1 1 1 .O8(9) 
C16A 103.32(12) 
ClO 108.55(15) 
Cl5 1 l6.6O(l5) 
C16B 113.5(4) 
ClS 114.41(19 
C16B 111.8(4) 
C16B 91.2(4) 
0 174.2(2) 
SiA' 1 l4.98(7) 
SiB' 1 l2.4S(ll 

Primed atoms are related to unprimed ones via the symmetry operation @, x-y, 2). 

Double-primed atoms are related to unprimed ones via the symmetry operation (,v-x, x, 

Table G.5 Torsional Angles (deg) for Compound 30 

Atom1 Atom2 Atom3 Atom4 Angle Atom1 
SiA 

SiB 

C11 

C13 

SiA 

SiB 

Cl1  

C13 

SiA 

SiI3 

C11 

C13 

SiA 

SiB 

C11 

C13 

SiA 

Atom3 
P 

P 

P 

C 1 

C1 

C1 

C 1 

C 1 

SiA 

SiA 

SiA 

SiA 

SiA 

SiA 

SiA 

SiA 

SiA 

Angle 
116.23(10) 

-98.33(10) 

17.58(11) 

-37(3) 

147(2) 

-122(2) 

-2 8 (2) 

58.5(19) 

-25.38(5) 

-151.11(9) 

94.92(9) 

-145.52(7) 

88.75(11) 

-25.22(11) 

1 O9.43(9) 

-16.30(12) 

-130.27(12) 



Appendix G-Crystallographic Report for ~?-JHC(M~~S~PE~J~]M~(CO)~ (30) 282 

Table G.5 Torsional Angles (deg) for Compound 30 (continued) 

Atom 1 

Mo 

Mo 

Mo 

C11 

C11 

C11 

C13 

C13 

C13 

Mo 

SiA 
SiB 
C13 

Mo 

SiA 

Atom3 

SiB 
SiB 
SiB 
SiB 
SiB 
SiB 
SiB 
SiB 
SiB 

C11 

C11 

C11 

C11 

C13 

C13 

Angle 

35.95(14) 

166.91(14) 

-89.0(4) 

-1 O4.56(14) 

26.4(2) 

130.5(4) 

154.89(14) 

-74.15(19) 

29.9(5) 

174.08(16) 

-62.20(18) 

-44.6(2) 

48.1(2) 

-66.0(2) 

l6O.O7(18) 

Atom 1 

SiB 
C11 

P 

P 

C15 

C15 

C16A 

C16A 

P 

P 

C15 

C15 

C16B 

C16B 

Atom2 Atom3 Atom4 Angle 
P C13 

P C13 

SiA C10 

SiA C10 

SiA C10 

SiA C10 

SiA C10 

SiA C10 

SiB C10 

SiB C10 

SiB C10 

SiB C10 

SiB C10 

SiB C10 

C14 

C14 

SiA' 
SiA" 
SiA' 

SiA" - 
SiA" - 

SiA" 
SiB' 
SiB" 

SiB' 
SiB" 

SiB' 
SiW 

Primed atoms are related to unprimed ones via the symmetry operation 6, x-y, z). 

Double-primed atoms are related to unprimed ones via the symmetry operation (yx, ?, 

2). 

Table G.6 Least-Squares Planes for Compound 30 

Plane Coefficientsa Defining Atoms with Deviations (A)b 

1 0.00 0.00 9.2856(4) 1.6 1 1 O(5) 

P P' P" 

MO -1.4669(5) $& 2.2534(8) - 
SiB 2.148(3) 

acoefficients are for the form ax+by+cz = d where x, y and z are crystallographic 
coordinates. 

b~nderlined atoms were not included in the definition of the plane. Primed atoms are 

related to unprimed ones via the symmetry operation 6, x-y, 2). Double-primed atoms 

are related to unprimed ones via the symmetry operation ('y-x, ?, z). 
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Table G.7 Anisotropic Displacement Parameters (Uij, A2) for Compound 30 

Atom 
Mo 
P 
SiA 
0 
C1 
C10 
C11 
C12 
C13 
C14 
C15 
C16A 

The form of the anisotropic displacement parameter is: 
exp[-2$(h2a*2U11 + k 2 b * 2 ~ ~ ~  + F c * ~ U ~ ~  + 2klb*c*U23 + 2hla*c*Ul3 + 2hka*b*Ul2)] 
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Table G.8 Derived Atomic Coordinates and Displacement Parameters for Hydrogen 
Atoms for Compound 30 

Atom 
HI0 
Hl lA 
Hl lB 
H12A 
H12B 
H12C 
H13A 
H 13B 
H14A 
H14B 
H14C 
H15Aa 
H15Ba 
H15Ca 
~ 1 5 ~ b  
H15Eb 
H 1 5 ~ ~  
H 1 6Aa 
H 1 6Ba 
H16Ca 
H 1 6 ~ b  
H 1 6 ~ b  
H 1 6 ~ b  

alncluded with an occupancy factor of 5/6.  bhcluded with an occupancy factor of l/6. 



Appendix H 

X-ray Crystallographic Structure Report for [K~-l,l , l-~ris(dieth~1- 
phosphinodimethylsilyl)ethane] tricarbonylmolybdenum (31) 

Figure H.l Perspective view of the [{K~-M~c(M~~s~PE~~)~)Mo(co)~] molecule (31) showing 
the atom labelling scheme. Non-hydrogen atoms are represented by Gaussian 
ellipsoids at the 20% probability level. Hydrogen atoms attached to C5 are shown 
with arbitrarily small thermal parameters; hydrogens of the PEt2 and SiMe2 groups 
are not shown. 

c24b 
Figure H.2 Alternate view of 32 approximately along the C4X5 bond axis, illustrating the 

pseudo-threefold molecular symmetry. 
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Table H.l Crystallographic Experimental Details for Compound 31 

A. Crystal Data 
formula C23H5 1Mo03P3Si3 
formula weight 648.76 
crystal dimensions (mm) 0.44 x 0.40 x 0.25 
crystal system monoclinic 
space group P21/n (an alternate setting of P21/c [No. 141) 
unit cell parametersa 

a (A) 1 1 SO80 (5) 
b (4 17.2076 (7) 
C (4 16.651 1 (7) 
b' (deg) 90.3365 (7) 
v (A3) 3297.3 (2) 
z 4 

Pcalcd (8 1.307 
P (mm-9 0.674 

B. Data Collection and Refinement Conditions 
diffractometer 
radiation (A [A]) 
temperature ("C) 
scan type 
data collection 2 6 limit (deg) 
total data collected 
independent reflections 
number of observed reflections (NO) 
structure solution method 
refinement method 
absorption correction method 
range of transmission factors 
data/restraints/parameters 
extinction coefficient ( x ) ~  
goodness-of-fit (S)f 
final R indicesg 

R1 P o 2  2 20(Fo2)1 
wR2 [F02 2 -3 o( Fo2)] 

largest difference peak and hole 

Bruker PLATFORMISMART 1000 C C D ~  
graphite-monochromated Mo K a  (0.7 1 073) 
-80 
w scans (0.2") (20 s exposures) 
52.78 
21617(-14<hI 14,-21 <k<20,-20<1520)  
6733 (Rbt = 0.0191) 
63 70 [Fo2 2 2 o(FO2)] 
direct methods (SHEWiS-86c) 
full-matrix least-squares on (SHELXL-936) 
multi-scan (SADABS) 
0.8496-0.7559 
6733 [FO2 2 -3o(~ ,~) ]  / 0 1 299 
0.0090 (3) 
1.064 [Fo2 2 -3 o( Fo2)] 

0.02 10 
0.0587 
0.358 and -0.350 e A-3 

aobtained from least-squares refinement of 6208 reflections with 4.3 1" < 2 6  < 52.74" 

b~rograms for diffiactometer operation, data collection, data reduction and absorption 
correction were those supplied by Bruker. 

(continued) 
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Table H.l Crystallographic Experimental Details for Compound 31 (continued) 

CSheldrick, G. M. Acta Crystallogr. 1990, A46,467-473. 

dsheldrick, G. M. SHELXL-93. Program for crystal structure determination. University 
of Gottingen, Germany, 1993. Refinement on ~~2 for all reflections (all of these 
having F,2 2 -3o(FO2)). Weighted R-factors wR2 and all goodnesses of fit S are 
based on Fo2; conventional R-factors R1 are based on Fo, with Fo set to zero for 
negative F02. The observed criterion of ~~2 > 2o(FO2) is used only for calculating R1, 
and is not relevant to the choice of reflections for refinement. R-factors based on Fo2 
are statistically about twice as large as those based on Fo, and R-factors based on 
ALL data will be even larger. 

eFc* = kFc[l + x{0.001~,~A~/sin(28)}]-~~~ where k is the overall scale factor. 

fs = [Cw(Fo2 - ~ , ~ ) ~ / ( n  -p)]112 (n = number of data; p = number of parameters varied; w 
= [d(F,2) + (0.0306P)2 + 1.41 52P]-I where P = [Max(Fo2, 0) + 2Fc2]/3). 
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Table H.2 Atomic Coordinates and Equivalent Isotropic Displacement Parameters for 
Compound 31 

Atom 
Mo 
P 1 
P2 
P3 
Si 1 
Si2 
Si3 
0 1  
0 2  
0 3  
C1 
C2 
C3 
C4 
C5 
C11 
C12 
C13 
C14 
C15 
C16 
C2 1 
C22 
C23 
C24 
C25 
C26 
C3 1 
C32 
C33 
C34 
C35 
C3 6 

Anisotropically-refined atoms are marked with an asterisk (*). The form of the 
anisotropic displacement parameter is: e~p[-2$(h2a*~ Ul +- k2b*2 U22 + Z ~ C * ~  U33 + 
2klb*~*U2~ + 2hla*c*UI3 + 2hka*b*Ulz)]. 
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Table H.3 Selected Interatomic Distances (A) for Compound 31 

Atoml Atom2 Distance Atom1 Atom2 Distance 
1.8818(17) 
1.9103(16) 
1.8814(17) 
l.8782(16) 
1.9028(16) 
l.8829(18) 
1.8803(19) 
1.162(2) 
1.160(2) 
1.160(2) 
1.581(2) 
1.527(2) 
1.526(2) 
1.523(2) 
1.529(2) 
1.531(3) 
1.534(2) 
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Table H.4 Selected Interatomic Angles (deg) for Compound 31 

Atom1 Atom2 Atom3 Angle Angle 
1 1 O.80(5) 
1 O8.50(6) 
1 1 1.64(7) 
109.92(8) 
11 1.98(8) 
1 O3.72(8) 
1 lO.41(5) 
1 1 1.99(6) 
105.85(5) 
1 12.02(7) 
1 11.57(7) 
104.70(8) 
1 1 1.48(5) 
109.83(7) 
109.39(7) 
1 12.27(8) 
109.91(8) 
lO3.67(9) 
l74.02(14) 
l74.79(15) 
175.59(15) 
1 l2.42(7) 
1 l3.51(8) 
105.18(11) 
112.74(8) 
1 O6.22(lO) 
1 O5.97(ll) 
117.94(12) 
1 l3.82(12) 
112.86(11) 
1 l7.42(ll) 
113.04(12) 
117.68(13) 
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Table H.5 Torsional Angles (deg) for Compound 31 

Atom 1 

P2 

P2 

P2 

P3 

P3 

P3 

C1 

C1 

C1 

C2 

C2 

C2 

C3 

C3 

C3 

P1 

P1 

P 1 

P3 

P3 

P3 

C 1 

C 1 

C1 

C2 

C2 

C2 

C3 

C3 

C3 

P 1 

P 1 

P 1 

P2 

P2 

P2 

Cl  

C1 

C1 

C2 

Angle 

52.71(2) 

170.68(6) 

-73.39(6) 

-36.54(2) 

8 1.44(6) 

-162.64(6) 

-1 13.8(3) 

4.2(3) 

120.1(3) 

-132.87(5) 

-14.90(8) 

101.03(8) 

141.38(5) 

-100.65(8) 

15.28(8) 

-3 1.05(2) 

-156.29(6) 

87.32(6) 

59.17(2) 

-66.06(6) 

177.54(6) 

146.9 l(5) 

21.68(8) 

-94.72(7) 

-104.9(4) 

129.8(4) 

l3.4(4) 

-126.01(5) 

108.75(8) 

-7.64(7) 

55.84(2) 

-68.10(6) 

175.33(6) 

-36.12(2) 

-160.06(6) 

83.37(6) 

-132.62(5) 

lO3.44(8) 

-13.13(8) 

142.29(5) 

Atom1 

C2 

C2 

C3 

C3 

C3 

P 1 

P2 

P3 

C2 

C3 

P 1 

P2 

P3 

C1 

C3 

P 1 

P2 

P3 

C 1 

C2 

Mo 

Mo 

Mo 

C11 

C11 

Cl1 

C13 

C13 

C13 

Mo 

Sil 

C13 

Mo 

Sil 

C11 

Mo 

Mo 

Mo 

C2 1 

C2 1 

Atom3 

P3 

P3 

P3 

P3 

P3 

C 1 

C1 

C1 

C 1 

C1 

C2 

C2 

C2 

C2 

C2 

C3 

C3 

C3 

C3 

C3 

Sil 

Sil 

Sil 

Sil 

Sil 

Sil 

Si 1 

Sil 

Sil 

C11 

C11 

C11 

C13 

C13 

C13 

Si2 

Si2 

Si2 

Si2 

Si2 

291 

Angle 

18.34(8) 

-98.23(8) 

-102.6(5) 

133.5(5) 

16.9(5) 

-18.9(18) 

174.8(15) 

-96.3(15) 

0.3(15) 

86.6(15) 

-108.6(16) 

-34.4(19) 

161.6(16) 

74.3(16) 

-13.3(16) 

155(2) 

-1 14(2) 

-47(2) 

- 1 7(2) 

69W 
-18.30(6) 

102.46(7) 

-143.86(7) 

-140.97(7) 

-20.21 (8) 

93.48(8) 

113.61(8) 

-125.63(9) 

-1 1.95(9) 

172.24(13) 

-6 l.26(15) 

46.95(16) 

-65.13(14) 

162.81(12) 

56.35(15) 

-24.54(6) 

-150.12(6) 

96.35(6) 

106.03(7) 

-19.55(8) 
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Table H.5 Torsional Angles (deg) for Compound 31 (continued) 

Atoml 

C2 1 

C23 

C23 

C23 

Mo 

Si2 

C23 

Mo 

Si2 

C2 1 

Mo 

Mo 

Mo 

C3 1 

C3 1 

C3 1 

C33 

C3 3 

C33 

Mo 

Si3 

C33 

Mo 

Si3 

C3 1 

P 1 

Atom2 

P2 

P2 

P2 

P2 

P2 

P2 

P2 

P2 

P2 

P2 

P3 

P3 

P3 

P3 

P3 

P3 

P3 

P3 

P3 

P3 

P3 

P3 

P3 

P3 

P3 

Sil 

Angle 

-133.08(8) 

-148.88(7) 

85.55(8) 

-27.98(8) 

-65.19(13) 

163.99(11) 

57.99(13) 

170.81(11) 

-62.73(13) 

45.74(14) 

-20.5 l(6) 

-145.60(7) 

101.25(7) 

109.71(8) 

-15.38(9) 

-128.53(9) 

-145.12(8) 

89.80(9) 

-23.36(9) 

-62.91(15) 

l67.14(13) 

60.16(15) 

170.25(13) 

-63.03(15) 

44.62(16) 

-54.93(8) 

Atoml 

P1 

P 1 

C15 

C15 

C15 

C16 

C16 

C16 

P2 

P2 

P2 

C25 

C25 

C25 

C26 

C26 

C26 

P3 

P3 

P3 

C3 5 

C35 

C3 5 

C3 6 

C3 6 

C3 6 

Atom2 

Sil 

Si 1 

Sil 

Si 1 

Sil 

Sil 

Si 1 

Sil 

Si2 

S i2 

Si2 

Si2 

Si2 

Si2 

Si2 

S i2 

Si2 

Si3 

Si3 

Si3 

Si3 

Si3 

Si3 

Si3 

Si3 

S i3 

Si3 

C5 

Si2 

Si3 

C5 

Si2 

Si3 

C5 

Si 1 

Si3 

C5 

Sil 

Si3 

C5 

Sil 

Si3 

C5 

Sil 

Si2 

C5 

Sil 

Si2 

C5 

Sil 

Si2 

C5 

Angle 

74.52(8) 

-170.08(9) 

-174.84(8) 

-45.39(10) 

70.01(12) 

70.43(10) 

-160.12(8) 

-44.72(13) 

78.91(7) 

-50.94(8) 

-166.58(10) 

-155.54(8) 

74.61(10) 

-41.02(13) 

-38.52(10) 

-168.37(7) 

76.00(12) 

-53.43(8) 

75.86(7) 

-168.36(9) 

70.28(10) 

-160.43(9) 

-44.64(14) 

-174.89(8) 

-45.60(10) 

70.18(13) 
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Table H.6 Least-Squares Planes for Compound 31 

Plane Coefficientsa Defining ,Atoms with Deviations (A)b 

Dihedral angle between planes 1 and 2: 0.50(2)" 

acoefficients are for the form ax+by+cz = d where x, y and z are crystallographic 
coordinates. 
b~nderlined atoms were not included in the definition of the plane. 

Table H.7 Anisotropic Displacement Parameters (Uij, A2) for Compound 31 

Atom UI1 u22 u33 

Mo 0.01914(8) 0.01 867(8) 0.02035(8) 
P1 0.02189(18) 0.02090(18) 0.02210(17) 
P2 O.O2047(17) 0.01745(17) O.O2479(18) 
P3 O.O2604(18) O.O1969(18) O.O2399(18) 
Sil 0.0329(2) 0.02 l5(2) O.O2092(19) 
Si2 0.02291(19) 0.0223(2) 0.0267(2) 
Si3 0.0263(2) 0.0246(2) 0.0322(2) 
0 1  0.0458(7) 0.0698(9) 0.026 l(6) 
0 2  0.0509(8) 0.0641(9) 0.0403(7) 
0 3  0.0537(8) 0.0422(8) 0.0702(10) 
Cl 0.0258(7) 0.0324(8) 0.0287(8) 
C2 0.0337(8) 0.0334(8) 0.0238(7) 
C3 0.0301(8) 0.0301(8) 0.035 l(8) 
C4 0.0273(7) 0.0236(7) 0.0252(7) 
C5 0.0428(9) 0.0345(9) 0.0355(9) 
C l l  0.0352(8) 0.0334(8) 0.0287(8) 
C12 O.O486(ll) O.O468(ll) 0.0385(9) 
C13 0.0284(8) 0.0335(9) 0.0366(8) 
C14 0.0265(8) O.O497(ll) 0.0585(12) 
CIS 0.0536(11) 0.0246(8) 0.0430(9) 
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Table H.7 Anisotropic Displacement Parameters for Compound 31 (continued) 

Atom U1l 

C 16 O.O54O(ll) 
C21 0.0253(7) 
C22 0.0412(9) 
C23 0.0298(8) 
C24 0.0438(10) 
C25 0.0291(8) 
C26 0.0385(9) 
C3 1 0.0442(9) 
C32 0.0621(13) 
C33 0.0375(9) 
C34 0.0490(11) 
C35 0.0573(12) 
C36 0.0257(8) 

The form of the anisotropic displacement parameter is: 

Table H.8 Derived Atomic Coordinates and Displacement Parameters for Hydrogen Atoms for 
Compound 31 

Atom 
H5A 
H5B 
H5C 
Hl lA 
Hl  l B  
H 12A 
H12B 
H12C 
H13A 
H13B 
H14A 
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Table H.8 Derived Parameters for Hydrogen Atoms for Compound 31 (continued) 

Atom 
H21A 
H21B 
H22A 
H22B 
H22C 
H23A 
H23B 
H24A 
H24B 
H24C 
H25A 
H25B 
H25C 
H26A 
H26B 
H26C 
H3 1A 
H3 1B 
H32A 
H32B 
H32C 
H33A 
H33B 
H34A 
H34B 
H34C 
H35A 
H35B 
H35C 
H36A 
H36B 
H36C 



Appendix I 

X-ray Crystallographic Structure Report for [Lithium 
tris(dimethoxyethane)] [tetra(phenylphosphido)aluminate] (3603DME) 

Figure Perspective view of the [Al(PHPh)4]- ion in 3603DME showing the atom labelling 
scheme. Non-hydrogen atoms are represented by Gaussian ellipsoids at the 20% 
probability level. Hydrogen atoms are shown with arbitrarily small thermal 
parameters. The A1 atom is located upon a 7 (Sq) center of symmetry; primed atoms 

are related to unprimed ones via the symmetry operation O/, T, 3, double- primed 

atoms are related to unprimed ones via the operation (TY 7, z), and starred atoms are 

related to unprimed ones via the operation G, x, 3. 

Figure 1.2 Alternate view of the [Al(PHPh)4]- ion in 3603DME. Phenyl hydrogens have been 
omitted. 
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Figure 1.3 View of the [Li(MeOCH2CH20Me)3]+ ion in 3603DME. The Li atom is located 
upon a 4 (S4) center of symmetry, but the dimethoxyethane ligands are disordered 
(where the ligands can be assigned conformations of [6,4 4 ,  [44A], [&A, 4, [A,44, 
[4A,A], [A,s,A], [A,A,q, [&&a); this view shows one (unassigned) conformation. 
Primed atoms are related to unprimed ones via the symmetry operation (l12+~, l/2-x, 
l/2-z), double- primed atoms are related to unprimed ones via the operation (l12-~, - 
l/2+x, l/2-z), and starred atoms are related to unprimed ones via the operation (1-x, 
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Table 1.1 Crystallographic Experimental Details for Compound 3603DME 

A. Crystal Data 
formula 
formula weight 
crystal dimensions (rnrn) 
crystal system 
space group 
unit cell parameters" 

a (A) 
c ( 4  
v (A3) 
z 

Pcalcd (g ~ m - ~ )  
lu (mm-9 

C36H54AlLi06P4 
740.59 
0.42 x 0.13 x 0.13 
tetragonal 
14 (No. 82) 

B. Data Collection and Refinement Conditions 
diffiactometer 
radiation (A [A]) 
temperature (OC) 
scan type 
data collection 2 8 limit (deg) 
total data collected 
independent reflections 
number of observed reflections (NO) 
structure solution method 
refinement method 
absorption correction method 
range of transmission factors 
data/restraints/parameters 
Flack absolute structure parameterf 
goodness-of-fit (S)g 
final R indicesh 

R1 [Fo2 2 20(Fo2)1 
wR2 [Fo2 > -3 o( Fo2)] 

largest difference peak and hole 

Bruker PLATFORMISMART 1000 CCDb 
graphite-monochromated Mo K a  (0.7 1073) 
-80 
w scans (0.2") (25 s exposures) 
52.70 
5891 ( - 1 8 5 h I  17,-182k518,-11 S l S 1 1 )  
2084 (Rbt = 0.0243) 
1 95 5 [Fo2 2 2 o(F,2)] 
direct methods (SHELX-86C) 
full-matrix least-squares on (SHELXL-939 
multi-scan (SADABS) 
0.9689-0.9041 
2084 [Fo2 2 -3 o(Fo2)] / 7e / 1 1 1 
0.0 (3) 
1.094 [Fo2 2 -3 o( Fo2)] 

0.0672 
0.1952 
0.828 and -0.348 e A-3 

aobtained fiom least-squares refinement of 3893 reflections with 5.09" < 2 8 <  52.66". 

b~rograms for diffractometer operation, data collection, data reduction and absorption 
correction were those supplied by Bruker. 

CSheldrick, G. M. Acta Crystallogr. 1990, A46,467473. 
(continued) 
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Table 1.1 Crystallographic Experimental Details for Compound 3603DME (continued) 

d~heldrick, G. M. SHEWLZ-93. Program for crystal structure determination. University 
of Gottingen, Germany, 1993. Refinement on Fo2 for all reflections (all of these 
having ~~2 2 -3o(FO2)). Weighted R-factors wR2 and all goodnesses of fit S are 
based on Fo2; conventional R-factors R1 are based on Fo, with Fo set to zero for 
negative Fo2. The observed criterion of Fo2 > 2o(F02) is used only for calculating R1, 
and is not relevant to the choice of reflections for refinement. R-factors based on Fo2 

are statistically about twice as large as those based on Fo, and R-factors based on 
ALL data will be even larger. 

eO-C (1.46 A) and C-C (1.54 A) distances within the dimethoxyethane molecules were 
given fixed idealized values. 

f~lack,  H. D. Acta Crystallogr. 1983, A39, 876-881; Flack, H. D.; Bernardinelli, G. Acta 
Crystallogr. 1999, A55, 908-915; Flack, H. D.; Bemardinelli, G. J. Appl. Cryst. 2000, 
33, 1 143-1 148. The Flack parameter will refine to a value near zero if the structure is 
in the correct configuration and will refine to a value near one for the inverted 
configuration. 

gS = [cw(F,~ - FC2)2/(n -p)] (n = number of data; p = number of parameters varied; w 
= [&(F02) + (0.1 295P)2 + 2.642 1 PI-I where P = [Max(~,2,0) + 2 ~ ~ ~ 1 1 3 ) .  
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Table 1.2 Atomic Coordinates and Equivalent Isotropic Displacement Parameters for 
Compound 36*3DME 

(a) atoms of [AI(PHPh)4]- 

Atom 
P 
A1 
C1 
C2 
C3 
C4 
C5 
C6 

(a) atoms of [Li(MeOCH2CH20Me)3/+ 

Atom 
010 
0 1  1 
012 
c10aJ 
C 1 1a.b 
c12a 
C 134b 
C144b 
Li 

Anisotropically-refined atoms are marked with an asterisk (*). The form of the 

anisotropic displacement parameter is: exp [ -2~2(h~a*~  U1 1 f k2b*2U22 + ~ 3 3  + 
2klb*c* U23 + 2hla*c* U13 + 2hka*b*U12)]. aCarbon atoms of the dimethoxyethane 

ligands were refined with a common isotropic displacement parameter. b~efined with an 

occupancy factor of 0.5. 
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Table 1.3 Selected Interatomic Distances (A) for Compound 36*3DME 

(a) within [AI(PHPh)4]- 

Atom1 Atom2 Distance Atom1 . Atom2 
P A1 2.3890(9) C2 C3 
P C1 1.831(4) C3 C4 
C1 C2 1.382(6) C4 C5 
C1 C6 1.398(6) C5 C6 

(b) within [Li(MeOCH2CH20Me)3]+ 

Atom1 Atom2 Distance 
010 C10 1.46? 
010  C11 1.46? 
010  Li 2.038(9) 
0 1  1 C 12 1.461- 
0 1  1 Li 2.141(9) 

Atoml Atom2 
012 C13 
012 C14a 
012 Li 
C11 C12 
C13 C14 

Distance 
1 .dl 9(6) 
1.358(7) 
1.383(8) 
1.377(8) 

Distance 
1.467 
l.46Jr 
2.069(8) 
1-54? 
1.547 

?Distance fixed during refinement. aAt 1/2-y, -1/2+x, 112-2. 
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Table 1.4 Selected Interatomic Angles (deg) for Compound 36*3DME 

(a) within [Al(PHPh)4]- 

Atom1 Atom2 Atom3 Angle Atom1 Atom2 Atom3 Angle 
A1 P C1 104.37(11) C2 C1 C6 1 17.9(4) 
P A1 Pa 108.50(3) C1 C2 C3 121.1(4) 
P A1 pb 1 1 1.44(5) C2 C3 C4 120.0(5) 
P A1 PC 108.49(3) C3 C4 C5 1 18.7(5) 
P C1 C2 120.1(3) C4 C5 C6 122.2(5) 
P C1 C6 121.8(3) C1 C6 C5 120.0(4) 

aAt y, Z, F. b ~ t  Z, y, z. CAt y, x, F. 

@) within [ L ~ ( M ~ o c H ~ c H ~ o M ~ ) ~ ~ ~  

Atom1 Atom2 Atom3 Angle Atom1 Atom2 
C10 010 C l l  112.1(11) 010 Li 
ClO 010 Li 119.8(11) 010 Li 
C11 010 Li 123.5(9) 010 Li 
C12 011 c 1 2d 1 00.8(10) 010 Li 
C12 011 Li 1 18.7(7) 0 1 6  ~i 
~ 1 2 ~  0 1  1 Li 1 18.3(7) 0 1 6  ~i 
C13 012 C 14" 147.4(6) 0 1 6  ~i 
C13 012 Li 105.9(8) 0 1 6  ~i 
C14" 012 Li 106.5(8) 011 Li 
010 C11 Cl2 106.0(10) 011 Li 
011 C12 C l l  103.3(11) 011 Li 
012 C13 C14 1 18.9(15) Ollf ~i 
012f C14 C13 1 17.7(15) Ollf ~i 
010 Li 0 1 6  95.86(19) 012 Li 

d ~ t  1-x, y, z. eAt ll2-y, -lI2+x, 112-z. f ~ t  112+y, 112-x, 112-z. 

Angle 
72.5(4) 
96.3(4) 

165.2(7) 
91.7(5) 

l2O.9(4) 
72.5(4) 
85.7(5) 

l65.2(7) 
162.7(4) 
94.0(5) 
73.6(5) 
98.2(5) 
94.0(5) 
90.30(6) 
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Table 1.5 Torsional Angles (deg) for Compound 36*3DME 

Atoml 

C1 

C1 

C1 

A1 

A1 

P 

C6 

P 

C2 

C1 

C2 

C3 

C4 

C10 

Li 

C10 

ClO 

C10 

C10 

ClO 

C11 

C11 

C11 

C11 

C11 

C12' 

Angle 

175.98(14) 

-64.63(13) 

54.76(13) 

92.2(3) 

-92.8(4) 

175.7(3) 

0.4(6) 

-1 76.2(4) 

-1.1(7) 

OS(7) 

-0.7(8) 

0.0(9) 

0.9(9) 

175.3(15) 

-29(2) 

-79.1(12) 

160.3(13) 

-6.2(12) 

-174.5(16) 

88.1(13) 

126.7(14) 

6.1(13) 

-160.3(13) 

3U3) 
-66.1(13) 

-171.3(13) 

Atoml 

Li 

C12 

C12 

C12 

C12 

C12 

C12' 

C12' 

C12' 

C12' 

C12' 

c 1 d  

Li 

C13 

C13 

C13 

C13 

C13 

c i d  

C I ~  

c l d  

c l d  

c 1 4  

010 

012 

303 

Angle 
-40.5(14) 

21.3(9) 

-65.0(11) 

72.7(11) 

-1 52.4(9) 

1 l8.4(lO) 

143.7(9) 

57.4(9) 

-164.9(14) 

-30.0(8) 

-1 19.2(8) 

-167.8(18) 

6(2) 
-99(2) 

164.3(14) 

-74.9(13) 

92.7(13) 

-l.4(ll) 

780) 
-19.1(12) 

101.7(13) 

-90.6(13) 

175.2(15) 

39.7(18) 

-10(3) 
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Table 1.6 Anisotropic Displacement Parameters (Uij, A2) for Compound 3603DME 

Atom Ull 
P 0.0330(5) 
A1 0.0278(6) 
Cl 0.0347(17) 
C2 0.054(2) 
C3 0.058(3) 
C4 0.053(3) 
C5 0.074(3) 
C6 0.076(3) 
010 0.092(6) 
011 0.103(8) 
012 0.137(9) 
Li 0.042(4) 

The form of the anisotropic displacement parameter is: 

Table 1.7 Derived Atomic Coordinates and Displacement Parameters for Hydrogen 
Atoms for Compound 36a3DME 

Atom x Y z Lieq, A2 
HIP -0.1 184 -0.093 1 0.2297 0.050 
H2 0.03 17 -0.0822 0.40 17 0.055 
H3 0.1549 -0.1428 0.5309 0.064 
H4 0.2423 -0.2598 0.4380 0.07 1 
H5 0.2055 -0.3 179 0.2190 0.079 
H6 0.0835 -0.2622 0.0917 0.068 


