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Abstract 

This thesis is concerned with the synthesis and coordination chemistry of analogues 

of common phosphorus oxo anions, e.g. orthophosphate [PC^] 3 -, metaphosphate [PC^]", and 

phosphonate [RPO3] , in which the oxygen atoms are replaced by imido (NR) groups and 

chalcogen (S or Se) atoms. These multidentate anions display versatile coordination 

behavior resulting from the combination of hard (N) and soft (S or Se) donor sites. In the 

case of metaphosphates they provide a platform for the development of novel coordination 

polymers. 

Treatment of the bis(amido)chalcogenido phosphonates PhP(E)[N(H) lBu]2 (E = O, S, 

Se) with "BuLi generates the dimers {[Li(THF)]2[PhP(E)(N tBu)2]}2 (E = S, Se) and 

{(THF)Li 2[PhP(0)(N tBu) 2]}4-Li 20, a Li20-templated tetramer. The deprotonation of 

0PfN(H) tBu]3 with "BuLi is incomplete producing only mono- or dilithium derivatives, 

(THF){LiOP(N tBu)[N(H) tBu]2}3 and {(THF)2Li2OP(N tBu)2[N(H) tBu]}2, respectively. The 

reaction with ZnMe 2 generates Zn(ZnMe)2{OP(N tBu)[N(H) tBu]2}[OP(N tBu)3], a complex 

containing the first tris(imido)phosphate trianion, [OPfN'Bu^] 3 -. For the 

tris(alkylamido)thiophosphates SP[N(H)R]3 (R = 'Pr, lBu) only mono- or di-lithiation is also 

observed and, in the case of R = lBu, further lithiation results in P-S bond cleavage. By 

contrast, trilithiation can be achieved for the triaryl derivatives EP[N(H)Ar]3 (E = S, Se) 

forming complexes that contain the first tris(imido)thio- and selenophosphate [EP(NR)3]3 (E 

= S, R = p-to\; E = Se, R = Ph). However, in the case of the selenium derivative, P-Se bond 
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cleavage accompanies trilithiation at room temperature to give, as a minor product, a unique 

complex that incorporates L¡2Se2. 

The formation of alkali- and transition-metal derivatives of both the mono- and 

dianions, { tBuN(E)P( /¿/-N tBu)2P(E)[N(H)x

tBu]}2"x (E = S, Se; x = 0, 1), illustrates the 

ambidentate nature of these cyclodiphosph(V/V)azane ligands as they exhibit two different 

modes of coordination: (a) chelation via the "soft" (E, E1) and "hard" (JV, N1) centers forming 

six-membered rings [for Na(I), K(I), Pt(II)] and (b) bis (N, £)-chelation forming four-

membered rings [for Li(I), Ni(II), Pd(II), Cu(I)]. Treatment of ['Bu(H)N(Se)P(> 

N tBu)2PN(H) tBu] with KCP^Ph generates the mixed valence cyclodiphosph(III/V)azane 

dianion, [tBuN(Se)P(p.-NtBu)2PNtBu]2". 

These investigations provide the foundation for future study and application of these 

novel ligands in metal complexes with catalytic activity or as components of materials with 

extended structures. 
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1 

CHAPTER ONE 

Introduction 

1.1. Preamble 

The focus of this thesis is the development of synthetic methods and strategies 

towards the formation of metal complexes of new imido-chalcogenido phosphorus-centered 

ligands that may: (1) improve our knowledge and fundamental understanding of aggregation, 

coordination, and cluster chemistry, and (2) be used as building blocks in the formation of 

coordination polymers. This chapter will begin by introducing the subject of coordination 

chemistry, including an overview of general principles and applications. A literature survey 

of known homo- and heteroleptic phosphorus-centered ligands with polyimido and imido-

chalcogenido donor substituents will follow. Finally, the goals and objectives of this thesis 

will be defined. 



2 

1.2. Coordination Chemistry 

1.2.1. General Principles 

The nature and properties of metal coordination complexes have been the subject of 

important research for many years and continue to receive significant attention. 

Coordination compounds play an essential role in the chemical industry; many metal 

coordination complexes are also important for sustaining life, including chlorophyll, a 

magnesium complex vital to photosynthesis, and hemoglobin, an iron complex that carries 

oxygen to the cells. 

Coordination chemistry involves compounds in which a small number of molecules 

or ions, called ligands, surround a central metal atom or ion. Each ligand (from the Latin, 

ligare, meaning "to bind") donates a pair of electrons to the metal. The metal-ligand bond, 

often represented as L: —> M , is an example of a coordinate-covalent bond in which both the 

electrons come from the ligand donor atom (L). It is also referred to as a Lewis acid/base 

complex in which the base donates the electron pair to the acid. 

In 1893, at the age of 26, Alfred Werner developed his classic theory which laid the 

foundation for coordination chemistry. It was the starting point for further work which 

earned him the Nobel Prize for Chemistry in 1913. While studying transition-metal 

complexes he proposed that metals have two types of valence: (1) primary valence, now 

referred to as the oxidation state, and (2) secondary valence, commonly referred to as the 

coordination number.1 



The coordination number is defined as the number of donor atoms around a given 

metal atom or ion and, collectively, the ligands are referred to as the coordination sphere.2 

Three main factors determine the coordination number of a complex: (1) size of the central 

atom, (2) steric interactions between the ligands, and (3) electronic interactions between the 

ligand and the central atom. Ammonia, NH3, was one of the ligands Werner most 

investigated. It is referred to as a monodentate ligand, as it donates only a single pair of 

electrons to a metal atom or ion. Monodentate literally means "one tooth" and such ligands 

have only one pair of electrons with which to "bite" the metal. Bidentate ligands, such as 

ethylenediamine, H2NCH2CH2NH2, are frequently chelating ligands (translated as "crab's 

claw") that produce chelate rings. Common multidentate ligands donate from three to six 

pairs of electrons, EDTA being the most common six-donor ligand. Two other types are 

bridging and ambidentate ligands. Bridging ligands are defined as those containing two pairs 

of electrons donated to two metal atoms simultaneously, while ambidentate ligands can 

bridge in two ways depending on the conditions and the metals involved (Figure 1.1). 



/ \ H 2 ~ I " M ^ S C N ^ - l v ? " 

. N H 2 ^ N n ^ or 

H 3N—*-M M M M M-«—NCS—Hw'" 

(a) (b) (c) (d) 

Figure 1.1. Examples of (a) monodentate, (b) bidentate, (c) bridging, and (d) ambidentate 

coordination complexes.3 

In the 1950's Chatt introduced two main classifications, "hard" and "soft", to address 

the interaction of acids and bases containing different elements from throughout the periodic 

table.4 In general, hard acid cations are identified by their preferential binding of lighter 

basic atoms within a group which is often described in terms of ionic or dipole-dipole 

interactions. Soft acids exhibit the opposite trend; they are more polarizable, more richly 

covalent and tend to bind to heavier basic atoms within a group. Hard acids tend to bind to 

hard bases and, conversely, soft acids prefer to bind to soft bases.5 

P-Diketonesb are among the most widely used ligands in coordination chemistry. 

They represent an extremely important class of ligand and have been extensively studied for 

many years.6 Although the organic chemist's interest in such ligands is widely recognized, 

inorganic chemists have also been fascinated by the variety of coordination compounds that 

a The charge on the complex is reflective of the ligand, not the complex itself. 

b p-Diketones are neutral ligands that are also referred to as p-dicarbonyls, p-carbonyls, p-ketoenols, 2,4-

pentanedione or, most commonly, as acetylacetone (acacH). 
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are formed. As early as 1887, the method of preparation for several metal derivatives of the 

p-diketonate° [RC(0)CR'C(0)R"]~ was documented.7 By 1967, complexes had been 

reported for all of the non-radioactive metallic or metalloid elements in the periodic table.8 

The p-diketonates are a versatile class of ligand with at least 18 known modes of 

coordination,9 however (O, O ')-chelation to a metal center is the most common. The carbon 

atoms are sp2 hybridized and the ligand consists of six n electrons distributed over a five-

atom framework leading to a planar six-membered heterocyclic coordination complex 

analogous to benzene. The geometries of the ligands around the central metal are commonly 

square planar, trigonal bipyramidal (TBP), pseudo-TBP, or octahedral. In certain cases (e.g. 

lanthanides) even higher coordination numbers may be observed. Representative examples 

of these geometrical arrangements are shown in Figure 1.2. 

c (3-Diketonate is the monoanionic ligand commonly referred to as acetylacetonate (acac). 



6 
Ph 

Me 

Me 

Me 

Ph 

Ph 

Ph 

(a) Square Planar; M = N i , 8 Pd, 1 0 Pt 11 (b) Pseudo-TBP 12 

Me 

Me 

Me 
Me 

Me 

(c) Octahedral (M = A l , Ga, In)8 

Figure 1.2. Examples of P-diketonate coordination complexes. 

1.2.2. Applications of Coordination Complexes 

Metal coordination complexes can be employed in numerous functions, the following 

is intended to highlight only a few of these interesting applications. 

1.2.2.1. Catalysts 

Monoanionic bis(imido)phosphinates, [R2P(NR')2] , act as monoanionic bidentate (N, 

N')-chelating ligands that have been widely employed in both main-group and transition-

metal chemistry (see Section 1.4.2.1). When the R and R' substituents are bulky the 
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bis(imido)phosphinate ligand can be regarded as sterically and electronically equivalent to 

pentamethylcyclopentadienide (Cp*), an organic ligand that has received considerable 

attention for its ability to stabilize metal centers. Group 4 metal derivatives of 

bis(imido)phosphinates, such as Ti and Zr, have been prepared and act as metallocene-like 

homogeneous polymerization catalysts. Both were shown to be active ethylene 

polymerization catalysts in the presence of MAO providing high molecular weight 

poly (ethylene) with narrow molecular weight distributions.13 

1.2.2.2. Extended Polymeric Structures 

Metal coordination complexes can form extended polymeric structures through either 

laddering or bridging metal centers. An example of laddering is the monolithiated 

ethylenediamine, {Li[HN(CH2)2NH2]} (1). Its structure consists of an infinite ladder 

wherein each lithium cation is chelated by both the amide and amine ends of the molecule 

and laddering occurs through L i - N edges.14 The potassium salts, {K[EPPh2]2N} (2a, E = S,1 5  

2b, E = Se16), form unique extended polymeric structures through K - E edges. However, in 

this structure a ladder with K - E rungs is not formed but rather K 2 E 2 rings are linked through 

a common K + corner. 
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1 2a, E - S 

2b, E = Se 

The trimethyl tin(IV) complex, {Me3Sn[SPPh2]2N} (3), has an extended structure in 

which the monoanionic ligand bridges two tin(IV) centers through both strong and weak Sn-

S interactions.17 The lithium salt of a thioamidinate, {Li[MeCS(NMe)]}-2THF (4) also 

forms an extended highly solvated unladdered polymeric structure. In this complex solvation 

by THF produces a polymer by opening the LÌ2S2 and LiNCS rings of laddered dimers. 

Ph 2P PPh 2
 P h

2 P PPh 2 

i i s s 
Me / \ ^Me \ . M e „ M \ / \ / ' 

M e / \ / " M e I \ T H F 
Me \ / Me J \ THF JHF THF THF 

S Me \ I \ / 

N Me Me 



1.2.2.3. Separation of Metal Ions 

The separation of metal ions has important applications in process and environmental 

chemistry. Molecular recognition technology (MRT) enables the separation, recovery, and 

purification of specific metals often from complex and difficult matrices. Important factors 

for successful metal extraction selectivity include metal geometry requirements, ionic radius, 

ligand cavity dimensions, ligand donor atom type, and ligand substituents.19 Ligands can be 

designed to suit a wide range of needs and are successful in the separation of metals. 

1.2.2.4. NMR Shift Reagents 

Lanthanide shift reagents have been the subject of much research due to their ability 

to simplify N M R spectra. Resonances for the magnetic nuclei in the attached ligand are 

spread out by the local magnetic field of the lanthanide ion; the resonance is most shifted for 

the nuclei that are closest to the lanthanide. For example, the most significant problem with 

'H N M R spectra of unsaturated fatty acids is the similar environment of the ethylene protons, 

Neither the position nor the configuration of the substituents can be determined from the 'H 

NMR spectrum of the pure acid. However, following the addition of Pr{[OPPh2]2N}3, a 

coordination complex of the lanthanide praseodymium, the resonances spread out and both 

the position and configuration of the substituents are readily observed.20 
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1.3. Phosphorus Oxoanions 

Phosphorus is the first element to which recorded history can attribute a known 

discoverer. The word phosphorus is derived from the ancient Greek words phos, meaning 

light and phorus, meaning bringing. It was first isolated by Henning Brandt in 1669 and has 

a very interesting early history in which it has been implicated in occurences of mysterious 

lights, graveyard ghosts, and spontaneous human combustion.21 

The oxoacids of phosphorus are more numerous than those of any other element.1 

Calcium orthophosphate, which occurs as vast deposits of apatites and rock phosphates, is 

the main source for not only the orthophosphate anion [PO4]3" (5), but also for all industrial 

phosphorus chemicals. Phosphoric acid, H3PO4, the most important of phosphate-derived 

acids, has applications that include: inhibition of rust formation, a component in agricultural 

fertilizers, and as an ingredient in soft drink flavoring. A wide range of alkali metal and 

alkaline earth derivatives of phosphoric acid have been made by replacement of H atoms, 

including: L i + , Na + , K + , and NH.4+. Numerous trivalent metal derivatives have also been 

synthesized (B 3 + , A l 3 + , Ga 3 + , Cr 3 + , M n 3 + , Fe3 +). The aluminophosphates (AlPOs) are 

currently the subject of much interest due to formation of microporous materials with 

applications as molecular sieves and in catalysis. Calcium phosphate, Ca3(PC>4)2, is used in 

99 

the food, detergent and toothpaste industries. 

Phosphate complexes display discrete and approximately tetrahedral PO4 units 

containing metal-oxygen interactions and, in certain cases, hydrogen-bonding. Al l four 

oxygen atoms are most often coordinated to cations resulting in a strongly bonded three-



11 

dimensional framework, although lower dimensional structures such as sheet-like 

arrangements may result. A different structural motif is observed in the chain 

polyphosphates that feature corner-shared PO4 tetrahedra. Chain polyphosphates, of general 

formula [P n03 n +i] ( n + 2 )~, have lengths of approximately 10 < n < 50 and, as n increases, the 

formula approaches [P03]~n, poly-metaphosphates. Monomeric metaphosphate [PCb]" (6) is 

only stable in the gas phase under matrix conditions and appears as an intermediate in several 

phosphorylation reactions. 

In addition to ortho- and metaphosphates, 5 and 6, respectively, other important 

oxoanions and organooxoanions of phosphorus exist. Salts of hypophosphorous acid or 

phosphinic acid, [H2P(0)(OH)] are prepared by boiling white phosphorus with an alkali- or 

alkaline-earth hydroxide. Both the acid and its salts are powerful reducing agents with such 

applications as reducing nickel for electrodeless plating on metal parts such as steel or 

aluminum. Phosphorous acid, [HPO(OH)2], is readily made by direct hydrolysis of PCI3 or 

P4O6 in a cold carbon tetrachloride solution. Anions whose H atoms have been replaced by 

R groups in phosphinic and phosphorous acid are more generally referred to as phosphinates 

[R 2 P0 2 r (7), and phosphonates [RPO3] 2 " (8), respectively.1'9'23 

O O R 
5 6 7 8 
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Select heavier chalcogenide analogues of phosphorus oxoanions have been 

investigated due to their ability to chelate and/or bridge metal centers. Complexes of the 

dithiophosphinates [R.2P(S)2]~ (R = alkoxy or alkyl) with both transition-metal and main 

group elements have been studied in great detail.24 These complexes are used industrially as 

additives in lubricating oils, antioxidants, corrosion inhibitors, detergents, and pesticides. 

Tetrathiophosphate, [PS4]3"", is quite rare and metal salts are often formed via the solid-state 

reaction of a metal and thiophosphate fluxes.25 Trithiometaphosphate, [PS3]~ has been 

synthesized in one of two ways: by the reaction of P4S10 with KCN and H2S, isolated as its 

tetraphenylarsonium salt,26 or by the reaction of P4S3 with U2S2 and elemental sulfur, 

forming the lithium salt in solution. 

Relatively few selenium analogues are known. The highly solvated lithium salts of 

both [Ph2P(Se)2r and [CyP(Se)3]2~ were synthesized by insertion of selenium into the P-Li 

bonds of {Li[Pli2P]} and {L¡2[CyP]}, respectively.28 The synthesis of K.3PSe4, containing the 

[PSe4]3~ anion, was achieved by the reaction of K.2Se3 with P2Ses in acetonitrile, the first 

• 29 

synthesis of a phosphorus chalcogenide complex via a solvothermal approach. Monomeric, 

dimeric and trimeric triselenometaphosphate, [PSe3]~, as their lithium and sodium salts, can 

be obtained in solution by oxidation of P4Se3 with M2Se2 (M = L i , Na) and elemental 
27 

selenium in the same manner as the sulfur derivatives. 
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1.4. Survey of Polyimido Anions of Phosphorus 

The P-N bond is one of the most intriguing in chemistry. Many compounds 

containing a P-NR functionality can be considered formally as derivatives of the oxoacids of 

phosphorus in which there has been an isoelectronic replacement of an oxo ligand (02~) with 

an imido (NR ; R = H, alkyl, aryl) group. The imido ligand has been a versatile cornerstone 

in the generation of main-group element cluster compounds.30 Although it is isoelectronic to 

the oxo ligand, the organic substituent provides steric bulk to control the coordination 

number, facilitates solubility in hydrocarbon solvents, and gives rise to significant 

differences in the clusters formed. 

In this thesis a cluster is defined as a neutral or charged species comprised of a 

polycyclic array of atoms, as proposed by Housecraft.31 Homoleptic polyimido anions have 

identical substituents (NR) bonded to the central atom, while heteroleptic anions involve 

different substituents (e.g. NR and 0) bonded to the central atom. The investigation 

presented here will examine metal coordination complexes of both homo- and heteroleptic 

polyimido anions of phosphorus. 

1.4.1. Homoleptic Polyimido Anions of Phosphorus 

The first example of a homoleptic polyimido phosphorus anion, [P(NR)2F, was 

reported in 1986. The effect of the steric bulk of the NR group is illustrated dramatically by 

this system. The monolithiation of Mes*N=P(NHMes*) with "BuLi generated the 

monomeric, unsolvated salt, [LiP(NR)(NR')] (9, R = R' = Mes*), isoelectronic with the 
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— 19 ü 

kinetically unstable metaphosphite [PO2] . ' The analogous bis-solvated unsymmetrical 

derivative (10, R = Mes*, R' = CPh3) is also monomeric whereas the unsolvated 

unsymmetrical derivatives (R = Mes*; lia, R' - 1-Ad; lib, R' = 'Bu) are dimeric, consisting 

of eight-membered LÌ2P2N4 rings.34 

R 
N 

/ \ 
\ / ' 

N 
R' 

R 
N 

/ \ 
Li(OEt2)2 

N 
R' 

R 
N-

/ 
\ 

-Li-
R" 
N 

N Li-
R' 

/ 
N 
R 

9, R = R'=Mes* 10, R = Mes*, R' = CPh 3 11a, R = Mes*, R' = 1-Ad 

lib, R = Mes*, R' = lBu 

When R = R' = lBu, the [P(NR)(NR')]_ anion forms the [2 + 2]-cycloaddition 

product, also known as the cyclodiphosph(III/III)azanes. The lithium salt exists as either a 

solvated dimer {(THF)Li[( tBuN)P(//-N tBu)2P(N tBu)]Li(THF)} (12)35 or an unsolvated 

tetramer {Li[( tBuN)P(//-N tBu)2P(N tBu)]Li}2 (13)33 depending on the solvent used in the 

synthesis. The tetramer formation is the result of face-to-face dimerization of two unsolvated 

cubes (Scheme 1.1). 
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Scheme 1.1. 

- \ 'Bu 
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<BuN Li tBu 
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N \ , N'Bu 
'Bu 

12, L = THF 13 

The ligating ability of the dimer [( tBuN)P(//-N tBu)2P(N tBu)]2" with both main-group 

and transition metals has been extensively investigated by Stahl.36 The flexible bite angle 

and multidentate nature make this anion a versatile ligand that exhibits four distinct 

coordination modes (Figure 1.3). Further to coordination through the exocyclic imido 

substituents, a noteworthy feature of this ligand is its ability to engage in intramolecular 

interactions through an endocyclic imido group in the formation of a seco-cube, i.e. a 

heterocube with a missing corner (Figure 1.3b). The synthesis and solid-state structure of the 

first Ni(II) azaphosphirane revealed a new coordination mode with three membered nickel-

phosphorus-nitrogen rings having anionic four-electron P=N moieties (Figure 1.3d). 37 
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Figure 1.3. Coordination modes observed for metal complexes of [ ( 'BuN^// -

t t 2— 
N Bu)2P(N Bu)] . M represents a metal fragment; substituents on M are omitted for clarity. 

Two examples of monomeric tris(imido)metaphosphates [P(NR)(NR')2]~, 

isoelectronic with [PO3]", have been characterized. Niecke reported two routes for the 

generation of the amidobis(imido)metaphosphate: (1) elimination of N 2 from a 

tetraazaphosphole and (2) treatment of a bromobis(imido)phosphorane with a primary 

lithium amide. Subsequent deprotonation with "BuLi in dimethoxyethane and THF leads to 

the formation of the lithium salts (DME)Li[P(N tBu)2(NMes*)] (14) and 

(THF)4Li[P(NMes*)3] (15), respectively (Scheme 1.2 and 1.3, respectively).38 
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Scheme 1.2. 
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The co-thermolysis of [Re(CO)5Cl] and (Me 3Si) 2NPNSiMe 3 in toluene at 110°C 

produces the (N, iV')-chelated bis-spirocyclic complex {(CO)4Re[(Me3SiN)2P(//-

NSiMe 3) 2P(NSiMe 3) 2]Re(CO) 4} (16a) and the cubane {(CO)3Re[(Me3SiN)2P(//-

NSiMe 3) 2P(NSiMe 3) 2]Re(CO) 3} (16b), both of which can be regarded as metal complexes of 

the dimeric tris(imido)metaphosphate or cyclodiphosph(V/V)azane [(Me3SiN)2P(//-

NSiMe 3) 2P(NSiMe 3) 2] 2" (Scheme 1.4).39 Apparently the loss of a CO substituent on each 

rhenium atom causes the bis (N, JV')-chelated complex to rearrange into a cube. 
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Scheme 1.4. 

L 

(CO).Re Re(CO)4 

-2CO 

16a, R = SiMe 3 16b, L = (CO)3, R = SiMe 3 

The well-established procedure for the oxidation of phosphorus(III) compounds with 

organic azides has been recently extended to bis(amido)cyclodiphosph(III/III)azanes.40 The 

double Staudinger reaction with phenyl and para-to\yi azide yields cis-

bis(amido)cyclodiphosph(V/V)azane diimides. Reaction with trimethylaluminum yields the 

spirocyclic dimethylaluminum complexes {Me2Al[(RN)( tBuN)P(//-

N tBu)2P(N tBu)(NR)]AlMe 2} (17a, R = Ph; 17b, R = p-Xo\). 

R R Li(THF)4

+ 

18, R= 1-naphthyl 17a, R = Ph; b, R = p-tol 

Two examples of a tetrakis(imido)orthophosphate anion [P(NR)4]3 , isoelectronic 

with [PC>4]3~, have been identified. A monomeric THF-solvated trilithium salt 18, was 
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unexpectedly obtained from the reaction of P2I4 with 1-aminonaphthalene and "BuLi in 

THF/NEÍ3.41 Complex 18 has an ion-separated structure containing a [Li(THF) 4] + cation and 

a spirocyclic [(THF) 2Li(//-NR) 2P(/^NR) 2Li(THF) 2r (R = 1-naphthyl) anion; the reaction 

mechanism is unknown. The second example is an unsolvated complex, 

{Li3[P(N tBu)3(NSiMe3)]}2 (19), generated by trilithiation of the tris(amido)imidophosphate, 

[P(NH tBu) 3(NSiMe 3)]. 4 2 Compound 19 is a dimer which contains a central L\^6 hexagonal 

prism with the hexagonal faces capped by a PNSiMe3 moiety. 

1.4.2. Organo Polyimido A nions ofPh osph or us 

1.4.2.1. Bis(imido)phosphinates 

Monoanionic bis(imido)phosphinates, [R2P(NR)2] , isoelectronic to [R2P02]~, act as 

bidentate (N, ./V')-chelating ligands to both main-group and transition-metal centers.24b'43  

Amido precursors can be formed by four methods: (1) oxidation of secondary phosphines 

with two equivalents of an azide, (2) oxidation of aminophosphines with one equivalent of an 

azide, (3) aminolysis reactions of trihalophosphoranes R2PX3 (X = CI, Br) with primary 

amines in the presence of base, and (4) alkylation of diaminophosphines. Reactions of amido 

Li 'Bu 

19 
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precursors with metal bases leads to metal salts of bis(imido)phosphinate anions. The easily 

prepared lithium and sodium salts are good reagents for metathesis reactions in the formation 

of other metal complexes.303 

Two main coordination modes are observed in metal complexes of [R?P(NR)2]~; 

representative examples are shown in Figure 1.4.30a The structures illustrated in (a), (b), and 

(c) reveal the different types of aggregation resulting from (N, iV')-chelation. Complex (b) 

shows bis-chelation and (c) involves dimerization via intermolecular M - N interactions. The 

structure (d) shows a bridging mode of coordination (cf. I la, b). 

Ph 2 

SiMe, C i M , / \ m SiMe3 

Me3SiN NSiMe, ,>N,„ 

V P h * p \ / N i V P P h s 
(THF)2 

(a) (b) 

Silvie-, SiMe, 
cm T H F

 e . „ N — C u — N SiMe31 SiMe, 
Ph 2 P N Rb—N 

\ \ \ \ P h 2 P \ / P h ^ 
N R b — N PPh 2 \ / 
SiMe 3 \ SiMe 3 N C u — N 

THF SiMe 3 SiMe 3 

(c) (d) 

Figure 1.4. Representative examples of metal complexes of bis(imido)phosphinate anions. 
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1.4.2.2. Imidodiphosphinates 

The imidodiphosphinates, [R'2P(NR)NP(NR)R'2]~, are often described as the 

inorganic equivalents of the P-diketonates (Section 1.2.1). A number of main-group metal 

complexes of the trimethylsilyl derivative, [R2P(NSiMe3)NP(NSiMe3)R2]~, have been 

investigated. The corresponding amido precursor is synthesized by the reaction of a 

trichlorophosphorane, R^PCb (R' = Ph or NMe2), with excess ammonia followed by 

deprotonation and stepwise silylation. Reaction with the appropriate metallation reagent 

deprotonates the amido precursor and generates metal salts of the monoanionic ligand. 

Four modes of coordination have been established for imidodiphosphinate metal 

complexes (Figure 1.5). Coordination mode (a) is observed for lithium in which each metal 

ion is coordinated by two imido nitrogens and two aza nitrogens, one from each monomeric 

unit. In the center of the structure is a four-membered LÌ2N2 ring.4 4 Conversely, in 

coordination mode (b) each sodium ion is coordinated by an aza nitrogen and by three imido 

nitrogens.45 Mode (c) is observed for the divalent alkaline earth cations, calcium and 

barium.4 5'4 6 The cations are six-coordinate with all three nitrogen atoms from each monomer 

participating in coordination to the metal center. Mode (d) is observed for monocationic 

metal organo or amido fragments. The metal cation is (N, ./V')-chelated forming a six-

membered MNPNPN metallocycle.47 
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Figure 1.5. Representative examples of the coordination modes observed for metal 

complexes of imidodiphosphinate monoanions. 

1.4.2.3. Tris(imido)phosphonates (Phosphites) 

Three examples of the tris(imido)phosphonate anion, [RP(NR)3]2~ isoelectronic to 

[RPC^] 2 - have been investigated. The reaction of the dimeric dilithium salt of tris(ier/-butyl 

imido)tellurite, [LÌ2Te(NlBu)3]2, with PhPCb yields a spirocyclic Te(IV) complex of the 

phenyl tris(fórí-butylimido)phosphonate dianion, [Ph(tBuN)P(//-NtBu)2Te(//-

NtBu)2P(NtBu)Ph] (20).48 The formation of 20 involves the transfer of an imido substituent 
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from tellurium to the phosphorus centers and concomitant oxidation of P(III) to P(V) 

accompanied by reduction of Te(IV) to elemental tellurium. 

The reaction of PCI3 with three equivalents of 2-methoxyaniline and "BuLi in 

THF/NEt 3 yields [Li 2(H)P(NR) 3] 2 (21, R = (2-OMe)C6H4), the imido analogue of the 

phosphite anion [HPO3]2"".4 Presumably a proton shift occurs from an amido center to the 

phosphorous center, in addition to metallation of the remaining amido protons. In an 

apparently analogous way, phosphorous acid, HPO(OH)2, is produced by the hydrolysis of 

PCI3. When 21 is crystallized from THF, a lithium ion is abstracted from the core and an 

ion-separated complex, [(THF) 4Li] + [Li{HP(NR)3}]~, is generated.303 

The reaction of tris(wo-propylamido)phenylphosphonium bromide with three 

equivalents of "BuLi in THF generates the dilithium salt of [PhPfN'Pfb]2". Although not 

isolated, indirect evidence for the formation of this dianion was obtained by threefold 

methylation with Mel to produce {PhP[N('Pr)Me]3}I.30a 

NR 

20 21, R = (2-OMe)C6H4 
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L 5. Imido/Oxo Anions of p-Block Elements 

As noted previously (Section 1.3), metal complexes of phosphorus oxoanions prefer 

to form large aggregated two- and three-dimensional array and sheet-like structures, 

including infinite polyoxoanion chains. Conversely, the common characteristic of metal 

complexes of polyimido anions of phosphorus is the formation of smaller aggregates, such as 

monomers or dimers. In some cases this is a result of solvation of the metal cations, however 

even when no solvent interactions are present there is a trend towards smaller structural 

frameworks and, in certain cases, the formation of fundamental building blocks, e.g. cubes, 

hexagonal prisms. 

The formation of metal complexes of heteroleptic imido/oxo anions leads to 

competition between the sterically unencumbered oxo substituents, seeking to aggregate and 

form extended structures, and the bulky imido substituents which favor smaller complexes 

with low aggegation. For this reason, investigations of the heteroleptic imidosulfites 

[S(0)(NT3u)(NR)]2~ (R = 'Bu, SiMe 3 ) 5 0 and imidosulfates [S(0)x(N tBu)4-x]2" (x = 1,51 2 5 2 ) 

have lead to novel structures formed by these adaptable, polydentate anionic ligands. 

Li 

22 
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The clearest example illustrating the result of this competition between the oxo and 

imido substituents is provided by the dilithium salt of the bis(imido)sulfite anion 

[SCOXN'Bu^] 2 -. While the homoleptic analogue, [Li 2S(N tBu) 3] 2 (22), forms a S 2 N 6 L i 4 

hexagonal prism, the bis(imido)sulfite, [LÌ2S(0)(NtBu)2]6 (23), exists as a hexameric, 36-

atom (LÌ12N12O6S6) quaternary0 cluster.50 The central feature of this cluster is the two 

parallel, six-membered LÌ3O3 rings. The formation of 23 can be envisaged to occur through 

the aggregation of LÌ2O2 faces of three hexagonal prisms, as depicted in Scheme 1.5. The 

replacement of one of the imido substituents of [S(NR)3]2~ by an oxo ligand changes the 

structure from a hexagonal prism to the observed 36-atom cluster by a self-assembly process 

involving aggregation through polar, sterically unencumbered L i - 0 bonds. 

Scheme 1.5. 
R 

Quaternary cluster: cluster composed of four different elements. 
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1.6. Imido-Chalcogenido Anions of Phosphorus 

1.6.1. Imido-Chalcogenido Phosphinates 

The coordination chemistry of two types of imido-chalcogenido anions of phosphorus 

has been extensively investigated. The first is represented by the imido-chalcogenido 

phosphinate monoanions, [R2P(E)(NR')]~ (24a, E = O; b, S; c, Se; d, Te) cf. [R 2P(NR) 2]". 5 3 

These anions coordinate exclusively through (TV, ̂ -chelation. As shown in Figure 1.6 this 

may involve (a) mono-chelation, cf. the bis(imido)phosphinates,53d'e (b) bis-chelation as 

observed in the nickel(II) complexes Ni[R 2P(NR')(S)] 2 (25, R = lBu; R' = ¡Pr, cyclohexyl),54 

or (c) dimerization of a monochelated complex via intermolecular M - E interactions 

illustrated by the potassium salt {K[Ph2P(NSiMe3)(Se)]}2 (26).5 3 a'b The bridging mode 

(Figure 1.4d) has not been reported for the imido-chalcogenido phosphinates but cannot be 

ruled out as a future possibility. 



27 

/ \ / \ S-,„ 
'Bu 2P ZnN(SiMe3)2 R 2P / N i " J^PR. . 

N p, 
¡Pr R' R 

(a) (b) 25 

(R = 'Bu; R' = 'Pr, Cy) 

Ph 2 

/ \ /THF 
Me 3SiN Se K 

\ / / \ 
K Se NSiMe, 

\ / 
P 
Ph, 

T H F 

(c)26 

Figure 1.6. Representative examples of metal complexes of imido-chalcogenido 

phosphinate anions. 

1.6.2. Imido-Chalcogenido Diphosphinates 

The second type of imido-chalcogenido phosphorus anion to be extensively 

investigated is the monoanionic imido-chalcogenido diphosphinates, [R2P(E)NP(E)R2]~ (27a, 

E = O; b, S; c, Se). The coordination chemistry of this class of bidentate ligand has been a 

very active area of investigation, primarily by Woollins.1 6 a The interest in metal complexes 

of these anions includes their use in catalysis, as lanthanide shift reagents, or for the 

stabilization of unusual geometries at main group metal centers (Section 1.2.2).55 It is readily 

apparent that imido-chalcogenido diphosphinates, like imidodiphosphinates (Section 1.4.2.2), 



28 

resemble the p-diketonates. However, in contrast to the planar p-diketonates, imido-

chalcogenido diphosphinates have conformational freedom in their backbones 

accommodating variation in ligand geometry and bite angle without any apparent difficulty. 

This accounts for the new modes of coordination that are observed in metal complexes of 

imido-chalcogenido diphosphinates. 

The tin(II) complex, {SnjYSePPI^Nk}, forms both a pseudo-trigonal bipyramidal 

(TBP) as well as a square-planar complex reflecting the absence of a stereochemically active 

lone pair. In the latter complex, both of the SnSe2P2N rings adopt pseudo-chair 

conformations (Figure 1.7a).56 The platinum complexes, {Pt[(SPR2)2PN](PR'3)2}+ (R = Ph, 

OPh) reveal that substituting the R group from Ph to OPh has a marked effect on the ring 

geometry. The phenyl derivative has a boat conformation, whereas the OPh system has a 

chair conformation (Figure 1.7b, c, respectively).57 
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Figure 1.7. Examples of unusual metal complexes of imido-chalcogenido diphosphinates. 

The potassium salts {K(EPPh 2) 2N} x(E = S,1 5 Se)1 6 2a, b (Section 1.2.2.2) both 

exhibit isostructural one-dimensional ladder-like polymeric structures through K - E 

interactions. The potassium ions achieve octahedral geometry through further r|2-aryl 

interactions. One final example is the unique polymer 3 containing a bridging rather than 

chelating ligand [-S-PR 2-N-PR 2-S]~ (Section 1.2.2.2). This mode of coordination is 

unprecedented in this system and has not been observed in the P-diketonates. Unlike the 

Sn(II) complex (Figure 1.7a), Me3Sn[(SPPh2)2N] units are linked into a one-dimensional 

polymer by weaker secondary Sn-S interactions. The geometry about tin is TBP with the 
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two sulfur substituents in axial positions and three methyl substituents in equatorial 

positions.17 

1.7. Characterization Methods 

The majority of the metal complexes described herein are extremely air and moisture-

sensitive. As a result, careful manipulation under an inert atmosphere, i.e. using argon in a 

dry box or by standard Schlenk techniques, is required. 

Multinuclear solution NMR is the most valuable spectroscopic technique for 

elucidating the nature of coordination complexes. A 3 1 P NMR chemical shift to lower 

frequency typically indicates the formation of an anion. In some cases (see Chapter Five), 

the coordination modes of complexes of monoanionic or dianionic ligands are readily 
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distinguished by the number of P N M R resonances. Metal complexes of the monoanions 

[ tBuN(E)P(//-N tBu)2P(E)N(H) tBur (28a, E = S; 28b, E = Se) with "side-on" (N, ^-chelation 

show two resonances, usually mutually coupled doublets as a result of the chemically 

inequivalent phosphorus atoms. By contrast, metal complexes of the dianions [lBuN(E)P(//-

N tBu) 2P(E)N ,Bu] 2" (29a, E = S; 29b, E = Se) with either "side-on" (N, E)- or "top/bottom" 

(N, JV) and (E, ^-chelation gives rise to a singlet because the phosphorus centers are 

equivalent. However, 3 1 P N M R spectra cannot distinguish between these two different 

symmetrical coordination modes. 
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The identification of selenium-containing coordination complexes in solution can be 

aided by 7 7Se N M R (I = 1/2 , 7.6%). A shift to higher frequency and, in particular, a 

decrease in the value of P-Se coupling constants is helpful for determining coordination of 

the chalcogen to a metal. For example, the value of 1 J( 3 1P- 7 7Se) decreases by ca. 200 Hz 

upon coordination as a result of the lower P-Se bond order. Additionally, 'H NMR spectra 

can provide information on the number of alkyl/aryl environments, which may help in the 

determination of the mode of coordination. 

There are two lithium isotopes that are NMR active: 7 L i (I = 3/2, 92.6%) and 6 L i (I = 

1, 7.4%).58 In the narrow chemical shift range of lithium N M R (5 5 to -5), 6 L i N M R is 

advantageous due to sharper resonances, however the natural abundance is so low that 

typically only 6 L i enriched samples can be observed. Therefore, although the resonances are 

broader, 7 L i N M R is employed in this thesis. 

Infrared spectrometry may be employed as a complementary technique to NMR. The 

v(P-E) (E = O, S, or Se) stretching frequency shifts to lower frequencies upon coordination 
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as a result of the decrease in the P-E bond order. The observation of a v(N-H) stretch 

between 3000 - 3300 cm - 1 is also indicative of an amido proton. This signature can be used 

to identify partially deprotonated amido (NHR) complexes; the NH functionality is not 

always detectable in *H NMR spectra because of the broadness and low intensity of the 

resonance. 

Mass spectroscopy is also an important tool for characterization. Several types of 

mass spectrometry that are potentially useful for this work include: (a) electron-impact (El), 

(b) electrospray, and (c) fast-atom bombardment (FAB). Electron-impact mass spectrometry 

requires samples that have significant vapour pressure; this can be a serious limitation for 

many compounds, especially metal complexes. Electrospray mass spectrometry is a 

desorption method that allows the study of involatile or thermally fragile compounds. It 

enables ions to be obtained directly from a liquid phase; however, it is a prerequisite that the 

compound be soluble in a hydrocarbon solvent. Fast-atom bombardment utilizes high energy 

neutral atoms to ionize samples. This method is applicable to diverse systems such as alkali 

metal halide clusters and organometallic complexes.59 

Although infrared and NMR spectroscopies provide valuable structural information, 

the only definitive method of determining coordination modes in the solid state is single 

crystal X-ray crystallography. Thus, most of the coordination complexes investigated for this 

dissertation have been structurally characterized by this technique. An important 

consideration for metal coordination complexes is that the solid state structures (X-ray 

structures) may not reflect solution behavior (NMR spectra) and vice-versa. Two processes 
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that can account for these differences include either (a) an intramolecular fluxional process 

or (b) the dissociation of the complex into smaller oligomers in solution. Moreover, solution 

structures may depend on the nature of the solvent (coordinating versus non-coordinating). 

In view of these uncertainties, variable temperature or solid-state N M R studies are advisable, 

where possible, to fully characterize the structural features of metal complexes. 

1.8. Outline and Objectives of Dissertation 

As indicated in the foregoing discussion, considerable opportunity exists for further 

investigation of novel heteroleptic phosphorus-centered anions, especially those containing 

heavier chalcogen substituents. Ambidentate anions containing a combination of hard (TV) 

and soft (5* or Se) donor sites attached to a P(V) center can display versatile coordination 

behavior. The initial objectives of this research involve the development of synthetic 

methods and the spectroscopic and structural characterization of metal complexes of new 

imido-chalcogenido phosphorus-centered ligands. As a longer term goal it is hoped that 

these studies will provide the foundation for future investigation and application of these 

novel ligands in metal complexes with catalytic activity or as components of materials with 

extended structures. 

This dissertation is divided into two main sections. The first section (Chapters Two, 

Three, and Four) will describe investigations of imido-chalcogenido phosphonate and 

orthophosphate anions. Chapter Two will focus on the preparation of the phosphonate anions 

[RP(E)(NR)2]2~ (E = O, S, Se), and their lithium and aluminum coordination complexes. 
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Chapters Three and Four will deal with the coordination chemistry of the orthophosphates 

[P(E)(NR)3]3~ (E = O, S, Se) with both lithium and zinc ions. The second section (Chapters 

Five and Six) involves the investigations of dimeric imido-chalcogenido metaphosphate 

anions. Chapter Five is concerned with both alkali- metal and transition-metal complexes of 

the dimeric anions, 29. Chapter Six deals with the chemistry of the mixed valence 

cyclodiphosph(III/V)azane anion, [ tBuN(Se)P(//-N tBu)2PN tBu]2" (30). 

The goal of the first section is to investigate the potential utility of these anions to act 

as ligands in both main-group and transition-metal coordination chemistry; they are 

potentially versatile multidentate ligands and our interest lies in the incorporation of metals 

into rings, cages, clusters and polymers. However, the underlying objective of this work is to 

examine the effect of a heavier chalcogen atom in imido-chalcogenido phosphorus(V)-

centered main-group clusters and to develop principles that will lead to an understanding of, 

and the possibility to control, the aggregation and assembly of cluster compounds. The 

objective of the second section is to examine the coordination chemistry of dimeric imido-

chalcogenido metaphosphate anions. It is of interest to focus on the development and 

conceptual design of synthetic strategies leading towards using these ambidentate ligands for 

the generation of coordination polymers. The dissertation concludes with a summary of the 

lessons learned from the investigations herein and a discussion of a suggested future research 

direction, the development of coordination polymers. 

This dissertation contains two appendices. Appendix One describes the reagents 

used, general synthetic methods, and instrumentation details as well as procedures for X-ray 
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analyses. Appendix Two contains crystallographic data and tables of bond lengths and 

bond angles. 



36 

CHAPTER TWO 

Synthesis and Structures of Dilithium and Dimethylaluminum Complexes of Imido-

Chalcogenido Phosphonate Anions 

2.1. Introduction 

Three examples of the tris(imido)phosphonate anion [RP(NR)3]2~, isoelectronic to 

2— 

[RPO3] 8 (Section 1.4.2.3.) are known, however heteroleptic imido-chalcogenido 

phosphonate anions have not been reported. In this chapter the reactions of chalcogenido 

bis(amido)phosphonates, [PhP(E)(NHtBu)2] (31a, E = O; b, E = S; c, E = Se) with both 

alkyllithium and alkylaluminum reagents are investigated. The synthesis and X-ray 

structures of the dimers {[Li(THF)]2[PhP(E)(N tBu)2]}2 (32b, E = S; e, E = Se), the L i 2 0 -

templated tetramer {(THF)Li 2[PhP(0)(N lBu) 2]}4-Li 20 (32a) and 

{(Et2O)0.5Li2[PhP(O)(N tBu)2]}4 (32a') which contain the tetrahedral dianions 

[PhP^ÍN 'Bu^] 2 " (33a, E = O; b, E = S; e, E = Se) are discussed. The preparation and 
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structures of the dimethylaluminum complexes {Me2Al[PhP(E)(NtBu)(NHtBu)]} (34b, E = 

S; c, E = Se) which contain the monoanions [PhP(E)(NHtBu)(NtBu)]" (35b, E = S; c, E = Se) 

are also described 60 

Ph 

, . . P ^ 
l BuN°° \ 

N'Bu 

33a, E = 0 

33b, E = S 

33c, E = Se 

Ph 

«BuN 0° \ E  

H N'Bu 

35b, E = S 

35c, E = Se 

2.2. Synthesis of Lithium Imido-chalcogenido Phosphonates. 

The preparation of bis(/ert-butylamido)phenylphosphine chalcogenides, 

[PhP(E)(NHlBu)2] (31a, E = O; b, S; c, Se), was first reported by Lane in 1967, but no N M R 

data were given.61 The reaction of the corresponding phosphine, [PhP(NHlBu)2], with tert-

butylhydroperoxide, elemental sulfur or selenium produces 31a-c, respectively, in good 

yields. These three derivatives have now been characterized by multinuclear NMR 

spectroscopy. The *H N M R spectra for all three compounds exhibit the expected resonances 

for phenyl protons (S 7.1 - 8.1), N l Bu groups (5 1.24 - 1.25 with 4 J( 3 1 P- 'H) = 0.0 - 0.7 Hz), 

and N H protons (in the range S 2.12-2.18 with 2 J ( 3 , P - ' H ) = 4.1 - 7.4 Hz). The 3 I P NMR 

spectra reveal singlets at 5 11.6 (31a), 50.9 (31b), and 46.7 (31c). The 7 7Se NMR spectrum 
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of 31c consists of a doublet centered at S -154.5 ['j( 7 7Se- 3 1P) = 785 Hz] [cf. -153 ppm and 

765 Hz for Ph2P(Se)N(SiMe 3)2].5 3 a 

Dilithiation of 31a-c with «-butyllithium occurs readily in THF at room temperature. 

The products are obtained in good yields and no indication of P-S or P-Se bond cleavage 

was observed (see Chapters Four and Five). The general synthesis of the dilithium 

derivatives of 33a-c is shown in Eq. 2.1. 

THF 
x/2 [PhP(E)(NHtBu)2] + x "BuLi • lA {[Li(THF)]2[PhP(E)(N tBu)2]}x 2.1 

-x n BuH 

32a, E = O, x = 4 

32b, E = S, x = 2 

32c, E = Se, x = 2 

The analogous phosphine telluride, [PhP(Te)(NHlBu)2] (31d), cannot be obtained by 

an oxidation reaction with elemental tellurium, even in boiling toluene. However, our group 

has recently described a new approach to the synthesis of metallated amidophosphine 

tellurides that involves metallation prior to oxidation with elemental tellurium.62 As a further 

example, the reaction of Li 2[PhP(N lBu) 2] 6 3 36 with elemental tellurium in THF at 70°C was 

shown by Dr. G. Briand to produce the dilithium salt 32d (Eq. 2.2).60 
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THF 

ListPhPCNTJu)!] + 2 Te * [Li(THF)]2[PhP(Te)(NtBu)2] 2.2 

36 32d 

2.3. X-ray Structures and NMR Characterization of{(THF)LÌ2fPhP(0)(J\tBu)2}4-Li20 

(32a) and {(Et2O)0.sLi2lPhP(O)(^Bu)2i}4 (32a'). 

Two different products were isolated from the lithiation of PhP(0)(NH tBu)2 with 

"BuLi, depending on the solvent. In THF, the complex {(THF)Li2[PhP(0)(N tBu)2}4-Li20 

(32a) in which a tetramer encapsulates a molecule of L i 2 0 is formed. By contrast, in diethyl 

ether a tetramer {(Et2O)0.5Li2[PhP(O)(N tBu)2]}4 (32a') without the L i 2 0 template is obtained. 

The molecular geometry and atomic numbering schemes for these two complexes are shown 

in Figures 2.1 and 2.2; pertinent structural parameters are summarized in Tables 2.2 and 2.3 

in Appendix Two. The X-ray structural analysis of 32a reveals a 27-atom P4N8O5LÌ10 cluster 

including a central oxide coordinated in an octahedral fashion to six lithium cations. The 

four phosphonate dianions are on the outer surface of the cluster with their phenyl 

substituents pointing away from the center. Four of the lithium cations are also on the outer 

surface linking the phosphonate units, and each of these L i + ions is solvated by one molecule 

of THF. The remaining four lithium cations and a molecule of L i 2 0 comprise the inner 

unsolvated pseudo-octahedral //6-OLÌ64+ core. 

The four phosphonate dianions display two different coordinaton modes. In each of 

the two modes, the phosphonate ligands coordinate five different lithium cations through the 

two imido nitrogen atoms and the single oxygen atom. The phosphonate ligands centered at 
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PI 1 and P31 are (N, ^-chelated to one lithium ion, while the phosphonate ligands centered 

at P21 and P41 are (N, 0)-chelated to one lithium ion; further coordination occurs through 

both oxygen and nitrogen atoms to four other lithium ions. Altogether, each phosphonate 

dianion coordinates three lithium ions of the central LiéO core and two lithium ions that link 

the phosphonate dianion with two adjacent dianions. 

Oci9 

C29 

C 3 9 Q 

Figure 2.1. X-ray structure of {(THF)Li2[PhP(0)(N tBu)2}4-Li20 (32a). For clarity, only the 

a-carbons of the ^ u groups, the ipso-carbons of the phenyl groups and the oxygen atoms of 

THF molecules are shown. 
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The oxygen-scavenging properties of alkali metal complexes, especially those that 

contain lithium, are reasonably well understood.64 Several examples exist in which trace 

amounts of moisture, introduced either purposely or unintentionally, have resulted in a 

similar jUe-OLi^ core.65 The cluster 32a is unique in exhibiting both three- and four-

coordinate L i + ions in the OL¡6 core. As expected, the L i - 0 distances involving three-

coordinate L i + ions are significantly shorter than those involving four-coordinate ions, 

1.852(4)-1.985(4) Á vs 2.099(4)-2.166(4) Á. The geometry around the central oxide is a 

very distorted octahedron with Z L i O L i bond angles in the range 69.5(2) - 117.6(2)°. 

Complex 32a', formed in diethyl ether under identical conditions to those of 32a, is 

also tetrameric but, in the absence of encapsulated L¡20, the symmetry of the cluster is low 

(Figure 2.2). It is a 24 atom P4N8O4LÍ8 cluster in which only two lithium ions are solvated by 

a molecule of diethyl ether. Like 32a, the lithium and oxygen atoms in 32a' reside in the 

inner part of the cluster while the phenyl substituents are on the periphery. The predominant 

features are the numerous four-membered rings, including a central LÍ2O2 ring and two six-

membered (LÍ2O2PN) rings. As in 32a, two modes of coordination exist for the phosphonate 

dianions in which each coordinates a total of five unique lithium ions. The phosphonates at 

P2 and P3 coordinate two lithium ions in a bis (N, O) coordination mode, while the 

phosphonates at PI and P4 coordinate two lithium ions via (N, N1) and (N, O) chelation. 

Coordination to three additional lithium ions occurs through both the oxygen and nitrogen 

atoms. 
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There is a broader range of L i - N and L i - 0 distances in 32a' compared to those in 

32a [the ranges for L i - N and L i - 0 distances are 1.953(6) - 2.319(5) Â and 1.835(5) -

2.450(6) Á compared with 1.989(4)-2.200(4) Â and 1.881(4) and 2.166(4) Â, respectively] 

because of the different coordination numbers of the lithium ions (three- and four-

coordinate), oxygen atoms (three- and five-coordinate), and nitrogen atoms (three-, four-, and 

five-coordinate). 

Figure 2.2. X-ray structure of {(Et20)i/2Li2[PhP(0)(N tBu)2]}4 (32a'). Only the a-carbons 

of the l Bu groups, the ipso-carbons of the phenyl groups and the oxygen atoms of Et 2 0 

molecules are shown. 
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Both clusters were characterized by multinuclear N M R studies. For 32a the N M R 

data indicate a higher symmetry in solution than in the solid state. Thus the *H N M R 

spectrum in ds-THF at 23°C reveals a single N ' B U environment, while the 3 1 P N M R spectrum 

exhibits a singlet at ô 23.8. The 7 L i N M R spectrum consists of a broad resonance at ô -0.87 

with a shoulder at ô -0.20. The solution N M R data for 32a' are not very informative. Both 

the H and P N M R spectra in ds-THF at 23°C exhibit a multitude of resonances, suggesting 

that dissociation to give a mixture of oligomers occurs.e However, the solid-state 3 1 P N M R 

spectrum shows four distinct resonances at ô 25.6, 22.5, 13.2 and 6.5 consistent with the X -

ray structure. In the solid-state 7 L i N M R spectrum only five resonances are observed, rather 

than the eight expected from the X-ray structure, likely as a result of overlap of resonances 

for L i + ions in similar environments. 

The mechanism of formation of the LÌ20-encapsulated cluster merits further 

discussion. In three separate experiments crystals of the product of the reaction of 31a with 

two equivalents of "BuLi could not be obtained from THF solution until a minimum of three 

days had elapsed. In all three cases the crystals were shown by determination of unit cell 

parameters to be 32a. Junk reported that the deliberate addition of water was necessary to 

grow crystals of [(C 5H3NMeN(H)Li) 6(Et20)2-Li 20]. 6 5 f Similarly, Li 4 [ n BuC (N t Bu )2 ]4-Li 2 0 is 

formed when a stoichiometric amount of water is added to a THF solution of 

e Dissociation of the tetrameric cluster {Li[( tBuN)P(//-NtBu)2P(N tBu)]Li}213 into smaller aggregates has been 

established by VT N M R studies.33 
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Li[ nBuC(N lBu)2]. 6 5 e In the current work the reaction of Li2[PhP(0)(N tBu)2] with a 

stoichiometric amount of water was monitored by 3 I P NMR, which revealed the presence of 

Li[PhP(0)(NH tBu)(N tBu)] as an intermediate. An authentic sample of this monolithiated 

complex of 34a was prepared by the reaction of 31a with one equivalent of "BuLi (5 3 1 P = 

7.56). Thus we suggest that, by analogy with the formation of LÌ4[ nBuC(N tBu) 2]4*Li 20, 6 5 e  

cluster 32a is generated by the two-step process shown in Scheme 2.1. The net reaction 

requires only traces of water, which may be present in THF solvent or the glassware. 

Scheme 2.1. 

[Li2PhP(0)(N'Bu)2] + H 2 0 LiOH + [LiPhPÍOXNH'BuXN'Bu)] 

5 [Li2PhP(0)(N lBu)2] + LiOH »• {Li 2[PhP(0)(N tBu) 2} 4-Li 20 

+ 

[LiPhPCOXNHTSuXNTiu)] 

Net reaction: 

6 [Li2PhP(0)(N (Bu)2] + H 2 0 • {Li 2[PhP(0)(N tBu) 2} 4-Li 20 

+ 

2 [LiPhP^CNH'BuXN'Bu)] 
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2.4. X-ray Structures and NMR Characterization of{(THF)2Li2fPhP(S)(NtBu)2J}2 

(32b), and {(THF)2Li2[PhP(Se)(NtBu)2]}2 (32c). 

The molecular geometry and atomic numbering schemes for 32b and 32c are shown 

in Figures 2.3 and 2.4. The structure of 32d is similar to that of 32c. Pertinent structural 

parameters for 32b-d are compared in Table 2.4 in Appendix Two. Al l three compounds 

form dimers that are linked through L i - E (E = S, Se, Te) interactions. The selenide and 

telluride, 32c and 32d, contain central transoid LÌ2E2 rings while the sulfide 32b has only 

very weak transannular interactions. The structures all contain (TV, TV) and (TV, E) chelated 

lithium ions. The (TV, TV)-chelated lithium is solvated by one molecule of THF while a second 

molecule of THF bridges these two lithium ions. 

The P-E distances of 2.040(5), 2.2371(5) and 2.494(1) Â for 32b, 32c, and 32d, 

respectively, are all closer to single bond values than double bonds.66 The P-N bond lengths 

are in the narrow range 1.60-1.62 Â for all three compounds. The transannular L i - E 

distance is slightly longer than the L i - E * distance in 32c and 32d, whereas this difference is 

co. 0.77 Á for the sulfide 32b. Consistently, the N(l)-P(l)-E(l) bond angle is substantially 

larger for the sulfide [115.00(7)°, 32b; 108.19(7)°, 32c; 106.7(2)°, 32d]. No structural 

information is available for the alkali-metal derivatives of the related [PhP(N Bu)3] dianion 

for comparison,67 although a structure of a spirocyclic tellurium(IV) complex has been 

reported (20, Section 1.4.2.3.).48 
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Figure 2.3. X-ray structure of {(THF)2Li2[PhP(S)(NtBu)2]}2 (32b). Only the a-carbons of 

the 'Bu groups, the ipso-carbons of the phenyl groups and the oxygen atoms of THF 

molecules are shown. 

The 'H N M R spectra for 32b-d at room temperature all show single N*Bu resonances 

at ô 1.06 and 1.08, and 1.12, respectively, in addition to the resonances for the phenyl 

substituents and coordinated THF molecules. The 3 1 P NMR spectra consist of singlets at § 

39.5, 27.6, and -14.4 for 32b 32c, and 32d, respectively. The 7 7Se and 1 2 5Te N M R spectra 

reveal doublets at 5 -45.7 and -333 for 32c and 32d, respectively, with ' j( 3 lP- 7 7Se) = 513 

Hz and './( 3 1P- 1 2 5Te) = 1212 Hz. The decrease in the value of ' j( 3 1 P- 7 7 Se) by 273 Hz in 32c 

compared to 31c indicates a substantially lower P-Se bond order as expected from structural 

data. Taken together, the N M R data suggest that 32b-d have a higher degree of symmetry in 
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solution than in the solid state. Since only one N l Bu resonance is observed in the 'H NMR 

spectra of 32b—d, even at-100°C, and only one 7 L i NMR environment is indicated, it is 

likely that a facile fluxional process involving exchange between Li( l)-N(l) and Li(l)-N(2) 

interactions occurs. Such fluxional processes are common for polycylic species involving 

polyimido anions of p-block elements.300 

Figure 2.4. X-ray structure of {(THF)2LÌ2[PhP(Se)(NtBu)2]}2 (32c). Only the a-carbons of 

the xBu groups, the ipso-carbons of the phenyl groups and the oxygen atoms of THF 

molecules are shown. 
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2.5. Synthesis and X-ray Structures of{Me2Al[PhP(S)(NtBu)(NHtBuJ} (34b) and 

{Me2AlfPhP(Se)(NtBu)(NHtBuJ} (34c). 

Stahl has shown that cyclodiphosph(V/V)azanes, c¿s-[lBu(H)N(E)P(//-

N tBu)2P(E)N(H) tBu] (E = O, S, Se) react with trimethylaluminum to form the 

bis(dimethylaluminum) complexes, {(Me2Al)[ tBuN(E)P(//-N tBu)2P(E)N tBu](AlMe2)}, in 

which the ligand is bis-(7V, £)-chelated to aluminum (cf. 17).68 Related mononuclear 

dimethylaluminum complexes have been prepared from [Me2Si(//-NtBu)2P(E)(NHPh)] and 

trimethylaluminum.69 In the present work it was of interest to determine whether the reaction 

of PhP(E)(NH lBu)2 (31b, E = S; 31c, E = Se) with trimethylaluminum results in double 

deprotonation to give the dianions 33b,c or monodeprotonation to give the monoanions 

35b,c. 

The reaction of 31b or 31c with one equivalent of trimethylaluminum in boiling 

toluene for 18 h yields the complexes 34b and 34c, which exhibit similar N M R spectra. The 

*H N M R spectra contain two equally intense resonances in the N'Bu region (ô 1.28 and 1.08, 

34b and 34c), two equally intense methylaluminum resonances (5 -0.01 and -0.03, 34b; 5 

0.10 and 0.07, 34c), and an amido NH resonance (8 2.38, 34b; § 2.35, 34c), suggesting 

formation of a monodeprotonated complex. The 3 1 P NMR spectra reveal singlets at ô 38.4 

(34b) and ô 29.1 (34c); the latter resonance shows selenium satellites. The 7 7Se N M R 

spectrum of 34c contains a doublet at ô -102.4 with 'j( 3 1P- 7 7Se) = 497 Hz (cf. 468 and 463 

Hz for {[MeP(N(SiMe3)2)(NtBu)(Se)](AlMe2)} and 

{MeP[N(SiMe3)(tBu)][(NtBu)(Se)](AlMe2)}, respectively).70'71 
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The X-ray structure of 34c is shown in Figure 2.5 and pertinent structural parameters 

are summarized in Table 2.5 in Appendix Two. In view of the congruence in the NMR 

spectra, it is likely that 34b has a similar structure. Consistent with the NMR data, the 

monoanion 34c coordinates the dimethylaluminum fragment through (N, Se)-chelation. The 

methyl groups on aluminum are oriented perpendicular to the plane of the distorted AINPSe 

ring. The 4Bu substituent of the exocyclic N(H) lBu group is in an exo position with respect to 

the PNAlSe ring. 

The P-Se distance of 2.1865(7) Á in 34c is shorter than that observed in the dilithium 

derivative 32c [2.2371(5) Á] but the 'j( 3 1P- 7 7Se) coupling is very similar (497 Hz, 34c; 513 

Hz, 32c). The coupling is, however, significantly smaller than that of the precursor 

[PhP(Se)(NH'Bu)2] (31c) (785 Hz). The endocyclic P-N distance of 1.611(2) Â, is 

significantly shorter than the exocyclic P - N distance of 1.653(3) Â. The disparity of ca. 0.6 

Â in the Al-Se and A l - N distances results in a distorted four-membered AINPSe ring with 

endocyclic bond angles ZPSeAl = 72.94(3)° and ZPNA1 = 105.7(1)°. The Al-Se distance of 

2.510(1) Á is somewhat longer than the range of values (2.34 - 2.44 Â) found for recently 

reported four-coordinate aluminum complexes.72 The A l - N distance of 1.900(3) Á can be 

compared with values in the range 1.84-1.89 Â for related four-coordinate aluminum 

complexes. 
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Figure 2.5. X-ray structure of {Me2Al[PhP(Se)(NtBu)(NHtBu]} (34c). Only the carbon 

atoms of the lBu, phenyl, and methyl groups are shown. 

2.6. Conclusions 

The dilithium salts of the phosphonate dianions 33a-c are generated by lithiation of 

the appropriate chalcogenido bis(amido)phosphonate 31a-c with Li n Bu. Isostructural 

dimethylaluminum complexes of the monoanions 35b, c can be generated by the reactions of 

trimethylaluminum with 31b, c, respectively. These species represent the first metal 
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coordination complexes of heteroleptic imido-chalcogenido phosphonates. The novel 

polydentate anions 33b-d and 35b, c are potentially versatile tripodal or bidentate ligands 

with both hard (N) and soft (S, Se, Te) donor centers that merit further investigation 

especially with respect to transition-metal complexes. 

2.7. Experimental Section 

General procedures are described in Appendix One. 

2.7.1. Preparation offPhP(0)(NHtBu)2] (31a). 

A 5.0 - 6.0 M solution of'BuOOH in decane (4.40 mL, 1.98 - 2.38 g, 22.0 - 26.4 

mmol) was added dropwise to a stirred solution of PhP(NHlBu)2 (5.609 g, 22.22 mmol) in 

toluene (45 mL) at 0°C. A white precipitate formed immediately. After 2 h, the volume of 

solvent was reduced to 15 mL under vacuum. The product 31a was obtained as a white 

crystalline solid (4.65lg, 17.33 mmol, 78%) after 24 h at -15°C. 'H NMR (C 6 D 6 , 5): 7.1-8.1 

(m, 5 H, C 6 H 5 ) , 2.18 [d, 2 H, NH, 2 J( 'H- 3 1 P) = 7.4 Hz], 1.24 [d, 18 H, N lBu, V( 'H- 3 1 P) = 0.5 

Hz]. 3 1 P{'H}NMR(C 6 D6,ô): 11.6 (s); (Solid-state): 14.8 (s). IR (cm - 1): 3396 (N-H), 3227 

(N-H). MS [EI, m/z (rei int)}: 268 (4) (M +). Mp. 182-185°C. Anal. Caled for C14H25N2OP 

[%]: C, 62.66; H, 9.39; N , 10.44. Found: C, 62.07; H, 9.99; N , 10.33. 
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2.7.2. Preparation of [PhP(S)(NITBu)2] (31b). 

Hexane (40 mL) was added to a mixture of sulfur (1.323 g, 41.26 mmol) and 

PhP(NH tBu)2 (10.41 g, 41.26 mmol) at 0°C. A white precipitate formed immediately. The 

hexane was decanted from the product to give 31b as a white crystalline solid (11.07 g, 38.90 

mmol, 94%). 'H N M R (C 6 D 6 , 8): 7.1-8.2 (m, 5 H, C 6 H 5 ) , 2.12 [d, 2 H, NH, 2 J ( 'H- 3 1 P) = 4.6 

Hz], 1.25 [d, 1 8 ^ ^ 1 1 , ^ ^ ) = 0.7 Hz]. 3 I P { ' H } N M R (C 6 D 6 , 5): 50.9 (s). IR 

(cm"1): 3383 (N-H), 3339 (N-H). MS [EI, m/z (rei int)}: 284 (30) (M +). Mp. 99-101 °C. 

Anal. Caled for Ci4H 2 5N 2SP [%]: C, 59.13; H, 8.86; N , 9.85. Found: C, 58.00; H, 8.12; N , 

9.47. 

2.7.3. Preparation of [PhP(Se)(NITBu)2] (31c). 

Hexane (45 mL) was added to a mixture of selenium (3.195 g, 40.46 mmol) and 

PhP(NH lBu)2 (10.21 g, 40.46 mmol) at 0°C. The reaction mixture was refluxed in hexane at 

65°C for 18 h. While still hot, the solution was decanted from a small amount of unreacted 

Se and concentrated to 20 mL. Storage at -15°C for 24 h yielded grey crystals of 31c (10.95 

g, 33.05 mmol, 82%). ] H N M R (C 6 D 6 , ô): 7.1-8.2 (m, 5 H, C 6 H 5 ) , 2.20 [d, 2 H, NH, 2 J ( ' H -

3 , P ) = 4.1 Hz], 1.24 (s, 18 H, N lBu). 3 1 P { ' H } NMR (C 6 D 6 , ô): 46.7 [s, ' j ( 3 1 P - 7 7 Se) = 787 

Hz]. 7 7Se N M R (C 6 D 6 , 5): -154.5 [d, 1 J ( 3 1P - 7 7 Se) = 785 Hz]. IR (cm"'): 3377 (N-H), 3323 

(N-H). MS [El, m/z (rei int)}: 331 (19) (M +). Mp. 95-98°C. Anal. Caled for Ci 4 H 2 5 N 2 SeP 

[%]: C, 51.07; H, 7.04; N , 8.51. Found: C, 51.03; H, 7.20; N , 8.35. 
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2.7.4. Preparation of {(THF)Li2[PhP(0) (rfBu)2}4-Li20 (32a). 

w-Butyllithium (1.50 mL, 0.240 g, 3.75 mmol) was added dropwise to a stirred 

solution of PhP(0)(NH tBu)2 (0.502 g, 1.87 mmol) in THF (25 mL) at 23°C. After 18 h, the 

volume of the reaction mixture was reduced to 5 mL and layered with pentane (2 mL). 

Colorless X-ray quality crystals of 32a (0.194 g, 0.135 mmol, 29%) formed after 3 d at 23°C. 

'H N M R (ds-THF, 5): 7.2-8.1 (m, 5 H, C 6 H 5 ) , 3.58 (m, THF), 1.76 (m, THF), 1.14 (s, 18 H, 

N'Bu). 3 1P{'H}NMR(d 8-THF,ô):23.8(s). 7 L i NMR (C 6 D 6 , 8): -0.20 (sh),-0.87 (br). 

Anal. Caled for C ^ H ^ N g C ^ L i i o [%]: C, 60.09; H, 8.68; N , 7.79. Found: C, 59.88; H, 

8.33; N , 8.08. 

2.7.5. Preparation of {(Et2O)05Li2[PhP(O)(NtBu)2]}4 (32a'). 

Colorless X-ray quality crystals of 32a' (0.620 g, 1.95 mmol, 64%) formed after 24 h 

at 23°C from the reaction of w-butyllithium (2.43 mL, 0.389 g, 6.08 mmol) and 

PhP(0)(NH lBu)2 (0.816 g, 3.04 mmol) in diethyl ether (25 mL) by the procedure described 

above for 32a. 'H N M R (C 6 D 6 , S): 7.2-8.2 (m, 5 H, C 6 H 5 ) , 3.27 (q, Et 20), 1.10-1.90 (br m, 

18H,N lBu), 1.12 (t, Et 20). 3 1 P NMR (Solid-state, 5): 25.6, 22.5, 13.2,6.5. 7 L i NMR 

(Solid-state, 8): 2.48,2.23, 1.71, 1.45, 1.15. Anal. Caled for CwHmNgOeP^ig [%]: C, 

60.57; H, 8.90; N , 8.83. Found: C, 58.34; H, 9.11 ; N , 9.34. 
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2.7.6. Preparation of {(THF)2Li2[PhP(S)(NiBu)2]}2(32b). 

H-Butyllithium (2.81 mL, 0.450 g, 7.03 mmol) was added dropwise to a stirred 

solution of PhP(S)(NH tBu)2 (1.000 g, 3.516 mmol) in THF (25 mL) at 23°C. After 3 h, the 

volume of solvent was reduced to 8 mL under vacuum and hexane (5 mL) was added. 

Colorless X-ray quality crystals of 32b (1.056 g , 2.397 mmol, 68%) formed after 24 h at 

23°C. 'H NMR (dg-THF, 8): 7.1-8.3 (m, 5 H, C 6 H 5 ) , 3.61 (m, THF), 1.76 (m, THF), 1.06 (s, 

18H,N lBu). 3 1P{'H} NMR (dg-THF, ô): 39.5 (s). 7 L i NMR (d8-THF, ô): 2.14 (s). Anal. 

Caled for C22H39N2O2PSLÍ2 [%]: C, 59.99; H, 8.92; N , 6.36. Found: C, 59.35; H, 8.98; N , 

6.69. 

2.7.7. Preparation of {(THF)2Li2[PhP(Se)0Bu)2]}2 (32c). 

Pale-yellow X-ray quality crystals of 32c (1.243 g, 2.550 mmol, 85%) were obtained 

from the reaction of n-butyllithium (2.42 mL, 0.388 g, 6.05 mmol) and PhP(Se)(NHtBu)2 

(1.000 g , 3.018 mmol) in THF (25 mL) by the procedure described above for 32b. 'H NMR 

(dg-THF, Ô): 7.1-8.3 (m, 5 H, C 6 H 5 ) , 3.61 (m, THF), 1.76 (m, THF), 1.08 [d, 18 H,N l Bu, 

V( 'H- 3 1 P) = 0.68 Hz]. 3 I P{'H} NMR (dg-THF, ô): 27.6 [s, ' j( 3 , P- 7 7 Se) = 514 Hz]. 7 7Se 

N M R (d8-THF, ô): -45.7 [d, ' j( 3 lP- 7 7Se) = 513 Hz]. 7 L i NMR (dg-THF, ô): 1.92 [s]. Anal. 

Caled for C22H39N202PSeLÍ2 [%]: C, 54.22; H, 8.07; N , 5.75. Found: C, 54.02; H, 8.35; N , 

6.12. 
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2.7.8. Preparation offMe2AlfPhP(S)(NtBu)(NH<BuJ} (34b). 

Trimethylaluminum (0.88 mL, 0.13 g, 1.8 mmol) was added dropwise to a solution of 

PhP(S)(NHT3u)2 (0.500 g, 1.76 mmol) in toluene (25 mL) at 23°C. The reaction mixture was 

refluxed at 130°C for 18 h to give an orange solution. The solvent was removed in vacuo 

and the oily product was redissolved in a minimal amount of pentane (5 mL). Pale yellow X -

ray quality crystals of 34b (0.461 g, 1.35 mmol, 77%) formed after 24 h at -15°C. 'H NMR 

(C 6 D 6 , S): 7.1-8.0 (m, 5H, C 6 H 5 ) , 2.38 [d, IH, NH, 2 J ( ' H - 3 1 P ) = 6.0 Hz], 1.28 (s, 9 H, N'Bu), 

1.08 [d, 9 H, N'Bu, V ( 'H- 3 1 P) = 0.86 Hz], -0.01 (s, 3 H, Me), -0.03 (s, 3 H, Me). 3 1 P { ' H } 

NMR (C 6 D 6 , 8): 38.4 (s). Anal. Caled for C 1 6H3oN 2PSAl [%]: C, 56.45; H, 8.88; N , 8.23. 

Found: C, 54.61; H, 8.88; N , 8.78. 

2.7.9. Preparation of{Me2Al[PhP(Se)(NtBu)(NHtBuJ} (34c). 

Pale yellow X-ray quality crystals of 34c (0.360 g, 0.929 mmol, 62%) were obtained 

from the reaction of trimethylaluminum (0.76 mL, 0.11 g, 1.5 mmol) and PhP(Se)(NHlBu)2 

(0.500 g, 1.51 mmol) in toluene (25 mL) by the procedure described above for 34b. 'H 

NMR (C 6 D 6 , 8): 7.0-8.1 (m, 5 H, C 6 H 5 ) , 2.35 [d, 1 H, NH, 2 J ( ' H - 3 I P ) = 3.2 Hz], 1.28 [d, 9 

H . N ' B u / . / i ' H - ' P ^ O . S l HZ ] , 1.08 [d, 9 H,N l Bu, V ( 'H- 3 1 P) = 0.86 Hz], 0.10 (s, 3 H, Me), 

0.07 (s, 3 H, Me). 3 1 P { ' H } NMR (C 6 D 6 , 8): 29.1 [s, 'j( 3 1P- 7 7Se) = 499 Hz]. 7 7Se NMR 

(C 6 D 6 , 5): -102.4 (d, 'j( 3 1P- 7 7Se) = 497 Hz]. Anal. Caled for C,6H3oN2PSeAl [%]: C, 

49.61; H, 7.81; N , 7.23. Found: C, 47.54; H, 7.58; N , 6.77. 
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CHAPTER THREE 

Reactions of Tris(amido)orthophosphates {OP[N(H)R]3} with Alkyllithium and 

Alkylzinc Reagents 

3.1. Introduction 

Only two examples of tetrakis(imido)phosphate anions, [P(NR)3(NR')] J" (18, R = R' 

= 1-naphthyl;41 19, R = lBu, R' = SiMe 3), 4 2 have been reported (Section 1.4.1.). The 

replacement of one of the imido substituents of [P(NR)4]3 by an oxo substituent would 

generate the previously unknown heteroleptic tris(imido)orthophosphate trianion 

[OP(NR)3]3". 

While metal complexes of [P04J3 - typically form open-framework three-dimensional 

polymeric clusters comprised of metal-oxygen interactions, the steric bulk of the imido 

substituents precludes the formation of large aggregates. As L i - 0 linkages are more 

favorable than the sterically encumbered Li -NR bonds, limiting the number of potential L i -
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O interactions may provide an understanding of the aggregation process. Additionally, the 

ability to change the size of the R groups on the amido substituents may allow a certain 

degree of control over the extent of aggregation. 

In Chapter Two, the lithium salts of the tripodal phosphonate dianions 

[PhP(E)(N lBu)2]2" 33 (E = O, S, Se) were described. The oxo derivative (E = 0) shows 

particularly interesting aggregation behavior that preferentially incorporates a templating 

agent and, depending on the crystallization solvent, forms an asymmetric cluster. The 

replacement of the aryl substituent with an additional amido group provides an extra donor 

substituent which may alter the ligand coordination chemistry. In a preliminary 

investigation, the reaction of 0P[N(H) lBu]3 with LÌAIH4 yielded the twelve-membered ring 

73b 
37, the first imido analogue of a lithioaluminophosphate. 

<Bu 

/ \ \ / 

HN' 
'Bu •Bu <Bu 

37 
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In this chapter, the X-ray structures of the hydrogen-bonded tris(amido) 

orthophosphates, OP[N(H)Me]3 (38) and OP[N(H)'Bu]3 (39), are described. The synthesis 

and X-ray structures of the mono- and dilithium salts, (THF){LiOP(N tBu)[N(H) tBu]2}3 (40) 

and {(THF)2Li2OP(N tBu)2[N(H) tBu]}2 (41), obtained from the reaction of alkyl- or amido-

lithium reagents with 39 are reported. Finally, the synthesis and X-ray structures of the first 

imido analogues of zinc phosphates, ZníZnMe^iOPÍN'B^rNÍHyBu^JfOPÍN'Bu^] (42) and 

{Zn4(/it-0)[OP(NMe)[N(H)Me]2]4[OP(NMe)2[N(H)Me]]}2 (43) are discussed. The former 

complex contains the first example of a trianionic tris(imido)orthophosphate anion. 

3.2. Characterization and X-ray Structures of {OP[N(H)R]3} (38, R = Me; 39, R = 'Bu) 

Although there has been very little investigation into imido analogues of 

orthophosphate anions, tris(amido)orthophosphates have been known for over a century. In 

addition to OP(NHMe) 3 (38)74 and OP(NH tBu) 3 (39),75 primary tris(amido)phosphates, 

OP[N(H)R]3 with R = H , 7 6 n Pr, 7 7 'Pr, 7 8 n B u , 7 7 s e c B u , 7 8 'Bu, 7 9 cyclohexyl,80 Ph, 8 0 Bz , 8 0 o-tol,80 

w-tol,8 1 p-tol, 8 2 , 8 0 C 6 H 4 OC 2 H5, 8 0 and CH 2 CH=CH 2

8 3 have been prepared. The general 

synthetic methods for the synthesis of tris(amido)phosphates involve the reaction of 

phosphoryl chloride with an excess of primary amine (Eq. 3.1a), in the presence of another 

HCl-scavenger (3.1b) and in rare cases, via a transamination reaction of 

hexamethylphosphoric triamide (HMPA) (3.1c). 
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0PC1 3 + 6 H 2 NR > OP[N(H)R]3 + 3 RNH 3 CI 3.1a 

0PC1 3 + 3 H 2 NR + 3 NR 3 *- OP[N(H)R]3 + 3 R 3NH +C1 3.1b 

OP(NMe 2) 3 + 3 H 2 NR * OP[N(H)R]3 + 3 HNMe 2 3.1c 

The main synthetic challenge in these reactions is the separation of the 

tris(amido)phosphate from the alkylammonium chloride by-product (Eq. 3.1a and 3.1b). In 

the synthesis of 38, numerous steps including aqueous work-up and pH adjustment are 

required to obtain the tris(amido)phosphate free of methylammonium chloride. The lBu 

derivative 39 not only requires sublimation to completely separate it from tert-

butylammonium chloride, but it also more readily undergoes a thermal condensation reaction 

to produce a dimer.84 

The ] H NMR spectrum of 38 reveals a doublet at ô 2.55 and a singlet at ô 2.38 for the 

3 1 

methyl and amido protons, respectively. Three bond methyl-phosphorus coupling [ J( H -

3 I P) = 12 Hz] is observed, but the two bond amido-phosphorus coupling is unresolved. The 

'H N M R spectrum of 39 contains a doublet at 8 2.20 and a singlet at 8 1.26 for the amido and 

tert-butyl protons, respectively. In this case, two bond amido-phosphorus coupling is 

observed [ 2J( !H- 3 1P) = 6 Hz]. The 3 I P NMR spectra of 38 and 39 consist of singlets at 5 

18.5 and 5.5, respectively. 

In recent years there has been growing interest in crystal engineering by the subtle 

manipulation of hydrogen-bonding in solid-state structures.85 Gong et al. have investigated 

the solid-state structures of the related primary bis(amido)sulfates 0 2S[N(H)R] 2. X-ray 



crystallography reveals sulfamide molecules assembled into two-dimensional hydrogen-

bonded networks through NH---0 intermolecular interactions.86 Interestingly, regardless of 

the size of the R substituent, the molecules pack in such a way as to satisfy the two-

dimensional hydrogen-bonded network. The size of the R group does not interrupt the 

hydrogen-bonding, but it does define the thickness of the two-dimensional layers. 

Hydrogen-bonding in amido-phosphorus compounds has not been investigated to the 

same extent. Related compounds such as trimetaphosphimic acid H3(PC>2NH)3 and the 

diphosphazene, (NH2)2(0)P-N=P(NH2)3 exhibit three-dimensional networks arising from 

intermolecular N H - O , OH—O and NH--N hydrogen-bonding interactions. Crystalline 

phosphoric acid, P(0)(OH)3, has a three-dimensional hydrogen-bonded structure in which 

QQ 

each molecule is linked to six others. Of the numerous known tris(amido)phosphates, 

structures have only been determined for OP[N(H)R]3 (R = H, w-tol, and p-to\). In the meta-

and para-Xo\y\ derivatives, co-crystallization of donor solvents or arylammonium chloride 

by-product precludes extended hydrogen-bonding networks.81'8213 However, in the structure 

of phosphoric triamide, OP(NH2)3 all six of the hydrogen atoms take part in a three-

dimensional network of NH—O and NH--N hydrogen-bonding, with each oxygen atom 
76 

participating in four hydrogen-bonds. 

As the tris(amido)phosphates have only one oxygen acceptor for hydrogen-bonding, 

it was thought that changing the R substituent would have a more profound impact on the 

hydrogen-bonding than that observed for the bis(amido)sulfamides. Thus, the X-ray 

structures of both the methyl (38) and tert-b\xXy\ (39) derivatives were obtained. The 
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monomelic unit of 38 and the tetrameric building block and three-dimensional hydrogen-

bonded network are illustrated in Figures 3.1 and 3.2, respectively. The monomelic structure 

of 39 and the one-dimensional hydrogen-bonded array are shown in Figures 3.3 and 3.4, 

respectively. Selected bond distances and bond angles are summarized in Table 3.2. in 

Appendix Two. 

Figure 3.1. Molecular structure of OP[N(H)Me]3 (38). 
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Figure 3.2. Molecular structure of {OP[N(H)Me]3}n showing (a) the tetrameric building 

block and (b) part of the layer network comprised of tetramere. For clarity, the methyl 

substituents have been omitted. 



Figure 3.3. Molecular structure of OPfNÍH/Buk (39). Protons on methyl carbons have 

been omitted for clarity. 

Figure 3.4. Molecular structure of {OPp^FT/Bu^x showing the one-dimensional 

hydrogen-bonding array. For clarity, only the a-carbons of the 'Bu substituents are shown. 
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The monomeric units of 38 and 39 differ slightly. The orientation of the N(H) tBu 

groups in 39 is such that the N - H substituents all point in a similar direction away from the 

oxo substituent (Figure 3.3), while in 38 the N(H)Me groups are oriented more randomly 

(Figure 3.1). This small difference is likely a result of minimizing the steric repulsion 

between the larger tBu substituents in 39. The tris(amido)phosphates 38 and 39 exhibit 

extended intermolecular N H - 0 hydrogen-bonded networks that differ significantly. The 

methyl derivative 38 forms a three-dimensional network (Figure 3.2) whereas the tert-butyl 

derivative 39 forms only a one-dimensional array (Figure 3.4). 

The basic building block in the three-dimensional network of 38 is a tetramer (Figure 

3.2a). Al l of the amido protons are involved in hydrogen-bonding to oxygen atoms of three 

adjacent phosphates such that each oxygen atom is hydrogen-bonded to three amido protons 

of three different phosphate molecules (cf. in OP(NH2)3 the oxygen atoms are hydrogen-

bonded to four amido protons from three different phosphate molecules).76 Of the six 

intermolecular interactions per phosphate monomer, four extend within the tetrameric cluster 

and two link to other tetrameric clusters. Thus each tetramer, including hydrogens, is a 24-

atom O4P4N8H8 cluster with two 12-membered and four 8-membered rings. The extended 

structure shown in Figure 3.2b shows a sheet of tetramers linked together in three dimensions 

generating large rings between the tetrameric units. Excluding the methyl substituents the 

pore-size is 10.8 Â by 7.0 Á. 

The extended structure of 39 (Figure 3.4) is a one-dimensional array. A l l three amido 

protons are hydrogen-bonded to the same oxygen atom of an adjacent phosphate molecule in 
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a tripodal fashion. Compound 39 has a hexagonal space group and a six-fold screw axis 

through the center of the structure. Thus the tripodal phosphates align one on top of another 

in a staggered conformation. The increase in bulkiness of the R substituent significantly 

changes the mode of hydrogen-bonding but not the number of hydrogen bonds per 

monomeric unit. This structural difference is more dramatic than that observed in the 

sulfamides,86 likely as a result of the extra amido substituent present. 

Hydrogen-bond X - H - A strength increases with a shortening of the H—A and X—A 

distance, a lengthening of the X - H distance, and as the Z X H A angle approaches linearity 

o r 

(180°).° The amido hydro gens of 38 were refined isotropically, while those in the more 

highly disordered structure of 39 were included at geometrically idealized positions and not 

refined. Nevertheless, by the criteria stated above, 38 has more strongly hydrogen-bonded 

interactions than that of 39 as the O-H and N - 0 distances are shorter (|d(0-H)| = 2.28 and 

2.85 Á; d|N-0| = 3.061 and 3.236 Â for 38 and 39, respectively). The P-0 bond distance of 

1.494(1) Â in 38 and 1.474(3) Â in 39 also suggests that 38 has stronger hydrogen-bonding 

resulting in a weakening and lengthening of the P-0 bond (cf. 1.510 Â in OP(NH2)3 which 

has four O-H hydrogen bonds and 1.45 Á in OPCU which cannot participate in hydrogen-

bonding).76 Although the hydrogen-bonding is stronger, the range of N - 0 distances is 

greater in 38 than that in 39 [2.961(2) - 3.253(2) Â, 38; 3.159(4) - 3.295(4) Â, 39]. The 

N(3)-0(l) interaction, which links adjacent tetramers, has the shortest bond distance and the 

strongest hydrogen-bonding. 
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Bond angles for the core of the phosphate molecule are similar for 38 and 39. The 

angles around the four-coordinate phosphorus center are in the ranges from 101.31 (8) — 

118.60(8)° and 105.0(1) - 113.7(1)°, for 38 and 39, respectively, close to ideal tetrahedral 

values. 

3.3. Preparation and X-ray Structures of (THF) {LiOP(JStBu)fN(H)'BuJ2}3 (40) and 

{(THF)2Li2OP(NtBu)2[N(H),Bu]}2(41) 

In the attempted preparation of a trilithium salt of the tris(imido)phosphate trianion 

[OP(N tBu)3]3~, stepwise lithiation was investigated to better understand the processes 

involved in cluster formation. The reaction of 39 with one equivalent of "BuLi or 

LiN(SiMe 3) 2 generates the monolithium salt (THF){LiOP(N tBu)[N(H) tBu]2}3 (40) in 86% 

yield, while the reaction of 39 with two or more equivalents of "BuLi yields the dilithium salt 

{(THF)2Li2OP(N'Bu)2[N(H) tBu]}2 (41) in 65% yield. The use of an excess of organolithium 

reagent or benzylpotassium did not produce the trianion, even in boiling THF. 

The structures of 40 and 41 were determined by X-ray crystallography. The 

molecular geometry and atomic numbering schemes are shown in Figures 3.5 and 3.6, 

respectively. Pertinent structural parameters are summarized in Appendix Two in Tables 3.3 

and 3.4, respectively. The monolithium salt 40 has an unusual trimeric structure of low 

symmetry. The molecule is comprised of a six-membered ring in a boat conformation and 

three four-membered rings. They exhibit two different modes of coordination: two of the 

phosphate monoanions coordinate one lithium ion by (N, O) coordination while the third 
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phosphate monoanion bridges two lithium ions. Al l three phosphate ions coordinate to one 

further lithium ion through oxygen atoms. There is only one four-coordinate lithium ion, 

Li(2), solvated by a single THF molecule, while Li(l) and Li(3) are three-coordinate and 

unsolvated. 

The structure of the di lithium salt 41 is a box-shaped dimer with a center of 

symmetry. It can be viewed as a distorted hexagonal prism with two transannular bonds. The 

dominant feature of 41 is the central LÌ2O2 ring. Lithium ions of the central L i 2 0 2 ring are 

four-coordinate but unsolvated while the (TV, N', uncoordinated lithium ions achieve the 

same degree of coordination through solvation by a single THF molecule. The 

{OP(N tBu)2[N(H) tBu]}2" dianion exhibits both (TV, N') and (TV, ^-coordination. The 

terminal l BuNH group is oriented away from the cluster in a favorable orientation for 

deprotonation. A similar orientation was observed in the trilithiated polyimidosilicate, 

{(THF)Li3[Si(N iPr)3(NH iPr)]}2,9 0 however, as with 41, lithiation of the terminal 'PrNH 

group could not be achieved. 
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Figure 3.5. Molecular structure of (THF){LiOP(N tBu)[N(H) tBu]2}3 (40). For clarity, only 

the a-carbons of the 'Bu substituents and oxygen atoms of the THF groups are shown. 

The P-0 distances range from 1.512(2) - 1.518(2) Â in 40, which has three-

coordinate oxygen atoms, whereas d(PO) - 1.550(2) Â in 41, in which the oxygen atoms are 

four-coordinate. Similarly, the P-N distances for the deprotonated imido groups are shorter 

for the three-coordinate nitrogens in 40 compared to the four-coordinate nitrogens in 41 

[1.567(2)- 1.575(2) Â and 1.613(2)-1.619(2) Â for 40 and 41, respectively]. 
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The L i - N distances in 40 range from 1.958(6) to 1.965(5) Â, while the cross ring 

Li( l )-N(l) distance is 3.343(5) Â, slightly less than the sum of the van der Waals radii for Li 

and N (3.37 Â). In 41 the L i - N contacts span a larger range, 1.925(4) to 2.270(5) Á. The 

Li -O distances within the LÌ2O2 ring of 40 range from 1.856(4) - 2.134(5) Â for the three-

and four-coordinate lithium ions {cf. 1.91(1) - 1.96(1) Â for the four-coordinate lithiums in 

the central L i 2 0 2 ring of the tetramer, {Ph2P(0)CH2Li]2(TMEDA)}2).9 1 Not surprisingly, the 

mean L i - 0 distances for the four-coordinate central LÌ2O2 ring in 41 are longer than those of 

40 but have a more narrow range, 2.061(4) - 2.134(4) Â. 

As a result of the polarity of L i - 0 bonds, lateral association to form LÌ2O2 rings and 

ladders is very common in lithium heterocarboxylates and related clusters.92 The formation 

of the unusual trimeric structure of 40 is surprising. Intuitively a dimeric complex in which 

association occurs solely through L i - 0 edges of monomeric units might be expected. 

Further association could occur through L i - 0 interactions to form a tetramer with a central 

LÌ4O4 cube. The structure of 40 can be formally envisaged to result from insertion of a 

monomeric unit into one of the L i - N bonds of a centrosymmetric dimer. (Scheme 3.1). 
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The solution NMR spectra of 40 are suggestive of a symmetrical structure. The ] H 

NMR spectrum in aVTHF exhibits two singlets, with relative intensities 2:1, in the N lBu 

region for the protonated NH l Bu and deprotonated N ' B U groups, respectively, and a single 

resonance for the amido NH protons. The 3 I P NMR spectrum at 23°C in dg-THF reveals a 

singlet at ô 5.8 and in CÓDÓ shows a singlet at S 2.7 (cf. 8 5.5 for 39). Thus the room 

temperature N M R data are consistent with a centrosymmetric dimeric structure (or a bis-

solvated monomeric structure). However, at-100°C, the 3 1 P NMR spectrum of 40 in dg-THF 

contains three equally intense singlets at § 7.0, 6.3, and 5.9, with several other minor 

resonances. Consistently, the solid-state 3 1 P NMR spectrum of 40 exhibits three narrow 

singlets at 5 6.2, 4.0, and 3.3, with approximately equal intensities, consistent with the X-ray 

structure. A second fraction of crystals, obtained from THF, had the same unit cell as 40, 

suggesting that the unique structure of 40 is favored in the solid-state, but solvation by THF 

leads to a more symmetrical structure in solution. 

The formation of a dimeric monolithiated complex provides a plausible 

rationalization for the construction of the box-shaped structure 41 via lithiation of the 

transoid form of that dimer (Scheme 3.2). 

The H NMR spectrum of 41 in dg-THF shows two resonances in the N'Bu region 

with relative intensities 2:1, consistent with the X-ray structure of the dilithiated product. 

The solution 3 I P NMR spectrum in C(,D(, contains a broad singlet at ô 15.6 as expected, 

however, numerous resonances are observed in dg-THF. Upon cooling the THF solution to 
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-100°C a sharp singlet at ô 17.7 is the only resonance present. The solid-state 3 I P NMR 

spectrum of 41 also exhibits a singlet at 8 18.0. The solution THF spectrum is not readily 

explained since the only species that could be formed is a more highly solvated monomer, 

which would exhibit one 3 I P NMR resonance. 

The mass spectrum of 41 reveals a molecular ion peak corresponding to the loss of a 

molecule of LÌ2O. This would suggest the formation of {P(NtBu)2[N(H)tBu]} a potential 

precursor to a tris(imido)metaphosphate (Section 4.7). 
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3.4. Attempted Preparation of {OP[N(H)Ar]3} 

As arylamines have more acidic protons than their alkyl analogues,93 it was thought 

that the reaction of {OP[N(H)Ar]3} with "BuLi may generate a trianionic 

tris(imido)phosphate [OP(NAr)3] that cannot be synthesized for the corresponding Bu 

derivative. Few aryl derivatives are known (Section 3.2); thepara-io\y\ derivative was 

selected for investigation as the methyl group provides an informative 'H NMR handle. 

Although {OP[N(H)p-tol]3} has been reported in the literature,80'82 little experimental 

detail was provided and the primary focus was the X-ray structure.82b Attempts to reproduce 

this synthesis by the reaction of OPCI3 with six equivalents of /wa-toluidine generated 

{OP[N(H)p-tol]3} and the by-product, para-tolylammonium chloride. Despite washing with 

hydrochloric acid (as reported in the literature82b), fractional crystallization, and sublimation, 

small amounts of this by-product could not be removed from the tris(amido)phosphate. The 

reported crystal structure of {OP[N(H)p-tol]3} contains a molecule of ethanol from 

recrystallization hydrogen-bonded to the phosphate (EtOH--OP[N(H)/?-tol]3). The co-

crystallization of ethanol was avoided by use of THF as the crystallization solvent in the 

current work. However, it appears that para-tolylammonium chloride forms a hydrogen-

bond adduct with {OP[N(H)/?-tol]3} and, consequently, it is difficult to remove (cf. the 

crystal structure of {OP[N(H)w-tol]3} contains a molecule of hydrogen-bonded meta-

tolylammonium chloride).81 Although these attempts were unsuccessful, this approach was 

successfully implemented for thio- and selenotris(arylamido)phosphates (Chapter Four). 
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3.5. Preparation and X-ray Structures ofZn(ZnMe)2{OP(NtBu)[N(H)tBu]2}[OP(NtBu)3] 

(42) and {Zn4(fU-0)[OP(NMe)[N(H)Me]2]4[OP(NMe)2[N(H)Me]]}2 (43) 

During the last decade, a large number of open-framework metal phosphates have 

been synthesized and characterized.94 Interest in these materials is largely based on their 

potential application in the areas of catalysis, ion-exchange, and separation processes.95 The 

zinc phosphates are the second largest family of open-framework materials to be studied 

during the past few years and much of this interest stems from the structural diversity in these 

complexes.96 Zinc phosphates have been isolated with architectures containing monomers,97 

chains and ladders,98 layers,99 and three-dimensional networks.100 

As an alternative method to generating the trianion, [OP(NR)3]3~, and to provide a 

comparison with the behavior of alkyllithium reagents, the reactions of dimethylzinc with 

{OPtNirT/Bub} (39) and {OP[N(H)Me]3} (38) were investigated. The reaction of 

dimethylzinc with 39 in a 3:2 ratio in boiling toluene yielded a highly soluble product which 

crystallized readily from toluene at room temperature to give 

Zn(ZnMe)2{OP(N tBu)[N(H) tBu]2}[OP(N tBu)3] (42) in 45% yield. An X-ray structure of 42 

was obtained; crystal lographic data are included in Table 3.1 in Appendix Two. Due to poor 

diffraction of the crystals and disorder of the teri-butyl substituents, the structure could not 

be refined adequately (the final R-value is 11.98%) and discussion of bond lengths and 

angles is not appropriate. 
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However, determination of atom connectivities did reveal that complex 42 contains 

the first trianionic tris(imido)phosphate, [OP(N lBu)3] 3 _. The main structural feature is a 

PN 3 Zn 3 0 cube. The complex consists of a {OP(NtBu)[N(H)tBu]2}" monoanion which (N, O) 

chelates a Z n 2 + ion and is bonded in an (9-monodentate fashion to two ZnMe + cations, and an 

[OP(N lBu)3]3" trianion (N, JV')-coordinated to two ZnMe + ions and the Z n 2 + ion. While the 

monoanion contributes only an oxo substituent to the cube, the trianion forms an integral part 

of the cube. The terminal oxo substituent of the trianion does not participate in coordination 

whereas the oxo substituent of the monoanion is coordinated to all three zinc ions. The zinc 

2_|_ 

ions are four-coordinate with three nitrogen and one oxygen donors coordinated to the Zn 

ion and two nitrogens, and one oxygen bound to the ZnMe + ions. 

The solid-state 3 t P NMR spectrum of 42 consists of two singlets at 8 22.0 and 13.5, 

consistent with the X-ray structure. In C6D6 the 3 1 P NMR spectrum reveals three main 

resonances at ô 22.0, 14.6, and 13.1 along with additional minor resonances. The appearance 

of a third resonance suggests the presence of a different species in solution. The solution 'H 

N M R spectrum in C^Df, also exhibits numerous resonances in the NTiu region, and a single 

resonance at 5 0.29 for ZnMe. 
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It is unclear why this complex prefers the aggregation of a monoanion and a trianion 

rather than forming a complex with two dianions. Further investigation of this reaction using 

different reaction conditions and reagent stoichiometrics are necessary before a full 

understanding of the reaction product(s) can be developed. 

Following the success in generating the trianion, [OP(N lBu)3]3~, utilizing a zinc 

reagent, the reaction of dimethylzinc with tris(methylamido)phosphate 38 was also 

investigated. Unfortunately, the reaction of dimethylzinc with {OP[N(H)Me]3} in a 3:2 ratio 

in boiling toluene generated an insoluble product that could not be crystallized. When the 

stoichiometry was changed to 1:1, this reaction yielded colorless crystals of an oxide-

templated complex, {Zn4(/^-0)[OP(NMe)[N(H)Me]2]4[OP(NMe)2[N(H)Me]]}2 (43) in 49% 

yield. The structure of 43 was determined by X-ray crystallography; the molecular geometry 

and atomic numbering scheme are shown in Figure 3.7 and pertinent structural parameters 

are summarized in Table 3.5 in Appendix Two. 

Note: For clarity only the 

the cluster is shown. 

structural framework of 

O P N 

43 
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The structure of 43 is a centrosymmetric dimer. In each half of the cluster there is a 

tetrahedral arrangement of 4 four-coordinate Zn 2 + ions surrounding a central /m-O1' anion. 

Each monomeric unit consists of four Z n 2 + ions, four [OP(NMe)(NHMe)2]~monoanions, one 

[OP(NMe)2(NHMe)]2~dianion, and one oxide ligand. Unlike 42, with both Z n 2 + and MeZn + 

centers, 43 contains only Zn ions. In contrast to the coordination modes of the phosphate 

anions observed in 42, the four monoanions bridge four edges of a tetrahedron of zinc ions 

and the two halves of the molecule are joined together by two dianions (identified by the 

three-coordinate phosphorus in the pictorial representation of 43 above). Three of the four 

zinc ions [Zn(l), Zn(2) and Zn(4)] interact with the two dianions and participate in linking 

the two halves. As a result, the structure contains numerous six-, eight-, ten-, and twelve-

membered rings. The zinc and oxygen atoms reside near the center of the cluster while the 

Me groups of the phosphate anions envelop the inner core. 

Unfortunately an X-ray structure of the products from the reactions of OP[N(H)Me]3 

with alkyllithium reagents could not be obtained. Consequently, a comparison of the 

structure of 43 with those of the lithium derivatives cannot be made. However, Roesky has 

reported a zinc complex of tert-butylphosphonic acid, [Zn2(THF)2(EtZn)6Zn4(//4-

OX'BuPC^g] (44), with a structure similar to that of 43.101 They suggest that the most 

prevalent species in complexes of this nature are tetranuclear clusters with an O-centered 

tetrahedral Zn 4 0 core. 1 0 1 ' 1 0 2 The P-// 20 distances in 43 range from 1.498(3) to 1.532(2) Â 

[1.499(5) - 1.527(5) Â in 44].101 The Zn-/^0 distance in 43 is also similar to those of 44 

[1.957(2) - 2.026(2) Â in 43; 1.948(4) - 2.073(4) Â in 44]; however, the Zn-// 2 0 distances 
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are significantly longer in 43 than those in 44 [1.964(2) - 2.055(1) Â and 1.891(5) -

1.990(5) Â, in 43 and 44, respectively]. 

The presence of the / /4 -0 atom is presumably a result of adventitious water either 

from: (a) the aqueous preparation of 38 or from (b) the introduction of moisture during re-

crystallization. Although "adventitious water" has been suggested as the source of oxide in 

similar complexes,102 it is interesting to note that the presence of oxide in 44 is suggested to 

have occurred by the induced dehydration of phosphonic acid by diethylzinc which results in 

the formation of phosphonic anhydride ( 'BuPC^. 1 0 1 However, this explanation is not 

applicable to the reaction of ZnMe2 with OP[N(H)Me]3. The infrared spectrum of 38 used in 

the synthesis of 43, gave no indication of the presence of water. Consequently, it is likely 

that the oxide ligands form as a result of moisture in the solvent or during the re-

crystallization process. The formation of 43 was confirmed to be a reproducible result, as 

was observed in Chapter Two for the generation of the L¡20-templated complex 

{(THF)Li 2[PhP(0)(N tBu) 2} 4-LÍ20 (32a). 
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[OP(NMe)2[N(H)Me]]}2 (43). For clarity, the methyl substituents on nitrogen atoms have 

been removed. 

Although the solubility of 43 in benzene is low, the 3 1 P NMR spectrum in C Ó D 6 at 

2 3 ° C revealed two dominant resonances centered at 8 37 .9 and 2 8 . 2 in an approximate 1:4 

ratio. The solid-state 3 1 P NMR spectrum exhibited only two singlets at 8 38 .7 and 2 7 . 6 . 

Based on the X-ray structure, the solid-state phosphorus spectrum should have revealed five 

resonances for the five different phosphorus environments. The 3 1 P N M R data suggest that 

the similar environments of the four monoanionic ligands give rise to a single resonance and 
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that the second resonance is attributable to the unique dianion. The *H N M R spectrum in 

CÔDÔ reveals four singlet resonances of the same intensity at 5 2 .25 , 2 .22 , 2 .20 , and 2 . 1 6 

attributable to four different environments of NHMe (cf. 8 2.55 for {OP[N(H)Me]3}) and a 

broad resonance centered at 8 1.36 for the indistinguishable NMe resonances. The N H 

resonance could not be detected in the NMR spectrum but the N - H groups are identified by 

the N - H stretch in the infrared spectrum ( 3 3 2 3 cm - 1). Ion-trap electrospray mass 

spectrometry in toluene revealed a low intensity signal for the molecular ion peak ( M + = 

1902 ) . The spectroscopic data obtained in addition to satisfactory elemental analysis 

suggests that the oxide-templated complex 43 is formed as a major product in this reaction. 

3.6. Conclusions 

The tris(alkylamido)phosphates, OP[N(H)Me]3 (38) and O P i N ^ ' B u ^ (39), have 

solid-state structures that exhibit a three-dimensional network and a one-dimensional array, 

respectively. Increase in the steric bulk of R alters the mode of hydrogen-bonding, but does 

not affect the degree of hydrogen-bonding. 

Investigation into the lithiation of 39 reveals some important insights. While 

monolithiation yields an unusual trimeric salt (THF){LiOP(N tBu)[N(H) tBu]2}3 (40), 

dilithiation generates a box-like dimeric complex {(THF)2Li2OP(NtBu)2[N(H)tBu]}2 (41). 

Complex 40 contains one L i 2 0 2 ring in an open ladder structure and 41 embraces a central 

L i 2 0 2 ring in a closed ladder structure. Trilithiation of OP[N(H)lBu]3 could not be achieved. 
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The reactions of 38 and 39 with dimethylzinc produce the first imido analogues of 

zinc phosphate including the first trianionic tris(ter/-butylimido)phosphate in the complex, 

Zn(ZnMe)2{OP(N tBu)rN(H) tBu]2}[OP(N tBu)3] (42), which contains both a trianion and a 

monoanion. The methyl derivative forms an oxide-templated complex, {Zn4(jU4-

0)[OP(NMe)rN(H)Me]2]4[OP(NMe)2[N(H)Me]]}2 (43), containing both mono- and 

dianionic ligands. 

This work has demonstrated that mono- and dianions, {OP(N tBu)[N(H) tBu]2}" and 

{OP(N tBu)2[N(H) tBu]}2 _, respectively, can be easily generated by alkyllithium reagents 

while the trianion [OP(N lBu)3]3~ is formed by reaction with dimethylzinc. A better 

understanding of the factors affecting the formation of a trianion is required and merits 

further investigation. 

3.7. Experimental Section 

General procedures are described in Appendix One. Satisfactory elemental analysis 

could not be obtained for 42. 

3.7.1. Preparation of {OPfN(H)MeJ3} (38) 

The following is a modified literature procedure.74ab Phosphoryl chloride (3.06 mL, 

5.11 g, 33.3 mmol) was added dropwise to an excess of methylamine (100 mL, 6.21 g, 200 

mmol) in hexane (250 mL) at 0°C. Immediately a white precipitate formed and the solution 

was slowly warmed to room temperature and stirred for an additional 2 h. The hexane was 
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removed in vacuo and chloroform (250 mL) was added to the sticky white solid. The 

methylammonium chloride was filtered on a Buchner funnel and a potassium 

hydroxide/methanol solution was added dropwise until the pH was slightly basic (7-8). The 

potassium chloride precipitate was filtered on a Buchner funnel and the volume of the 

solution was reduced to 50 mL. Dilute hydrochloric acid was added to the solution until the 

pH was slightly acidic (5-6) and toluene (150 mL) was added. After sitting for 2 d at 23°C, 

the solution was filtered on a Buchner funnel and the volume of the toluene solution was 

reduced to 50 mL. Hexane (10 mL) was added to the concentrated solution and after 1 d at 

23°C crystals of 38 formed (2.75 g, 20.1 mmol, 60%). *H NMR (CDC13, ô): 2.55 [d, 9H, 

Me , 3 J ( 'H- 3 1 P)= 12 Hz], 2.38 (s, 3H, NH). 3 1 P { ' H } NMR (CDC13, Ô): 18.5 (s). Mp. 6 5 -

68°C. IR (cm - 1): 3372 [v(N-H)]. MS [EI, m/z (rei int)]: M + 137(23). Anal. Caled for 

C 3 H, 2 N 3 OP: C, 26.28; H, 8.82; N , 30.64. Found: C, 26.56; H, 9.00; N , 29.16. Lit. 41% 

yield; 7 4 3 ' H N M R (C 6 D 6 , 8): 2.7 [d, V ( ' H- 3 1 P ) = 12 Hz]; 3 , P { ' H } NMR (C 6 D 6 , 8): 22.8 (s). 

3.7.2. Preparation of {OPfN(H)'BuJ3} (39) 

The following is a modified literature procedure.75 Phosphoryl chloride (10 mL, 17 g, 

0.11 mol) was added dropwise to an excess of terf-butylamine (100 mL, 69.6 g, 0.952 mol) 

in toluene (350 mL) at 0°C. Immediately a white precipitate formed and the solution was 

slowly warmed to room temperature and stirred for an additional 3 h. The tert-

butylammonium chloride was filtered on a Buchner funnel and the volume of the resulting 

toluene solution was reduced to 75 mL. Hexane (25 mL) was added and the solution was 
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placed in the freezer. After 1 d at-15°C, white crystalline solid formed and it was sublimed 

under vacuum at 120°C to obtain crystals of 39 (25.55 g, 0.0970 mol, 89%). *H NMR 

(CDCI3, 5): 2.20 [d, 3H, NH, V ( ' H- 3 1 P ) = 6 Hz], 1.26 (s, 27H, NTiu). 3 1 P { ' H } N M R 

(CDCI3, 8 ) : 5.5 (s). IR (cm"1): 3286 [v (N-H)] . MS [EI, m/z (rei int)]: M + 263(15). Anal. 

Caled for C,2H3oN 3OP:C, 54.73; H , 11.47;N, 15.96. Found: C, 54.16; H , 11.65; N , 15.64. 

Lit. ' H N M R (CDCI3, 8 ) : 2.57 (s, 3H, NH), 1.22 (s, 27H, N 'Bu) . 7 5 

3.7.3. Preparation of(THF){LiOP(rfBu)[N(H)'Bu]2}3 (40) 

(Et 20)LiN(SiMe 3) 2 (0.458 g, 1.90 mmol) in THF (10 mL) was added slowly to a 

stirred solution of O P r ^H / B u b (0.500 g, 1.90 mmol) in THF (15 mL) at 23 °C. After 18 h, 

removal of the solvent and washing with pentane (2x5 mL) yielded a white amorphous solid 

(0.480 g, 0.546 mmol, 86%). X-ray quality crystals of 40 were obtained from a concentrated 

THF/hexane solution in 24 h at 23 °C. " H NMR (d8-THF, 8 ) : 3.58 (m, [0(Gr7 2) 2(CH 2) 2]), 

1.90 (s, 2H, NH), 1.74 (m, [0(CH 2 ) 2 (C/i 2 ) 2 ]), 1.29 (s, 18H, NHTiu), 1.18 (s, 9H, N 'Bu). 

3 I P { ' H } N M R (dg-THF, 8 ) : 5.8 (s); (Solid-state, 8 ) : 6.2 (s), 4.0 (s), 3.3 (s) (1:1:1). 7 L i N M R 

(dg-THF, 8 ) : -1.80 (s). IR (cm"1): 3430, 3385, 3339 [v (N-H)] . Anal. Caled for 

C 4 2 H98N9L Í304 . 5 P 3 : C, 55.07; H , 10.89; N , 13.76. Found: C, 53.91; H , 10.86; N , 13.62. 

3.7.4. Preparation of{(THF)2Li2OP(lStBu)2fN(H)'BuJ}2 (41) 

An excess of M-butyllithium (4.55 mL, 0.729 g, 11.4 mmol) was added dropwise to a 

stirred solution of OP(NH (Bu)3 (1.00 g, 3.79 mmol) in THF (30 mL) at 23 °C. After 18 h the 



solvent was removed in vacuo and the sticky product was washed with pentane (2x5 mL), 

to remove the excess "BuLi, yielding a white amorphous solid. X-ray quality crystals of 41 

were obtained from a concentrated THF/hexane solution at 23°C (0.854 g, 1.22 mmol, 65%) 

in 24 h. ' H N M R (dg-THF, S): 3.58 (m, [0(C#2)2(CH2)2]), 1.74 (m, [0(CH 2) 2(C// 2) 2]), 1.68 

(s, 1H, NH), 1.35 (s, 9H, NH'Bu), 1.20 (s, 18H,N lBu). 3 1P{'H} NMR (dg-THF, 173 K, Ô): 

17.7 (s); (Solid-state, 5): 18.0 (s). 7 L i NMR (C 6 D 6 , Ô): -2.38 (s). IR (cm -1): 3388 [v(N-H)]. 

MS (EI+): M + m/e (rei int): 248 (79%, M + - L i 2 0) . Anal. Caled for C e H a ó ^ L b C ^ : C, 

55.33; H, 10.45; N , 12.10. Found: C, 51.72; H, 10.31; N , 12.58. 

3.7.5. Preparation ofZn(ZnMe)2{OP(NtBu)fN(H)'Bu]2}fOP(N1Bu)3] (42) 

Dimethylzinc (5.34 mL, 0.510 g, 5.34 mmol) was added dropwise to a solution of 

OP(NH lBu)3 (0.937 g, 3.56 mmol) in toluene (25 mL) at 23°C. The toluene solution was 

refluxed at 130°C for 18 h yielding a clear, colorless solution. The volume was reduced to 

10 mL and after 1 d at 23°C, colorless crystals of 42 formed (0.601 g, 0.802 mmol, 45%). *H 

NMR (C 6 D 6 , ô): 2.05 (br s, NH), 1.75-1.18 (numerous resonances, N [Bu), 0.29 (s, ZnMe). 

3 1P{'H} N M R ( C 6 D 6 , Ô): 22.0 (s), 14.6(s), 13.1(s) (1:1:1), additional weak resonances; Solid-

state (10 kHz, 5): 22.0 (s), 13.5(s). IR (cm -1): 3279 [v(N-H)]. MS (ESI+): 549 (M +-199). 
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3.7.6. Preparation of{Zn4(ju4-0)[OP(NMe)fN(H)MeJ2J4fOP(NMe)2fN(H)MeJJ}2 

(43) 

Dimethylzinc (1.18 mL, 0.113 g, 1.18 mmol) was added dropwise to a solution of 

OP(NHMe) 3 (0.162 g, 1.18 mmol) in toluene (25 mL) at 23°C. The toluene solution was 

refluxed at 130°C for 24 h. The volume of the solution was reduced in half and the 

concentrate was placed in the freezer. After 7 d at -15°C, crystals of 43 formed (0.144 g, 

0.0718 mmol, 49%) (based on zinc). ] H NMR (C 6 D 6 , Ô): 2.25 (s, NHMe), 2.22 (s, NHMe), 

2.20 (s, NHMe), 2.16 (s, NHMe) (1:1:1:1), 1.36 (br s, NMe) 3 I P { ' H } NMR (C 6 D 6 , Ô): 37.9, 

28.2 (s, 1:4), additional minor resonances; Solid-state (13 kHz, 5): 38.7 (s), 27.6(s). 1R 

(cm - 1): 3323 [v(N-H)]. Anal. Caled for CsyHueNsoO^PioZng: C, 22.15; H, 5.83; N , 20.94. 

Found: C, 22.02; H, 6.05; N , 19.96. 
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CHAPTER FOUR 

Reactions of Tris(amido)thio- and selenophosphates {EP[N(H)R]3} (E = S, Se) with 

Alkyllithium Reagents 

4.1. Introduction 

Anions involving a combination of hard (N) and soft (S or Se) centers attached to a 

central element can display versatile coordination behavior. 1 6 3 , 5 3 0 These heteroatomic 

species, as their alkali metal derivatives, also play an important role in the development of an 

understanding of cluster formation via the laddering process. 1 8 ' 9 2 ' 1 0 3 ' 1 0 4 Alkali-metal 

derivatives of anions with P(V) centers can even form extended ladder structures via M - E (E 

= S or Se) interactions. 1 5 ' , 6 a ' 5 3 c 

Heteroleptic imido/thio and imido/seleno analogues of orthophosphate [PO,*]3- are 

unknown. In Chapter Two it was observed that aggregation of the phosphonate dianions 

occurs through L i - E edges (E = S, Se, Te). Similarly, in Chapter Three mono- and dianionic 



87 

phosphate clusters were shown to associate through polar, sterically unencumbered, L i - 0 

interactions. It is of interest to investigate whether cluster formation will occur through the 

sterically unencumbered, but less polar, Li-S and Li-Se interactions or via the more polar, 

but sterically bulky, L i -NR interactions. The steric effects on the mode of aggregation will 

be investigated for thiophosphates by changing the size of the R group on the imido 

substituents.105 

In the synthetic approach to this potentially versatile class of anionic ligands, two 

different methodologies to the formation of the trianions [P(E)(NR)3]3" are described: (1) the 

reaction of thiophosphoryl chloride with excess lithium amide in a one-pot synthesis and (2) 

the reactions of tris(primary amido)thio- and selenophosphates with alkyllithium or lithium 

amide reagents. As found in Chapter Three, the lithiation of tris(alkylamido)phosphate 

derivatives did not go to completion. Consequently, the synthesis and reactivity of 

tris(arylamido)thio- and selenophosphate derivatives were also investigated. 

4.2. Formation and X-ray Structure of the Cyclodiphosph(V/V)azane, 

{(THF)2Li[(BuN)2P(fJrlStBu)2P(S)2]Li(THF)2}(45) 

In a one-pot synthesis, attempting to generate the tris(fórt-butylimido)thiophosphate 

trianion, [P(S)(NT3u)3]3~, a THF solution of LiN(H)T3u was added to SPC13 in a 6:1 molar 

ratio (Eq. 4.1). It was thought that the first three equivalents would generate {SP[N(H)lBu]3} 

in situ and the additional three equivalents would deprotonate this intermediate. 
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SPCb + 6 LiN(H)'Bu • Li3[SP(N tBu)3] + 3 LiCl + 3 l BuNH 2 4.1 

A few X-ray quality crystals were obtained upon work-up of the reaction mixture and 

identified as {(THF)2Li[(tBuN)2P(//-NtBu)2P(S)2]Li(THF)2} (45) by X-ray analysis. The 

molecular geometry and atomic numbering scheme of 45 are shown in Figure 4.1; pertinent 

structural parameters are summarized in Table 4.3 in Appendix Two. The most interesting 

feature of 45 is the appearance of a PS2 functionality. This three-ring spirocycle is comprised 

of a central P2N2 ring, and terminal LiNPN and LiSPS rings. Thus, compound 45 can 

formally be considered the cycloaddition product of the homoleptic 

tris(imido)metaphosphate, [P(N'Bu)3]~, and the hypothetical dithia(imido)metaphosphate, 

[P(S)2(N tBu)]_, anions. 

Figure 4.1. X-ray structure of {(THF)2Li[(tBuN)2P(//-NtBu)2P(S)2]Li(THF)2} (45). Only 

the a-carbons of the 'Bu groups are shown for clarity. 
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The spirocyclic structure of 45 has two mirror planes, one of which contains the L i -

P -P -L i atoms. The P-S bond length is 1.993(1) Â while the P(l)-N(l) distance is 1.583(3) 

Á . Within the P 2 N 2 ring, the P-N distances differ slightly; the P-N distances are shorter on 

the P(2) side by ca. 0 .04 Â (d[P(l)-N(2)] = 1.732(3), d[P(2)-N(2)] = 1 .689(3) Á ) . This is 

likely a result of the steric strain caused by the four N ' B U groups around P(l). Each of the 

L i + ions is solvated by two THF molecules to achieve a four-coordinate environment. 

Unfortunately, no other data were obtained for 45 as only a few crystals were 

isolated. A l l attempts to reproduce this synthesis and to isolate 45 were unsuccessful. The 

3 1 P N M R spectrum of the reaction mixture reveals numerous resonances ranging from 

approximately 8 8 0 to - 3 0 suggesting that this reaction may be very complex. Monitoring 

the reactions of SPC13 with x LiNÍH^Bu (x = 1 - 6 ) by 3 1 P N M R suggests that condensation 

occurs upon addition of the second molar equivalent of lithium ter/-butylamide as mutually 

% 1 

coupled doublets appear in the P NMR of the reaction mixture. Condensation prior to 

complete substitution was also reported for the reaction of PC13 with 2 LiN(H) lBu (or 

(BuNH 2), generating the cyclodiphosphazane [ClP(//-N tBu) 2PCl]. 1 0 6 The mechanism of 

formation of 45 is unknown, but it is tentatively suggested to involve initial condensation (as 

suggested by P NMR) forming a central PNPS ring, followed by a 

'According to the 3 , P N M R spectra, only a trace amount of {['Bu(H)N(S)P(¡a-N tBu)2P(S)[N(H) tBu]} (62b) is 

formed. It is, therefore, suggested that a PNPS ring must be formed as the condensation product. 
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cycloreversion/rearrangement process (Scheme 4.1). There is precedence in the literature 

for cycloreversion of a P2N2 ring. Ring-opening of the dimeric dianion, [lBuNP(/z-

N tBu)2PN tBu]2~, leads to the formation of a monomeric monoanion, [P(N'Bu)2]~, upon 

coordination to gallium in the complex, {[ tBuNP(//-N tBu)2PN tBu]Ga[P(N tBu)2]}. 107 

Compounds containing central PNPS rings are generated in one of two ways: (1) the 

reaction of [PS2Cl-py] with a primary alkylamine, followed by methylation,108 or (2) the 

reaction of a P2S2 ring-containing complex (often Lawesson's reagent, [(p-

C6H3OMe)(S)P(//-S)2P(S)(/?-C6H30Me) )] with either a primary amine, isonitrile, 

isocyanate, or a urea.10 It is important to note that PNPS rings are formed in preference to 

retention of the P2S2 ring in these reactions. Although the driving force for the 

rearrangement suggested in Scheme 4.1 is unknown, the lability of P-S bonds within four-

membered P2S2 rings is clearly demonstrated in the literature. 
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A minor product (identified by 'H and 3 1P NMR) formed optimally in the reaction of 

SPCI3 with five equivalents of LiN(H) lBu may be attributable to 45. The 3 1 P N M R spectrum 

consists of two mutually coupled doublets centered at ô 67.4 and -18.2 [ 2J( 3 1P- 3 1P) = 16 Hz] 

tentatively assigned to P(2) and P(l), respectively, by comparison with ô 3 1 P values for the 

related compounds [Cp* 2P(//-S 2)Li-DME] 2 (5 3 1 P = 90.7)1 1 0 and {(THF)Li[( lBuN)2P(//-

N tBu)2P(N tBu)2]Li(THF)} (53, Section 4.6) (5 3 1 P = -21.6). The ] H N M R spectrum of this 

product contains two resonances in a 1:1 ratio at 8 1.67 and 1.31 assigned to the N'Bu groups 

of the P 2 N 2 and PNLiN rings, respectively. 

g This mechanism assumes that all chlorides are replaced by 'BuNH groups before lithiation of 'BuNH by the 

excess LiNH'Bu commences. Clearly, alternative pathways involving an early lithiation step are possible. 
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The unexpected formation of 45 prompted a change in strategy to a stepwise 

approach for the synthesis of [EP(NR)3] (E = S, Se). This involves the isolation of 

tris(alkylamido)thio(seleno)phosphates and subsequent lithiation with alkyllithium reagents. 

4.3. Synthesis and Characterization of the Tris(amido)thiophosphates {SPfN(H)Rj3J 

(46, R = lPr; 47, R = 'Bu; 48, R = p-tol). 

Like the tris(amido)phosphates (see Chapter Three), tris(primary 

amido)thiophosphates have been known for many years. As early as 1903, Michaelis 

reported the tris(amido)thiophosphate, {SP[N(H)R]3} (R = Et ) . i n Since then, numerous 

derivatives have been reported with R = Me, 7 9 "Pr,79 n B u , u l 'Bu, 7 9 s e c B u , 1 1 2 B z , 1 1 3 cyclo-

pentyl,1 1 2 çyc/o-hexyl,80 o-, m-tolyl, 1 1 4 o-, m-,/>C 6H 3OMe, 1 1 6 Ph," 3 2,4-C 6 H 3 Me 2 , 1 1 5 2,4-

C 6 H 3 F 2 , n 5 and 2 ,4-C 6 H 3 Cl 2 " 5 . The iPr(46), 1 1 2 l Bu (47),116 andp-to\ (48)1 1 4 derivatives have 

also been previously synthesized but, like many of the tris(amido)thiophosphates, only the 

3 1 P N M R shifts were reported. The full characterization of 46 - 48 is now reported. 

Tris(alkyl- and arylamido)thiophosphates are generated by the reaction of 

thiophosphoryl chloride with excess primary amine in either diethyl ether or toluene (Eq. 

4.2). The alkyl/aryl ammonium chloride salt is filtered from the solution as, in most cases, it 

is insoluble in the hydrocarbon solvent. Depending on the R substituent, yields can range 

from 11% to 89%. 

SPC13 + 6 RNH 2 • {SP[N(H)R]3} + 3 RNH3 CI" 4.2 
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The 'Pr, lBu and p-to\ derivatives can all be formed in the manner shown in Eq. 4.2. 

The reaction of thiophosphoryl chloride with excess wo-propylamine in diethyl ether, 

however, generates both the tris(wo-propylamido)thiophosphate (46) and the condensation 

product fra«5-['PrNH(S)P(//-N'Pr)2P(S)NH'Pr] through loss of wo-propylamine. By contrast 

the lBu and p-to\ derivatives form a single product. By sublimation under dynamic vacuum 

at 90°C, 46 can be collected on the cold finger in 48% yield (cf. 11%)112 and the 

112 

condensation product can be obtained as the unsublimed residue in 14% yield (cf. 18%). 

The 'Bu derivative (47) is generated in 80% yield from a reaction in diethyl ether, while the 

jP-tol derivative (48) is obtained in 42% yield from a reaction in toluene. As both 48 and 

para-tolylammonium chloride are insoluble in toluene, the joora-tolylammonium chloride is 

dissolved in dilute hydrochloric acid to separate 48 from the byproduct. 

The ' H N M R spectra of 46 and 47 are similar, but differ from that of 48. In both 46 

and 47, the expected single 'Pr and lBu resonances are observed in addition to a single 

resonance for the NH protons [5 2.05 (br s) and 2.25 (d), for 46 and 47, respectively]. The 

'H N M R spectrum of 48 reveals proton resonances for the phenyl protons (5 7.11 - 6.93) and 

the para-Me substituent (ô 2.20), but it does not contain a resonance for the NH protons. It is 

possible that the latter is obscured by the para-Me resonance, although the integration and 

sharpness of the resonance at ô 2.20 suggest otherwise. 

The 3 1 P NMR spectra for all three compounds (in benzene, 46 and 47; THF, 48) 

reveal singlets that are consistent with the literature values for 46 and 48, but not for 47. The 

3 , P N M R resonance for 46 is Ô 56.3 (cf. 58.6),'16 for 47 is 46.3 (cf. 60.4)'16, and for 48 is 44.5 
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(cf. 43.9).1 1 4 Although the spectra for 47 were measured in different solvents (benzene vs. 

chloroform116), the discrepancy in the chemical shifts is too large to be attributed to solvent 

effects. 

4.4. Preparation and X-ray Structure of a Tris(amido)selenophosphate {SeP[N(H)Ph]¡} 

(49) 

As SePCl 3 is unknown, a different synthetic strategy must be utilized for the synthesis 

of tris(amido)selenophosphates. Two tris(amido)selenophosphates have been reported. The 

reaction of phosphorus pentaselenide with cyclo-hexylamine generated the cyclo-hexyl 

derivative, {SeP[N(H)Cy]3}, in 10% yield." 7 Prophosphatraneh selenide, 

{SeP[N(H)CH2CH 2] 3N}, is formed in the reaction of {HP[N(H)CH 2CH 2] 3N} +(OTf) _ with 

"BuLi followed by the addition of red selenium."8 Presumably this reaction produces 

{P[N(H)CH 2CH 2] 3N} in situ which is then oxidized by red selenium. 

In this work, the phenyl derivative, {SeP[N(H)Ph]3} 49, was synthesized in 59% 

yield by the oxidation of tris(anilido)phosphine, {P[N(H)Ph]3},"9 with elemental selenium in 

diethyl ether. As there is an equilibrium between tris(anilido)phosphine and its condensation 

The prefix "pro" implies that there is no intramolecular donation N->P from the terminal N atom. 
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product (Scheme 4.2), excess aniline is added to the reaction mixture forcing the 

equilibrium towards tris(anilido)phosphine to avoid oxidation of the condensation product. 

Scheme 4.2. 
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The ' H N M R spectrum of 49 reveals phenyl proton resonances at ô 7.27 - 6.80 and 

an NH resonance at 5 2.41. The 3 1 P NMR spectrum contains a singlet at ô 33.4 and the 7 7Se 

1 31 77 

N M R spectrum consists of a doublet centered at ô-205.0, both revealing J( P - Se) 

coupling of 854 Hz. 

X-ray quality crystals of 49 were obtained from a diethyl ether/pentane solution and 

the first X-ray structure of a primary tris(amido)thio- or selenophosphate was determined. 
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The molecular geometry and atomic numbering scheme of 49 are shown in Figure 4.2; 

pertinent structural parameters are summarized in Table 4.4 in Appendix Two. 

Figure 4.2. X-ray structure of {SeP[N(H)Ph]3} (49). Only the carbon atoms of the phenyl 

substituents are shown. 

The P-Se distance is 2.117(1) Â and falls within the normal range of P-Se double 

bond distances.552 The structure of tris(anilido)phosphine has been determined"9 and can be 

compared with that of 49. Two main structural changes occur on oxidation to 49; the P-N 

bond lengths are shortened by approximately 0.04 Â while the N - P - N angle is widened by 

an average of 6°. The difference in the P-N bond lengths can be accounted for by the 
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difference in covalent radii of P(III) vs. P(V), while the change in N - P - N angle can be 

explained by the greater repulsion of a lone pair on phosphorus versus the repulsion of two 

electron pairs of a P=Se bond. 

4.5. Lithiation of Tris(isopropylamido)thiophosphate: Preparation and X-ray Structures 

of{(THF){LiSP(ÌSiPr)[N(H)iPr]2}2 (50) and {[(TMEDA)Li2]SP(NiPr)2[N(H)iPr]}2 

(51) 

The reaction of {SP[N(H)'Pr]3} (46) with "BuLi in a 1:1 molar ratio in THF produces 

the monolithiated derivative {(THF){LiSP(N iPr)[N(H) iPr]2}2 (50) in 6 1 % yield. The 3 1 P 

N M R spectrum of 50 in CÓDÓ showed a singlet at § 4 7 . 9 (cf. ô 56.3 for 46). When the same 

reaction is carried out in a 1:2 molar ratio in THF an insoluble product is formed. In the 

presence of TMEDA, however, this reaction produces the dilithiated complex 

{[(TMEDA)Li2]SP(N iPr)2[N(H) iPr]}2 (51) in 5 6 % yield. Solid-state 7 L i and 3 1 P N M R 

spectra of 51 consist of singlets at 5 1.9 and ô 4 5 . 7 , respectively. Attempts to form a 

trilithium salt were unsuccessful. 

X-ray structures of both 50 and 51 were obtained. The molecular geometry and 

atomic numbering schemes for these two complexes are shown in Figures 4.3 and 4 .4 , 

respectively; pertinent structural parameters are summarized in Tables 4 .5 , and 4.6 in 

Appendix Two. X-ray analysis of 50 revealed a centrosymmetric dimer comprised of a step-

shaped ladder in the transoid conformation (Figure 4.3). Aggregation of the two monoanions 

occurs through the more polar L i - N edges rather than the sterically unencumbered Li-S 
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edges. This is the first example of aggregation via L i - N in preference to L i - E interactions 

in the imido-chalcogenido phosphorus-centered ligands. 

Figure 4.3. X-ray structure of {(THF){LiSP(N iPr)[N(H) iPr]2}2 (50). Only the secondary 

carbon atoms of the 'Pr groups and the oxygen atoms of the THF molecules are shown for 

clarity. 

The X-ray analysis showed that 51 has a monomeric structure and contains the 

dianion [SP(N'Pr)2(NH iPr)]2" (Figure 4.4). Apparently, chelation of L i + ions by a TMEDA 

ligand prevents extensive laddering via L i - N interactions (cf. {\p-

CH3C 6H4N(H)Li-TMEDA] 2}); 1 2 0 the latter phenomenon may account for the insolubility of 
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the product obtained in the absence of TMEDA. One can envision an unsolvated one-

dimensional polymer that aggregates via L i - N edges in a similar manner to that of 50. 

Figure 4.4. X-ray structure of {[(TMEDA)Li]2[SP(N'Pr)2(NH iPr)]} (51). Only the 

secondary carbon atoms of the 'Pr groups and the backbone carbon and nitrogen atoms of the 

TMEDA molecules are shown for clarity. 

The P-S bond lengths differ only slightly for the two- and three-coordinate sulfur 

centers in 50 and 51 (1.9927(8) and 2.054(1) Â, respectively) while the mean P-N distance 

of the coordinated imido groups is 1.610 Â for both the three- and four-coordinate nitrogen 

centers in 50 and 51. The L i - N distances in the monolithiated compound 50 are 2.129(4) Â 

for the LiNPS ring and 2.104(4) Â for edge to edge dimerization. These are slightly longer 
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than that of the dilithiated compound 51 [1.930(6) Â], but can be accounted for by the 

different coordination numbers of the nitrogen atoms (50, four-coordinate; 51, three-

coordinate). Unexpectedly, the Li -S distances are longer in 50 than that of 51, even though 

the sulfur centers are two- and three-coordinate, respectively [2.526(4) Â, 50; 2.462(5) Â, 

51]. This may be due, in part, to the difference in charges and the derealization of those 

charges in 50 and 51. In both complexes the L i + ions achieve a four-coordinate environment 

through bonding to either THF or TMEDA solvent molecules. 

4.6. Lithiation of Tris(tert-butylamido)thiophosphate: Preparation and X-ray Structures 

offfLiSP(NtBu)(NHtBu)2jf(THF)Li2SP(lStBu)2(NHtBu)J}2 (52) and 

{(THF)Li[(tBuN)2P(ju-NtBu)2P(NtBu)2]Li(THF)}(53) 

The reaction of SPtNtH/Bub with "BuLi or LiN(SiMe 3) 2 in THF in a 2:3 molar ratio 

produces the complex {[LiSP(N tBu)(NH tBu)2][(THF)Li2SP(N tBu)2(NH tBu)]}2 (52) in an 

optimum yield of 82%. In contrast to the L i - N interactions observed for the /so-propyl 

derivative 50, an X-ray analysis showed 52 to be a dimer in which the central feature is a 

cisoid LÌ4S4 ladder (Figure 4.5, Table 4.7 in Appendix Two). There is a crystallographic 

twofold axis through the middle of the central LÌ2S2 ring. The asymmetric unit of 52 is 

comprised of an aggregate of the mono- and dilithiated derivatives, LiSP(N tBu)(NH tBu)2 and 

Li2SP(N tBu)2(NH tBu), respectively, linked by Li-S and L i - N bonds to give a distorted 

LÌ3PS2N2 cube (bond lengths range from 1.615(6) A [P(l)-N(2)] to 2.64(1) Á [Li(2)-S(2)]). 



101 

Figure 4.5. X-ray structure of {[LiSP(N tBu)(NH tBu)2] [(THF)Li2SP(N tBu)2(NH tBu)]}2  

(52). Only the a-carbon atoms of the lBu groups and the oxygen atoms of the THF 

molecules are shown. 

The wo-propyl substituents in 50 are presumably small enough to allow association to 

occur via L i - N rather than the sterically unencumbered Li-S edges. As the difference in 

steric bulk between wo-propyl and tert-butyl is only one methyl substituent, this suggests that 

the balance between steric effects and polarity, as determining factors in aggegation mode, 
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must be subtle. It is interesting to note that lithium thioamidates {Li[RC(S)NR']}n (R = 

"Bu, T3u, R' = lBu) invariably aggregate through Li-S bonds.103 

The solution 'P N M R spectrum of 52 reveals a single phosphorus resonance and the 

'H N M R spectrum exhibits two resonances in a 2:1 ratio in the N l Bu region, respectively. 

These observations indicate that an exchange process occurs in solution at room temperature. 

The solid-state 3 1 P N M R spectrum of 52 shows two resonances at S 28.5 and 25.8, consistent 

with the X-ray structure, while the solution and solid-state 7 L i NMR spectra both consist of a 

singlet. Three L i + environments in 52 result from three different modes of coordination; 

NSSÇTUF) [Li(l)], N3S [Li(2)], and NS3 [Li(3)]. The coordination environments of the L i + 

ions are quite different, especially for Li(2) and Li(3) and, therefore, the reason for the single 

resonance in the solid-state 7 L i NMR spectrum is unclear. 

Complex 52 is also generated when the reaction of 47 with "BuLi is carried out in a 

1:1 molar ratio suggesting that the production of 52 is favored in this reaction. The 

formation of 52 can be envisaged to occur by the aggregation of two monolithiated 

monomers A and a centro symmetric dilithiated dimer B via Li -S interactions (Scheme 4.3). 

A dimeric monolithiated derivative was discussed previously in Chapter Three for the oxo 

analogue (40) and a dimeric dilithiated derivative similar to 52 was observed in Chapter Two 

for the phosphonate dianions {[Li(THF)]2[PhP(E)(N tBu)2]}2 (E = S, 32b; Se, c; Te, d). 
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Scheme 4.3. 
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In contrast to the behavior of the 'Pr system, however, the use of a 1:2 molar ratio for 

the reaction of {SP[N(H)lBu]3} with "BuLi results in sulfur extrusion to give the complex 

{(THF)Li[( tBuN)2P(//-N tBu)2P(N tBu)2]Li(THF)} (53) in ca. 15% yield. An X-ray analysis 

revealed that 53 is an Li 2N4P 2 cubane with exocyclic N'Bu groups attached to P, i.e. the 

dimeric lithium derivative of the tris(imido)metaphosphate anion [P(NlBu)3]~ (Figure 4.6, 

Table 4.8 in Appendix Two). Compound 53 contains three types of P-N bonds: within the 

P 2 N 2 ring |d(P-N)| = 1.733(4) Á, the link between the P 2 N 2 and L i 2 N 2 rings |d(P-N)| = 
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1.647(6) Â, and the exocyclic imido group |d(P=N)| = 1.526(6) Â. For the Ü2N2 ring, 

|d(Li-N)| = 2.11(1) Â while the L i - N distance connecting to the P2N2 ring is longer at 

2.33(1)Á. 

Figure 4.6. X-ray structure of {(THF)Li[(tBuN)2PC"-NtBu)2P(NtBu)2]Li(THF)} (53) (20% 

probability ellipsoids). Only the ct-carbon atoms of the lBu groups and the oxygen atoms of 

the THF molecules are shown. 

Monomeric analogues of 53, e.g. the ion-separated complex [Li(THF) 4] + 

[P(NMes*)3]_ (15), have been reported,38 but this is the first example of a dimeric 

tris(imido)metaphosphate as its lithium salt. The P(III) analogue of 53, 

{(THF)Li[( tBuN)P(//-N tBu)2P(N tBu)]Li(THF)} (12) also has a cubane structure which, in the 

absence of THF ligands, dimerizes via L i - N interactions (13, Section 1.4.1 and Scheme 
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1.1). ' Separate experiments have shown that 53 is not produced directly from 52, but 

rather excess alkyllithium reagent is involved in P-S bond cleavage accompanied by the 

formation of LiS"Bu. Cleavage of the P-S bond occurs when the molar ratio of "BuLi to 

SP[N(H)lBu]3 exceeds 3:2. In addition to cleavage, a condensation reaction must occur with 

loss of 'BuNH 2 in the formation of a cyclodiphosph(V7V)azane. 

The 3 1 P N M R spectrum of 53 in C 6 D 6 exhibits a singlet at 5 -21.6 and the 7 L i NMR 

spectrum reveals a singlet at ô -1.43. The 'H NMR spectrum in dg-THF at 23°C contains 

two resonances at 5 1.28 and 1.53 in a 2:1 ratio in the N l Bu region instead of the expected 

1:1:1 ratio. Low temperature *H NMR spectra of 53 in dg-THF suggest that an explanation 

for this observation is the equilibrium between C and D depicted in Scheme 4.4. The 

addition of two molecules of THF to the lithium ions in D generates a spirocyclic complex C 

that would exhibit N'Bu resonances in a 2:1 ratio in the *H NMR. This type of ring-opening 

has been observed in the structurally related rhenium complexes in which the ligands are CO 

instead of THF molecules (see Scheme 1.4, Section 1.4.1).121 At -50°C the resonances at ô 

1.28 and 1.53 (C) begin to resolve into multiple resonances. The resonances for C still 

dominate but new resonances at ô 1.24, 1.27, and 1.49 (1:1:1 ) (D) are evident. At -100°C, 

the resonances for D dominate over that of compound C. Upon warming to 23°C, these 

changes in the N M R spectra are reversible. 

The solid-state 3 1 P NMR spectrum consists of a singlet (5 3 1 P = -20.3), consistent 

with the X-ray structure (D). The variable temperature 3 1 P NMR spectra of 53 do not 

differentiate between C and D. Upon cooling to -100°C, the 3 1 P NMR spectrum in dg-THF 
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remains a singlet (5 -18.9). Unlike the proton environments which experience a significant 

change, the similar phosphorus environments of C and D cannot be distinguished. 

Scheme 4.4. 
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Scheme 4.5 summarizes the differences between the reactivity and aggregation 

behavior of the tris(alkylamido)thiophosphates (R = 'Pr, 'Bu). 
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Scheme 4.5. 
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4.7. Formation oftrans-{(tBuN)(tBuNH)P(ju-rfBu)2P(NHtBu)(NtBu)} (54) 

The hydrolysis of 53 in wet THF was shown by 'H and 3 I P NMR to generate trans-

{( tBuN)( tBuNH)P(//-N tBu)2P(NH tBu)(N tBu)} (54) exclusively. In C 6 D 6 the N l Bu 

resonances for 53 at ô 1.53 and 1.28 (1:2) are replaced by resonances at S 1.58, 1.50, and 

1.43 (1:1:1 ) for 54. The 3 1 P NMR spectra revealed a decrease in the resonance at § -21.6 for 

53 with simultaneous growth of a new resonance at ô -42.9 attributed to 54. A few X-ray 

quality crystals of 54 were obtained from benzene and an X-ray structure was determined; 

crystallographic data are included in Table 4.2 in Appendix Two. The final R-value is 4.6%, 

but disorder of the tert-butyi substituents results in large esds and, consequently, discussion 

of bond lengths and angles is not warranted. 

The most interesting feature of 54 is that it crystallizes as the trans geometrical 

isomer. By contrast, the precursor 53 is cisoia, with respect to the two terminal N'Bu groups. 

It is possible that the isomerization from a cis to a trans geometry involves a ring-opening 

cycloreversion process (Scheme 4.6), similar to that which has been proposed for the 

cyclodiphosph(III/III)azanes, {R(H)NP(//-NR')2PN(H)R} [R = 4-isopropylphenyl, R' = 

2,4,6-tris(ter/-butyl)phenyl;122 R = 'Bu, Ph, R' = 'Bu]. 1 0 7 
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Scheme 4.6. 
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4.8. Lithiation of Tris(arylamido)thio- and selenophosphates: Preparation and X-ray 

Structures of{(THF)4Li3[SP(Np-tol)3]}2 (55), {(THF)4Li3[SP(Np-

tol)3][(THF)LiOH]}2 (56) and {(THF)4Li3[SeP(NPh)3][(THF)LiSe]}2(58). 

The results of reactions of the tris(tórt-butylamido)thiophosphate 47 with alkyllithium 

reagents suggest that, upon initial lithiation to form 52, the P-S bond becomes susceptible to 

nucleophilic attack by additional alkyllithium reagent. The P-S bond lability was inhibited 

in the formation of a tris(imido)thio- or selenophosphate trianion by the investigation of 

arylamido derivatives as the amido protons are more acidic than those of alkylamido 

derivatives.93 The reaction of {SP[N(H)p-tol]3} (48) with three equivalents of "BuLi in THF 
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generates the trilithium salt {(THF)4Li3[SP(N/>-tol)3]}2 (55) in 79% yield. The 

corresponding reaction with {SeP[N(H)Ph]3} (49) produces the trilithium salt 

{(THF)4Li3[SeP(NPh)3]}2 57 in 75% yield. In addition to compounds 55 and 57, crystal 

structures were obtained of minor products {(THF)4Li3[SP(N/7-tol)3]-[(THF)LiOH]}2 (56) 

and {(THF)4Li3[SeP(NPh)3][(THF)LiSe]}2 (58) from the same reactions. 

Compounds 55, 56 and 58 represent the first structurally characterized examples of 

tris(imido)thio- or selenophosphate trianions. Unfortunately crystals of 55 were poorly 

diffracting and disorder of the THF solvent molecules resulted in a poorly refined structure; 

the structure of 57 was not obtained. Although it is not appropriate to discuss the bond 

lengths and angles, the atom connectivity is shown and the overall structure is discussed 

below; crystallographic data are included in Appendix Two. The molecular geometry and 

atomic numbering schemes for 56 and 58 are shown in Figures 4.7 and 4.8, respectively; 

pertinent structural parameters are summarized in Tables 4.9 and 4.10, respectively, in 

Appendix Two. 

The central feature of 55 is a broken PN2S2LÌ3 cube; one of the Li-S edges exhibits 

only a very weak interaction. This central cube is similar in composition to that of 52. The 

two [SP(Np-tol)3] trianions are oriented almost perpendicular to one another and display 

different coordination modes to the L i + ions. One of the trianionic ligands coordinates to 

three of the L i + ions in an (TV, S) fashion and to a fourth via (TV, TV')-chelation. The other 

ligand displays both (TV, S) and (TV, TV ̂ -coordination to one L i + ion each. It further interacts 

via the sulfur atom to two other L i + ions, and by way of a nitrogen atom to one additional L i + 



ion. Three of the nitrogen atoms are four-coordinate (the two within the broken cube and 

one additional nitrogen center) and the other three nitrogen atoms are three-coordinate (the 

three outside of the broken cube). Despite the difference in coordination mode, both of the 

sulfur centers are four-coordinate. The dimeric complex is highly solvated with eight 

molecules of THF solvating six L i + cations. Al l six of the L i + ions are four-coordinate; two 

are solvated by two terminal THF ligands, two are solvated by one THF ligand, one is 

solvated by a bridging and terminal THF ligand, and one is only solvated by a bridging THF 

ligand. 

In an earlier experiment, a few X-ray quality crystals of {(THF)4LÍ3[SP(Np-

tol)3]-[(THF)LiOH]}2 (56) were grown from THF solution at -15°C after 3 d. The structure 

of 56 is a centrosymmetric dimer in which the four L i + ions of each monomeric unit are 

solvated by five THF molecules; excluding the solvation of LiOH, the degree of solvation is 

the same as in 55, but there is no bridging THF ligand. The structure is templated by two 

molecules of LiOH that reside in the middle of the structure forming a L i 2 0 2 ring. The 

T H F T H F 

T H F 
55 
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structure of 56 can be understood as the chelation of a (LiOH)2 dimer by two trianions. The 

structure contains an eight rung "S"-shaped ladder in which the outer rungs are the L i ( l ) -

S(l) and Li(l)*-S(l)*. Two of the three L i + ions are chelated in an (N, S) fashion while the 

third is (N, N') coordinated by the [SP(N/?-tol)3]3~ trianions. This coordination mode differs 

from those of the trianions in 55. As a result of the weak S(l)-Li(3) interaction in 56, the 

sulfur centers are only three-coordinate in 56 (cf. four-coordinate in 55). The templation by 

LiOH in 56 generates a complex with a higher symmetry than that of 55. The biggest 

structural difference between the two complexes is that in 55 the two trianions are oriented 

almost perpendicular to one another while in 56 they are related by an inversion center. 

Figure 4.7. X-ray structure of {(THF)4Li3[SP(N/?-tol)3]-[(THF)LiOH]}2 (56) (20% 

probability ellipsoids). Only the ipso-carbons of the p-to\ groups and oxygen atoms of THF 

and OH molecules are shown for clarity. 
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The P-S bond length is 2.066(2) Â (cf. 2.054(1) Â for the three-coordinate sulfur 

atom in 51). Two types of P-N bonds, involving three- and four-coordinate nitrogen atoms, 

N2 and N1/N3, respectively, are contained in the structure of 56. The three coordinate P-N 

bond length is 1.618(3) Á while the four-coordinate P-N bond lengths are 1.639(4) and 

1.652(3) Â. These P-N distances are significantly longer than those observed for the four-

and three-coordinate N-P distances in 50 and 51, which are identical (ca. 1.610 Â). The L i -

N distances are categorized in the following three ways: (a) three-coordinate nitrogen atoms, 

(b) four-coordinate nitrogen atoms not bonded to LiOH, and (c) four-coordinate nitrogen 

atoms bonded to LiOH (mean values of 1.98 Â , 2.05 Â, and 2.14 Á, respectively). The L i -

O distances in 56 are typical of other complexes containing LiOH [|d(Li-0)| = 1.953 Â; 

range 1.931(6) Â - 1.970(6) Á (solvent contacts excluded)].123 

The solution NMR spectra of both crystals and amorphous solid from the reaction of 

{SP[N(H)p-tol]3} with three equivalents of "BuLi suggest a complex of higher symmetry 

than that observed in the solid state. The ] H NMR spectrum shows only one para-methyl 

resonance. The solution 3 1 P NMR spectrum in dg-THF contains a singlet at § 36.4 (cf. 8 44.5 

in the tri-protonated precursor 48) while the solid-state 3 1 P NMR spectrum contains two 

resonances at ô 35.2 and 33.4 consistent with the X-ray structure of 55. The infrared 

spectrum does not exhibit an O-H stretch as would be expected for the LiOH-templated 

complex 56. It is known that the O-H stretch of hydroxide ions occurs as a sharp band in the 

range 3700 - 3500 cm"1 and, more specifically, L i O H H 2 0 has an OH stretch at 3574 



114 

cm - 1 . 1 2 4 The LiOH-templated complex, {(Li[(nBu)C(N tBu)2])2-LiOH-THF}2 contains an O-

H stretch in the IR spectrum at 3677 cm" 1 . 1 2 3 The 7 L i N M R spectrum exhibits a singlet in the 

solid state. Apparently, the significantly different environments of the four L i + ions in 56 are 

not distinguished in the 7 L i NMR spectrum (as was also observed in 52). The observation of 

two phosphorus environments in the solid-state NMR spectrum, the lack of O-H stretch in 

the infrared spectrum, and the integration of the *H NMR suggesting four THF molecules per 

monomer indicates that complex 55 is the major product formed in this reaction. It is likely 

that 56 is a very minor product formed by hydrolysis during crystallization of the crude 

product in one of the syntheses of 55. 

The structure of {(THF)4Li3[SeP(NPh)3]-[(THF)LiSe]}2 (58) (Figure 4.8) is similar to 

that of 56 with two major exceptions: (a) it contains an acyclic LiSeSeLi molecule rather 

than the cyclic dimer (LiOH) 2, and (b) the selenium atoms in 58 are four-coordinate while the 

sulfur atoms in 56 are three-coordinate. The higher coordination number of selenium 

compared to sulfur is also observed in the imido-chalcogenido phosphonates (Chapter Two). 

The coordination mode of the [SeP(NPh)3] trianion is analogous to that of one of the 

[SP(Np-tol)3]3" trianions in 55. In 58 there is (N, Se) coordination to three L i + ions and (N, 

N') coordination to the fourth L i + ion. The overall extent of THF solvation is the same as 

that in 56, i.e. a terminal bis-solvated L i + ion and three mono-solvated L i + ions. 

Lithium diselenide, Li 2Se 2 , has been used as a reagent in a variety of interesting 

chemistry,125 however, it has not been structurally characterized. For example, it is a 

convenient reagent for the synthesis of organic diselenides,1251 and provides a facile route to 
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the formation of transition-metal terminal selenide complexes.125a~d Lithium diselenide is 

obtained as a red solid by reduction of selenium with lithium triethylborohydride or 

elemental lithium in THF. Attempts to crystallize it by using strongly coordinating ligands 

resulted in the isolation of the pentaselenide LÌ2Ses(pmdeta)2 and the formation of a lithium 

mirror.1 2 6 

Figure 4.8. X-ray structure of {(THF)4LÌ3[SeP(NPh)3][(THF)LiSe]}2 (58) (20% probability 

ellipsoids). Only the ipso-carbons of the phenyl groups and oxygen atoms of THF molecules 

are shown for clarity. 

The P-Se distance in 58 is elongated to 2.225(3) Á upon trilithiation (cf. 2.117(1) Â 

in the triprotonated precursor 49). The mean P-N distance is slightly shorter than that 

observed in 49 by ca. 0.03 Á. To the best of our knowledge, 58 is the only structurally 

characterized complex incorporating lithium diselenide. The Se-Se distance of 2.388(2) Â in 
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58 is significantly longer than those observed in the structure of LÌ2Ses(pmdeta)2 [|d(Se—Se)| 

= 2.331 Á with a range of 2.307(2) - 2.360(2) Â ] . 1 2 6 The Li-Se distances in the 

pentaselenide are 2.56(1) and 2.62(1) Â, comparable to those observed in 58 [2.56(1) -

2.62(1) A]. The mean ZLiSeSe angle in 58 is 93.6° with a range of 84.1 - 110.4°, 

significantly smaller than the corresponding bond angle of L¡2Se5(pmdeta)2 [mean = 109.1°, 

range = 100.4(3) - 117.7(3)°]. From a consideration of the structural differences between 56 

and 58, it can be concluded that either Li(3) or Li(4) are the counterions for [Se2]2~, but it is 

not evident which one of these L i + ions is part of the LÍ2Se2 fragment. 

The combined N M R data for the product of the SeP[N(H)Ph]3/3"BuLi reaction 

suggest that the major product is {(THF)4Li3[SeP(NPh)3]}2 (57) rather than the Li 2 Se 2 -

templated complex 58. The ' H N M R spectrum contains resonances from ô 6.91 to 6.13 for 

the phenyl protons, no NH resonance, and the integration suggests four molecules of THF per 

monomer. The solution 7 L i NMR spectrum exhibits a singlet at ô 0.65 (Awy2 = 12 Hz). The 

solution 3 1 P N M R spectrum in ds-THF at 23°C reveals a broad singlet at 8 21.4, while the 

solid-state 3 1 P N M R contains two resonances at ô 23.3 and 21.3. No selenium satellites are 

visible in either solution or the solid state which may be due to the broadness of these 

resonances (Awy2 = approximately 500 Hz for both solution and solid-state). The appearance 

of two resonances in the solid-state P NMR is inconsistent with the X-ray structure of 58, 

however, it is reminiscent of the solid-state 3 1 P NMR spectrum of 55. The 7 7Se N M R in dz-

THF at -80°C reveals a weak doublet at ô -59.1 with './(3 1P-7 7Se) = 459 Hz (cf. ô -205.0 and 

853 Hz for 49); there is no resonance evident for the Li2Se2 molecule. Dance et al. reported 
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that they were unable to obtain 7 7Se NMR evidence for [Se2J2~ at room temperature in 

aqueous solution. The authors suggest that disproportionation of [Se2]2~ occurs to give 

[Sex]2~ (x > 2) and the protonated species [HSe]~.127 Finally, the elemental analyses of the 

product of the SeP[N(H)Ph]3/3nBuLi reaction convincingly suggests a product that does not 

contain L¡2Se2. 

The 3 1 P N M R spectrum of the SeP[N(H)Ph]3/3"BuLi reaction mixture contains, in 

addition to the major resonance at ô 21.4, a few minor resonances that may correspond to a 

by-product(s). As selenium is oxidized from Se to Se2 in the formation of 58, it is likely 

that P(V) is reduced to P(I1I). When the reaction is carried out at -78°C, there is no evidence 

of these minor resonances suggesting that the redox reaction can be prevented. The LÍ2Se2-

templated complex 58 is probably a minor by-product that crystallizes first from the reaction 

mixture. Attempts to obtain a crystal structure of complex 57 have not been successful. 

4.9. Conclusions 

Investigations of the reactions of tris(alkyl or aryl-amido)thiophosphates, 

{SP[N(H)R]3} with "BuLi have revealed important insights regarding the generation of 

heteroleptic imidothiophosphates. For the alkyl derivatives only mono- or di-lithiation is 

observed and, in the case of R = lBu, further lithiation results in P-S bond cleavage. By 

contrast, trilithiation can be achieved for the triaryl derivatives {EP[N(H)Ar]3} (E = S, Ar = 

/7-tolyl; E = Se, Ar = Ph). However, in the case of the selenium derivative, P-Se bond 
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cleavage accompanies trilithiation at room temperature to give, as a minor product, a unique 

complex that incorporates L¡2Se2. 

From a structural point of view, preliminary evidence suggests that the steric bulk of 

the substituent on nitrogen may influence the aggregation mode of lithium derivatives. For 

the monolithiated derivative (R = 'Pr) aggregation occurs via the more polar L i - N bonds in 

preference to the sterically unencumbered Li-S edges. 

This work has shown that heteroleptic anions of the type {SP(NR)[N(H)R]2}~, 

{SP(NR)2[N(H)R]}2" (R = alkyl) and [EP(NAr)3]3" (E = S, Se) are readily generated by the 

lithiation of tris(alkyl or aryl-amido)thiophosphates with "BuLi. The ligand behavior of these 

novel polydentate anions, which have both hard and soft donor centers, towards both main 

group and transition-metal ions awaits investigation. 

4.10. Experimental Section 

General procedures are described in Appendix One. Due to solvent loss from the 

crystals, satisfactory elemental analysis could not be obtained for 50, 51, 52, 53, and 57. 

4.10.1. Formation of {(THF)2Li[(BuN)2P(n-NtBu)2P(S)2]Li(THF)2} (45) 

A solution of LiN(H) lBu (4.67 g, 59.1 mmol) in THF (35 mL) was added to 

thiophosphoryl chloride (1.00 mL, 1.67 g, 9.85 mmol) in THF (10 mL) at 23°C. After 3 h 

the solvent was removed and the product was re-dissolved in Et20 (50 mL) and filtered to 

remove LiCl and unreacted LiN(H)'Bu. The solvent was removed and the residue was 
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dissolved in THF (15 mL). A few X-ray quality crystals of 45 were obtained from a 

THF/hexane solution at 23°C and were used to obtain an X-ray crystal structure. N M R 

spectroscopy was not carried out as there was insufficient product. Several attempts to 

reproduce this synthesis, and to isolate 45, were unsuccessful. 

4.10.2. Preparation of{SP[N(H)'Pr]3} (46) 

112 

The following is a modified literature procedure. Thiophosphoryl chloride (17.9 

mL, 29.8 g, 0.176 mol) was added dropwise to an excess of wo-propylamine (90 mL, 62 g, 

1.1 mol) in diethyl ether (200 mL) at 0°C. Immediately a white precipitate formed and the 

solution was slowly warmed to room temperature and stirred for an additional 3 h. The iso-

propylammonium chloride was filtered on a Buchner funnel and washed with diethyl ether 

(200 mL) and toluene (100 mL). The volume of the resulting solution was reduced to 100 

mL, hexane (50 mL) was added and the solution was placed in the freezer. After 1 d at 

-15°C, a white microcrystalline solid formed which contained mostly 46 mixed with a small 

amount of [iPrNH(S)P(iu-N'Pr)2P(S)NHiPr]. Sublimation of the mixture under vacuum at 

90°C yielded crystals of 46 (20.0 g, 0.0840 mol, 48% (lit. 11%)).112 Moreover, a 14% yield 

(4.24 g, 0.0120 mol) of [1PrNH(S)P(//-NiPr)2P(S)NHiPr] was obtained as the unsublimed 

residue. 'H N M R (C 6 D 6 , Ô): 3.45 (septet, 3H, C//(CH 3) 2), 2.05 (br s, 3H, NH), 1.01 [d, 18H, 

CH(Cf73)2, Irç'H-'H) = 6 Hz]. 3 1P{'H} NMR (C 6 D 6 , 5): 56.3 (s) (lit. 58.6);116 Solid-state (10 

kHz): 51.2 (s). IR (cm - 1): 3389, 3231 [v(N-H)]. MS [EI, m/z (rei int)]: M + 237(8). Mp. 92 
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- 94°C. Anal. Caled for C9H24N3PS: C, 45.54; H, 10.19; N , 17.70. Found: C, 45.46; H, 

9.95; N , 17.57. 

4.10.3. Preparation of{SPfN(H/BuJ3} (47) 

The following is a modified literature procedure."6 Thiophosphoryl chloride (15.0 

mL, 25.0 g, 0.148 mol) was added dropwise to an excess of terf-butylamine (110 mL, 76.6 g, 

1.05 mol) in diethyl ether (250 mL) at 0°C. Immediately a white precipitate formed and the 

solution was slowly warmed to room temperature and stirred for an additional 2 h. The 

solvent was removed in vacuo and toluene (200 mL) was added. The tert-butylammonium 

chloride was filtered on a Buchner funnel and the volume of the resulting solution was 

reduced to 100 mL. Hexane (50 mL) was added and the solution was placed in the freezer. 

After 1 d at-15°C, white microcrystalline 47 (32.9 g, 0.118 mol, 80%) was obtained. ' H 

N M R (C 6 D 6 , 5): 2.25 [d, 3H, NH, 2 J ( ' H - 3 I P ) = 4 Hz], 1.36 [d, 27H, T3u, V ( ' H - 3 1 P ) = 0.7 

Hz]. 3 1P{ 'H} N M R (C 6 D 6 , 5): 46.3 (s) (lit. 60.4); Solid-state (10 kHz): 46.0 (s). IR (cm '): 

3398 [v(N-H)]. Mp. 115 - 118°C. MS [EI, m/z (rei int)]: M + 279(61). Anal. Caled for 

C12H30N3PS: C, 51.58; H, 10.82; N , 15.04. Found: C, 51.73; H, 10.73; N , 14.89. 

4.10.4. Preparation of {SP[N(H)p-tol]3} (48) 

The following is a modified literature procedure."4 Thiophosphoryl chloride (10.0 

mL, 16.7 g, 0.0985 mol) was added dropwise to an excess of /rara-toluidine (80.00 g, 0.7465 

mol) in toluene (250 mL) at 0°C. A brown sludge formed and the solution was slowly 
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warmed to room temperature and stirred for an additional 2 h. The solvent was removed in 

vacuo and dilute HC1 (100 mL) was added to the brown solid to dissolve the para-

tolylammonium chloride. The product was filtered and collected on a Buchner funnel and 

redissolved in THF (100 mL). Pentane (50 mL) was added and the solution was placed in the 

freezer. After 1 d at -15°C, tan colored microcrystalline 48 (15.87 g, 0.04160 mol, 42%) 

was obtained. ] H N M R (d8-THF, 5): 7.11 [d, 6H, Ph-w, 3 J ( ' H - ' H ) = 8 Hz], 6.93 [d, 6H, Ph-

o, 3 J ( ' H - ' H ) = 9 Hz], 3.58 (m, THF), 2.20 (s, 9H, Ph-Àfe), 1.76 (m, THF). 3 1P{'H} NMR 

(dg-THF, ô): 44.5 (s) (lit. 43.9).114 IR (cm - 1): 3394 [v(N-H)]. MS [El, m/z (rei int)]: M +  

381(26). 

4.10.5. Preparation of {SeP[N(H)Ph]3} (49) 

Diethyl ether (25 mL) was added to a mixture of P(NHPh) 3 (1.17 g, 3.79 mmol), 

elemental selenium (0.299 g, 3.79 mmol) and aniline (1-2 mL) at 23 °C. The solution was 

stirred for 2 d and filtered to remove any residual selenium. X-ray quality crystals of 49 

(0.864 g, 2.24 mmol, 59%) were obtained from a concentrated diethyl ether/pentane solution 

after 24 h at -15°C. * H NMR (dg-THF, 5): 7.27 - 7.09 (m, 12H, Ph-m, Ph-o), 6.83 (t, 3H, 

Ph-p, 3 J( 'H- 'H) = 7Hz), 2.42 (s, 3H, NH). 3 I P { ' H } NMR (C 6 D 6 , 5): 33.4 [s, ' j ( 3 1 P - 7 7 Se) = 

854 Hz]. 7 7Se N M R (dg-THF, 5): -205.0 [d, 'j( 7 7Se- 3 1P) = 853 Hz]. IR (cm"1): 3354 [v(N-

H)]. Anal. Caled for C]gH,8N3PSe: C, 55.97; H, 4.70; N , 10.88. Found: C, 55.77; H, 5.15; 

N , 11.10. 
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4.10.6. Preparation of{(THF){LiSP(NiPr)[N(H)iPrj2}2 (50) 

«-Butyllithium (1.69 mL, 0.270 g, 4.21 mmol) was added dropwise to a solution of 

SP[N(H)¡Pr]3 (1.00 g, 4.21 mmol) in THF (25 mL) at 23°C. After 2 h solvent was removed 

under vacuum and the residue was washed with w-pentane (2x5 mL) to give 50 as a pale 

yellow solid in 61% yield (0.816 g, 1.29 mmol). X-ray quality crystals were obtained by 

layering hexane onto a THF solution at 23°C. 'H NMR (C 6 D 6 , 8 ) : 3.66 (m, THF), 3.45 [m, 

3H, Ci/(CH 3) 2],2.12(s,2H,NH), 1.43 (m, THF), 1.24 [br s, 18H, CH(C// 3) 2]. 3 , P { ' H } 

NMR (C 6 D 6 , S): 47.9 (s); Solid-state (13 kHz): 55.0 (s). 7 L i NMR (C 6 D 6 , ô): -1.2 (s). IR 

(cm - 1): 3401, 3252 [v(N-H)]. Mp. 125°C (dec). 

4.10.7. Preparation of{[(TMEDA)Li2]SP(NiPr)2[N(H)iPr]}2 (51) 

«-Butyllithium (3.37 mL, 0.540 g, 8.43 mmol) was added dropwise to a solution of 

SP[N(H)'Pr]3 (1.00 g, 4.21 mmol) in toluene (20 mL) and TMEDA (10 mL) at 23°C. 

Immediately, a solid product precipitated out of solution. After 2 h solvent was removed 

under vacuum and the residue was washed with n-pentane (2x10 mL) to give 51 as a pale 

yellow solid in 56% yield (1.14 g, 1.18 mmol). X-ray quality crystals were obtained by 

layering hexane onto a TMEDA/toluene solution at 23°C. ! H N M R (dg-THF, S): 3.56 (m, 

C#Me 2, 3H), 3.44 (s, Me 2N(Ctf 2) 2NMe 2, 8H), 2.31 (s, Me 2N(CH 2) 2NMe 2 , 24H), 1.72 - 0.93 

(br m, CHM<?2, 18H). 3 1 P{ ! H} NMR (Solid-state, 14 kHz, 8 ) : 45.7 (s). 7 L i NMR (Solid-

state, 14 kHz, 8 ) : 1.9 (br s). IR (cm'1): 3255 [v(N-H)]. 



4.10.8. Preparation of {[LiSP0Bu)(NHtBu)2][(THF)Li2SP(]SlBu)2(NHtBu)]}2  

(52) 

A solution of (Et 20)LiN(SiMe 3) 2 (6.82 g, 28.2 mmol) in THF (15 mL) was added 

slowly to a stirred solution of SP[N(H)TJu]3 (5.00 g, 17.9 mmol) in THF (25 mL) at 23°C. 

After 18 h solvent was removed and the residue was washed with «-pentane (3x5 mL) to 

give 52 as a white powder in 82% yield (4.76 g, 3.67 mmol). X-ray quality crystals were 

obtained from a THF/hexane solution at 23°C. 'H NMR (dg-THF, 5): 3.61 (m, THF), 1.90 

(br s, 3H, NH), 1.76(m,THF), 1 .34(8,36^^6^, 1.17 (s, 18H,N lBu). 3 1P{'H} N M R (dg-

THF, Ô): 33.1 (br s); Solid-state (14 kHz): 28.5 (s), 25.8 (s). 7 L i N M R (d8-THF, Ô): 1.57 (br 

s); Solid-state (14 kHz): 1.47 (s). IR (cm -1): 3360 [v(N-H)]. 

4.10.9. Formation of{(THF)Lif(tBuN)2P(Ju-NtBu)2P(NtBu)2]Li(THF)} (53) 

«-Butyllithium (1.43 mL, 0.229 g, 3.58 mmol) was added dropwise to a solution of 

SPrN(H) lBu]3 (0.500 g, 1.79 mmol) in THF (25 mL) at 23°C. After 2 h the solvent was 

concentrated and layered with hexane. X-ray quality crystals of 53 were obtained in 15% 

yield (86.8 mg, 0.134 mmol) at23°C. *H N M R (d8-THF, 23°C, 8): 3.58 (m, T H F ) , 1.73 (m, 

THF), 1.53 (s, 18H,N lBu), 1.28 (s, 36H, N'Bu). 3 1 P { ' H } N M R (d8-THF, S):-21.6 (s); Solid-

state (13 kHz, ô): -20.3. 7 L i NMR (C 6 D 6 , ô): -1.43 (s). 



4.10.10. Formation oftrans-{(tBuN)<tBuNH)P(/u-NtBu)2P(NHtBu)0Bu)} (54) 

Wet THF was added to 5 3 in an NMR tube and 'H and 3 1 P N M R spectra were 

recorded at regular intervals. Solid 5 4 was obtained upon removal of the solvent in vacuo. 

'H N M R (C 6 D 6 , 5): 2.34 (br s, 2H, NH), 1.58 (s, 18H, NT3u), 1.50 (s, 18H, N'Bu), 1.43 (s, 

18H,NT3u). 3 1P{'H} NMR (C 6 D 6 , Ô): -42.9 (s). IR (cm"1): 3416 [v(N-H)]. MS [EI, m/z 

(rei int)]:M + 491(17). 

4.10.11. Preparation of {(THF)4Li3[SP(Np-tol)3]}2 (55) and {(THF)4Li3[SP(Np-

tol)3] [(THF)LiOH]}2 (56) 

tt-Butyllithium (3.17 mL, 0.508 g, 7.93 mmol) was added dropwise to a solution of 

SP[N(H)/?-tol]3 (1.01 g, 2.64 mmol) in THF (25 mL) at 23°C. After 18 h the solvent was 

concentrated to 10 mL and hexane was layered on to the THF solution. X-ray quality 

colorless crystals of 5 5 (1.44 g , 1.05 mmol, 79%) were obtained at 23°C. ! H N M R (dg-THF, 

5): 6.83 [d, 6H, Ph-w, V Í ' H - ' H ) = 7 Hz], 6.53 [d, 6H, Ph-o, V ^ H - ' H ) = 8 Hz], 3.61 (m, 

16H, THF), 2.03 (s, 9H, Ph-Me), 1.76 (m, 16H, THF). 3 1P{'H} N M R (dg-THF, S): 36.4 (s); 

Solid-state (10 kHz, 5): 35.2, 33.4 (s). 7 L i NMR (dg-THF, Ô): 0.74 (s, Aw 1 / 2 = 9 Hz); Solid-

state (13.9 kHz, Ô): 1.54 (s). IR. Absence of N - H and O-H stretches. Anal. Caled for 

C37H53N3O4PSLÍ3: C, 64.62; H, 7.77; N , 6.11. Found: C, 63.52; H, 7.86; N , 6.64. 

In an earlier experiment, a single crystal of 5 6 was obtained from the first fraction of 

a recrystallization at -15°C after 3 d, and an X-ray structure was determined. 
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4.10.12. Preparation of {(THF)4Li3[SeP(NPh)3][(THF)LiSe]}2 (58) and 

{(THF)4Li3[SeP(NPh)3]}2 (57) 

«-Butyllithium (1.95 mL, 0.313 g, 4.88 mmol) was added dropwise to a solution of 

SeP[N(H)Ph]3 (0.626 g, 1.62 mmol) in THF (25 mL) at 23°C. After 18 h the solvent was 

concentrated to 10 mL and hexane was layered onto the red THF solution. Crystalline 57 

(0.847 g, 1.22 mmol, 75%) was obtained at 23°C after 3 d. 'H NMR (dg-THF, 5): 6.91 (br d, 

6H, Ph-m, 3 J( 'H- 'H) = 6 Hz), 6.66 [t, 6H, Ph-o, V Í ' H - ' H ) = 8 Hz], 6.13 (t, 3H, Ph-p, 3 J ( ' H -

•H) = 7 Hz), 3.58 (m, 16H, THF), 1.75 (m, 16H, THF). 3 1 P{ ] H} NMR (d8-THF, 5): 21.4 (br 

s, wi/2 = 499 Hz); Solid-state (10 kHz, Ô): 23.3, 21.2 (s). 7 7Se N M R (d8-THF, -80°C, §): 

-59.1 [d, ' j( 3 , P- 7 7 Se) = 499 Hz]. 7 L i NMR (dg-THF, 8): 0.65 (br s, Awi / 2 = 12 Hz). Anal. 

Caled for Cs^NsCUPSeLb: C, 58.97; H, 6.84; N , 6.07. Found: C, 59.08; H , 7.93; N , 6.20. 

In an initial experiment, a single crystal of 58 was obtained from the first fraction of a 

recrystallization at 23°C after 1 d, and an X-ray structure was determined. 
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CHAPTER FIVE 

Alkali- and Transition-Metal Derivatives of the Ambidentate Anions [lBuN(E)P(/¿-

N,Bu)2P(E)N(H)tBu)]_ and [,BuN(E)PCtí-NtBu)2P(E)NtBu]2- (E = S, Se) 

5.1. Introduction 

Investigations of imido/thio analogues of the orthophosphate anion [P04]3~ 5 led to 

the unexpected isolation and structural characterization of the dilithium salt of [( lBuN)2P(//-

N tBu) 2PS 2] 2" 59, from the reaction of SPC13 with excess LiN(H) lBu (see Chapter Four). 

The discovery of this novel dianionic ligand, which has both "hard" (N, TV') and "soft" (S, S') 

coordination sites, prompted interest in other isomers of this system. The related dianion 

[(Me3SiN)2P(//-S)2P(NSiMe3)2]2~ 60 has been reported, but the bridging function of the 

sulfur atoms limits coordination to the "hard" nitrogen centers.128 
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A third isomer, [ tBuN(E)P(//-N tBu)2P(E)N tBu]2 - (29a, E = S; 29b, Se), contains 

"hard" and "soft" centres in both terminal sites. This isomer, formally a dimer of the imido-

chalcogenido metaphosphate anion [EP(NlBu)2]~, can be compared to phosphinates of the 

type [R.2P(E)(NR')]- 25 (E = S, Se, Te).5 3 Other cognate anionic systems include the 

acetylacetonate analogues [R2P(E)NP(E)R2]" 27 (E = O, S, Se, 1 6 a Te 6 2 b) and the dianionic 

bis(imido)cyclodiphosph(III/IIl)azane ligands [(RN)P(//-NR)2P(NR)]2" 61, 3 6 all of which 

were introduced in Chapter One. 

By comparison with 25, 27 and 61 dianions of type 29 are potentially versatile 

ambidentate ligands as they offer two different modes of coordination: (a) chelation via the 

"soft" (E, E') and "hard" (N, N1) centers forming six-membered rings and (b) bis (A7, E)-

chelation forming four-membered rings. The stepwise generation of extended structures 

containing different metals can be envisaged (see Chapter Seven).623 The first step would 

involve the synthesis of complexes of the monoanions 28 with divalent metals. 
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In this chapter the formation of alkali- and transition-metal derivatives of both the 

monoanions 28a, b and the dianions 29a, b will be investigated. The reactions of cis-

[tBu(H)N(E)P(//-NtBu)2P(E)N(H)tBu] (62a, E = S; 62b, E = Se) with metallating reagents to 

give lithium, sodium and potassium salts are described, including an example of a 

deselenation process which occurs with alkyllithium reagents.129 Utilizing the monolithium 

salt of 28a as a reagent, initial investigations of transition-metal complexes will be directed 

towards late transition metals via metathesis reactions. Herein the details of the reactions of 

the monolithium salt of 28a with CuCI/PPh3, NiCl 2(PEt 3) 2, PdCl 2 L 2 (L = PhCN, PPh3), and 

PtCl 2(PEt 3) 2 are also reported.130 

5.2. Synthesis and Metallation Reactions ofcis-ftBu(H)N(E)P(p-NtBu)2P(E)N(H)'BuJ 

(64a, E = S; 64b, E = Se) 

Although the cyclodiphosph(III/III)azane, [ tBu(H)NP(//-N tBu)2PN(H) tBu] 63, has 

been known for many years,75 the cis arrangement of the exocyclic N(H) lBu groups was only 

recently confirmed by X-ray crystallography.35'131 Oxidation of 63 with elemental sulfur or 
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selenium in refluxing toluene produces 62a and 62b in 97% and 89% yields, respectively 

(Scheme 5.1). Compound 62a has been prepared and structurally characterized before,'32 but 

compound 62b has not been previously synthesized (structural details are discussed in 

Chapter Six). 

Scheme 5.1. 

• i i l H lBu 
tRuN to N t R i , 'BuN. t B u NH BUN t B u N'Bu elemental E \ N / 

p ^ ^ p ^ — * * > P ^ ^PC 

tBu reflux, 18 h ¿ X ^ X > E 

6 3 62a, E = S 

62b, E = Se 

The cyclodiphosph(V/V)azane disulfide 62a is both air and moisture stable. The 

corresponding diselenide 62b is handled under an inert atmosphere due to the lability of the 

P-Se bond. The P{ H} N M R spectrum of 62b consists of a singlet at 26.7 ppm with two 

pairs of 7 7Se satellites attributable to the A A ' X spin system of the isotopomer containing one 

7 7Se (I = 1/2, 7.6%) atom. The A - X ['j( 3 ,P- 7 7Se)] coupling is 880 Hz, while the A - A ' 

[ 2J( 3 1P- 3 1P)] coupling is 25 Hz [cf. Ph2P(Se)NHP(Se)Ph2; S(31P) 53.2 ppm, 'j( 3 1P- 7 7Se) -

786 Hz and 2 J( 3 1 P- 3 1 P) = 29 Hz]. 1 3 3 The 7 7Se NMR spectrum of 62b exhibits the expected 

doublet at-128.6 ppm ['j( 3 1P- 7 7Se) = 880 Hz] (cf. Ph2P(Se)NHP(Se)Ph2; 5(77Se) -162.8 

ppm, V( 7 7 Se- 3 1 P) = 790 Hz). 1 3 4 
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As indicated in Scheme 5.2, the lithiation of 62a with "BuLi or l BuLi produces either 

a monolithiated or a dilithiated derivative in excellent yields depending on the reaction 

conditions. Prolonged reflux (2 d) and the use of the stronger base 'BuLi was necessary to 

achieve dilithiation. The extent of lithiation is readily monitored by 3 I P N M R spectroscopy. 

The 3 1P{'H} N M R spectrum of the monolithiated derivative {(TMEDA)Li[ tBuN(S)P(//-

N tBu)2P(S)NH tBu]} (64) consists of two mutually coupled doublets centered at ô 36.3 and ô 

16.7 [V( 3 1 P- 3 1 P) = 21 Hz] whereas a singlet is observed at 8 15.6 for the dilithiated complex 

{(THF)2Li[ tBuN(S)P(//-N tBu)2P(S)N tBu]Li(THF)2} (65). In the 'H NMR spectrum, 64 

exhibits three resonances in the N l Bu region in the integrated ratio of 2:1:1, and a broad 

singlet at 8 3.09 (NH), while 65 gives rise to two equally intense resonances for the two pairs 

of equivalent N'Bu groups. 

The reaction of 62b with "BuLi at -78°C produced the monolithiated complex 

{(THF)2Li[tBuN(Se)P(//-NtBu)2P(Se)N(H)tBu]} (66) in excellent yields (Scheme 5.2). The 

3 1 P { ' H } N M R spectrum of 66 exhibits two mutually coupled doublets centered at 8 23.6 and 

8 -4.0 flanked by 7 7Se satellites ['j( 3 1P- 7 7Se) = 860 Hz and 695 Hz, respectively; 2 J( 3 1 P- 3 1 P) 

= 8 Hz]. The 7 7Se N M R shows two doublets at S -81.3 and 8 -131.9 ['J( 3 ,P- 7 7Se) = 695 Hz 

and 860 Hz, respectively] (cf. 62b, 8 (77Se) -128.6 ppm, 'j( 3 1P- 7 7Se) = 877 Hz). 

Interestingly, an attempt to generate the dilithiated derivative of 29b resulted in 

partial deselenation to give the monolithiated P(III)/P(V) complex {(THF)2Li[tBuN(Se)P(;u-

N'Bu^PNH'Bu]} (67) (Scheme 5.2). The 3 1P{'H} NMR spectrum of 67 exhibits two singlets 

at S 76.0 and 8 4.7. The latter resonance is flanked by 7 7Se satellite peaks ['j( 3 1P- 7 7Se) = 622 
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Hz]. The chemical shift of the former resonance and the lack of 7 7Se satellites, indicates 

that reduction of P(V) to P(I1I) (deselenation) accompanies the lithiation process. The 7 7Se 

N M R spectrum of 67 displays a doublet at ô 64.8 ['j( 3 1P- 7 7Se) = 622 Hz]. The reduction in 

the P - Se coupling constant of ca. 250 Hz upon deprotonation of 62b indicates a decrease 

in bond order somewhat greater than that observed for related systems [cf. a reduction of ca. 

100 Hz upon deprotonation of Pli2P(Se)NHP(Se)Ph2].133 The observation of a resonance at 5 

166.9 in the 7 7Se N M R spectrum of the reaction mixture indicates that cleavage of one of the 

PSe bonds in 62b by l BuLi produces LiSe'Bu, readily obtained from 'BuLi and elemental 

selenium.125b 

The reactions of 62a or 62b with MN(SiMe3)2 (M = Na, K) in a 1:1 molar ratio were 

monitored by 3 1 P { ' H } NMR spectroscopy, which revealed singlets for the formation of the 

dianions 29a or 29b, and an approximately equally intense resonance for unreacted 62a or 

62b. The characteristic pattern of two doublets for the monometallated derivatives was only 

observed in very low intensity in these reaction mixtures. The dimetallated derivatives 

{(THF)2Na[tBuN(E)P(//-NtBu)2P(E)NtBu]Na(THF)2} (68a, E = S; 68b, E = Se) and 

{(THF)K[(tBuN)(E)P(yu-NtBu)2P(E)(NtBu)]K(THF)x}n (69a, E = S, x = 1; 69b, E = Se, x = 

2) may be obtained in excellent yields when these reactions are carried out in a 1:2 molar 

ratio in THF (Scheme 5.2). 

The N M R and IR spectroscopic data for 68a,b and 69a,b indicate a substantial 

decrease in the P-E bond order in the dianions 29a and 29b compared to that in the neutral 

compounds 62a and 62b. The 3 1 P NMR spectrum shows a shift to lower frequencies upon 
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deprotonation, from 41.3 in 62a, to 29.4 (68a) and 26.7 (69a); and from 26.9 in 62b to 3.9 

(68b) and 0.0 (69b). The coupling constant 'j( 3 1P- 7 7Se) decreases from 880 Hz in 62b to 

678 Hz in 68b and 686 Hz in 69b (cf. 786 and 687 Hz for Ph2P(Se)NHP(Se)Ph2 and its K + 

salt, 2a, respectively). The J( P - P) coupling of the magnetically inequivalent 

phosphorus centers (A-A') decreases from 25 Hz in 62b to 6 Hz (68b) (cf. 29 and 6 Hz for 

Ph2P(Se)NHP(Se)Ph2 and its K salt, 2a, respectively). This coupling could not be 

resolved for 69b. The IR stretching frequency v(P-E) undergoes a corresponding decrease 

from 614 cm"1 in 62a to 565 (68a) and 551 cm"1 (69a); and from 581 cm"1 in 62b to 518 

(68b) and 514 cm"1 (69b). The 7 7Se N M R chemical shifts show the expected trend to higher 

frequency upon coordination to metal ions, from -128.6 ppm for 62b to -12.4 (68b) and 13.2 

ppm (69b), consistent with a shift of ô (77Se) from -153 to -81 ppm for Ph2P(Se)N(SiMe3)2 

and K[Ph2P(Se)N(SiMe3)] 26, respectively.533 



Scheme 5.2 (i) "BuLi, TMEDA/PhMe, 75°C, 2.5h; (ii) "BuLi, THF, -78°C, 3h; (in) 2*BuLi, THF, 65°C, 2d; 

(iv) 3'BuLi, THF, 65°C, 2d; (v) 2NaN(SiMe3)2, THF, 23°C, 2h; (vi) 2KN(SiMe 3) 2, THF, 23°C, 2h. 
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5.3. X-ray Structures of{(TMEDA)Li/lBuN(S)P(^-NtBu)2P(S)NHtBuJ} (64), 

({THF)2LifBuN(S)P(^rNtBu)2P(S)NtBu]Li(THF)2} (65), and 

{(THF)2Li/tBuN(Se)P(fi-NtBu)2PNHtBuJ}(67). 

The structures of 64, 65, and 67 are shown in Figures 5.1 - 5.3 and pertinent 

structural parameters are summarized in Table 5.3 in Appendix Two. In all three complexes 

the anionic ligands are coordinated to lithium ions via (N, E) chelation forming four-

membered LiNPE rings. The L i + ions are all four-coordinate with either two THF molecules 

or one TMEDA ligand completing the coordination shell. 

In the monolithiated complex 64 the hydrogen atom of the terminal N(H) lBu group is 

endo to the P2N2 ring (Figure 5.1). Thus it appears that the N(H)TJu group with the exo 

hydrogen in 62a was deprotonated. The terminal P=S bond length of 1.931(2) Â is similar to 

the mean value of 1.925(1) Á reported for 62a, 1 3 2 whereas the P-S bond in the LiNPS ring is 

lengthened to 1.978(2) Á, consistent with the decrease in bond order implied by the decrease 

in v(PS) upon metallation. There is a similar disparity in the P-N bond lengths outside the 

P 2 N 2 ring [1.571(5) and 1.641(5) Á, respectively; cf. |d(PN)| = 1.631(3) for 62a].1 3 2 Within 

the P 2 N 2 ring |d(PN)| = 1.713(5) Â for the lithiated side of the molecule compared to 1.685(3) 

Â for the non-lithiated side. The P2N2 ring is significantly more folded than that of 62a; the 

dihedral angle between the P(l)-N(l)-N(2) and P(2)-N(l)-N(2) planes is 9.3° (cf. 5.5°, 

62a). The bite angles (ZNPS) are 107.5(2) and 112.0(2) Á for the metallated and non-

metallated sides of 64. 
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Figure 5.1. X-ray structure of {(TMEDA)Li[ tBuN(S)P(//-N tBu)2P(S)N(H) tBu]} (64). For 

clarity, only the a-carbons of the l Bu substituents are shown and the methyl groups on 

TMEDA have been omitted. 

The bis THF-solvated dilithiated complex 65 consists of a spirocyclic array of two 4-

membered LiNPS rings and a central P 2 N 2 ring (Figure 5.2). The metrical parameters for 65 

are similar to those of the lithiated side of the molecule in 64. For example, the mean 

exocyclic P-S bond length is 2.003(2) Â, cf. 1.978(2) Á for the corresponding P-S bond in 

64. The P 2 N 2 ring in 65 has a dihedral angle of 13.5° (cf. 9.3° for 64). The bite angles 

(ZNPS) are 104.7(2)° and 105.3(2)°, cf. 107.5(2)° in 64. These small geometrical distortions 

can be attributed to the steric congestion in the endo, endo conformation of the exocyclic 

N l Bu groups in 65. 
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Figure 5.2. X-ray structure of {(THF)2Li[ tBuN(S)P(//-N tBu)2P(S)N tBu]Li(THF)2} (65). For 

clarity, only the a-carbons of the 'Bu substituents and oxygen atoms of THF groups are 

shown. 

The P(III)/P(V) complex 67 can be viewed as a selenium analogue of 64 in which two 

THF molecules replace the chelating TMEDA ligand and one of the P-Se bonds has been 

cleaved (see Figure 5.3). The exocyclic lBuNH group is trans to selenium with the H atom 

endo with respect to the P 2N 2ring. The P-Se bond distance is 2.163(2) Â [cf. 2.181(5) Â for 

26. 5 3 a The exocyclic P(III)-N bond length in 67 is 1.696(6) Â (cf. 1.664(2) Â for the 

cyclodiphosph(III)azane 63).4e The mean endocyclic P(III)-N bond lengths for 67 and 63 are 

also similar, 1.731(5) Â vs. 1.726(2) Â. 3 5 The dihedral angle P(l)-N(l)-N(2)-P(2) in 67 is 

10.4°, cf. 9.3° in 64. The replacement of S by Se results in small differences in the geometry 

of the LiNPE rings in 64 and 67. The bond angle ZPELi is decreased by ca. 4.3° in 67 while 
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Z P N L i increases by 5.1°. These distortions accommodate a decrease in the L i - N bond 

distance of 0.06 Â. Interestingly, the bite angle (ZNPSe) of 105.7(2)° in 67 is ca. 8.6° 

smaller than that in 26 as a result of the replacement of K + by the smaller L i + ion. 5 3 a 

C10 O 
Figure 5.3. X-ray structure of {(THF)2Li[ tBuN(Se)P(//-N tBu)2PN(H) tBu]} (67). Only one 

of the independent molecules is depicted. For clarity, only the a-carbons of the l Bu 

substituents and oxygen atoms of THF groups are shown. 
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5.4. X-ray Structures of {(THF)2NafBuN(S)P(¡Li-N'Bu)2P(S)NtBu]Na(THF)2} (68a) 

and {(THF)Kf(tBuN)(Se)P(^-NtBu)2P(Se)(NtBu)JK(THF)2}„ (69b). 

The structures of compounds 68a, 68b, 69a, and 69b were all determined by X-ray 

crystallography. The disodium salts 68a and 68b and the dipotassium salts 69a and 69b are 

isostructural. Since the structures of 68b and 69a were highly disordered, detailed structural 

discussion will be restricted to the representative examples 68a and 69b. The most 

significant difference between the structures of 68a,b and 69a,b and that of the dilithiated 

analogue 65 is the mode of coordination of the dianion to the alkali metal cation. In contrast 

to the "side-on" bis (N, S) chelation observed for 65, the larger Na + and K + ions are (N, N' 

and E, E1) chelated to the "top and bottom" of the ligand to give six-membered MEPNPE and 

MNPNPN rings (M = Na, K). It is interesting to note that in the TMEDA-solvated dilithium 

derivative, {(TMEDA)Li[ tBuN(Te)P(//-N tBu)2P(Te)N tBu]Li(TMEDA)}, the L i + ions are 

coordinated in a (N, Te) and (Te, Te ') mode instead of a bis (N, Te) mode as observed for 

65.62b This suggests that the coordination mode is not strictly determined by the size of the 

metal ion but rather that other factors are involved. 

As indicated in Figure 5.4 for 68a, the disodium salts are monomers with four-

coordinate Na + ions that are each solvated by two THF molecules. The exocyclic N'Bu 

groups are exo to the P 2 N 2 ring as a consequence of the N, N' mode of coordination. A side 

view of the structure along the P-P vector reveals that the sodium ions are not positioned 

over the center of the P 2 N 2 ring, but lie closer to one of the endocyclic nitrogens as found in 
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many imidodiphosphinate systems a and in some metal derivatives of 

cyclodiphosph(III)azanes and cyclodisilazanes.135 

Figure 5.4. X-ray structure of {(THF)2Na[ tBuN(S)P(//-NtBu)2P(S)NtBu]Na(THF)2} (68a). 

For clarity, only the a-carbons of the l Bu substituents and oxygen atoms of THF groups are 

shown. 

Despite the different modes of coordination the mean P-S, P - N e x o and P-Nendo bond 

lengths for 68a, 1.993(3), 1.562(6) and 1.711(6) Â, respectively, are similar to the 

corresponding distances of 2.003(2), 1.572(4) and 1.716(3) Â in 65. The meanNa-S and 
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Na-N bond lengths in 68a are 2.853(4) and 2.442(7) Â, respectively. The bond angles 

ZSNaS and ZNNaN are 116.8(1) and 104.2(2)°, respectively. The P 2 N 2 ring in 68a has a 

torsion angle of 9.6°, cf. 5.3° in 62a. The only significant differences in bond angles involve 

the sulfur atoms. Specifically, Z S P N e x o increases from 110.4(1)° in 62a to 121.0(3)° 

in 68a while Z S P N e n d o decreases from 120.0(1)° to 112.27(3)°. 

The core structure of the dipotassium salts 69a,b is analogous to that of the disodium 

salts 68a,b. The sulfur analogue 69a is isostructural with 69b except that the (S, 5") chelated 

K + ion is monosolvated by THF in 69a whereas the (Se, Se ̂ -chelated K + ion in 69b is 

solvated by two THF molecules. In contrast to 68a,b, however, the monomeric units in 

69a,b dimerize via K—E interactions (Figure 5.5, Scheme 5.2). Furthermore, each of these 

dimers is connected to four other dimers through weaker K---E interactions that involve the 

mono THF-solvated (N, ^-chelated K + ion and the chalcogen atom not involved in the 

dimerization. This results in an extended polymeric network composed of twenty-membered 

K 6 E 6 P 4 N4 rings. These two-dimensional networks are stacked on top of each other in the 

crystal lattice (Figure 5.5 and 5.6). 

Three unique KSe bond distances are displayed in 69b: 3.314(4) Â within the 

monomeric units (cf. 3.378(5) Â for the dimer {K[Ph2P(Se)NSiMe3]-THF}2) 26,53a 3.418(3) 

À for the K 2 Se 2 rings (cf. 3.417(4) Á for 26,53a and 3.644(3) Á for the weak K - S e 

interactions between dimeric units. Extended structures based on K--E interactions have 

been reported previously for the unsolvated complexes 26 (E = S,1 5 Se). 1 6 a However, unlike 

the previously reported extended networks, which are based on "one-sided" monoanionic 
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units, the presence of two K + ions per monomeric building block of the dianions allows 

the formation of extended networks in more than one direction. The bis-solvation of both 

Na + ions in 68a, b apparently prevents the formation of an extended structure for the 

disodium salts. 

Many of the bond lengths and bond angles for 69b follow similar trends to those 

observed for 68a. The mean P-Se bond length is 2.167(4) Â (cf. 2.163(2) Â in 67). The 

major differences between the structures of 69b and 68a involve the bond angles Z E M E and 

Z N M N which are 97.14(8) and 91.2(3)°, respectively for 69b, cf. 116.8(1) and 104.2(2)° for 

68a. 

Figure 5.5. X-ray structure of {(THF)K [(tBuN)(Se)P(//-NtBu)2P(Se)(NtBu)]K(THF)2}x 

(69b). For clarity, only the a-carbons of the 'Bu substituents and oxygen atoms of THF 

groups are shown and bonding to adjacent molecules is omitted. 
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Figure 5.6. A section of the infinite extended molecular structure of {(THF)K 

[(tBuN)(Se)P(//-NtBu)2P(Se)(NtBu)]K(THF)2}x (69b) as viewed through the K 6Se 6N 4P4 

twenty-membered pore-like rings. Figure (a): ball and stick diagram; (b) space filling 

diagram. For clarity the *Bu groups and THF molecules have been omitted. 
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5.5. Preparation and Spectroscopic Characterization of Cu(I), Ni(II) and Pd(II) 

Complexes of 28a and a Pt(II) Complex of 29a. 

The bis THF-solvated monolithium cyclodiphosph(V/V)azane disulfide, 

{(THF)2Li[ tBuN(S)P(//-N tBu)2P(S)NH tBu]} (70 in Scheme 5.3) is generated in essentially 

quantitative yield by the reaction of cw-[tBu(H)N(S)P(//-NtBu)2P(S)N(H)tBu] with one 

equivalent of "BuLi in THF at 23°C (cf. 64). The reaction of 70 with CuCl in acetonitrile, in 

the presence of triphenylphosphine, produced {(PPh3)Cu[(tBuN)(S)P(//-

N tBu)2P(S)(NH tBu)]} (71) in ca. 80% yield (Scheme 5.3). The 3 , P N M R spectrum of 71 in 

CÓDÓ reveals three distinct, and equally intense, phosphorus environments. Two mutually 

coupled doublets are observed at 5 36.0 and 24.8 [ 2J( 3 IP- 3 IP) = 19 Hz] (cf. 5 ( 3 ,P) = 36.5 and 

16.9 [ 2J( 3 1P- 3 1P) = 21 Hz] for 70); the third resonance is a broad singlet at ô 5.7. These data 

indicate the presence of a PPh3 ligand and an N,S bonding mode for the monoanion. This 

conclusion is supported by the 'H NMR spectrum of 71, which exhibits three singlets at ô 

1.91, 1.44 and 1.38, with relative intensities 2:1:1, attributed to the bridging N l Bu groups and 

the inequivalent terminal N'Bu groups, respectively. A broad multiplet centered at 5 7.59 

(15H) is observed for the PPli3 ligand and a broad singlet at 5 3.09 is assigned to the NH 

proton. In the IR spectrum an NH stretching band is evident at 3391 cm"1 and the FAB mass 

spectrum exhibited a strong molecular ion at mlz 737, consistent with the presence of one 

monoanion and one PPh3 ligand. 

The nickel (II) complex {Ni[(tBuN)(S)P(//-NtBu)2P(S)(NHtBu)]2} (72) was obtained 

in 83% yield as purple-green crystals by the reaction of two equivalents of 70 with 
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NiCl 2(PEt 3)2 in THF. *H, 1 3 C and 3 I P N M R spectra of complex 72 reveal anomalous 

shifts due to the paramagnetic nickel(II) center. The *H NMR spectrum shows three N l Bu 

resonances; one of the signals is shifted downfield to ô 14.15 while the other two appear at 5 

0.09 and -0.09. Additionally, there is an NH resonance at S -1.32. Similarly, the 1 3 C NMR 

spectrum shows anomalous shifts at 8 392.12 and 246.51 corresponding to the or and /3 

carbons, respectively, of the nickel-coordinated N'Bu group. The 3 I P N M R spectrum reveals 

two resonances of approximately equal intensity, viz. a broad singlet at 8 415.9 and a sharp 

singlet at S 104.3. A double resonance experiment confirmed the connection between the 3 1 P 

NMR resonance at 8 415.9 and the 'H NMR resonance of 14.15. Additionally, an HMQC 

experiment confirmed the connection between the *H NMR resonance at 8 14.15 and the 1 3 C 

N M R resonance at 8 392.12. The remarkable downfield shifts of these resonance are 

attributed to the shielding effect of the adjacent, paramagnetic Ni(II) center. 3 1 P NMR 

chemical shifts in the region observed for 72 have been observed previously by Kuchen and 

coworkers for the complex {Ni[R2P(E)(NR)]2} 25, 8 (3 1P) 457.7 (E = S). 1 3 6 The IR spectrum 

of 72 shows an N H stretching band at 3389 cm"1 and the FAB mass spectrum exhibited a 

strong molecular ion at m/z 880 consistent with the presence of two monoanionic ligands 28a 

in the complex. The magnetic moment of 72 at 298 K is 2.90 B M . This value is at the lower 

end of the range 3.0-3.5 B M , which has been observed for distorted tetrahedral four-

coordinate Ni(II) complexes. 2 3 ' 5 4 ' 1 3 6 ' 1 3 7 

In contrast to the reaction of 70 with NiCl 2(PEt3) 2, the corresponding reaction with 

PdCl 2(PPli3) 2 resulted in the replacement of only one chloride ligand to give 
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{(PPh3)(Cl)Pd[(tBuN)(S)P(//-NtBu)2P(S)(NHtBu)]} (73 ) as a pale yellow solid in 82% 

31 

yield (Scheme 5.3). The P N M R spectrum of 7 3 in ds-THF showed three equally intense 

resonances: a doublet at 5 33.5 [ 2J( 3 1P- 3 1P) = 22 Hz] ( P A ) , a doublet at § 26.3 [ 3J( 3 1P- 3 IP) = 

38 Hz] (P c) and a doublet of doublets at 5 19.8 [ 2J( 3 1P- 3 1P) = 22 Hz, 3 J( 3 1 P- 3 , P) = 38 Hz] 

(Pb) (see Scheme 5.3 for assignments). Consistently the *H NMR spectrum of 7 3 in C^De 

showed three resonances at ô 1.82, 1.73 and 1.28 in the ratio 1:2:1 attributed to terminal, 

bridging and terminal N l Bu groups, respectively. A multiplet is also observed at ô 7.83 with 

an intensity corresponding to one PPh 3 ligand. A broad singlet attributed to the NH proton is 

apparent at 5 2.96 and the NH stretch in the IR spectrum is observed at 3382 cm"1. 

By use of the more labile palladium(II) complex PdCl2(PhCN)2 in the reaction with 

two equivalents of 7 0 the compound {Pd[(tBuN)(S)P(//-NtBu)2P(S)(NHtBu)]2} (74 ) was 

obtained as pale yellow crystals in 72% yield (Scheme 5.3). The 3 1 P N M R spectrum of 7 4 in 

dg-THF consists of two mutually coupled doublets centered at ô 37.6 and 26.9 [ 2J( 3 1P- 3 1P) = 

25 Hz]. The *H N M R spectrum of 7 4 shows three resonances in the N 4Bu region with 

relative intensities 2:1:1 together with a broad singlet at 8 2.85 for the NH protons. The NH 

stretch is observed at 3398 cm"1 in the IR spectrum. Taken together the spectroscopic data 

indicate that 7 4 is a square planar Pd(II) complex in which two ligands are (N, 5)-coordinated 

to the metal. 

In distinct contrast to the Ni(II) and Pd(II) chemistry, the treatment of m-PtCl 2(PEt 3) 2 

with two equivalents of 7 0 produced the complex {(PEt3)2Pt[(tBuN)(S)P(//-

N tBu)2P(S)(N tBu)]} ( 75 ) as pale yellow crystals in 87% yield. Multinuclear ( 3 1P, 1 9 5Pt and 
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'H) N M R spectra indicate that 75 contains a dianionic ligand bonded to Pt through the 

two sulfur atoms (Scheme 5.3). The P NMR spectrum of 75 in dg-THF exhibits two 

equally intense doublets, both of which show 1 9 5Pt satellites: 5 8.5 [ 3J( 3 1P- 3 1P) = 28 Hz, 

' /( 3 1 P- 1 9 5 Pt) = 2857 Hz] and ô -30.8 [ 3J( 3 1P- 3 1P) = 28 Hz, 2 J( 3 l P- 1 9 5 Pt) = 98 Hz], [cf. 

[Pt(PEt3)2{Ph2P(S)NP(S)Ph2}]PF6, 5 12.6 ['j( 3 1P- l 9 5Pt) = 3099 Hz] and 36.1 [ 2J( 3 1P- l 9 5Pt) = 

60.5 Hz]]. 5 7 The 1 9 5 P t N M R spectrum of 75 in dg-THF exhibits the expected triplet of triplets 

centered at ô -4699 ['j( 3 1P- 1 9 5Pt) = 2846 Hz, 2J( 3 1P- 1 9 5Pt) = 117 Hz]. The 'H NMR 

spectrum consists of two equally intense resonances at ô 1.54 and 1.31 corresponding to the 

two pairs of equivalent bridging and terminal N l Bu groups, respectively, in addition to 

resonances for the two PEt3 ligands with the appropriate relative intensities. There was no 

indication of the presence of N H groups in 75 from either the *H NMR or IR spectra. 

Thus the reaction of two equivalents of 70 with PtCl2(PEt3)2 results in the formation 

of L iCl and elimination of HC1 to generate a dianion (29a), which coordinates in an S, S' 

fashion to Pt. The HC1 eliminated apparently reacts with the second equivalent of 70 to 

produce c/5-[tBu(H)N(S)P(//-NtBu)2P(S)N(H)tBu] 62a, identified by 3 1 P NMR. The complex 

31 

75 may also be prepared in essentially quantitative yield ( P NMR) by the reaction of 

PtCl 2(PEt 3) 2 with 69a. 



147 

Scheme 5.3. (i) CuCl, PPh3, MeCN/PhMe, 23°C, 18h; (ii) 0.5NiCl2(PEt3)2, THF/PhMe, 23°C, 18h; (Hi) 0.5PdCl2(PPh3)2, 

THF/PhMe, 23°C, 18h; (iv) 0.5PdCl2(PhCN)2, THF/PhMe, 23°C, 18h; (v) 0.5PtCl2(PEt3)2, THF/PhMe, 23°C, 18h. 
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5.6. X-ray Structures of {(PPh3)Cu[(BuN)(S)P(]UrN,Bu)2P(S)(NHtBu)]} (71), 

{M[(tBuN)(S)P(n-NtBu)2P(S)(NHtBu)]2} (72, M = Ni; 74,M = Pd). 

The structures of 71, 72, and 74 were established by X-ray crystallography. The 

molecular geometry and atomic numbering scheme are shown in Figures 5.7 - 5.9, and 

pertinent structural parameters are summarized in Table 5.5 in Appendix Two. Al l three of 

these complexes display (N, S) coordination of the monoanion 28a to the metal. They differ, 

however, in their geometry at the metal center. In 71, the three-coordinate copper (I) center 

has a distorted trigonal planar coordination sphere with an (N, S) coordinated monoanion and 

one PPh3 ligand (E < Cu = 359.5°) (Figure 5.7). The nickel (II) complex 72 displays a 

distorted tetrahedral environment with (TV, incoordination to two monoanions (Figure 5.8), 

whereas the palladium (II) derivative has a square planar arrangement of the two (N, 5)-

bonded ligands (Figure 5.9). 

To the best of our knowledge, 71 represents the first example of a CuNPS 

heterocycle. The Cu-N distance is 1.961 (7) Á, a little shorter than the range of values for 

related (N, S) bonded Cu complexes [1.991(5) - 2.052(5) Â] ; 1 3 8 whereas the Cu-S distance 

of 2.391(3) Â is a little longer [2.263(2) - 2.299(2) A ] . 1 3 8 The terminal P=S bond length of 

1.939(3) Á is almost identical to the value of 1.931(2) Â for (TMEDA)Li[ lBuN(S)P(/y-

N tBu)2PN(H) tBu] (64) whereas the P-S bond in the CuNPS ring is lengthened to 2.005(3) Â, 

significantly longer than the analogous bond in the LiNPS ring [1.978(2) Â]. There is a 

similar disparity in the exocyclic P-N bond lengths [1.659(8) and 1.584(7) Â, respectively; 

cf. 1.641(5) and 1.571(5) Â for the analogous bonds in 64]. Within the P 2 N 2 ring |d(PN)| = 



149 

1.706(7) Á for the metallated side of the molecule and 1.690(7) Â for the non-metallated 

side [cf. 1.713(5) and 1.685(3) Â for 66]. The bite angles (ZNPS) are 103.7(3)° and 

112.5(3)° for the metallated and non-metallated sides, respectively [cf. 107.5(2)° and 

112.0(2)°, in 64]. 

Figure 5.7. X-ray structure of {(PPh3)Cu[(tBuN)(S)P(/u-NtBu)2P(S)(NHtBu)]} (72). For 

clarity, the protons attached to the 'Bu and Ph carbons are omitted. 

The Ni(II) and Pd(II) complexes 72 and 74 both display (N, 5)-coordination (Figures 

5.8 and 5.9). Both Ni(II) and Pd(Il) have a d 8 configuration, but the nickel center in 72 



attains a paramagnetic distorted tetrahedral environment whereas the palladium atom in 

74 is in a diamagnetic square planar arrangement. Presumably a combination of the 

electronic properties of the monoanion, the bulky 'Bu groups, and the relatively small ionic 

radius of nickel favor the formation of a tetrahedral arrangement, even though for four-

coordinate Ni(II) complexes, those with square planar geometries are the most common.1 

Figure 5.8. X-ray structure of {Ni[(tBuN)(S)P(//-NtBu)2P(S)(NHtBu)]2} (72). For clarity, 

only the a-carbons of the lBu substituents are shown. 

Several thiophosphinate compounds contain a NiNPS heterocycle whereas the PdNPS 

ring system is less common. The nickel complex 72 has a N i - N distance of 1.971 (2) Á and a 

Ni-S distance of 2.3449(9) Á [cf. 1.947(1) and 2.392(1) Á for R2P(S)(NR')]2Ni (R = lBu, R' 

= cyclohexyl)] 25.54 The palladium complex 74 has Pd-N and Pd-S distances of 2.089(4) 
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and 2.339(2) A, respectively [cf. 2.055(3) and 2.342(1) Â for R2P(NR')(S)]2Pd (R = OPh, 

R' = P(0)(OPh)2)].1 3 9 The terminal P=S and coordinated P-S bond lengths are very similar 

to those of 71 [cf. 1.914(1) and 2.003(1) Â, in 72; 1.933(2) and 2.006(2) Â, in 74, 

respectively]. 

Figure 5.9. Molecular structure of {Pd[(tBuN)(S)P(//-NtBu)2P(S)(NHtBu)]2} (74). For 

clarity, only the a-carbons of the lBu substituents are shown. 

The bite angles (ZNPS) are 77.57(3)° and 81.37(7)° for the metallated sides of 72 

and 74, respectively [cf. 102.1(1)°, 25 (R = Cy) 5 4 and 78.53(8)°, in R2P(NR)(S)]2Pd (R = 

OPh, R' = P(0)(OPh)2).1 3 9 Presumably, the wider bite angle in 74 is a result of the larger 

ionic radius of palladium. The large bite angle in 25 (R' = Cy) appears to be anomalous and 

may result from the lower steric demands of cyclohexyl groups attached to nitrogen atoms. 
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The dissimilar orientations of the two ligands around the metal centers in 72 and 74 is the 

only significant difference between the two complexes. Consideration of the bond angles at 

the metal centers (Table 5.5) indicates that 72 can be viewed as a highly distorted tetrahedral 

complex whereas 74 is a square planar complex in which the ZNPdS bond angles are 

distorted by the constraints of the chelating ligand. 

5.7. X-ray Structure of {(PEts)2Pt[fBuN)(S)P(iu-NtBu)2P(S)(NtBu)]} (75). 

The structure of 75 was established by X-ray crystallography. The molecular 

geometry and atomic numbering scheme are shown in Figure 5.10, and pertinent structural 

parameters are summarized in Table 5.6 in Appendix Two. The X-ray structure confirms the 

conclusions based on the NMR data. Complex 75 is comprised of the dianion 29a bonded in 

an (S, S) fashion to Pt with two PEt3 ligands in cis positions completing the distorted square 

planar geometry about Pt (bond angles are in the range 78.8° to 99.6°). 

The mean Pt-S and Pt-P distances are 2.371(4) and 2.295(4) A , respectively (cf. 

2.341(4) and 2.408(4) A in PtiPPhsMES-PluP^Sz); 1 4 0 2.393(3) in 

[Pt(PEt3)2{Ph2P(S)NP(S)Ph2}][PF6]).57 The mean P-S distance is 2.065(5) A and the mean 

exocyclic P -N bond distance is 1.52(1) A , indicative of double bond character. The mean P-

N bond length in the P2N2 ring of 1.69(1) A is similar to the corresponding distances in 71, 

72 and 74 [range 1.68(1)-1.71(1) A] . 
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clarity, only the a-carbons of the 'Bu substituents and PEt3 groups are shown. 

5.8. Conclusions 

Investigations of the alkali metal derivatives of the ambidentate dianions 

[ tBuN(E)P(//-N tBu)2P(E)N tBu]2" (E = S, Se) reveal two different modes of coordination. A 

bis-chelated (N, S) bonding mode is observed for lithium. By contrast, the larger sodium and 

potassium ions display a preference for (TV, N' and E, E1) bis-chelation. These findings may 

be significant in future attempts to generate transition-metal containing polymers based on a 



154 

P2N2 template involving either "side-on" (A7, E) or "top and bottom" (N, N'and E, E) 

coordination. 

Late transition-metal derivatives of the monoanion [('BuN)(S)P(//-

N tBu)2P(S)(NH tBu)]~ 28a display (N, ̂ -coordination, whereas the dianion 29a adopts an (5", 

S) bonding mode towards platinum. The paramagnetic, tetrahedral Ni(ll) complex 72 and 

the diamagnetic, square planar Pd(II) complex 74 represent good starting points for the 

synthesis of P2N2-templated coordination polymers with different metal centers via 

metallation reactions, e.g. with Me 2 M (M = Zn, Cd). 

5.9. Experimental Section 

General procedures are described in Appendix One. Due to solvent loss from the 

crystals, satisfactory elemental analysis could not be obtained for 64, 65, 66, 67, 68a,b. and 

69a,b. 

5.9.1. Preparation ofcis-ftBu(H)N(Se)P(/j-NtBu)2P(Se)N(H)tBuJ (62b). 

A mixture of [tBu(H)NP(//-N tBu)2PN(H)tBu)] (5.00 g, 14.3 mmol) and elemental 

selenium (2.28 g, 28.8 mmol) was heated in toluene at 120 °C for 18 h. Unreacted black 

selenium was removed by filtration to give a yellow solution. The volume of the solution 

was reduced to 50 mL. Storage at -15 °C yielded two crops of crystals of 62b (5.91 g, 11.7 

mmol, 89%); m.p. 144-149 °C. 'H NMR (d8-THF, 8): 4.56 (2H, NH), 1.66 (18H, 'Bu), 1.46 

(18H, lBu). 3 , P{'H} NMR (dg-THF, 8): 26.7 [s, 'j( 3 1P- 7 7Se)= 880 Hz, 2 J( 3 1 P- 3 1 P) = 25 Hz]. 
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7 7Se NMR (d8-THF, S): -128.6 [d, l/( 3 ,P- 7 7Se) = 877 Hz]. IR (cm"1): 3383 [v(N-H)], 

581 [v(P=Se)]. MS [EI, m/z (rei int)]: M + 506(3.2). Anal. Caled for Ci6H38N4P2Se2: C, 

37.95; H, 7.56, N , 11.06. Found: C, 37.96; H, 7.78; N , 10.89. 

5.9.2. Preparation of {(TMEDA)LifBuN(S)P(n-NtBu)2P(S)NHtBu]} (64). 

A yellow solution of tt-butyllithium (1.45 mL, 0.233 g, 3.64 mmol) in TMEDA (10 

mL) was added slowly to a stirred solution of [tBu(H)N(S)P(yu-NtBu)2P(S)N(H)tBu] (1.50 g, 

3.64 mmol) in toluene (25 mL) at 23 °C. The reaction mixture was heated for 2.5 h at 75 °C. 

Removal of the solvent, followed by two washings with hexane (5 mL) yielded 6 4 as a pale 

yellow solid (1.84 g, 3.44 mmol, 95%). X-ray quality crystals were obtained from toluene at 

23 °C after 3 days. *H NMR (C 6 D 6 , Ô): 3.09 (1H, NH), 2.00 (12H, 

[(C//3)2N(CH2)2N(C//3)2]), 1.94 (18H, lBu), 1.76 (4H, [(CH3)2N(C//2)2N(CH3)2]), 1.54 (9H, 

lBu), 1.41 (9H,'Bu). 3 l P{ 1 H}NMR(C 6 D 6 , 5 ) :36 .3 (d ,V ( 3 l P- 3 l P)=2 l Hz), 16.7 (unres. d). 

7 L i N M R (C 6 D 6 , ô): -1.72 (s). IR (cm -1): 3382 [ v<N-H)]. 

5.9.3. Preparation of {(THF)2LifBuN(S)P(p-NtBu)2P(S)NtBuJLi(THF)2} (65) 

i-Butyllithium (7.10 mL, 0.773 g, 12.07 mmol) was added slowly to a stirred solution 

of [tBu(H)N(S)P(//-NtBu)2P(S)N(H)tBu] (2.49 g, 6.04 mmol) in THF (30 mL) at 23 °C. The 

reaction mixture was heated at reflux for 2 d at 65 °C. X-ray quality crystals of 6 5 were 

obtained from a THF/hexane solution at 23 °C (2.37 g, 6.64 mmol, 61%). ] H NMR (d8-THF, 



ô): 3.58 (m, [0(CH2)2(CH2)2]), 1.74 (m, [0(CH 2) 2(C// 2) 2]), 1.69 (18H, lBu), 1.33 (18H, 

lBu). 3 ] P { ' H } NMR (dg-THF, ô): 15.6 (s). 7 L i NMR (dg-THF, 5): 1.4 (s). IR (cm - 1): 599 

K P - S ) ] . 

5.9.4. Preparation of {(THF)2LifBuN(Se)P(^i-NtBu)2P(Se)NHtBu] (66) 

«-Butyllithium (3.95 mL, 0.632 g, 9.87 mmol) was added slowly to a stirred solution 

of [tBu(H)N(Se)P(/u-NtBu)2P(Se)N(H)tBu] (5.00 g, 9.87 mmol) in THF (50 mL) at-78 °C. 

The solution was warmed to 23 °C and stirred for 3h. Removal of the solvent, followed by 

two washings with pentane (20 mL) yielded 66 as a white solid (5.85 g, 8.91 mmol, 90%). 

'H N M R (dg-THF, Ô): 3.23 (1H, NH), 1.70 (18H, 'Bu), 1.45 (9H, lBu), 1.32 (9H, lBu). 

3 1P{'H} NMR (d8-THF, 5): 23.6 [d, 2 J( 3 1 P- 3 1 P) = 8 Hz, 'j( 3 1P- 7 7Se) = 860 Hz], -4.0 [d, 

2 J ( 3 I P- 3 , P) = 8 Hz, 'j( 3 1P- 7 7Se) = 695 Hz]. 7 7Se NMR (d8-THF, S): -81.3 [d, ' j( 3 , P- 7 7Se) = 

695 Hz], -131.9 [d, !J( 3 1P- 7 7Se) = 860 Hz]. 7 L i NMR (d8-THF, Ô): 1.8 (br s). IR (cm"1): 

3382 [v(N-H)]. 

5.9.5. Preparation off(THF)2Li/tBuN(Se)P(^-N(Bu)2PNH'BuJ} (67) 

An excess of /-butyllithium (3.50 mL, 0.381 g, 5.95 mmol) was added slowly to a 

stirred solution of [tBu(H)N(Se)P(//-NtBu)2P(Se)N(H)tBu] (1.04 g, 1.98 mmol) in THF (25 

mL) at 23 °C. The reaction mixture was heated at reflux for 2 d at 65 °C. X-ray quality 

crystals of 67 were obtained from a THF/hexane solution at -15 °C (0.89 g, 1.54 mmol, 
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78%). 'H NMR (dg-THF, ô): 3.58 (m, [0(C//2)2(CH2)2]), 2.8 (1H, NH), 1.74 (m, 

[0(CH 2) 2(Ctf 2) 2]), 1.49 (18H, 'Bu), 1.29 (9H, 'Bu), 1.22 (9H, 'Bu). 3 1 P { ' H } NMR (dg-THF, 

ô): 74.5 (s), 3.1 [s, 'j( 3 1P- 7 7Se) = 622 Hz]. 7 7Se (dg-THF, 8 ) : -64.8 [d, ' j ( 3 1 P - 7 7 Se) = 622 

Hz]. 7 L i NMR (dg-THF, 8 ) : 1.5 (s). (Caution: The by-product of this reaction, LiSe'Bu, 

produces an objectionable stench!) 

5.9.6. Preparation of {(THF)2NatBuN(S)P(fj-N'Bu)2P(S)N'Bu]Na(THF)2} 

(68a). 

A solution of NaN(SiMe 3) 2 (0.468 g, 2.42 mmol) in THF (10 mL) was added slowly 

to a stirred solution of [tBu(H)N(S)P(//-NtBu)2P(S)N(H)tBu] (0.500 g, 1.21 mmol) in THF 

(20 mL) at 23 °C. The reaction mixture was stirred for 2 h at 23 °C to give a faint yellow 

solution. Removal of the solvent followed by two washings with hexane (5 mL) yielded 68a 

as a pale yellow solid (0.579 g, 0.78 mmol, 64%). X-ray quality crystals were obtained from 

THF at 23 °C. *H N M R (dg-THF, 8 ) : 3.58 (m, [0(C/f2)2(CH2)2]), 1.74 (m, 

[0(CH 2) 2(C// 2) 2]), 1.61 (18H,'Bu), 1.32 (18H,'Bu). 3 I P{'H} NMR (dg-THF, 8 ) : 29.4 (s). 1R 

(cm"1): 565 [v(P-S)]. 

5.9.7. Preparation of {(THF)2NaftBuN(Se)P(u-NtBu)2P(Se)N1Bu]Na(THF)2} 

(68b) 

A solution of NaN(SiMe 3) 2 (0.381 g, 1.98 mmol) in THF (10 mL) was added slowly 

to a stirred solution of [tBu(H)N(Se)P(//-N'Bu)2P(Se)N(H)tBu] (0.500 g, 0.99 mmol) in THF 
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(20 mL) at 23 °C. The reaction mixture was stirred for 2 h at 23 °C to give a pale yellow 

solution. Removal of the solvent followed by two washings with hexane (5 mL) yielded 68b 

as a white solid (0.54 g, 0.64 mmol, 65%); m.p.: 200°C (dec). Crystals were obtained from 

THF at 23 °C. 'H N M R (dg-THF, 5): 3.58 (m, [0(C#2)2(CH2)2]), 1.74 (m, 

[0(CH2)2(Gr72)2]), 1.67(18H,'Bu), 1.34 (18H,'Bu). 3 1 P { ' H } NMR (dg-THF, ô): 3.9 [s, 

' j( 3 1P- 7 7Se) = 678 Hz, 2 J( 3 1 P- 3 1 P) = 6 Hz]. 7 7Se NMR (dg-THF, Ô): -12.4 [d, 'j( 3 1P- 7 7Se) = 

677 Hz]. IR (cm - 1): 518 [ v(P-Se)]. 

5.9.8. Preparation of {(THF)K[CBuN)(S)P(fi-NtBu)2P(S)(NtBu)]K(THF)}n (69a). 

A solution of KN(SiMe 3) 2 (1.05 g, 5.00 mmol) in THF (10 mL) was added slowly to 

a stirred solution of [tBu(H)N(S)P(/u-NtBu)2P(S)N(H)tBu] (1.03 g, 2.50 mmol) in THF (20 

mL) at 23 °C. The reaction mixture was stirred for 2.5 h at 23 °C to give a yellow solution. 

Removal of the solvent, followed by two washings with hexane (5 mL), yielded 69a as a pale 

yellow solid (1.28 g, 2.02 mmol, 81%). Crystals were obtained from THF at 23 °C. 'H 

NMR (dg-THF, 5): 3.58 (m, [0(C// 2) 2(CH 2) 2]), 1.75 (m, [0(CH 2) 2(C// 2) 2]), 1.60 (18H, lBu), 

1.31 (18H, lBu). 3 I P{'H} NMR (dg-THF, 5):26.6 (s). IR(cirr'):551 [v(P-S)]. 

5.9.9. Preparation of {(THF)K[(BuN)(Se)P(pN:Bu)2P(Se)(N!Bu)]K(THF)2}„ 

(69b). 

A solution of KN(SiMe 3) 2 (1.66 g, 7.90 mmol) in THF (10 mL) was added slowly to 

a stirred solution of [tBu(H)N(Se)P(//-NtBu)2P(Se)N(H)tBu] (2.00 g, 3.95 mmol) in THF at 
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23 °C. After 2 h solvent was removed under vacuum and the product was washed with 

hexane (2x10 mL) to give 69b as a yellow powder (2.07 g, 2.59 mmol, 66%). X-ray quality 

crystals were obtained from a THF/hexane solution at 23 °C. *H NMR (dg-THF, 5): 3.58 (m, 

[0(Ci/ 2) 2(CH 2) 2]), 1.74 (m, [0(CH 2) 2(C// 2) 2]), 1.66 (18H, 'Bu), 1.33 (18H, lBu). 3 I P { ' H } 

NMR (dg-THF, 5): 0.03 [s, ' j ( 3 , P - 7 7 Se) = 686 Hz]. 7 7Se NMR (dg-THF, Ô): 13.2 [d, ' j ( 3 l P-

7 7Se) = 684 Hz]. IR (cm"'): 514 [v(P-Se)]. 

5.9.10. Preparation of {(PPh3)Cu[fBuN)(S)P(/j-N,Bu)2P(S)(NHtBu)]} (71) 

A solution of CuCl (0.090 g, 0.44 mmol) in MeCN (30 mL) was added to a stirred 

solution of {(THF)2Li[(tBuN)(S)P(//-NtBu)2P(S)(NHtBu)]} (0.50 g, 0.89 mmol) and PPh3 

(0.23 g, 0.44 mmol) dissolved in MeCN (25 mL) at 23°C. After 18 h, removal of the solvent 

in vacuo yielded a pale yellow residue that was dissolved in toluene (40 mL) to give a 

cloudy, pale yellow solution. The supernatant was decanted from the white precipitate of 

LiCl to give a clear, golden yellow solution. Removal of solvent under vacuum followed by 

recrystallization by toluene/hexane layering at 0°C (2 d) yielded colorless crystals of 71 

(0.52g, 0.71mmol, 79%); mp 194-196°C. Anal. Caled for C34CuH52N4P3S2: C, 55.38; H, 

7.11; N , 7.60. Found: C, 55.65; H, 7.26; N , 7.20. 'H NMR (C 6 D 6 , ô): 7.59 (br m, 15H, 

PPh3), 3.09 (s,NH), 1.91 (s, 18H, lBu), 1.44 (s, 9H, lBu), 1.38 (s, 9H, lBu). 3 1 P{ ! H} N M R 

(C 6 D 6 , 5): 36.0 [d, 2 J( 3 1 P- 3 1 P) = 19 Hz], 24.8 [d, 2 J( 3 1 P- 3 1 P) = 19 Hz], 5.7 (br s, PPh3). 1R 

(cm -1) : 3391 [v(N-H)]. MS[FAB, m/z (rei. int.)]: 737(89) (M +). 



5.9.11. Preparation of{Ni[(tBuN)(S)P(fi-NtBu)2P(S)(NHtBu)]2} (72) 

A red solution of NiCl 2(PEt 3) 2 (0.16 g, 0.44 mmol) in THF (30 mL) was added to a 

stirred solution of {(THF)2Li[(tBuN)(S)P(//-NtBu)2P(S)(NHtBu)]} (0.50 g, 0.89 mmol) in 

THF (25 mL) at 23°C for 18 h to give a dark purple solution. Removal of the solvent in 

vacuo yielded a dark purple residue, and was re-dissolved in toluene (40 mL). The 

supernatant was separated from LiCl by décantation and solvent was removed in vacuo. 

Recrystallization by toluene/hexane layering at 0°C (2 d) yielded purple-green crystals of 72 

(0.33 g, 0.37 mmol, 83%); mp. 110°C. Anal. Caled for C32H74N8P4NiS4: C, 43.58; H, 8.46; 

N , 12.71. Found: C, 43.41; H, 8.35; N , 12.22. 'H NMR (CDC13, 8): 14.15 (br s, 18H,'Bu), 

0.09 (s, 18H, T3u), -0.09 (br s, 36H, lBu), -1.32 (br s, 2H, NH). 1 3 C (CDC13, S): 392.12, 

55.71,47.11 [C(CH3)3] and 246.51, 31.16, 27.01 [C(CH 3) 3]. 3 1 P NMR (C 6 D 6 , 8): 415.9 (br, 

s), 104.3 (s). IR (cm"1): 3389 [v (N-H)]. [MS: FAB, m/z (rei. int.)]: 880(71) (M +). Uv-vis 

[CH 2C1 2; Amax in nm (e in M^cm" 1)]: 23 8(7.7 x 103), 291(7.9 x 103), 5 68(1.6 x 102), 

610(1.2 x 102). Magnetic moment (//, 298 K): 2.90 B M . 

5.9.12. Preparation of{(PPh3)(Cl)Pd[fBuN)(S)P(ju-NtBu)2P(S)(NHtBu)]} (73) 

A solution of PdCl2(PPh3)2 (0.17 g, 0.25 mmol) in THF (20 mL) was added to a 

stirred solution of {(THF)2Li[(tBuN)(S)P(//-NtBu)2P(S)(NHtBu)]} (0.28 g, 0.49 mmol) in 

THF (25 mL) at 23°C. After 18 h, removal of the solvent in vacuo yielded a dark orange 

residue. When dissolved in toluene (40 mL) gave a cloudy, dark orange solution. After 

removal of LiCl by décantation, solvent was removed in vacuo and the orange residue was 
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recrystallized from toluene/hexane layering at 0°C (2 d) to give 73 as a pale yellow solid 

(0.16 g, 0.25 mmol, 82%); mp 211-212°C. Anal. Caled for C34ClH52N4P3PdS2: C, 50.06; H, 

6.43; N , 6.87. Found: C, 50.34; H, 6.72; N , 6.69. 'H NMR (C 6 D 6 , 5): 7.83 (br m, 15H, 

PPh3), 2.96 (s, NH), 1.82 (s, 9H, lBu), 1.73 (s, 18H, (Bu), 1.28 (s, 9H, lBu). 3 1P{ *H} NMR 

(dg-THF, 5): 33.5 [d, 2J( 3 1P- 3 1P)= 22 Hz], 26.3 [d, PPh 3 , 3 J( 3 , P- 3 I P)= 38 Hz], 19.7 [d of d, 

V ( 3 I P- 3 I P)= 22 Hz, 3J( 3 IP- 3 1P)= 38 Hz]. IR (cm - 1): 3382 [v(N-H)]. 

5.9.13. Preparation of {PdtfBuN)(S)P(/u-NtBu)2P(S)(NHtBu)]2} (74) 

A solution of PdCl2(PhCN)2 (0.17 g, 0.44 mmol) in THF (30 mL) was added to a 

stirred solution of {(THF)2Li[(tBuN)(S)P(yi/-NtBu)2P(S)(NHtBu)]} (0.50 g, 0.89 mmol) in 

THF (20 mL) at 23°C. After 18 h, removal of the solvent in vacuo yielded a brown residue 

that was dissolved in toluene (40 mL) to give a cloudy, brown solution. LiCl was removed 

by décantation and solvent was removed in vacuo. Recrystallization of the residue by 

toluene/hexane layering at 0°C (2 d) yielded pale yellow crystals of 74 (0.30g, 0.32mmol, 

72%); mp 264-266°C. Anal. Caled for C39Hg2NgP4PdS4: C, 45.85; H, 8.09; N , 10.97. Found: 

C, 45.55; H, 8.02; N , 10.57. ] H NMR (C 6 D 6 , ô): 2.85 (s, NH), 1.75 (s, 36H, lBu), 1.44 (s, 

18H, lBu), 1.30 (s, 18H, lBu). 3 1P{'H} NMR (dg-THF, 5): 37.6 [d, 2J( 3 1P- 3 1P)= 25 Hz], 26.9 

[d, 2J( 3 1P- 3 1P)= 25 Hz]. IR (cm -1): 3398 [v(N-H)], MS[EI, m/z (rei. int.)]: 929(20) (M +). 



5.9.14. Preparation of {(PEts)2Pt[(BuN)(S)P(fjrNíBu)2P(S)(NtBu)] (75) 

A solution of c«-PtCl 2(PEt 3) 2 (0.22 g, 0.44 mmol) in THF (30 mL) was added to a 

stirred solution of {(THF)2Li[(tBuN)(S)P(//-NtBu)2P(S)(NHtBu)]} (0.50 g, 0.89 mmol) in 

THF (25 mL) at 23°C. After 18 h, removal of the solvent in vacuo yielded a golden-yellow 

residue that was redissolved in toluene (40 mL) to give a cloudy, golden-yellow solution. 

After removal of LiCl and solvent, the residue was recrystallized from toluene/hexane by 

layering at 0°C (2 d) to give pale yellow crystals of 75 (0.33 g, 0.39 mmol, 87%); mp 102-

104°C (decomp.). Anal. Caled for C 3 4H 7 2N 4P4PtS 2: C, 44.38; H, 7.89; N , 6.09. Found: C, 

42.15; H, 7.59; N , 6.24. ' H NMR (d8-THF, S): 2.13 (q, 12H, P(C// 2CH 3) 3), 1.54 (s, 18H, 

'Bu), 1.31 (s, 18H,'Bu), 1.16 (t, 18H, P(CH 2C// 3) 3). 3 1 P { ' H } NMR (dg-THF, ô): 8.5 [d, 

V( 3 1 P- 3 I P)= 28 Hz, 'j( 3 1P- 1 9 5Pt)= 2857 Hz], -30.8 [d, V( 3 1 P- 3 I P)= 28 Hz, 2J( 3 1P- 1 9 5Pt)= 98 

Hz]. 1 9 5 P t N M R (dg-THF, 5): -4699.2 [t oft, 2J( , 9 5Pt- 3 1P)= 117 Hz, 'j( 3 1P- 1 9 5Pt)= 2846 

Hz]. [MS: m/e (rei. int.)]: 841(44) (M +). 
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CHAPTER SIX 

Syntheses and X-ray Structures of Potassium Derivatives and a Paramagnetic 

Nickel(II) Complex of a Cyclodiphosph(III/V)azane Monoselenide 

6.1. Introduction 

In Chapter Five, the dianionic cyclodiphosph(V/V)azane disulfide 29a and diselenide 

29b were introduced as ambidentate ligands that may function as bridges in the formation of 

metal-containing coordination polymers.6 2 a' 1 2 9 ' 1 3 0 An unexpected outcome of these studies 

was the observation of deselenation of [tBu(H)N(Se)P(//-NtBu)2P(Se)N(H)tBu] (62b) by 

alkyllithium reagents in the formation of {(THF)2Li[ tBuN(Se)P(//-N tBu)2PN(H) tBu]} 67 in 

the attempted synthesis of the dilithium derivative of 29b.'29b With a view to the 

development of the chemistry of anionic cyclodiphosph(III/V)azane ligands, the synthesis 

and X-ray structures of the monoselenide [tBu(H)N(Se)P(//-NtBu)2PN(H)tBu] (77), the 

potassium salts of the corresponding mono- and dianions, 76 and 30, respectively, and a 
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nickel(II) complex of 76 are described in this chapter. The structure of the 

cyclodiphosph(V/V)azane diselenide 62b was also determined for comparison with that of 

77. Finally, we describe the unexpected outcome of the attempted lithiation of the potassium 

salt of the monoanion 76. 1 4 1 

'Bu H 
N 'Bu .N'Bu 

N ^ P / 
-y N 

Se t B u 

'Bu 
N 'Bu N'Bu 

N p / 
Se t B u 

76 30 

6.2. Preparation and X-ray Structure of¡tBu(H)N(Se)P(Ju-NtBu)2PN(H)'Bu] (77) and 

jtBu(H)N(Se)P(fj-NtBu) 2P(Se)N(H)tBuJ (62b). 

The monoselenide ['Bu(H)N(Se)P(//-NlBu)2PN(H)'Bu] 77 is obtained in essentially 

quantitative yield via a comproportionation reaction of equimolar amounts of 

[tBu(H)N(Se)PCu-N'Bu)2P(Se)N(H)tBu] (62b) and [tBu(H)NP(/u-NtBu)2PN(H)'Bu] (63) in 

toluene at 85°C (Scheme 6.1). 
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Scheme 6.1. 
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Keat has reported the formation of the secondary amido derivatives [R_2N(Se)P(//-

N tBu)iPNR2] (R = Me, Et; R2 = C5H10) as a mixture of cis and íraas-isomers by both a 

comproportionation reaction and by mono-oxidation with elemental selenium.1 4 2'1 4 3 By 

contrast, monoselenide 77 is obtained in only one isomeric form (cis with respect to the 

l BuNH groups). The related acyclic systems R2P(Se)N(R')PR2 have received considerably 

more attention. Cavell has prepared the monoselenide Ph2P(Se)N(Ph)PPh2 by oxidation of 
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Pli2PN(Ph)PPh2 with elemental selenium.144 Woollins et al. have shown that 

Ph2P(Se)N(H)PPli2 is formed quantitatively either through mono-oxidation with selenium or 

by a comproportionation reaction.'45 They found that mono-oxidation is the preferred 

method. In the present work, however, we were unable to obtain pure 77 by the mono-

oxidation route even after recrystallization. 

The 3 1 P N M R spectrum does not provide a conclusive identification of 77. Two 

singlets with chemical shifts similar to those of the reagents 62b and 63 are observed. The 

absence of 2J[3 1P(V)-3'P(III)] coupling in 77 is surprising. Typical values of 2 J( 3 1 P- 3 1 P) in 

acyclic P(III)-N-P(V) systems fall in the range 78-126 Hz, (e.g. Ph2P(Se)N(H)PPh2, 93 

Hz), ' 4 4 while Keat reports smaller values (7-10 Hz) for the cyclic systems [R2N(Se)P(//-

N tBu)2PNR2]. 1 4 2 The identity of 77 is apparent, however, from the characteristic 2:1:1 ratio 

of the N ' B U resonances and the two NH resonances in the 'H NMR spectrum. The 

monoselenide 77 exhibits a doublet in the 7 7Se NMR at 5 -80.1 ppm ['j( 3 1P- 7 7Se) = 818 Hz] 

(cf. -128 ppm and 877 Hz for 62b).129a 

The structure of 77 was affirmed by X-ray crystallography and, for comparison, the 

X-ray structure of the previously reported diselenide 62b was also determined (see Chapter 

Five). The molecular geometry and atomic numbering schemes are shown in Figures 6.1 and 

6.2, respectively, and pertinent structural parameters are summarized in Table 6.2 in 

Appendix Two. Both 62b and 77 maintain the cis arrangement of the N(H) lBu groups found 

in the P(III)/P(III) precursor 63.35 Unlike the endo, endo orientation in 63, however, the exo, 
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endo isomer is observed for both 62b and 77. The same geometry is also observed in the 

closely related [Ph(H)N(Se)P(/u-NtBu)2P(Se)N(H)Ph].68 

C12 

Figure 6.1. X-ray structure of [tBu(H)N(Se)P(//-NtBu)2PN(H)tBu] (77). Protons on methyl 

carbons have been omitted for clarity. 

The P-Se bond lengths of 2.1169(7) and 2.074(3) Â for 77 and 62b, respectively, are 

similar to those of related compounds.553 The slightly longer P-Se bond length in 77 is 

consistent with the '/( 3 1P- 7 7Se) coupling constants (818 Hz in 77 vs. 877 Hz in 62b). The 

different oxidation states of the two phosphorus centers in 77 give rise to predictable 

differences in the structural parameters involving P and N atoms. Thus the P(III)-Nendo 

distance (1.750(2) Â) is longer than the P(V)-Nendo distance (1.672(2) Â); similarly d[P(III)-

€ 4 2 

C43 
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N e x o ] = 1.655(2) Â and d[P(V)-N e x o] = 1.637(2) Â (cf. d[|P(V)-N e n d o |] = 1.681(3) Â and 

d[|P(V)-N e x o|] = 1.622(1) for 62b and d[P(III)-Nendo] = 1.726(2) A and d[P(III)-Nex0] = 

1.664(2) for 77).35 The endocyclic ring ZNPN angles in 77 differ by more than 4°. The 

exocyclic ZNPSe bite angle differs depending on the conformation of the N(H) lBu 

substituent. For the endo orientation in 62b the angle is 113.1(2)° while for the exo 

orientation in 62b and 77 the mean value is 106 (1)°. This difference presumably reflects the 

steric influence of the lBu group. 

methyl carbons have been omitted for clarity. 
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6.3. Metallation of¡tBu(H)N(Se)P(^NtBu)2PN(H)tBuJ (77). 

The metallation of 77 with a variety of potassium salts was investigated to (a) 

compare the structure of the potassium salt of the monoanion 76 with that of the known 

lithium derivative and (b) generate the dianion 30. The reaction of 77 with one equivalent of 

KO'Bu or KN(SiMe3)2 in THF at 23°C produced the mono-potassium complex 

{(THF)K[ tBuN(Se)P(//-N tBu)2 PN(H) lBu]}2 (78) in good yields. Attempts to form a di-

metallated complex by the reaction of 77 with two equivalents of KN(SiMe3)2 or KO l Bu in 

boiling THF were unsuccessful. Formation of the dianion 30 was, however, achieved by 

using the stronger base benzylpotassium, which dimetallates 77 in THF at 23°C to form 

{(THF)2K[ tBuN(Se)P(/^-N tBu)PN tBu]K(THF)2}2 (79) in 68% yield (Scheme 6.1). 

An interesting transformation was observed in an attempt to generate the dianion 30 

from the treatment of the monopotassium salt 78 with n-butyllithium in boiling THF. The 

reaction was monitored by both ' H and 3 1 P NMR spectroscopy, which revealed that, under 

these conditions, metallation is accompanied by a redox disproportionation to give the known 

P(III)/P(III) compound {[(THF)Li[ tBuNP(/^-N tBu)2PN tBu]Li(THF)] (12)35 and the 

P(V)/P(V) complex {[(THF)K[ tBuN(Se)P(//-N tBu)2P(Se)N tBu]K(THF)2]2}n (69b), 1 2 9 a which 

were separated and identified by their *H and 3 1 P NMR spectra (Scheme 6.2). Presumably 

the driving force for this transformation is the creation of the stable cubic structure of 12 and 

the six-membered rings in 69b. 

The 'H NMR spectra of both 78 and 79 show three N'Bu resonances with intensities 

in the ratio 2:1:1; in the case of 78 a signal for the NH proton is also observed. The 3 1 P NMR 
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spectrum of 78 displays two singlets at ô 75.6 and 0.2 for the P(III) and P(V) centers, 

respectively, whereas that for 79 contains two mutually coupled doublets at 5 104.3 and 2.4 

[ 2J( 3 1P- 3 1P) = 29 Hz]. As expected the resonances at ô 0.2 and 5 2.4 show 7 7Se satellites. 

The downfield shift of the P(III) signal and upfield shift of the P(V) signal upon metallation 

are typical for these systems.623 The 7 7Se NMR spectra of 78 and 79 display doublets 

centered at S 14.5 and 43.4 with 'j( 3 1P- 7 7Se) = 638 and 611 Hz, respectively [cf. ô 13.2 and 

684 Hz, for 69b]. 1 2 9 a 

Scheme 6 .2 . 

«Bu 

2 (THF)K 
V 

Se 

*Bu 
,.-N.„ 

• P C "¿p 

«Bu 

H 
.NlBu 

78 



171 

6.4. X-ray Structures off(THF)K/tBuN(Se)P(Ju-]VBu)2PN(H)tBuJ}2 (78) and 

{(THF)2KfBuN(Se)P(fjrN'Bu)2PNtBu]K(THF)2}2 (79). 

The structures of 78 and 79 were established by X-ray crystallography. The 

molecular geometry and atomic numbering schemes are shown in Figures 6.3 and 6.4 and 

pertinent structural parameters are summarized in Tables 6.3 and 6.4 in Appendix Two, 

respectively. The X-ray structural analysis of 78 reveals that the proton is abstracted from 

the amido substituent attached to the P(V) center. Unlike the lithium analogue, 

{(THF)2Li[ tBuN(Se)P(//-N tBu)2PN(H) tBu]} 67, which exists as a monomer,1290 the structure 

of 78 is dimeric. Each monoanion is (N, 5'e)-chelated to two K + ions to give a distorted 

K 2 N 2 Se 2 octahedron. This dimeric arrangement alleviates the inherent strain in a four-

membered PNKSe ring. The only previous example of this ring system occurs in the 

complex {(THF)K[Ph2P(Se)NSiMe3]}2 (26) in which dimerization occurs through K.- • *Se 

interactions.533 The K-Se distances of 3.3555(7) and 3.4079(7) Â in 78 are similar to those 

in 26 [3.366(5)-3.418(4) A] . The K - N distances of 2.872(2) and 2.965(2) A in 78 are, 

however, somewhat longer [cf. 2.77(1) and 2.79(1) A in 26], presumably as a result of the 

increase in coordination of the nitrogen atoms from three to four. The P-Se distance of 

2.1650(6) A in 78 is ca. 0.09 A longer than that in the neutral precursor 77. Consistently, the 

'j( 3 1P- 7 7Se) coupling constant is reduced from 818 to 638 Hz. The bite angle (ZNPSe) of 

106.66(7)° in 78 is similar to that in 77 (105.13(8)°) but much narrower than the value of 

114.3(5)° in 26. 



Each potassium ion in 78 is coordinated by a single THF molecule. Additionally, the 

potassium ions are involved in C(-H)* • -K. agostic interactions in the range 3.432(3) -

3.534(3) Â involving the CH3 groups of'Bu substituents. Previous examples of this type of 

interaction with C(-H)* • *K distances in the range 3.103(2) - 3.494(4) Á have been 

reported.146 Three such interactions involving CI 1, C31 and C32 are observed in 78, 
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effectively increasing the coordination number of each potassium ion from five to eight 

(Fig. 6.3). 

The X-ray structural analysis of 79 (Fig. 6.4) reveals a centrosymmetric dimer in 

which the dianionic ligand adopts two different modes of coordination to the potassium ions. 

One of the potassium ions is (N, N', iV")-chelated by the two exocyclic amido groups and 

through a weak interaction with one of the endocyclic ring nitrogens. The other potassium is 

(N, 5'e)-chelated via a weak interaction with the other endocyclic ring nitrogen, forming a 

four-membered K.NPSe ring. Both pentacoordinate potassium cations are solvated by two 

THF molecules. Complex 79 is the first alkali metal derivative of a dianionic 

cyclodiphosph(III/V)azane chalcogenide, although both tin(II) and tin(lV) complexes of a 

cyclodiphosph(II17V)azane sulfide have been reported previously. 3 6 ' 1 4 7 Although other 

examples of endocyclic TV coordination to metals have been reported for the P(III)/P(III) 

dianion, the involvement of both bridging nitrogens of the P2N2 ring in coordination is 

unprecedented.36 
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Figure 6.4. X-ray structure of {(THF)2K[tBuN(Se)P(yu-NtBu)2PNtBu]K(THF)2}2 (79) Only 

the a-carbons of the lBu groups and the oxygen atoms of THF groups are shown. 

The dimerization of 79 via K-Se interactions is very similar to that of the 

corresponding P(V)/P(V) system 69b. 1 2 9 a In 79 the K-Se distances within the K 2 Se 2 ring are 

equal at 3.287(2) Â forming an almost perfect square, while in 69b the edges are slightly 

shorter than the rungs 3.312(4) A vs. 3.418(3) Á. The P-Se bond length of 2.183(2) Á in 79 

is similar to that found for 78. 
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6.5. Synthesis and X-ray Structure of {NifBuN(Se)P(fi-NtBu)2PN(H)'Bu]2} (80). 

In the context of our interest in synthesizing coordination polymers based on a P2N2 

template, we have previously described M(II) (M = Ni, Pd) complexes of the P(V)/P(V) 

monoanion [tBuN(S)P(//-NtBu)2P(S)N(H)tBu]" (28a) (Chapter 5). 1 3 0 For comparison, we 

have prepared the Ni(II) complex of the P(III)/P(V) monoanion 76 by the metathetical 

process shown in Eq. 6.1. 

2 {(THF)K[tBuN(Se)P(yu-NtBu)2 PN(H) tBu]}2 + NiCl 2(PMe 3) 2 • 

78 

{Ni[ tBuN(Se)P(^-N tBu)2PN(H) tBu]2} + 2KC1 + 2PMe 3 (6.1 ) 

80 

The X-ray structural analysis of the Ni(II) complex 80 reveals bis(/V, Se) coordination 

of the monoanion (Fig. 6.5) in a manner reminiscent of the analogous P(V)/P(V) complex, 

{Ni[ tBuN(S)P(//-N tBu)2P(S)N(H) tBu]}2 (72) (see Chapter Five). Although several NiNPS 

heterocycles have been investigated,5 4' l 3 6'1 3 7 80 is the first structurally characterized NiNPSe 

heterocycle. The nickel center in 80 attains a distorted tetrahedral environment with mean 

bond angles Z N N i N = 136.6(2)°, ZNNiSe = 80.8(1) and 120.6(7)°, and ZSeNiSe = 

123.46(4)° cf. 145.98(11), 80.55(6) and 116.39(6), 122.76(4)°, for the corresponding angles 

in 71. The bite angle (ZNPSe) of 99.5(3)° in 80 is comparable to that observed for 72 



176 

[102.0(1)°]. The Ni-Se distance of 2.479(1) Â is slightly longer than those observed for 

both {Ni[(Ph2PSe)2N]2} (81) (mean value of 2.350(1) Â) , 1 4 8 and {Ni[Ph2PSeC(S)NPh]2} 

(82) (2.344(1)Á).149 However, in both of the aforementioned complexes the nickel(ll) center 

is in a square planar arrangement. The P-Se distance of 2.170(2) Á in 80 falls between those 

reported for 81 (2.194(2) A) 1 4 8 and 82 (2.145(3) A). 1 4 9 The magnetic moment of 80 at 298 K 

is 3.43 B M (cf. 2.90 B M for the related Ni(II) complex 72).130 This value is within the range 

3.0 - 3.5 B M , which has been observed for distorted tetrahedral four-coordinate Ni(Il) 

Complex 83 exhibits anomalous 'H, , 3 C and 3 1 P NMR shifts due to the paramagnetic 

nickel(II) center. This behavior is similar to that observed for 72 (Section 5.5). The 'H 

N M R spectrum of 80 shows three N'Bu resonances; one of the signals is shifted downfield to 

5 21.12 while the other two appear at ô -0.68 and -1.22. Additionally there is an NH 
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resonance at ô -3.86. Similarly, the 1 3 C NMR spectrum shows anomalous shifts at ô 

552.84 and 382.76 corresponding to the a and /? carbons, respectively, of the nickel-

coordinated N'Bu group. The 3 I P NMR spectrum reveals two resonances of approximately 

equal intensity, viz. a broad singlet at 5 957.7 and a sharp singlet at ô 22.2. A double 

resonance experiment confirmed the connection between the 3 1 P NMR resonance at 5 957.7 

and the ' H N M R resonance of 21.12; an HMQC experiment established the connection 

between the 'H NMR resonance at ô 21.12 and the l 3 C NMR resonance at ô 382.76. 

Attempts to obtain a 7 7Se NMR spectrum of 80 were unsuccessful, presumably because the 

selenium site is directly connected to the paramagnetic Ni(II) center. The remarkable 

downfield shifts of these resonances are attributed to the shielding effect of the adjacent, 

paramagnetic Ni(II) center. 

6.6. Conclusions 

The mixed oxidation state monoanion 76 and the dianion 30 can be generated by the 

reaction of 77 with the appropriate metallating agent. The synthesis of the Ni(II) complex of 

80 suggests an alternative approach to P2N2-templated coordination polymers that involves 

linking the P(III) centers to a metal. 

6.7. Experimental Section 

General procedures are described in Appendix One. Due to solvent loss from the 

crystals, satisfactory elemental analysis could not be obtained for 78 and 79. 
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6.7.1. Preparation of ¡tBu(H)N(Se)P(/u-lStBu)2PN(H)tBu] (77). 

A mixture of [ tBu(H)N(Se)P( /u-N tBu)2P(Se)N(H) tBu] (3.80 g, 7.50 mmol) and 

[ 'BU (H )NP(//-N'BU ) 2 PN (H ) 'BU ] (2.61 g, 7.50 mmol) in toluene (75 mL) was heated to 85° for 

18 h. The solvent was removed under vacuum and the residue was washed with pentane (2 x 

10 mL) to give 77 as a white solid (6.24 g, 14.6 mmol, 97%). 'H NMR (C 6 D 6 , 5): 3.82 [d, 

1H,NH, 1 ^ - ^ ) = 14 Hz], 2.93 [d, 1H, NH, V ( ' H- 3 1 P ) = 7 Hz], 1.65 (s, 18H, lBu), 1.14 

(s, 9H, 'Bu), 1.10 (s, 9H, lBu). 3 1 P {'H} NMR (d8-THF, Ô): 80.9 (s), 26.8 [s, ' j ( 3 , P - 7 7 Se) = 

817Hz]. 7 7Se NMR (dg-THF, Ô): -80.1 [d, ' j( 3 1P- 7 7 Se) = 818 Hz]. IR (KBr/Nujol, cm"1): 

3377 ( N - H ) , 3250 (N - H ) . Anal. Caled for C,6H3gN4P2Se: C, 44.96; H, 8.96; N , 13.11. 

Found: C, 45.02; H, 8.78; N , 13.00. MS [EI, m/z (rei int)}: 428 (19) (M +). 

6.7.2. Preparation of {(THF)K/tBuN(Se)P(^-lS'Bu)2PN(H)tBuJ}2 (78) 

A solution of KO'Bu (0.135 g, 1.20 mmol) in THF (20 mL) was added dropwise to a 

solution of [ tBu(H)N(Se)P(//-N'Bu)2PN(H) tBu] (0.500 g, 1.17 mmol) in THF (25 mL) at 

23°C. After 3 h the volume of the solution was reduced to 10 mL and 3 mL of hexane was 

added. The solution was stored at -23°C and after 24 h, colorless X-ray quality crystals of 

78 (0.491 g, 0.913 mmol, 78%) were obtained. 'H NMR (dg-THF, Ô): 3.58 (m, 

[0(C// 2) 2(CH 2) 2]), 2.78 [d, 1H, NH, 2 J( 'H- 3 1P) = 6 Hz], 1.76 (m, [0(CH 2) 2(C// 2) 2]), 1.53 (s, 

18H,'Bu), 1.31 (s,9H,'Bu), 1.23 (s, 9H,'Bu). 3 I P {*H} NMR (dg-THF, Ô): 75.6 (s), 0.2 [s, 
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' j( 3 l P- 7 7 Se) = 640 Hz]. 7 7Se NMR (dg-THF, 8 ) : 14.5 [d, 'j( 3 1P- 7 7Se) = 638 Hz]. IR 

(KBr/Nujol, cm"1): 3377 (N-H). 

6.7.3. Preparation of{[(THF)2K]2fBuN(Se)P(yrNtBu)2PNiBu]}2 (79) 

A solution of KCH 2 Ph (0.321 g, 2.46 mmol) in THF (20 mL) was added dropwise to 

a solution of [tBu(H)N(Se)P(//-NtBu)2PN(H)tBu] (0.500 g, 1.17 mmol) in THF (25 mL) at 

23°C. After 18 h the solvent was removed from the yellow solution in vacuo and the residue 

was washed with pentane (2x5 mL) to give 79 as a pale yellow solid (0.631 g, 0.796 mmol, 

68%). X-ray quality crystals were obtained from a THF-hexane solution at 23°C after 24 h. 

'H N M R (dg-THF, 5): 3.58 (m, [0(Ci/ 2) 2(CH 2) 2]), 2.78 (d, 1H, NH), 1.77 (m, 

[0(CH 2) 2(C// 2) 2]), 1.50 (s, 18H, lBu), 1.35 (s, 9H, Tiu), 1.17 (s, 9H, lBu). 3 1 P {'H} N M R 

(dg-THF, 8 ) : 104.3 (d, [ 2J( 3 1P- 3 1P) = 29]), 2.4 (d, [ 2J( 3 1P- 3 1P) = 29, 'j( 3 1P- 7 7Se) = 611 Hz]). 

7 7Se N M R (dg-THF, 8 ) : 43.4 [d, 'j( 3 1P- 7 7Se) = 611 Hz]. 

6.7.4. Preparation of{NitBuN(Se)P(fjrNtBu)2PN(H)tBu]2} (80) 

Benzene (25 mL) was added to a mixture of {(THF)K[lBuN(Se)P(//-

N tBu) 2PN(H) tBu]} 2 (1.00 g, 1.86 mmol) and NiCl 2(PMe 3) 2 (0.262 g, 0.930 mmol) at 23°C. 

The color of the solution changed from red to dark green/purple. After 18 h, the solvent was 

removed in vacuo and the product was redissolved in hexane. The precipitate of KC1 was 

removed by filtration and the volume of the filtrate was reduced to 10 mL. Green X-ray 

quality crystals of 80 were obtained after 3 d at -23°C (0.668 g, 0.733 mmol, 79%). 'H 
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N M R (CDCI3, ô): 21.12 (br s, 18H, 'Bu), -0.68 (s, 18H, 'Bu), -1.22 (br s, 36H, 'Bu), 

-3.86 (br s, 2H, NH). , 3 C NMR (CDC13, 5): 552.84, 52.12, 42.16 [C(CH 3) 3]; 382.76, 38.57, 

31.48 [C(CH 3) 3]. 3 1 P {'H} N M R (C 6 D 6 , 5): 957.7 (br, s), 22.2 (s). IR (KBr/Nujol, cm"1): 

3382 (N-H). Anal. Caled for C 3 2H74N 8Se 2Ni:C, 42.17; H, 8.18; N , 12.29. Found: C, 41.76; 

H, 8.36; N , 11.50. MS [ESI, m/z]: 913 (M + H +). UV-vis [CH2C12; X m a x ¡n nm (e in M " 1 

cm"1)]: 323 (2.5 x IO3), 354 (3.1 x IO3), 462 (2.8 x IO3), 592 (1.2 x IO2). Magnetic moment 

(//, 298 K): 3.43 B M . 

6.7.5. Reaction of {(THF)K¡tBuN(Se)P(/j-N<Bu)2PN(H)tBu]}2 (78) with Li"Bu 

«-Butyllithium (0.379 mL, 0.0607 g, 0.948 mmol) was added dropwise to a solution 

of 78 (0.509 g, 0.948 mmol) in THF (25 mL) at 23°C and the reaction mixture was refluxed 

at 75°C for 18 h. The solvent was removed under vacuum and the residue was shown by 'H 

and 3 1 P NMR spectra to be a mixture of 12 and 69b. The two components were separated by 

washing the residue with hexane (1 x 20 mL) in which 12 is soluble. The volume of the 

hexane solution was reduced to 5 mL and colorless crystals of 12 (0.124 g, 0.246 mmol, 

52%) were obtained after 1 d at -23°C. "H NMR (C 6 D 6 , 5): 3.65 (m, THF), 1.57 (s, 18 H, 

'Bu), 1.51 (s, 18 H,'Bu), 1.33 (m, THF). 3 1 P {]H} NMR (C 6 D 6 , ô): 158.3 (s), [cf. lit: 3 5 *H 

(C 6 D 6 , Ô): 3.66 (m), 1.55 (s), 1.49 (s), 1.32 (m). 3 1 P {'H} NMR (C 6 D 6 , ô): 159.6 (s)]. 

Colorless crystals of 69b (0.174 g, 0.218 mmol, 46%) were obtained from a solution of the 

hexane-insoluble residue in THF (5 mL). *H (dg-THF, 5): 3.58 (m, THF), 1.75 (m, THF), 

I. 66 (s, 18 H, 'Bu), 1.33 (s, 18 H, 'Bu). 3 1 P {*H} (dg-THF, ô): -0.10 [s, ' j( 3 1P- 7 7Se) = 686 
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Hz], [cf. l i t . : , 2 9 a 'H (dg-THF, ô): 3.58 (m), 1.74 (m), 1.66 (s), 1.33 (s). 3 , P {'H} NMR 

(d8-THF, ô): -0.03 [s, 'j( 3 1P- 7 7Se) = 686 Hz]. 
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CHAPTER SEVEN 

Conclusions and Future Work 

7.1. Concluding Remarks 

Prior to this work, examples of imido-chalcogenido phosphorus-centered anions were 

known only for the phosphinates and diphosphinates (Chapter One). This dissertation had 

three primary objectives: (1) the synthesis, spectroscopic and structural characterization of 

new imido-chalcogenido phosphorus-centered anions, (2) an examination of the effects of 

heavier chalcogen atoms on the coordination of metals, and (3) the development of 

ambidentate ligands for potential use in inorganic coordination polymers. These objectives 

were achieved and, as a result of this work, the family of imido-chalcogenido phosphorus-

centered anions now includes the phosphonates, orthophosphates and metaphosphates. 
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7.2. Summary of Lessons Learned 

Several key lessons were learned throughout the course of this investigation. The 

following is a summary of the most important findings, including relevant examples. 

7.2.1. Deprotonation Methodology 

It was important to establish a synthetic methodology for the formation of imido-

chalcogenido phosphorus-centered anions. The deprotonation of primary amido precursors 

has been previously successful for the generation of related polyimido phosphonate, 

orthophosphate and metaphosphate anions. Therefore, a similar strategy was applied for the 

formation of imido-chalcogenido phosphorus-centered anions. This work has demonstrated 

that metallation of primary amido precursors using organometallic, metal alkoxide or metal 

amide reagents is effective for the most electropositive elements, e.g. L i , Na, K, as well as for 

Zn and A l . 

Two additional factors influence the metallation of amido precursors: (a) the nature of 

the R group in the amido substituent NHR (alkyl or aryl) and (b) the stability of the product. 

These are discussed below. 

7.2.1.1. Nature of the R Group 

In general, amido precursors containing electron-withdrawing aryl substituents were 

deprotonated relatively easily while metallation of alkylamido precursors often did not react 

to completion, especially in the reactions of lithium reagents with the tris(amido)phosphates 
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{EPrN(H)'Bu]3} (E = O, S). The reactivity of a precursor that contains arylamido 

substituents is higher because the amido protons are more acidic and therefore more easily 

deprotonated. The use of aryl substituents led to the successful synthesis of 

tris(arylimido)thio- and selenophosphate trianions, the first trianionic imido-chalcogenido 

orthophosphate analogues. 

This strategy has also been successful in reactions of alkylamido chalcogenido 

cyclodiphosph(V/V)azanes. While the lithiation of [tBu(H)N(S)P(//-NtBu)2P(S)N(H)tBu] 

with ft-butyllithium under ambient conditions generated the monolithium salt, 

{(L)Li[ tBuN(S)P(//-N tBu)2P(S)NH tBu]} [L = TMEDA, 64 or (THF)2, 70], the stronger base, 

fórí-butyllithium, and refluxing conditions were required to form the dilithium salt, 

({THF)2Li[ tBuN(S)P(//-N tBu)2P(S)N'Bu]Li(THF)2} (65). This behavior differs from the 

lithiation of the analogous arylamido derivative, [Ph(H)N(S)P(//-NtBu)2P(S)N(H)Ph], which 

generates the dilithium salt under ambient conditions. 

(THF) 

(THF)2 Li 

65 68/69 
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7.2.1.2. Stability of the Product 

While dilithiation to form 65 required a more nucleophilic reagent and refluxing 

conditions, metallation with sodium and potassium amide under ambient conditions led 

exclusively to the dimetallated complexes, {(THF)xM[ tBuN(E)P(//-

N tBu)2P(E)N tBu]M(THF)x} (68, M = Na; 69, K; E = S or Se). 

Coordination to the L i + ions (65) occurs via a "side-on" bis (TV, S) chelation forming 

PNLiS 4-membered rings, while the heavier alkali metals, Na + and K +(68 and 69, 

respectively), coordinate in a "top and bottom" (N, N' and E, E') bonding mode to give 

PNPNMN and PNPEME 6-membered rings. The ease of formation of 68/69 compared to 65 

cannot be a result of differences in reactivity as the metallating reagent used to form 68/69 is 

less nucleophilic than that used to form 65. Therefore this must be due to the stability of the 

product formed in the coordination mode of 68/69. The fact that a monometallated Na +or K + 

derivative is not formed suggests that the stability of the "top and bottom" coordination 

product enables the dimetallation to occur favorably. The 4-membered rings are inherently 

more strained than 6-membered rings suggesting that larger metal ions will preferentially 

adopt a "top and bottom" coordination mode in complexes with [RN(E)P(//-NR)2P(E)NR]2~ 

dianions. 

7.2.2. P=E Bond Lability (E = S, Se) 

It has been demonstrated that P=E (E = S, Se) bond lability occurs as a result of three 

conditions: (1) high temperatures, (2) the use of alkyllithium reagents, and (3) the presence of 
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phosphines (PR3). As a deprotonation strategy was selected for the generation of imido-

chalcogenido phosphorus-centered anions, the second condition proved to be the most 

troublesome. 

It is well known that phosphorus-sulfur and phosphorus-selenium bonds are labile 

and that the lability is greater for the heavier chalcogens. It is this property of compounds 

with P=E bonds that has stimulated research into their use as chalcogen transfer reagents in 

the formation of new element-chalcogen bonds in both organic and inorganic chemistry.150 

However, the reactions of alkyllithium reagents have only been reported with elemental 

chalcogens, generating the corresponding lithium chalcogenate (LiER) . I 2 5 a A mechanism has 

been suggested for the reaction of R3P=E (E = S, Se) with methyl trifluoromethane-sulfonate 

(methyl inflate)151 (Scheme 7.1a). Although methyl trinate is an electrophile and 

alkyllithium reagents are nucleophiles, a similar mechanism is suggested for the reaction of 

R3P=E with H-butyllithium to account for P=E bond cleavage in imido-chalcogenido 

phosphorus-centered complexes (Scheme 7.1b). 
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7.2.3. Polarity vs. Steric Effects in Mode of Aggregation 

A competition exists between aggregation via sterically unencumbered M - E (E = S, 

Se) bonds and the bulky, but more polar, M - N R bonds. Although it is based on only a single 

comparison of the thiophosphates (Chapter Four), it was shown that when the imido 

substituents are bulky ('Bu), steric repulsion leads to dimerization via M-S in preference to 

M - N edges, whereas with a less bulky substituent ('Pr) dimerization occurs through M - N 

edges. This competition between polarity and sterics in the mode of aggregation is an 

important variable in cluster formation; further investigation is required to better understand 

it. 
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7.2.4. Donor Solvents 

The majority of metal complexes formed throughout this investigation required a 

donor solvent to enhance their solubility. Both THF and TMEDA, mono- and bi-dentate 

donors, respectively, were used for this purpose and, typically, solvation assisted in the 

formation of symmetrical structures with single phosphorus NMR resonances. While 

coordination by donor solvents leads to greater solubility, the occupation of coordination 

sites suppresses the formation of extended structures. It is important to keep this in mind for 

the generation of coordination polymers (Section 7.3). 

7.2.5. Temptation Effects 

Several clusters that were structurally characterized in this work were found to 

incorporate lithium salts. The formation of the LÌ20-templated complex 

{(THF)L¡2[PhP(0)(N tBu)2}4 ,LÍ20 (32a) provided another example of the creation of a cluster 

with a central OLÍ6 core caused by the presence of adventitious water. The lithiation of 

tris(arylamido)thio- and selenophosphates generated trianionic complexes that, in the case of 

two minor reaction products, were templated by LiOH and LÍ2Se2, respectively. 

Although donor solvents are useful for increasing solubility, growing single crystals of these 

cluster complexes for X-ray diffraction can often be challenging. Templation by inorganic 

salts, as illustrated in the examples above, did allow for the formation of single crystals 

which were suitable for X-ray diffraction. The deliberate addition of inorganic salts, e.g. 

lithium halides, is a known strategy for promoting crystallization.520 



189 

7.2.6. Coordination Modes 

One of the main themes of this dissertation is coordination chemistry. Investigations 

of metal derivatives of the ambidentate mono- and di-anions {lBuN(E)P(//-

N tBu)2P(E)[N(H)x

tBu]}2" x (E = S, Se, Te; x = 0, 1) reveal three different modes of 

coordination:623 (1) "side-on" (TV, £)-chelation [for Li(I), Ni(II), Pd(II), Cu(I), Zn(II), 

Te(IMV), Ti(IV), Al(III)], (2) (N, Te)/(Te,Te ')-chelation [for Li(I)], and (3) "top and 

bottom" (TV, TV' and E, E')-chelation [for Na(I), K(I), Pt(II), and Sn(II)].' Although the 

number of examples is limited, these findings suggest that the coordination mode to a metal 

center is influenced by both the hard/soft properties of the metal and by the size of the metal 

ion. As 6-membered rings are less strained, more stable, and more easily synthesized 

(Section 7.2.1.2), the choice of metal center will be important for the development of 

coordination polymers. 

7.3. Suggested Future Research Direction 

Several intriguing research directions could stem from this work, however the most 

novel and promising is the development of metal coordination polymers. Metal coordination 

polymers are currently being investigated for their use in heterogeneous catalysis, magnetic 

applications, and liquid crystalline applications, among others.152 The coordination polymers 

1 Substituents on metal centers are not included. 
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that have been investigated to date often incorporate an aromatic organic backbone with 

an electron rich donor, such as nitrogen, e.g. bipyridine, to bridge metal centers. 

The generation of metal coordination complexes incorporating an inorganic backbone 

is a new and intriguing research area. Using the P2N2 template of the 

cyclodiphosph(V/V)azane ligand as a bridge between metal centers, formation of 

coordination polymers is envisaged to occur through either "top and bottom" (N, Af'and E, 

E) or "side-on" (N, incoordination [Scheme 7.2. (a) and (b), respectively]. 

Scheme 7.2. 
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Three synthetic approaches are promising for the generation of coordination 

polymers. First, the metallation of terminal N(H) lBu amido substituents, e.g. with MMe2 (M 

= Zn, Cd), of previously formed Ni(II) (74) and Pd(II) (76) complexes may generate short-

chain P2N2-templated coordination polymers with different metal centers. Second, the 

metathesis reactions of alkali metal salts of the [RN(E)P(//-NR)2P(E)NR]2~ dianion with 

transition metal halides may lead to a one-step synthesis of coordination polymers comprised 

of one type of transition metal. Third, the synthesis of Ni[ tBuN(Se)P(//-N tBu)2PN(H) tBu]2 

(83) with both P(III) and P(V) centers provides an alternative approach to a different type of 

coordination polymer. By utilizing the lone pair on the P(III) center in donation to a metal 

center (cf. a phosphine donor, R3P—»M), a coordination/donor polymer can be envisaged 

(Scheme 7.3.). Previous work on cyclodiphosph(HI/III)azane ligands have shown that they 

successfully bridge metal centers through donation of the lone pair of phosphorus(IIl).153 

Scheme 7.3. 
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Based on the lessons learned from this dissertation, the following 

recommendations are made towards the successful synthesis of metal coordination polymers: 

(1) Use bulky aryl substituents [e.g. 2,4,6-tri(/s0-propyl)phenyl] on the amido nitrogen 

centers to aid the solubility of the coordination polymer and to increase the acidity of the 

amido protons for ease of deprotonation (Section 7.2.1.1). 

(2) Utilize large, soft divalent metal centers to increase the stability of the product by 

encouraging preferential coordination via 6-membered rings ("top and bottom" coordination, 

Scheme 7.2a) (Section 7.2.1.2). 

(3) Avoid phosphines, organolithium reagents and high temperatures to reduce P-E bond 

lability (Section 7.2.2). 
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The first two sections of this Appendix describe the general procedures and 

instrumental methods that were used for the experimental work described in Chapters 2 - 6 . 

1.1. Reagents and General Methods 

Solvents were dried and distilled prior to use: toluene, tetrahydrofuran, diethyl ether, 

pentane and «-hexane (Na/benzophenone), acetonitrile (P2O5). 

rc-Butyllithium (2.5 M solution in hexanes, Aldrich), i-butyllithium (1.7 M solution in 

pentane, Aldrich), fórt-butylamine (98%, Aldrich), /.^-propylamine (99.5%, Aldrich), para-

toluidine (99%, Aldrich), aniline (99%, Aldrich), phosphoryl chloride (99%, Aldrich), 

thiophosphoryl chloride (99%, Aldrich), TMEDA (99.5%, Aldrich), trimethylaluminum (2.0 

M solution in hexanes, Aldrich), fôrt-butylhydroperoxide (5.0 - 6.0 M , Aldrich), sulfur 

(99.5%, Aldrich), selenium (99.5%, Aldrich), NaN(SiMe 3) 2 (95%, Aldrich) and KN(SiMe 3) 2 

(95%, Aldrich), cw-PtCl2(PEt3)2 (99%, Strem), PdCl2(PhCN)2 (99%, Strem), trans-

PdCI2(PPh3)2 (99%, Strem), and CuCl (99.99+%, Aldrich) were used as received. 

The compounds, [PhPÍNH'Buh],6 1 (Et 20)LiN(SiMe 3) 2 , 1 5 4 LiN(H) l Bu, 1 2 0 P(NHPh) 3, 1 1 9 

[ tBu(H)NP( /u-N tBu)2PN(H) tBu] 63, 3 5 [tBu(H)N(S)P(//-NtBu)2P(S)N(H)tBu] 62a, 1 3 2 

NiCl 2 (PEt 3 ) 2 , 1 5 5 KCH 2 Ph , 1 5 6 were prepared by literature procedures. 

Caution: Selenium compounds are potentially toxic. Al l reactions should be carried 

out in a well ventilated fume hood. The use of protective latex gloves is recommended. 



211 

1.2. Instrumentation 

Unless stated, NMR data were recorded at 23°C. 'H NMR spectra were collected on 

a Bruker ACT-200 spectrometer and chemical shifts are reported relative to Me 4Si in CDCI3 . 

31 7 

P and Li NMR spectra were obtained on a Bruker AMX2-300 spectrometer; chemical 

shifts are reported relative to 85% H3PO4 and 1M LiCl in D 2 0 , respectively. 7 7Se NMR 

spectra were obtained on a Bruker Avance DRX 400 spectrometer; chemical shifts are 

reported relative to Ph2Se2 (+463 ppm relative to Me2Se). Solid-state NMR spectra were 

collected on a Bruker AMX2-300 spectrometer. The 1 9 5Pt NMR spectrum was recorded on a 

Bruker AMX2-300 spectrometer; chemical shifts are reported relative to 0.2 M H2PtCl6 in 

D 2 0 . Infrared spectra were recorded as Nujol mulls on KBr plates on a Nicolet Nexus 470 

FTIR in the range 4000 - 350 cm"1. Mass spectra were obtained with a V G Micromass 

spectrometer VG7070 (70 eV), Kratos MS80 RFA spectrometer (FAB), or a Bruker Esquire 

3000 ESI Ion Trap mass spectrometer. Uv-vis spectra were collected on a Unicam Helios 

uv-visible spectrometer in the range 190 - 720 nm. Magnetic susceptibility measurements 

were made on an Alfa Aesar Mark 1 Magnetic Susceptibility Balance. Elemental analyses 

were obtained with a Control Equipment Corporation Model 440 by the Analytical Services 

Laboratory, Department of Chemistry, University of Calgary. 

1.3. Procedures for X-ray Analyses 

Full details of X-ray structural characterization may be obtained from Drs T. Chivers 

or M . Parvez. Crystallographic data are summarized in Appendix Two. In this Appendix, 
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the general procedures for data collection are summarized and specific comments 

regarding disorder problems for individual compounds are included. 

X-ray structures of 32a, 32a', 32b, 32c, 34c, 38, 39, 42, 43, 49, 55, 56, and 58 were 

obtained by Dr. M . Parvez, while 62b and 77 were determined by Dr. G. Schatte on a Nonius 

Kappa CCD FR540C diffractometer. The structures of 40, 41, 50, 51, 67, 72, 78, 79, and 80 

were solved by Dr. G. Schatte and Dr. R. MacDonald on a Bruker AXS P4/RA/SMART 

1000 CCD diffractometer at the University of Alberta. The X-ray structure of 45 was 

obtained by Dr. G. P. A. Yap on a Bruker A X SMART lk CCD diffractomer at the 

University of Ottawa. X-ray structures of 52, 64, 65, 68a, 69b, 71, 74, and 75 were 

determined by Dr. M . Parvez on a Rigaku AFC6S diffractometer. Scattering factors were 

those of Cromer and Waber157 and allowance was made for anomalous dispersion.158 The X -

ray structural data for 53 was collected by Dr. M . Ruf (Bruker) on a Bruker SMART APEX 

CCD and solved by Dr. G. Schatte. 

Structures were solved by direct methods (SIR-92)159 and refined by full-matrix least-

squares methods on F 2 with SHELXL-97. 1 6 0 Unless otherwise stated the non-hydrogen 

atoms were refined anisotropically; hydrogen atoms were included at geometrically idealized 

positions but not refined. Unless stated, displacement ellipsoids are plotted at the 30% 

probability level in Chapters 2 - 6 . 
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{(THF)Li2fPhP(0)(N,Bu)2}4-Li20 (32a) 

A colorless prism-like crystal of 32a (0.30 x 0.20 x 0.10 mm) was mounted on a glass 

fiber. A total of 25974 reflections were collected, of which 14857 had I > 2.00a(I). The C 

atoms of a molecule of pentane solvate were allowed isotropic displacement parameters as 

they were disordered and showed large vibrational parameters. 

{(Et2O)05Li2[PhP(O)(N,Bu)2]}4 (32a') 

A colorless prism-like crystal of 32a' (0.20 x 0.15 x 0.15 mm) was mounted on a 

glass fiber. A total of 13172 reflections were collected, of which 8977 had 1 > 2.00a(I). The 

non-hydrogen atoms were refined anisotropically except for the smaller fractions of the 

disordered atoms which were allowed isotropic displacement parameters. 

{(THF)2Li2[PhP(S)(NtBu)2]}2(32b) 

A colorless prism-like crystal of 32b (0.18 x 0.12 x 0.10 mm) was mounted on a glass 

fiber. A total of 5898 reflections were collected, of which 4244 had I > 2.00a(I). One of the 

THF ligands had three disordered C atoms, which were included in the refinements with 

partial site occupancy factors. 
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{(THF)2Li2[PhP(Se)0Bu)2]}2 (32c) 

A colorless prism-like crystal of 32c (0.30 x 0.30 x 0.25 mm) was mounted on a glass 

fiber. A total of 5732 reflections were collected, of which 5455 had I > 2.00CT(I). The C 

atoms of one THF ligand were disordered over two sites with partial occupancy factors. 

{Me2Al[PhP(Se)(N'Bu)(NHtBu]} (34c) 

A colorless prism-like crystal of 34c (0.25 x 0.20 x 0.19 mm) was mounted on a glass 

fiber. A total of 4298 reflections were collected, of which 4132 had I > 2.00a(I). 

OP[N(H)Me]s (38) 

A colorless block crystal of 38 (0.20 x 0.18 x 0.15 mm) was mounted on a glass fiber. 

A total of 2666 reflections were collected, of which 1461 had I > 2.00a(I). Hydrogen atoms 

were included at geometrically idealized positions and were not refined except for the H-

atoms bonded to N-atoms. 

OP[N(H)'Bu/3(39) 

A colorless plate crystal of 39 (0.10 x 0.10 x 0.05 mm) was mounted on a glass fiber. 

A total of 6482 reflections were collected, of which 2855 had I > 2.00CT(I). The P and O 

atoms were disordered over two sites each with occupancy factors 0.923(3) and 0.077(3). 

The non-hydrogen atoms were refined anisotropically except for the smaller fractions of the 

P and O atoms which were allowed isotropic displacement factors. 
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(THF)fLiOP(NtBu)fN(H)'BuJ2}3(40) 

A colorless block crystal of 4 0 (0.55 x 0.42 x 0.41 mm) was mounted on a glass fiber. 

A total of 8483 reflections were collected, of which 4878 had I > 2.00c(I). The carbon atoms 

of one lBu group [C(81), C(82), C(83)] were disordered over two sites with partial occupancy 

factors of 0.61(2) and 0.40(2). The carbon atoms of the THF molecule were also disordered 

over two positions with partial occupancy factors of 0.73(1) and 0.27(1). 

{(THF)2Li2OP(NtBu)2fN(H)'BuJ}2(41) 

A colorless prism-like crystal of 4 1 (0.43 x 0.40 x 0.17 mm) was mounted on a glass 

fiber. A total of 5177 reflections were collected, of which 4223 had 1 > 2.00a(I). 

{Zn4(¡U4-0)[OP(NMe)[N(H)Me]2]4[OP(NMe)2[N(H)MelJ}2(43) 

A colorless block crystal of 4 3 (0.15 x 0.15 x 0.15 mm) was mounted on a glass fiber. 

A total of 10817 reflections were collected, of which 8174 had I > 2.00a(I). The non-

hydrogen atoms were refined anisotropically except for the toluene C-atoms. A disordered 

molecule of toluene was located in the lattice. 

{(THF)2Li[(tBuN)2P(fjrNtBu)2P(S)2]Li(THF)2}(45) 

A colorless block crystal of 4 5 (0.10 x 0.10 x 0.10 mm) was mounted on a glass fiber. 

A total of 2714 reflections were collected, of which 2101 had I > 2.00CT(I). 
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{SeP[N(H)Ph]3} (49) 

A colorless block crystal of 49 (0.20 x 0.18 x 0.15 mm) was mounted on a glass fiber. 

A total of 7080 reflections were collected, of which 3389 had I > 2.00a(I). 

{(THF){LiSP0Pr)[N(H)iPr]2}2(5O) 

A colorless prism-like crystal of 50 (0.71 x 0.44 x 0.34 mm) was mounted on a glass 

fiber. A total of 8355 reflections were collected, of which 3030 had I > 2.00a(I). 

ff(TMEDA)Li2JSP(NiPr)2fN(H)iPrJ}2(51) 

A colorless prism-like crystal of 51 (0.35 x 0.18 x 0.10 mm) was mounted on a glass 

fiber. A total of 10224 reflections were collected, of which 3612 had I > 2.00a(I). 

{[LiSP(rfBu)(NHtBu)2][(THF)Li2SP(rfBu)2(NHtBu)]}2(52) 

A colorless block crystal of 52 (0.60 x 0.50 x 0.40 mm) was mounted on a glass fiber. 

A total of 7877 reflections were collected, of which 3940 had I > 2.00a(l). A THF molecule 

was disordered over two sites; the C - 0 and C-C bonds were constrained. The lattice also 

contained two molecules of pentane in the unit cell. The C-atoms of the pentane solvate 

were allowed isotropic temperature factors and the hydrogen atoms were included but not 

refined; two H-atoms of pentane attached to C29 were ignored. 
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{(THF)Lif(tBuN)2P(jUrNtBu)2P(NtBu)2jLi(THF)}(53) 

A colorless block crystal of 5 3 (0.43 x 0.40 x 0.35 mm) was mounted on a glass fiber. 

A total of 6284 reflections were collected, of which 1409 had I > 2.00CT(I). The carbon atoms 

of a coordinating THF molecule, labelled as CI - C4 and C I ' - C4', were disordered with 

partial occupancy factors of 0.5 each. 

{(THF)4Li3[SP(Np-tol)3] [(THF)LiOH]}2 (56) 

A colorless block crystal of 5 6 (0.15 x 0.12 x 0.10 mm) was mounted on a glass fiber. 

A total of 28171 reflections were collected, of which 5325 had I > 2.00a(I). C-atoms C27 

and C39 from two different THF molecules were disordered over two sites each. 

{(THF)4Li3[SeP(NPh) 3][(THF)LiSe]}2 (58) 

An orange prismatic crystal of 5 8 (0.08 x 0.07 x 0.06 mm) was mounted on a glass 

fiber. A total of 15128 reflections were collected, of which 3940 had I > 2.00o(I). Two C-

atoms of a THF solvent molecule were disordered and allowed isotropic displacement 

parameters. 

{(TMEDA)LifBuN(S)P(vrrfBu)2P(S)N(H)'BuJ} (64) 

A colorless prismatic crystal of 6 4 (0.60 x 0.40 x 0.40 mm) was mounted on a glass 

fiber. A total of 5637 reflections were measured, of which 2976 had I > 2.00CT(I). The 
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methyl carbon atoms C10-C12 and C22 showed large temperature factors indicating a 

degree of thermal disorder. 

{(THF)2Li{tBuN(S)P(Ju-lStBu)2P(S)NtBuJLi(THF)2}(65) 

A colorless block crystal of 65 (0.55 x 0.45 x 0.40 mm) was mounted on a glass fiber. 

A total of 8528 reflections were measured, of which 4640 had I > 2.00a(I). Six carbon atoms 

of two THF molecules were disordered with inequivalent occupancy factors. The major 

fractions of these disordered atoms were allowed anisotropic displacement parameters while 

the minor fractions were allowed isotropic temperature factors. 

{(THF)2LifBuN(Se)P(vrNtBu)^NH'BuJ} (6 7) 

A colorless prismatic crystal of 67 (0.28 x 0.22 x 0.21 mm) was mounted on a glass 

fiber. A total of 21397 reflections were measured, of which 5355 had I > 2.00a(l). Two 

independent molecules were present in the asymmetric unit. The bond distances and angles 

of the two molecules are very similar and the parameters for only one of these molecules are 

reported in Table 5.3. In one of these two molecules the carbon atoms of one of the 

coordinating THF molecules (C1-C4, and Cl'-C4') are disordered over two sites with partial 

occupancy factors and its atoms were refined using the SAME, DELU, and S1MU 

constraints. In the other molecule the methyl groups of one of the 'Bu groups (C81-C83, and 

C81-C83') showed a severe rotational disorder and they could only be refined isotropically. 
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{(THF)2NafBuN(S)P(M-NtBu)2P(S)NiBu]Na(THF)2}(68a) 

A pale prismatic crystal of 68a (0.45 x 0.35 x 0.20 mm) was mounted on a glass fiber. 

A total of 8023 reflections were measured, of which 1786 had I > 2.00CT(I). 

{(THF)K[(tBuN)(Se)P(^NtBu)2P(Se)0Bu)]K(THF)2}n(69b) 

A colorless prismatic crystal of 69b (0.50 x 0.30 x 0.20 mm) was mounted on a glass 

fiber. A total of 7712 reflections were measured, of which 2135 had I > 2.00G(I). The 

carbon atoms (CI 8-20) of a THF molecule had large thermal displacement parameters 

showing thermal disorder. 

{(PPh3)CutfBuN)(S)P(t*-NîBu)2P(S)(NHtBu)]}(71) 

A colorless prismatic crystal of 7 1 (0.50 x 0.48 x 0.30 mm) was mounted on a glass 

fiber. The intensities of 6844 unique reflections were measured, of which 4157 had I > 

2.00G(I). The phenyl rings were included as regular hexagons using constrained C-C bond 

lengths of 1.39Â. 

{Ni[fBuN)(S)P(fi-NtBu)2P(S)(NHtBu)]2}(72) 

A purple-green plate-like crystal of 7 2 (0.60 x 0.40 x 0.14 mm) was mounted on a 

glass fiber. A total of 11808 reflections were collected, of which 3178 had I > 2.00a(I). The 

methyl group of the toluene molecule in the lattice was disordered around the two-fold axis; 
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the atom C(l S) was refined with a partial occupancy factor of 0.50. One of the hydrogen 

atoms of the toluene solvate was ignored due to the disordered methyl group. 

{Pd[(tBuN)(S)P(^NtBu)2P(S)(NHtBu)]2}(74) 

A yellow plate crystal of 74 (0.43 x 0.36 x 0.17 mm) was mounted on a glass fiber. 

The intensities of 4813 unique reflections were measured, of which 2909 had I > 2.00a(l). A 

disordered molecule of toluene was located close to the inversion center and its phenyl ring 

was not refined. 

{(PEt3)2PtHtBuN)(S)P(vrN'Bu)2P(S)(N'Bu)](75) 

A colorless prismatic crystal of 75 (0.48 x 0.40 x 0.20 mm) was mounted on a glass 

fiber. The intensities of 8028 unique reflections were measured, of which 4838 had I > 

2.00a(I). A disordered molecule of toluene was located in the lattice; C-atoms of the solvate 

were refined with isotropic temperature factors using constrained C-C bond lengths of 1.39 

Â. 

tBu(H)N(Se)P(^NtBu) 2P(Se)N(H)'Bu] (62b) 

A colorless rod-like crystal of 62b (0.67 x 0.11 x 0.05 mm) was mounted on a glass 

fiber. A total of 27606 reflections was collected, of which 4785 had I > 2.00a(I). The 

asymmetric unit contains two molecules of 62b with similar bond distances and bond angles. 

The methyl substituents of one of the 'Bu groups in the second molecule showed severe 
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disorder over two sites with partial occupancy factors of 0.534(15) and 0.466(15) for 

C71-73 and C71 '-73', respectively. 

fBu(H)N(Se)P(1u-NtBu) 2PN(H)'BuJ (77) 

A colorless plate-like crystal of 7 7 (0.13 x 0.13 x 0.05 mm) was mounted on a 

cryoloop. A total of 9184 reflections was collected, of which 3359 had I > 2.00a(I). The 

hydrogen atoms attached to nitrogen centres were located and refined. 

{(THF)KfBuN(Se)P(/j-NtBu) 2PN(H)tBuJ}2 (78) 

A colorless prism-like crystal of 7 8 (0.65 x 0.51 x 0.51 mm) was mounted on a glass 

fiber. A total of 13461 reflections was collected, of which 4680 had I > 2.00CT(I). 

ff(THF)2KJ2¡tBuN(Se)P(^NtBu)2PNtBuJ}2(79) 

A colorless prism-like crystal of 7 9 (0.22 x 0.21 x 0.21 mm) was mounted on a glass 

fiber. A total of 24273 reflections was collected, of which 3245 had I > 2.00a(I). The 

carbon atoms of the four coordinated THF molecules were disordered over two sites with 

partial occupancy factors of 0.63(2) and 0.37(2), 0.54(3) and 0.46(3), 0.71(1) and 0.29(1), 

0.56(3) and 0.44(3). In addition, the methyl carbon atoms in one of the lBu groups showed a 

high degree of disorder (C31, C32, C33) and C-C bonds were constrained during the 

refinement to 1.540(1) and 2.480(1) Á for alpha-beta and beta-beta carbon distances, 

respectively. The occupancy factors were refined to 0.59(4) and 0.41(4). 
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{NifBuNfSeJPfju-N'Bu)2PN(H)tBu]2} (80) 

A green prism-like crystal of 80 (0.60 x 0.19 x 0.09 mm) was mounted on a glass 

fiber. A total of 17066 reflections was collected, of which 6088 had I > 2.00a(I). 
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APPENDIX TWO 

Crystallographic Data and 

Tables of Bond Lengths and Bond Angles 
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Table 2.1. Crystallographic Data for 32a, 32a', 32b, 32c, and 34c. 

32a 32a' 32b 32c 34c 
Formula C77H136Li,oN809P4C C64H,,2Li8N806P4 C22H39LÍ2N2O2PS C22H39LÍ2N202PSe C, 6H 3oAlN: 
Fw 1511.22 1269.02 440.46 487.36 387.33 
Space group P\ Plxla Plilc Pi Cc 
a, Á 15.8348(2) 16.9725(3) 9.7079(1) 9.4130(1) 15.9353(4) 

b,A 15.9927(2) 20.8445(3) 28.8250(4) 10.2438(2) 14.6635(4) 
c, Â 20.2186(3) 21.5041(4) 10.3105(2) 15.1293(2) 8.8872(2) 

a , ° 102.230(1) 89.009(1) 

P , ° 111.629(1) 94.6600(6) 115.3140(6) 73.194(1) 101.721(1) 

Y,° 99.731(1) 66.390(1) 
V, Â 3 4476.3(1) 7582.6(2) 2608.15(7) 1271.54(3) 2033.35(9) 
Z 2 4 4 2 4 
T, K 173(2) 170(2) 173(2) 173(2) 170(2) 

A, A 0.71069 0.71069 0.71069 0.71069 0.71069 

¿caled, g Cm"3 1.121 1.112 1.122 1.273 1.265 

//, mm"1 0.14 0.15 0.204 1.558 1.97 
F(000) 1632 2736 952 512 808 
R a 0.066 0.053 0.051 0.037 0.030 

R w 
0.196 0.15 0.137 0.098 0.080 

aR=n\F0\-\Fc\\/nF0\. . b Rw = [Xw(\F0\ -\Fc\f/2ZwF0

2]m. c Contains one molecule of pentane. 
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Table 2.2. Selected Bond Lengths (Â) and Bond Angles (°) for 

{(THF)LÌ2[PhP(0)(N tBu)2}4-Li20(32a). 

Li(l 1)-0(11) 1.890(4) P(21 )-0(21) 1.550(2) 

Li(liy-N(21) 1.989(4) P(21)-N(21) 1.609(2) 

Li( l 2)-0(5) 1.852(4) P(21)-N(22) 1.612(2) 

Li( 12)-0(11) 1.924(4) 0(21)-Li(51) 2.166(4) 

Li(12)-N(22) 2.036(4) N(22)-Li(51) 2.094(4) 

P(l 1)-0(11) 1.537(2) Li(31 )-0(31) 1.881(4) 

P ( l l ) - N ( l l ) 1.619(2) Li(31)-N(42) 1.989(4) 

P(ll)-N(12) 1.622(2) Li(32)-0(5) 1.856(4) 

N(ll)-Li(41) 2.122(4) Li(32)-0(31) 1.935(4) 

N(ll)-Li(52) 2.189(4) Li(32)-N(41) 2.055(4) 

N(12)-Li(41) 2.026(4) P(31 )-0(31) 1.534(2) 

N(12)-Li(42) 2.099(4) P(31)-N(31) 1.618(2) 

Li(21 )-0(21) 1.899(4) P(31)-N(32) 1.624(2) 

Li(21)-N(31) 2.040(5) N(32)-Li(51) 2.200(4) 

Li(21)-N(32) 2.090(4) Li(41 )-0(41) 1.904(4) 

Li(22)-0(5) 1.906(4) Li(42)-0(5) 1.904(4) 

Li(22)-0(21) 1.985(4) Li(42)-0(41) 1.984(4) 

Li(22)-N(31) 2.080(4) P(41 )-0(41) 1.552(2) 



P(41)-N(42) 1.610(2) 

P(41)-N(41) 1.618(2) 

0(41)-Li(52) 2.151(4) 

N(41)-Li(52) 2.081(4) 

0(5)-Li(51) 2.099(4) 

0(5)-Li(52) 2.136(4) 

Li(12)-0(5)-Li(32) 152.3(2) 

Li(12)-0(5)-Li(42) 98.2(2) 

Li(32)-0(5)-Li(42) 98.6(2) 

Li(12)-0(5)-Li(22) 98.9(2) 

Li(32)-0(5)-Li(22) 98.2(2) 

Li(42)-0(5)-Li(22) 103.7(2) 

Li(12)-0(5)-Li(51) 77.1(2) 

Li(32)-0(5)-Li(51) 88.8(2) 

Li(42)-0(5)-Li(51) 170.9(2) 

Li(22)-0(5)-Li(51 ) 69.8(2) 

Li(12)-0(5)-Li(52) 77.4(2) 

Li(42)-0(5)-Li(52) 69.5(2) 

Li(22)-0(5)-Li(52) 171.0(2) 

Li(51)-0(5)-Li(52) 117.6(2) 



Table 2.3. Selected Bond Lengths (Â) and Bond Angles (°) for 

{(Et20)o.5Li2[PhP(0)(NtBu)2]}4 (32a'). 

Li( 1)-0(1) 1.848(5) Li(5)-N(8) 2.255(5) 

Li( l )-0(2) 2.011(5) Li(6)-N(5) 1.956(5) 

Li(l)-N(7) 2.087(5) Li(6)-N(4) 1.977(5) 

Li(l)-N(8) 2.319(5) Li(6)-0(3) 1.995(5) 

Li(2)-N(3) 1.983(5) Li(7)-0(4) 1.835(5) 

Li(2)-0(1) 2.066(5) Li(7)-N(6) 2.068(6) 

Li(2)-N(l) 2.361(6) Li(8)-N(2) 1.953(6) 

Li(2)-0(2) 2.450(6) Li(8)-N(l) 1.964(6) 

Li(3)-0(3) 1.967(5) P(l)-0(1) 1.539(2) 

Li(3)-0(2) 1.975(5) P(l)-N(2) 1.600(2) 

Li(3)-N(7) 2.045(5) PO)-N(l) 1.617(2) 

Li(4)-0(2) 1.944(5) P(2)-0(2) 1.568(2) 

Li(4)-N(4) 2.114(5) P(2)-N(3) 1.574(2) 

Li(4)-N(8) 2.125(5) P(2)-N(4) 1.625(2) 

Li(4)-0(3) 2.143(5) P(3)-0(3) 1.582(2) 

L¡(5)-0(4) 1.924(5) P(3)-N(5) 1.582(2) 

Li(5)-0(3) 1.968(5) P(3)-N(6) 1.613(2) 

Li(5)-N(6) 2.074(5) P(4)-0(4) 1.542(2) 
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P(4)-N(7) 1.610(2) P(4)-N(8) 1.637(2) 

0(1)-P(1)-N(2) 116.5(1) 

0(1)-P(1)-N(1) 111.7(1) 

N(2)-P(l)-N(l) 99.9(1) 

0(2)-P(2)-N(3) 108.0(1) 

0(2)-P(2)-N(4) 102.7(1) 

N(3)-P(2)-N(4) 122.8(1) 

0(3)-P(3)-N(5) 102.8(1) 

0(3)-P(3)-N(6) 105.3(1) 

N(5)-P(3)-N(6) 126.4(1) 

0(4)-P(4)-N(7) 115.8(1) 

0(4)-P(4)-N(8) 110.1(1) 

N(7)-P(4)-N(8) 101.7(1) 



Table 2.4. Selected Bond Lengths (Â) and Bond Angles (°) for 

{(THF)2Li2[PhP(S)(NtBu)2]}2(32b), {(THF)2Li2[PhP(Se)(N tBu)2]}2 (32c), and 

{(THF)2Li2[PhP(Se)(NtBu)2]}2(32d). 

32b 32c 32d 

E(l)-P(l) 2.040(5) 2.2371(5) 2.494(1) 

E(1)-L¡(1)* 2.406(4) 2.564(4) 2.792(9) 

E(l)-Li( l ) 3.172(5) 2.637(4) 2.848(9) 

P(l)-N(2) 1.609(2) 1.601(2) 1.597(4) 

PO)-N(l) 1.626(2) 1.620(2) 1.619(4) 

0(1)-L¡(1) 2.065(4) 2.034(4) 2.104(9) 

0(1)-0(2) 2.087(4) 2.235(5) 2.14(1) 

0(2)-Li(2) 1.936(4) 1.938(4) 1.937(9) 

N(l ) -Li ( l ) 2.058(4) 2.027(4) 2.01(1) 

N(l)-Li(2) 2.060(4) 2.066(4) 2.106(9) 

N(2)-Li(2) 1.960(4) 2.006(4) 2.005(9) 

P(l)-E(l)-Li(l)* 124.7(1) 118.51(9) 115.2(2) 

P(l)-E(l)-Li( l) 55.86(8) 67.53(8) 63.0(2) 

Li( l ) -E( l ) -Li( l )* 69.3(1) 67.5(1) 64.6(3) 

N(2)-P(l)-N(l) 98.82(8) 104.31(9) 105.1(2) 



N(2)-P(l)-E(l) 

N(l)-P(l)-E(l) 

Li(l)-0(1)-Li(2) 

P(l)-N(l)-Li( l) 

P(l)-N(l)-Li(2) 

Li(l)-N(l)-Li(2) 

P(l)-N(2)-Li(2) 

N(l ) -Li( l ) -E( l )* 

N(l ) -Li( l ) -E( l ) 

E(l)*-Li( l)-E(l) 

N(2)-Li(2)-N(l) 

115.81(7) 112.82(7) 113.3(2) 

115.00(7) 108.19(7) 106.7(2) 

76.5(2) 82.1(2) 82.8(4) 

90.7(1) 96.3(1) 100.8(3) 

89.7(1) 86.4(1) 85.4(3) 

77.3(2) 86.6(2) 86.0(4) 

93.9(1) 89.0(1) 89.5(3) 

143.7(2) 124.4(2) 126.6(4) 

69.1(2) 83.7(1) 85.0(3) 

110.7(2) 112.5(1) 115.4(3) 

75.3(1) 77.3 (2) 76.8(3) 
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Table 2.5. Selected Bond Lengths (Â) and Bond Angles (°) for 

{Me2Al[PhP(Se)(NtBu)(NHtBu]} (34c). 

Se(l)-P(l) 2.1865(7) 

Se(l)-Al(l) 2.510(1) 

P(l)-N(l) 1.611(2) 

P(l)-N(2) 1.653(3) 

Al( l ) -N(l) 1.900(3) 

Al(l)-C(16) 1.959(4) 

Al(l)-C(15) 1.965(4) 

P(l)-Se(l)-Al(l) 72.94(3) 

N(l)-P(l)-N(2) 117.9(1) 

N(l)-P(l)-Se(l) 99.55(9) 

N(2)-P(l)-Se(l) 116.0(1) 

N(1)-P(1)-A1(1) 40.72(9) 

N(2)-P(1)-A1(1) 135.4(1) 

Se(l)-P(l)-Al(l) 58.86(3) 

N(l)-Al(l)-Se(l) 81.75(8) 

P(1)-N(1)-A1(1) 105.7(1) 

C(5)-N(2)-P(l) 131.1(2) 
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Table 3.1. Crystallographic Data for 38, 39, 40, 41, 42 and 43. 

38 39 40 41 42 43 
Formula C3H12N3OP C2H30N3OP C4oH95Li3N904P3 C32H72LÍ4N604P2 C 2 6H 6 2 N 6 0 2 P2Zn3 C 23H 62N 1 50 6P5Zn4 
fw 137.13 263.36 879.89 694.66 748.87 1049.20 
space group P-42ic i>6, Pbca P\ Pca2\ Clic 
a, Â 12.5497(2) 9.5570(2) 20.940(3) 10.378(2) 19.286(7) 17.5081(2) 
b,A 12.5497(2) 9.5570(2) 19.282(3) 10.587(2) 17.06(1) 23.6571(3) 
c, Â 8.9196(3) 29.6910(8) 27.461(3) 11.511(2) 22.53(1) 21.4354(4) 

a , ° 103.906(2) 

P,° 92.088(2) 101.3377(5) 

Y>° 119.424(2) 
v , Á 3 1404.79(6) 2348.54(9) 11088(2) 1051.3(3) 7412(7) 8705.1(2) 
z 8 6 8 1 8 8 
T, K 170(2) 173(2) 193(2) 193(2) 173(2) 170(2) 

A,,Â 0.71073 0.71073 0.71073 0.71073 0.71073 0.71073 

¿caled, g Cm" 3 1.297 1.117 1.054 1.097 1.342 1.601 

p, mm - 1 0.31 0.17 0.149 0.142 2.042 2.41 
F(000) 592 876 3872 380 3168 4336 
R a 0.030 0.049 0.0439 0.0552 0.1198 0.040 
R b 0.082 0.114 0.1250 0.1534 0.3503 0.107 

aR = Z| |F 0 | - |F C | | /Z |F 0 | . bRw= {[Lw(F0

2- Fc

2f}l[ 2w(F 0

2) 2]} 1 / 2(all data). 



Table 3.2. Selected Bond Lengths (Â) and Bond Angles (°) for OP(NHMe) 3 (38) and 

OP(NH'Bu)3 (39). 

38 39 

P(l)-0(1) 1.4937(1) 1.474(3) 

P(l)-N(l) 1.624(2) 1.638(2) 

P(1>N(2) 1.636(2) 1.638(3) 

P(l)-N(3) 1.642(2) 1.635(2) 

N(l)-H(l) 0.72(3) 0.88 

N(2)-H(2) 0.82(3) 0.88 

N(3)-H(3) 0.88(3) 0.88 

H( l ) -0 ( l ) a 2.54(3) 2.59 

H(2)-0(l) a 2.16(3) 3.12 

H(3)-0(l) a 2.14(3) 2.83 

N( l ) -0 ( l ) a 3.253(2) 3.159(4) 

N(2)-0(l) a 2.970(2) 3.295(4) 

N(3)-0(l) a 2.961(2) 3.255(4) 

0(1)-P(1)-N(1) 108.65(8) 112.0(1) 

0(1)-P(1)-N(2) 118.60(8) 113.7(1) 

0(1)-P(1)-N(3) 110.99(8) 111.3(1) 



N(l)-P(l)-N(2) 

N(l)-P(l)-N(3) 

N(2)-P(l)-N(3) 

P(l)-N(l)-H(l) 

P(l)-N(2)-H(2) 

P(l)-N(3)-H(3) 

N( l ) -H( l ) -0( l ) a 

N(2)-H(2)-0(l) a 

N(3)-H(3)-0(l) a 

104.16(9) 105.0(1) 

113.0(1) 108.1(1) 

101.31(8) 106.4(1) 

124(2) 

109(2) 

119(2) 

170(3) 123.0 

172(2) 93.4 

154(2) 111.1 

a 0(1) is an equivalent oxygen atom of an adjacent molecule 



235 

Table 3.3. Selected Bond Lengths (Á) and Bond Angles (°) for 

(THF){LiOP(N tBu)[N(H) tBu]2}3 (40). 

P(l )-0(1) 1.517(2) 

P(l)-N(l) 1.567(2) 

P(l)-N(3) 1.654(3) 

P(l)-N(2) 1.679(2) 

P(2)-0(2) 1.518(2) 

P(2)-N(4) 1.573(2) 

P(2)-N(5) 1.651(2) 

P(2)-N(6) 1.672(2) 

P(3)-0(3) 1.512(2) 

P(3)-N(8) 1.575(2) 

P(3)-N(7) 1.659(2) 

P(3)-N(9) 1.661(2) 

0(1)-Li(2) 1.890(5) 

N(8)-Li(2) 1.965(5) 

0(1)-Li(l) 1.992(5) 

0(2)-Li(l) 1.846(5) 

0(2)-Li(3) 2.095(5) 

0(3)-Li(l) 1.856(4) 

0(3)-Li(2) 2.134(5) 

N(l)-Li(3) 1.958(6) 

N(4)-Li(3) 1.964(6) 

Li(2)-0(4S) 2.045(6) 

Li( l )-N(l) 3.343(5) 

0(1)-P(1)-N(1) 120.1(1) 

0(1)-P(1)-N(3) 108.5(1) 

N(l)-P(l)-N(3) 110.7(1) 

0(1)-P(1)-N(2) 101.7(1) 

N(l)-P(l)-N(2) 102.6(1) 

N(3)-P(l)-N(2) 112.8(1) 

0(2)-P(2)-N(4) 106.0(1) 

0(2)-P(2)-N(5) 109.0(1) 

N(4)-P(2)-N(5) 117.9(1) 

0(2)-P(2)-N(6) 114.1(1) 



N(4)-P(2)-N(6) 110.1(1) 

N(5)-P(2)-N(6) 100.1(1) 

0(3)-P(3)-N(8) 106.4(1) 

0(3)-P(3)-N(7) 108.5(1) 

N(8)-P(3)-N(7) 119.0(1) 

0(3)-P(3)-N(9) 113.1(1) 

N(8)-P(3)-N(9) 109.6(1) 

N(7)-P(3)-N(9) 100.3(1) 

P(l )-0(1 )-Li(2) 147.2(2) 

P(l)-0(1)-Li(l) 116.0(2) 

Li(2)-0(1)-Li(l) 83.3(2) 

P(2)-0(2)-Li(l) 170.0(2) 

P(2)-0(2)-Li(3) 87.9(2) 

Li(l)-0(2)-Li(3) 99.8(2) 

P(3)-0(3)-Li(l) 161.3(2) 

P(3)-0(3)-Li(2) 87.5(2) 

Li(l)-0(3)-Li(2) 80.3(2) 

P(l)-N(l)-Li(3) 97.1(2) 

P(l)-N(2)-Li(3) 77.2(2) 

P(2)-N(4)-Li(3) 91.2(2) 

P(3)-N(8)-Li(2) 92.0(2) 

0(2)-Li(l)-0(3) 136.2(3) 

0(2)-Li(l)-0(l) 121.3(2) 

0(3)-Li(l)-0(l) 96.7(2) 

N(l)-Li(3)-N(4) 147.8(3) 

N(l)-Li(3)-0(2) 114.6(2) 

N(4)-Li(3)-0(2) 74.9(2) 

N(l)-Li(3)-N(2) 68.9(2) 

N(4)-Li(3)-N(2) 141.1(3) 

0(2)-Li(3)-N(2) 104.7(2) 

0(1)-Li(2)-N(8) 139.6(3) 

0(l)-Li(2)-0(3) 91.0(2) 

N(8)-Li(2)-0(3) 74.0(2) 

0(1)-Li(2)-0(4S) 107.0(2) 

0(4S)-Li(2)-0(3) 112.7(3) 

N(8)-Li(2)-0(4S) 113.5(2) 



Table 3.4. Selected Bond Lengths (Á) and Bond Angles (°) for 

{(THF)2Li2OP(NtBu)2[N(H)tBu]}2 (41). 

P(l )-0(1) 1.550(2) 

P(l)-N(3) 1.613(2) 

P(l)-N(2) 1.619(2) 

P(l)-N(l) 1.677(2) 

0(1)-Li(2) 1.936(4) 

0(1)-Li(l)* 2.061(4) 

0(1)-Li(l) 2.134(4) 

N(2)-Li(2)* 2.034(4) 

N(2)-Li(l)* 2.140(4) 

N(3)-Li(l) 1.925(4) 

N(3)-Li(2)* 2.270(5) 

Li(l)-0(1)* 2.061(4) 

Li(l)-N(2)* 2.140(4) 

Li(2)-N(2)* 2.034(4) 

Li(2)-N(3)* 2.270(5) 

0(2)-Li(2) 1.954(4) 

0(1)-P(1)-N(3) 103.60(9) 

0(1)-P(1)-N(2) 109.80(9) 

N(3)-P(l)-N(2) 106.7(1) 

0(1)-P(1)-N(1) 107.72(9) 

N(3)-P(l)-N(l) 116.6(1) 

N(2)-P(l)-N(l) 112.0(1) 

P(l)-0(1)-Li(2) 163.3(2) 

P(l)-0(1)-Li(l)* 88.1(1) 

Li(2)-0(1)-Li(l)* 84.5(2) 

P(l)-0(1)-Li(l) 86.0(1) 

Li(2)-0(1)-Li(l) 78.5(2) 

Li(l)*-0(1)-Li(l) 85.4(2) 

P(l)-N(2)-Li(2)* 90.6(2) 

P(l)-N(2)-Li(l)* 83.7(1) 

Li(2)*-N(2)-Li(l)* 76.3(2) 

P(l)-N(3)-Li(l) 91.7(2) 

P(l)-N(3)-Li(2)* 82.8(1) 

Li(l)-N(3)-Li(2)* 79.3(2) 



N(3)-Li( 1)-0(1)* 101.7(2) 

N(3)-Li(l)-0(1) 75.3(2) 

0(1)*-Li(l )-0(1) 94.6(2) 

N(3)-Li(l)-N(2)* 171.7(2) 

0(1)*-Li(l)-N(2)* 76.2(2) 

0(1)-Li(l)-N(2)* 96.7(2) 

0(l)-Li(2)-0(2) 119.1(2) 

0(1)-Li(2)-N(2)* 107.1(2) 

0(2)-Li(2)-N(2)* 118.8(2) 

0(1)-Li(2)-N(3)* 94.4(2) 

0(2)-Li(2)-N(3)* 133.9(2) 

N(2)*-Li(2)-N(3)* 73.9(2) 



Table 3.5. Selected Bond Lengths (Â) and Bond Angles (°) for {Zn4(u4-

0)[OP(NMe)[N(H)Me]2; |4[OP(NMe)2[N(H)Me]]}2 (43). 

Zn(l)-N(4) 1.971(3) P(l)-N(2) 1.633(3) 

Zn(l)-N(l) 1.999(3) P(l)-N(3) 1.650(3) 

Zn( 1)-0(3) 2.005(3) P(2)-0(2) 1.532(2) 

Zn( 1)-0(6) 2.026(2) P(2)-N(4) 1.602(3) 

Zn(2)-0(4) 1.969(3) P(2)-N(6) 1.646(3) 

Zn(2)-0(2)* 1.964(2) P(2)-N(5) 1.667(3) 

Zn(2)-0(6) 1.957(2) P(3)-0(3) 1.498(3) 

Zn(2)-N(5) 2.045(2) P(3)-N(7) 1.607(3) 

Zn(3)-N(13) 1.958(3) P(3)-N(8) 1.652(3) 

Zn(3)-0(6) 1.989(2) P(3)-N(9) 1.660(3) 

Zn(3)-N(10) 1.992(3) P(4)-0(4) 1.522(2) 

Zn(3)-0(1) 2.055(2) P(4)-N(10) 1.598(3) 

Zn(4)-0(6) 1.974(2) P(4)-N(ll) 1.639(3) 

Zn(4)-N(7) 1.986(3) P(4)-N(12) 1.649(4) 

Zn(4)-0(5) 2.045(2) P(5)-N(13) 1.589(4) 

Zn(4)-N(5)* 2.079(2) P(5)-0(5) 1.515(2) 

P(l)-0(1) 1.515(2) P(5)-N(14) 1.640(3) 

P(l)-N(l) 1.605(3) P(5)-N(15) 1.671(3) 



N(4)-Zn(l)-N(l) 124.6(1) 

N(13)-P(5)-N(15) 117.6(2) 

N(4)-Zn( 1)-0(3) 106.3(1) 

N(14)-P(5)-N(15) 100.9(2) 

N(l)-Zn( 1)-0(3) 98.8(1) 

P(l)-0(1)-Zn(3) 121.7(1) 

N(4)-Zn( 1)-0(6) 109.5(1) 

P(2)-0(2)-Zn(2)* 133.1(1) 

N(l)-Zn( 1)-0(6) 108.6(1) 

P(3)-0(3)-Zn(l) 130.7(2) 

0(3)-Zn( 1)-0(6) 107.51(9) 

P(4)-0(4)-Zn(2) 125.8(1) 

0(6)-Zn(2)-0(2)* 111.28(8) 

P(5)-0(5)-Zn(4) 127.0(1) 

0(6)-Zn(2)-0(4) 111.61(9) 

Zn(2)-0(6)-Zn(4) 109.0(1) 

0(2)*-Zn(2)-0(4) 105.71(9) 

Zn(2)-0(6)-Zn(3) 104.22(9) 

0(6)-Zn(2)-N(5) 118.42(9) 

Zn(4)-0(6)-Zn(3) 110.9(1) 

0(2)*-Zn(2)-N(5) 103.71(9) 

Zn(2)-0(6)-Zn(l) 110.67(9) 

0(4)-Zn(2)-N(5) 105.1(1) 

Zn(4)-0(6)-Zn(l) 108.18(9) 

Zn(3)-0(6)-Zn(l) 113.7(1) 

P(l)-N(l)-Zn(l) 113.6(2) 

N(13)-Zn(3)-0(6) 117.0(1) 

N(13)-Zn(3)-N(10) 112.5(1) 

O(6)-Zn(3)-N(10) 111.2(1) 

N(13)-Zn(3)-0(1) 105.6(1) 

0(6)-Zn(3)-0(l) 109.56(9) 

P(2)-N(4)-Zn(l) 117.0(2) 

N(10)-Zn(3)-O(l) 99.3(1) 

P(2)-N(5)-Zn(2) 105.2(1) 

N(10)-Zn(3)-Zn(2) 75.03(8) 

0(1)-Zn(3)-Zn(2) 106.81(7) 

P(2)-N(5)-Zn(4)* 114.9(1) 

0(6)-Zn(4)-N(7) 120.8(1) 

Zn(2)-N(5)-Zn(4)* 103.6(1) 

0(6)-Zn(4)-0(5) 101.62(8) 

N(7)-Zn(4)-0(5) 101.6(1) 

0(6)-Zn(4)-N(5)* 114.13(9) 



N(7)-Zn(4)-N(5)* 114.4(1 

P(3)-N(7)-Zn(4) 120.4(2 

0(5)-Zn(4)-N(5)* 99.70(9; 

0(1)-P(1)-N(1) 115.5(2 

0(1)-P(1)-N(2) 110.4(2 

N(l)-P(l)-N(2) 107.1(2 

0(1)-P(1)-N(3) 104.8(2 

P(4)-N(10)-Zn(3) 116.8(2 

N(l)-P(l)-N(3) 110.1(2 

N(2)-P(l)-N(3) 108.7(2 

0(2)-P(2)-N(4) 108.4(1 

0(2)-P(2)-N(6) 114.7(1 

N(4)-P(2)-N(6) 109.5(1 

0(2)-P(2)-N(5) 105.2(1 

N(4)-P(2)-N(5) 114.4(1 

N(6)-P(2)-N(5) 104.7(1 

0(3)-P(3)-N(7) 110.4(2) 

0(3)-P(3)-N(8) 107.3(2) 

N(7)-P(3)-N(8) 114.3(2) 

0(3)-P(3)-N(9) 114.8(2) 

N(7)-P(3)-N(9) 109.0(2) 

N(8)-P(3)-N(9) 101.0(2) 

O(4)-P(4)-N(10) 110.0(1) 

0(4)-P(4)-N(ll) 107.2(2) 

N(10)-P(4)-N(ll) 116.1(2) 

0(4)-P(4)-N(12) 112.3(2) 

N(10)-P(4)-N(12) 108.2(2) 

N(ll)-P(4)-N(12) 103.0(2) 

0(5)-P(5)-N(13) 109.5(1) 

0(5)-P(5)-N(14) 115.8(1) 

N(13)-P(5)-N(14) 108.4(2) 

0(5)-P(5)-N(15) 104.8(1) 
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Table 4.1. Crystallographic Data for 45, 49, 50, 51, and 52. 

45 49 50 51 52-0.25C5H,2 
Formula C32H66LÍ2N604P2S2 C 1 8 H 1 8 N 3 PSe C26H62LÌ2N602P2S2 C 2iH54Li 2N 7PS C28H65Li3N6OP2S2 

f\v 710.83 386.28 630.76 481.62 666.78 
space group Clic Pl\ln Flxlc Pi Clic 
a, Â 17.369(5) 9.3044(2) 11.001(2) 9.687(1) 24.145(4) 

ft, A 21.319(6) 11.2562(2) 17.324(3) 12.393(2) 16.462(4) 
c, Â 11.337(3) 16.7247(4) 10.836(2) 14.357(2) 23.405(5) 

a , ° 86.402(3) 

P , ° 98.72(0) 104.7660(8) 114.463(2) 75.281(2) 110.45(1) 

y,° 71.642(3) 
V, Á 3 4156(2) 1693.77(6) 1879.6(5) 1581.9(4) 8716(3) 
z 4 4 2 2 8 
T, K 203(2) 170(2) 193(2) 193(2) 170(2) 

X, Â 0.71073 0.71073 0.71073 0.71073 0.71069 

¿caled, g Cm 1.136 1.515 1.114 1.011 1.016 

p, mm - 1 0.241 2.31 0.256 0.172 0.222 
F(000) 1544 784 688 532 2916 
R a 0.0566 0.028 0.0488 0.0619 0.0762 

R w

b 0.1740 0.075 0.1420 0.1634 0.3222 
0 R = n\F0\ - \Fc\fflF0\. bRw = {[Zw(F0

2 - Fc

2)2]/[ zZw(F2)2]}m (all data). 



Table 4.2. Crystal lographic Data for 53, 54, 55, 56, and 58. 

53 54 55 56 58-0.5C4H8O 
Formula C 3 2H 7 oLi 2 N 6 0 2 P2 C i 2 H 2 8 N 3 P C 7 4 H 1 1 2 L i 6 N 6 0 8 P 2 S 2 C 49H 7 8LÍ4N 30 8PS C 3 8H 5 5LÌ4N 30 5PSe 2 

Fw 646.76 245.35 1381.40 926.96 886.55 
space group Cm PI P\ PÏ P\ 
67, Â 11.917(6) 9.753(7) 15.33(1) 11.6036(3) 11.0786(5) 
b,A 16.255(8) 9.959(5) 16.88(2) 16.1164(3) 14.1834(7) 
c, A 11.025(5) 9.453(8) 18.71(3) 16.2421(5) 16.460(1) 

a , ° 97.17(6) 86.645(5) 64.238(1) 112.555(2) 

P , ° 108.760(5) 118.46(5) 73.522(4) 81.685(1) 100.183(2) 

Y,° 100.21(5) 64.607(5) 73.172(1) 93.590(2) 
V ,Â 3 2022(2) 771(1) 4181(7) 2617.8(1) 2326.5(2) 
Z 2 2 2 2 2 
T, K 298(2) 298(2) 173(2) 173(2) 170(2) 

X,A 0.71073 0.71069 0.71073 0.71069 0.71073 

¿caled, g Cm" 3 1.062 1.057 1.097 1.177 1.266 

p, mm - 1 0.140 1.57 0.153 0.140 1.67 
F(000) 712 272 1484 998 918 
R a 0.0422 0.046 0.1865 0.084 0.076 
R w

b 0.1060 0.30 0.5145 0.269 0.221 
aR=n\F0\-\ Fc\\/l\Fo\. bRn = {[•Lw(F0

2-Fc

2f]/[lw(F0

2)2]} 1 / 2 (ail data) 
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Table 4.3. Selected Bond Lengths (Á) and Bond Angles (°) for {(THF)2Li[( tBuN)2P(p-

N tBu)2P(S)2]Li(THF)2} (45). 

P(l)-N(l) 1.583(3) 

P(l)-N(2) 1.732(3) 

P(2)-N(2) 1.689(3) 

P(2)-S(l) 1.993(1) 

Li(l)-N(l) 1.997(6) 

Li(2)-S(l) 2.407(6) 

N(l)*-P(l)-N(l) 102.4(1) 

N(l)*-P(l)-N(2) 118.8(1) 

N(l)-P(l)-N(2) 118.1(1) 

S(l)-Li(2)-S(l)* 85.22(3) 

N(2)-P(l)-N(2)* 81.1(1) 

S(l)-Li(2)-P(2) 42.61(2) 

P(2)-S(l)-Li(2) 82.57(3) 

P(2)-N(2)-P(l) 97.6(1) 

N(2)-P(l)-P(2) 40.56(8) 

N(2)*-P(2)-N(2) 83.7(1) 

N(2)*-P(2)-S(l) 116.05(8) 

N(2)-P(2)-S(l) 114.79(8) 

S(l)-P(2)-S(l)* 109.64(4) 

N(l) -Li( l ) -N(l)* 76.3(1) 

P(l)-N(l)-Li(l) 90.7(1) 
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Table 4.4. Selected Bond Lengths (Á) and Bond Angles (°) for {SeP[N(H)Ph]3} (49). 

Se(l)-P(l) 2.117(1) 

P(l)-N(l) 1.647(2) 

P(l)-N(2) 1.654(2) 

P(l)-N(3) 1.671(2) 

N(l)-P(l)-N(2) 107.92(9) 

N(l)-P(l)-N(3) 109.91(8) 

N(2)-P(l)-N(3) 97.52(8) 

N(l)-P(l)-Se(l) 106.95(6) 

N(2)-P(l)-Se(l) 117.94(6) 

N(3)-P(l)-Se(l) 116.14(6) 
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Table 4.5. Selected Bond Lengths (Â) and Bond Angles (°) for 

{(THF)Li[SP(N'Pr)(NH iPr)2]}2 (50). 

S(l)-P(l) 1.9927(8) 

S(l)-Li(l) 2.526(4) 

P(l)-N(3) 1.610(2) 

P(l)-N(l) 1.656(2) 

P(l)-N(2) 1.673(2) 

N(3)-Li(l)* 2.104(4) 

N(3)-Li(l) 2.129(4) 

Li(l)-N(3)* 2.104(4) 

P(l)-S(l)-Li(l) 75.12(8) 

N(3)-P(l)-N(l) 117.1(1) 

N(3)-P(l)-N(2) 108.78(9) 

N(l)-P(l)-N(2) 99.1(1) 

N(3)-P(l)-S(l) 107.90(7) 

N(l)-P(l)-S(l) 109.02(7) 

N(2)-P(l)-S(l) 115.05(8) 

P(l)-N(3)-Li(l)* 123.3(1) 

P(l)-N(3)-Li(l) 95.3(1) 

Li(l)*-N(3)-Li(l) 69.8(2) 

N(3)*-Li(l)-N(3) 110.2(2) 

N(3)*-Li(l)-S(l) 111.5(2) 

N(3)-Li(l)-S(l) 77.2(1) 
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Table 4.6. Selected Bond Lengths (Â) and Bond Angles (°) for 

{[(TMEDA)Li]2[SP(N'Pr)2(NH iPr)]} (51). 

S(l)-P(l) 2.054(1) 

S(l)-Li(l) 2.461(5) 

S(l)-Li(2) 2.462(5) 

P(l)-N(l) 1.609(3) 

P(l)-N(2) 1.611(2) 

P(l)-N(3) 1.699(3) 

N(l)-Li( l ) 1.930(6) 

N(2)-Li(2) 1.939(6) 

N(41)-Li(l) 2.146(6) 

N(42)-Li(l) 2.142(6) 

N(51)-Li(2) 2.152(6) 

N(52)-Li(2) 2.128(7) 

P(l)-S(l)-Li(l) 73.3(1) 

P(l)-S(l)-Li(2) 73.4(1) 

Li(l)-S(l)-Li(2) 122.0(2) 

N(l)-P(l)-N(2) 124.4(1) 

N(l)-P(l)-N(3) 104.9(1) 

N(2)-P(l)-N(3) 107.2(1) 

N(l)-P(l)-S(l) 104.4(1) 

N(2)-P(l)-S(l) 104.6(1) 

N(3)-P(l)-S(l) 111.2(1) 

P(l)-N(l)-Li( l) 99.7(2) 

P(l)-N(2)-Li(2) 99.5(2) 

N(42)-Li(l)-N(41) 85.3(2) 

N(52)-Li(2)-N(51) 84.3(2) 

N(l)-Li(l)-N(42) 122.6(3) 

N(l)-Li(l)-N(41) 136.8(3) 

N(42)-Li(l)-S(l) 115.9(2) 

N(41)-Li(l)-S(l) 117.3(3) 

N(2)-Li(2)-N(52) 123.5(3) 

N(2)-Li(2)-N(51) 135.2(3) 

N(52)-Li(2)-S(l) 121.3(3) 

N(51)-Li(2)-S(l) 115.2(2) 



Table 4.7. Selected Bond Lengths (Â) and Bond Angles (°) for 

{[LiSP(N tBu)(NH tBu)2][(THF)Li2SP(N tBu)2(NH tBu)]}2 (52). 

S(l)-P(l) 2.077(8) P(l)-N(l) 1.68(1) 

SO)-Li(l) 2.43(2) P(2)-N(6) 1.566(8) 

S(l)-Li(3)* 2.45(2) P(2)-N(4) 1.652(7) 

S(l)-Li(3) 2.61(3) P(2)-N(5) 1.68 (2) 

S(2)-P(2) 2.036(6) Li(l)-N(3) 2.20(2) 

S(2)-Li(l) 2.54 (3) Li(2)-N(3) 1.98(2) 

S(2)-Li(3) 2.61(2) Li(2)-N(6) 1.98(2) 

S(2)-Li(2) 2.64(1) Li(2)-N(2) 2.28(2) 

P(l)-N(2) 1.62(2) Li(3)-N(2) 1.94(2) 

P(l)-N(3) 1.618(8) Li(3)-S(l)* 2.45(2) 

P(l)-S(l)-Li(l) 75.3(4) Li(l)-S(l)-Li(3) 79.0(5) 

S(l)*-Li(3)-S(2) 102.1(5) Li(3)*-S(l)-Li(3) 69.5(4) 

P(l)-S(l)-Li(3)* 125.8(3) P(2)-S(2)-Li(l) 122.5(4) 

N(2)-Li(3)-S(l) 77.7(5) P(2)-S(2)-Li(3) 119.8(3) 

Li(l)-S(l)-Li(3)* 130.4(5) Li(l)-S(2)-Li(3) 77.0(4) 

S(l)*-Li(3)-S(l) 107.2(5) P(2)-S(2)-Li(2) 72.0(3) 

P(l)-S(l)-Li(3) 72.2(3) Li(l)-S(2)-Li(2) 64.6(4) 



Li(3)-S(2)-Li(2) 68.7(4) 

N(2)-P(l)-N(3) 107.4(3) 

N(2)-P(l)-N(l) 117.2(3) 

N(3)-P(l)-N(l) 110.3(4) 

N(2)-P(l)-S(l) 103.0(2) 

N(3)-P(l)-S(l) 108.3(2) 

N(l)-P(l)-S(l) 110.2(3) 

P(l)-N(2)-Li(3) 103.5(5) 

P(l)-N(2)-Li(2) 83.1(4) 

Li(3)-N(2)-Li(2) 88.9(6) 

N(6)-P(2)-N(4) 119.4(4) 

N(6)-P(2)-N(5) 109.9(4) 

P(l)-N(3)-Li(2) 93.3(5) 

P(l)-N(3)-Li(l) 91.6(5) 

Li(2)-N(3)-Li(l) 82.7(6) 

N(4)-P(2)-S(2) 109.2(3) 

N(4)-P(2)-N(5) 98.4(3) 

N(6)-P(2)-S(2) 107.4(3) 

N(5)-P(2)-S(2) 112.4(3) 

P(2)-N(6)-Li(2) 103.0(5) 

N(3)-Li(l)-S(l) 80.8(5) 

N(3)-Li(l)-S(2) 104.3(5) 

S(l)-Li(l)-S(2) 103.2(5) 

N(3)-Li(2)-N(6) 143.6(9) 

N(3)-Li(2)-N(2) 75.1(5) 

N(6)-Li(2)-N(2) 141.2(8) 

N(3)-Li(2)-S(2) 107.8(6) 

N(6)-Li(2)-S(2) 76.9(5) 

N(2)-Li(2)-S(2) 96.1(5) 

N(2)-Li(3)-S(l)* 150.7(7) 

N(2)-Li(3)-S(2) 106.1(6) 
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Table 4.8. Selected Bond Lengths (Â) and Bond Angles (°) for {(THF)Li[(tBuN)2P(u.-

N tBu)2P(N tBu)2]Li(THF)} (53). 

P(l)-N(2) 1.527(6) 

P(l)-N(l) 1.649(6) 

P(l)-N(3) 1.731(4) 

P(l)-N(3)* 1.731(4) 

P(2)-N(4) 1.524(6) 

P(2)-N(5) 1.644(5) 

P(2)-N(3)* 1.734(4) 

P(2)-N(3) 1.734(4) 

N(l)-Li( l ) 2.10(1) 

N(l) -Li( l )* 2.10(1) 

N(3)-Li(l) 2.33(1) 

N(5)-Li(l)* 2.120(9) 

N(5)-Li(l) 2.120(9) 

N(5)-Li(l)-N(3) 73.5(3) 

N(2)-P(l)-N(l) 114.9(3) 

N(l)-Li(l)-N(3) 73.8(3) 

N(2)-P(l)-N(3) 123.3(2) 

N(l)-P(l)-N(3) 104.3(2) 

N(2)-P(l)-N(3)* 123.3(2) 

N(l)-P(l)-N(3)* 104.3(2) 

N(3)-P(l)-N(3)* 81.0(3) 

N(4)-P(2)-N(5) 116.1(3) 

N(4)-P(2)-N(3)* 122.5(2) 

N(5)-P(2)-N(3)* 104.3(2) 

N(4)-P(2)-N(3) 122.5(2) 

N(5)-P(2)-N(3) 104.3(2) 

N(3)*-P(2)-N(3) 80.9(3) 

P(l)-N(l)-Li(l) 95.7(3) 

P(l)-N(l)-Li(l)* 95.7(3) 

Li( l ) -N(l) -Li( l )* 73.8(5) 

P(l)-N(3)-P(2) 97.7(2) 

P(l)-N(3)-Li(l) 85.9(3) 

P(2)-N(3)-Li(l) 86.2(3) 
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P(2)-N(5)-Li(l)* 95.7(3) 

P(2)-N(5)-Li(l) 95.7(3) 

Li(l)*-N(5)-Li(l) 73.2(5) 

N(l)-Li(l)-N(5) 99.4(4) 



Table 4.9. Selected Bond Lengths (Â) and Bond Angles (°) for {(THF)4Li3[SP(N/> 

tol)3][(THF)LiOH]}2 (56). 
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S(l)-P(l) 2.066(2) 

S(l)-Li(2) 2.458(5) 

S(l)-Li(l) 2.532(5) 

S(l)-Li(3) 2.891(7) 

P(l)-N(2) 1.618(3) 

P(l)-N(3) 1.639(4) 

P(l)-N(l) 1.652(3) 

Li( l ) -N(l) 2.130(7) 

Li( 1)-0(8) 1.944(7) 

Li(2)-N(2) 1.976(8) 

Li(3)-0(8)* 1.931(6) 

Li(3)-0(8) 1.970(6) 

Li(3)-N(3) 2.158(6) 

Li(4)-0(8)* 1.967(6) 

Li(4)-N(3) 2.046(6) 

Li(4)-N(l) 2.063(8) 

P(l)-S(l)-Li(2) 75.6(2) 

P(l)-S(l)-Li(l) 73.2(2) 

Li(2)-S(l)-Li(l) 131.6(2) 

P(l)-S(l)-Li(3) 69.5(1) 

Li(2)-S(l)-Li(3) 136.4(2) 

Li(l)-S(l)-Li(3) 60.5(2) 

N(2)-P(l)-N(3) 119.2(2) 

N(2)-P(l)-N(l) 119.6(1) 

N(3)-P(l)-N(l) 97.2(1) 

N(2)-P(l)-S(l) 102.6(1) 

N(3)-P(l)-S(l) 108.9(1) 

N(l)-P(l)-S(l) 109.1(1) 

P(l)-N(l)-Li(4) 93.8(2) 

P(l)-N(l)-Li( l) 93.2(2) 

Li(4)-N(l)-Li(l) 90.8(3) 

N(l)-Li( l)-S(l) 80.8(2) 

P(l)-N(2)-Li(2) 101.3(2) 

P(l)-N(3)-Li(4) 94.8(2) 



P(l)-N(3)-Li(3) 98.9(2) 

Li(4)-N(3)-Li(3) 75.4(3) 

N(2)-Li(2)-S(l) 80.5(2) 

N(3)-Li(3)-S(l) 112.0(2) 

Li(3)*-0(8)-Li(l)* 90.4(3) 

0(8)-Li(4)-N(3) 102.1(3) 

Li(3)*-0(8)-Li(3) 134.1(3) 

Li(l)*-0(8)-Li(3) 110.6(3) 

0(8)-Li(4)-N(l) 115.9(3) 

N(3)-Li(4)-N(l) 73.8(2) 

Li(3)*-0(8)-L¡(4) 111.7(3) 

Li(l)*-0(8)-Li(4) 135.7(3) 

Li(3)-0(8)-Li(4) 81.6(3) 
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Table 4.10. Selected Bond Lengths (Á) and Bond Angles (°) for 

{(THF)4Li3[SeP(NPh)3]-[(THF)LiSe]}2(58). 

Se(l)-P(l) 2.225(3) 

Se(l)-Li(l) 2.59(1) 

Se(l)-Li(3) 2.66(2) 

Se(l)-Li(4) 2.71(2) 

Se(2)-Se(2)* 2.388(2) 

Se(2)-Li(4) 2.56(1) 

Se(2)-Li(3) 2.59(2) 

Se(2)-Li(2)* 2.62(1) 

P(l)-N(l) 1.627(6) 

P(l)-N(2) 1.635(7) 

P(l)-N(3) 1.636(7) 

Li(2)-Se(2)* 2.62(1) 

N(2)-Li(2) 2.08(2) 

N(2)-Li(3) 2.16(2) 

N(3)-Li(2) 2.06(2) 

N(3)-Li(4) 2.15(2) 

P(l)-Se(l)-Li(l) 71.5(3) 

P(l)-Se(l)-Li(3) 70.6(3) 

Li(l)-Se(l)-Li(3) 125.8(4) 

P(l)-Se(l)-Li(4) 70.3(3) 

Li(l)-Se(l)-Li(4) 129.9(5) 

Li(3)-Se(l)-Li(4) 67.8(5) 

Se(2)*-Se(2)-Li(4) 84.1(4) 

Se(2)*-Se(2)-Li(3) 110.4(3) 

Li(4)-Se(2)-Li(3) 71.2(5) 

Se(2)*-Se(2)-Li(2)* 86.3(3) 

Li(4)-Se(2)-Li(2)* 122.7(5) 

Li(3)-Se(2)-Li(2)* 160.3(5) 

N(l)-P(l)-N(2) 118.9(3) 

N(l)-P(l)-N(3) 121.0(4) 

N(2)-P(l)-N(3) 97.5(3) 

N(l)-P(l)-Se(l) 102.4(3) 

N(2)-P(l)-Se(l) 108.3(3) 

N(3)-P(l)-Se(l) 108.2(3) 



N(l)-Li(l)-Se(l) 82.2(6) 

N(3)-P(l)-Li(3) 97.2(4) 

N(3)-Li(2)-N(2) 123.0(5) 

N(3)-Li(2)-Se(2)* 105.1(6) 

N(2)-Li(2)-Se(2)* 132.2(7) 

N(2)-Li(3)-Se(l) 80.8(5) 

Se(2)-Li(3)-Se(l) 105.9(5) 

P(l)-N(l)-Li( l) 103.9(5) 

P(l)-N(2)-Li(2) 94.4(5) 

P(l)-N(2)-Li(3) 96.1(5) 

Li(2)-N(2)-Li(3) 96.5(6) 

P(l)-N(3)-Li(2) 94.9(5) 

P(l)-N(3)-Li(4) 97.7(5) 

Li(2)-N(3)-Li(4) 96.3(6) 

N(3)-Li(4)-Se(2) 113.7(7) 

N(3)-Li(4)-Se(l) 79.8(5) 

Se(2)-Li(4)-Se(l) 105.2(5) 
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Table 5.1. Crystallographic Data for 64, 65-THF, 67, 68a, and 69b. 

64 65-THF 67 68a 69b 
Formula C22H53LiN6P2S2 C36H76LÍ2N405P2S2 C48Hio6Li2N804P4Se2 C32H68N4Na204P2S2 C2 8H 6oK2N 40 3P2Se2 
Fw 534.71 784.97 1155.09 744.94 798.87 
Space group Flxlc PI Pliln Pi Plxln 

a, Â 10.477(3) 13.172(3) 20.901(2) 10.402(2) 10.73 (1) 

ft, A 10.455(4) 16.877(2) 10.1486(9) 21.147(3) 14.09(1) 
c, Á 29.375(7) 10.395(2) 30.341(3) 9.919(1) 26.138(9) 

a , ° 91.92(1) 90.314(15) 

(3,° 96.96(3) 90.43(2) 95.4216(2) 94.771(1) 90.99(5) 

Y,° 95.25(1) 100.29(2) 

v, A 3 3194(2) 2299.9(7) 6407(1) 2138.9(5) 3951(5) 
z 4 2 4 2 4 
T, K 170(2) 170(2) 193(2) 170(2) 170(2) 

A, A 0.71069 0.71069 0.71073 0.71069 0.71069 

¿caled, g Cm"3 1.112 1.133 1.197 1.157 1.343 

//, mm - 1 0.287 0.225 1.297 0.256 2.194 
F(000) 1168 856 2464 808 1664 
R a 0.0673 0.061 0.0561 0.0551 0.064 

R w

b 0.1568 0.172 0.1372 0.1247 0.1652 
a R = 2Z\\F0\ - |FC | |/Z|F 0 |. bRw = {[2w(F0

2 - F c

2) 2]/[ zZw(F0

2f]}m (all data) 
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Table 5.2. Crystallographic Data for 71, 72, 74, and 75. 

71 7 2 C 7 H 8 74-C 7H 8 75-C 7H 8 

Formula C34H52CuN4P3S2 C 3 9 H 8 2 N 8 NiP 4 S4 C 3 9 H 8 2 N 8 P 4 PdS 4 C 3 4 H 7 2 N 4 P 4 PtS 2 

Fw 737.37 973.96 1021.65 920.05 

Space group Flxlc Pbcn P2xln P2\ln 

a, A 19.175(4) 14.298(5) 13.975(3) 12.479(6) 

b,A 20.331(4) 15.333(5) 14.283(3) 21.782(7) 

c, A 10.017(6) 24.378(5) 15.255(4) 17.048(5) 

a, 
91.79(3) 116.57(1) 100.30(3) 

Y, 
V, À 3 3903(2) 5344(3) 2724(1) 4559(3) 

Z 4 4 2 4 

T,K 170(2) 193(2) 170(2) 170(2) 

Â, A 0.71069 0.71073 0.71069 0.71069 

¿caled, g Cm"3 1.255 1.210 1.246 1.340 

ju, mm"1 0.82 0.673 0.65 3.33 

F(000) 1560 2096 1084 1896 

R a 0.074 0.0371 0.047 0.059 

R w

b 0.154 0.0933 0.119 0.136 
aR = Z||F„|-|FC | |/E|F 0 |. 

bRw = {[Zw(F0

2 -Fc

2)2]/[ Sw(F 0

2) 2]} 1 / 2(all data) 
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Table 5.3. Selected Bond Lengths (À) and Bond Angles (°) for {(TMEDA) 

Li[ tBuN(S)P(//-N tBu)2P(S)NH tBu]} (64), {(THF)2Li[T3uN(S)P(//-NT3u)2 

P(S)N tBu]Li(THF)2} (65THF), and {(THF)2Li[ tBuN(Se)P(//-N tBu)2PNH tBu]} (67). 

64 (E = S) 65-THF(E = S) 67a (E = 

E(l)-P(l) 1.978(2) 2.005(2) 2.163(2) 

E(l)-Li( l ) 2.46(1) 2.436(8) 2.61(1) 

E(2)-P(2) 1.931(2) 2.000(2) 

E(2)-Li(2) 2.435(9) 

P(l)-N(l) 1.716(5) 1.706(3) 1.696(4) 

P(l)-N(2) 1.710(5) 1.718(3) 1.709(5) 

P(l)-N(3) 1.571(5) 1.567(4) 1.576(4) 

P(2)-N(4) 1.641(5) 1.576(4) 1.678(5) 

P(2)-N(2) 1.676(5) 1.720(4) 1.734(4) 

P(2)-N(l) 1.677(5) 1.719(3) 1.728(5) 

0(1)-Li(l) 1.936(8) 1.97(1) 

0(2)-Li(l) 1.982(8) 2.00(1) 

0(3)-Li(2) 1.953(9) 

0(4)-Li(2) 1.966(9) 

N(3)-Li(l) 2.02(1) 1.992(8) 1.96(1) 

N(4)-Li(2) 2.01(1) 
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P(1)-E(1)-L¡(1) 74.8(2) 75.3(2) 70.5(2) 

P(2)-E(2)-Li(2) 75.7(2) 

N(3)-P(l)-N(l) 120.7(2) 121.8(2) 119.8(2) 

N(3)-P(l)-N(2) 118.4(3) 119.9(2) 119.6(2) 

N(l)-P(l)-N(2) 81.5(2) 82.7(2) 82.7(2) 

N(3)-P(l)-E(l) 107.5(2) 104.7(2) 105.7(2) 

N(l)-P(l)-E(l) 113.0(2) 113.3(1) 114.2(2) 

N(2)-P(l)-E(l) 114.3(2) 113.9(1) 114.0(2) 

N(4)-P(2)-N(2) 108.7(3) 121.0(2) 103.6(2) 

N(4)-P(2)-N(l) 108.7(3) 119.9(2) 105.1(2) 

N(2)-P(2)-N(l) 83.6(2) 82.3(2) 81.0(2) 

N(4)-P(2)-E(2) 112.0(2) 105.3(2) 

N(2)-P(2)-E(2) 120.5(2) 113.4(1) 

N(l)-P(2)-E(2) 120.0(2) 114.1(1) 

P(l)-N(3)-Li(l) 97.7(4) 99.7(3) 102.8(4) 

P(l)-N(2)-P(2) 97.2(2) 96.4(2) 97.2(2) 

P(l)-N(l)-P(2) 96.9(2) 96.8(2) 98.0(2) 

P(2)-N(4)-Li(2) 99.3(3) 

N(3)-Li(l)-E(l) 79.1(4) 79.1(3) 80.9(3) 

N(2)-Li(2)-E(2) 79.4(3) 
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a The bond angles and distances are reported for only one of the two unique molecules in 

the asymmetric unit They have very similar bond distances and differ significantly only in 

the P(2)-N(4) [P(4)-N(8)] bond length: 1.678(5) [1.713(6)]. 
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Table 5.4. Selected Bond Lengths (À) and Bond Angles (°) for {(THF)2Na[tBuN(S)P(//-

N tBu)2P(S)N tBu]Na(THF)2} (68a) and {(THF)K[ tBuN(Se)P(/i-N tBu)2P(Se)N tBu]K(THF)2}n 

(69b). 

68a (E = S, M = Na) 69b (E 

E(l)-P(l) 1.994(3) 2.171(4) 

E(l)-M(l) 2.873(4) 3.354(3) 

E(2)-P(2) 1.991(3) 2.163(4) 

E(2)-M(l) 2.832(4) 3.274(4) 

P(l)-N(l) 1.715(6) 1.735(9) 

P(l)-N(2) 1.706(6) 1.72(1) 

P(l)-N(3) 1.559(6) 1.55(1) 

P(2)-N(l) 1.719(6) 1.72(2) 

P(2)-N(2) 1.705(6) 1.703(8) 

P(2)-N(4) 1.565(6) 1.55(1) 

M(l)-0(1) 2.369(7) 2.67(1) 

M(l)-0(2) 2.301(7) 2.74(1) 

M(l)-N(l) 2.756(7) 3.19(1) 

M(2)-0(3) 2.413(8) 2.71(1) 

M(2)-0(4) 2.374(7) 

M(2)-N(2) 2.916(7) 3.21(1) 



M(2)-N(3) 

M(2)-N(4) 

P(l)-E(l)-M(l) 

P(2)-E(2)-M(l) 

N(3)-P(l)-N(2) 

N(3)-P(l)-N(l) 

N(2)-P(l)-N(l) 

N(3)-P(l)-E(l) 

N(2)-P(l)-E(l) 

N(l)-P(l)-E(l) 

N(4)-P(2)-N(2) 

N(4)-P(2)-N(l) 

N(2)-P(2)-N(l) 

N(4)-P(2)-E(2) 

N(2)-P(2)-E(2) 

N(l)-P(2)-E(2) 

E(2)-M(l)-E(l) 

N(4)-M(2)-N(3) 

P(l)-N(l)-P(2) 

P(l)-N(3)-M(2) 

P(l)-N(2)-P(2) 

2.461(7) 

2.423(7) 

82.4(1) 

83.0(1) 

110.8(3) 

112.0(3) 

81.8(3) 

121.0(2) 

113.7(2) 

110.9(2) 

109.7(3) 

113.4(3) 

81.7(3) 

121.0(3) 

113.4(3) 

111.1(2) 

116.8(1) 

104.2(2) 

97.4(3) 

100.7(3) 

98.2(3) 

2.77(1) 

2.80(1) 

86.7(1) 

87.6(1) 

110.2(5) 

114.4(6) 

82.0(4) 

119.5(4) 

113.7(4) 

111.1(4) 

110.6(5) 

114.0(6) 

82.9(4) 

119.8(4) 

112.2(4) 

111.5(4) 

97.14(8) 

91.2(3) 

96.7(5) 

105.1(5) 

98.0(5) 
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P(2)-N(4)-M(2) 101.4(3) 104.0(5) 

a The atomic numbering scheme for 69b is the same as that for 68a. 
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Table 5.5. Selected Bond Lengths (Â) and Bond Angles (°) for 

{(PPh3)Cu[(tBuN)(S)P(//-NtBu)2P(S)(NH,Bu)]} (71), {Ni[(lBuN)(S)P(//-

N tBu)2P(S)(NH tBu)]2} (72), and {Pd[(tBuN)(S)P(;¿/-NtBu)2P(S)(NHtBu)]2} (74). 

71 a 72-C 7H 8

b 74C 7 H 

M(l)-N(l) 1.961(7) 1.971(2) 2.089(4) 

M(l) -N(l )* 1.971(2) 2.089(4) 

M(l)-S(l) 2.391(3) 2.3449(9) 2.339(2) 

M(l)-S(l)* 2.3449(9) 2.339(2) 

S(l)-P(l) 2.005(3) 2.003(1) 2.006(2) 

S(2)-P(2) 1.939(3) 1.932(1) 1.933(2) 

P(l)-N(l) 1.584(7) 1.592(2) 1.588(5) 

P(l)-N(2) 1.707(7) 1.685(2) 1.697(4) 

P(l)-N(3) 1.704(7) 1.687(2) 1.689(5) 

P(2)-N(4) 1.659(8) 1.636(2) 1.637(5) 

P(2)-N(2) 1.685(7) 1.698(2) 1.699(5) 

P(2)-N(3) 1.694(7) 1.703(2) 1.699(5) 

M(l)-P(3) 2.155(3) 

N(l ) -M(l}-N(l )* 146.0(1) 180.000(1) 

N(l) -M(l)-S( l )* 116.39(6) 102.5(1) 



N(l)*-M(l)-S(l)* 80.55(6) 77.5(1) 

N(l) -M(l) -S( l ) 80.6(2) 80.55(6) 77.5(1) 

N(l)*-M(l)-S(l) 116.39(6) 102.5(1) 

S(l)*-M(l)-S(l) 122.76(4) 180.0 

P(l)-S(l)-M(l) 75.9(1) 77.57(3) 81.37(7) 

N(l)-P(l)-N(2) 120.1(4) 119.5(1) 120.5(3) 

N(l)-P(l)-N(3) 119.5(4) 120.0(1) 121.4(3) 

N(2)-P(l)-N(3) 82.3(3) 83.6(1) 83.6(2) 

N(l)-P(l)-S(l) 103.7(3) 102.0(1) 100.7(2) 

N(2)-P(l)-S(l) 115.2(3) 116.91(8) 115.6(2) 

N(3)-P(l)-S(l) 115.9(3) 115.43(8) 115.9(2) 

N(4)-P(2)-N(2) 107.4(4) 109.3(1) 108.5(2) 

N(4)-P(2)-N(3) 110.2(4) 108.7(1) 109.3(2) 

N(2)-P(2)-N(3) 83.3(3) 82.7(1) 83.2(2) 

N(4)-P(2)-S(2) 112.5(3) 113.18(9) 113.4(2) 

N(2)-P(2)-S(2) 120.9(3) 119.20(8) 119.7(2) 

N(3)-P(2)-S(2) 119.1(3) 119.95(7) 119.1(2) 

P(l)-N(l)-M(l) 99.6(4) 99.8(1) 100.4(2) 

P(l)-N(2)-P(2) 96.9(4) 96.4(1) 95.9(2) 

P(l)-N(3)-P(2) 96.7(4) 96.1(1) 96.2(2) 

N(l)-M(l)-P(3) 149.2(2) 



S(l)-M(l)-P(3) 129.7(1) 

a M = Cu; b M = Ni ; c M = Pd 
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Table 5.6. Selected Bond Lengths (Â) and Bond Angles (°) for {(PEt3)2Pt[(tBuN)(S)P(//-

NtBu)2P(S)(NtBu)]} (75). 

Pt(l)-P(3) 2.280(4) P(2)-N(l) 1.52(1) 

Pt(l)-P(4) 2.310(4) P(2)-N(2) 1.68(1) 

PtO)-S(i) 2.370(4) P(2)-N(3) 1.68(1) 

Pt(l)-S(2) 2.372(4) P(l)-N(4) 1.52(1) 

S(l)-P(2) 2.061(5) P(l)-N(2) 1.67(1) 

S(2)-P(l) 2.068(5) P(l)-N(3) 1.71(1) 

P(3)-Pt(l)-P(4) 96.5(1) N(l)-P(2)-S(l) 115.8(5) 

P(3)-Pt(l)-S(l) 174.3(2) N(2)-P(2)-S(l) 107.0(5) 

P(4)-Pt(l)-S(l) 78.8(1) N(3)-P(2)-S(l) 109.9(4) 

P(3)-Pt(l)-S(2) 85.2(1) N(4)-P(l)-N(2) 116.1(7) 

P(4)-Pt(l)-S(2) 177.0(2) N(4)-P(l)-N(3) 119.1(7) 

S(l)-Pt(l)-S(2) 99.6(1) N(2)-P(l)-N(3) 83.1(6) 

P(2)-S(l)-Pt(l) 114.2(2) N(4)-P(l)-S(2) 116.8(5) 

P(l)-S(2)-Pt(l) 114.1(2) N(2)-P(l)-S(2) 109.9(4) 

N(l)-P(2)-N(2) 118.9(7) N(3)-P(l)-S(2) 106.9(4) 

N(l)-P(2)-N(3) 117.0(6) P(l)-N(2)-P(2) 95.7(6) 

N(2)-P(2)-N(3) 83.8(6) P(l)-N(3)-P(2) 94.1(6) 
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Table 6.1. Crystallographic Data for 62b, 77, 78, 79, and 80. 

62b 77 78 79 80 
Formula C|6H38N4P2Se2 C 1 6H 38N 4P 2Sei C4oH9oK2N802P4Se2 C 6 4H,36K 4N80 8P 4Se 2 C 3 2 H 7 4 N 8 NiP 4 Se 2 

Fw 506.36 427.40 1075.20 1584.00 911.50 
Space group Plxln Flilc Flilc Flxlc P\ 
a, A 8.8504(8) 9.5100(1) 10.639(1) 18.481(1) 10.495(2) 
b,A 29.135(3) 15.1320(2) 9.777(1) 13.930(1) 13.201(2) 
c, A 18.620(2) 15.9940(2) 28.036(3) 18.648(1) 16.892(3) 

a , ° 76.646(2) 

P . ° 99.053(2) 90.6000(5) 94.483(2) 113.814(1) 83.729(2) 

Y,° 87.575(3) 
V, Â 3 4741.5(8) 2301.50(5) 2907.4(5) 4392.1(6) 2263.0(6) 
Z 8 4 4 4 2 
T,K 193(2) 173(2) 193(2) 193(2) 193(2) 
À, A 0.71073 0.71073 0.71073 0.71073 0.71073 

¿caled, g Cm"3 1.419 1.233 1.228 1.198 1.338 
ju, mm - 1 3.261 1.776 1.561 1.151 2.209 
F(000) 2080 904 1136 1688 956 
R a 0.0548 0.0369 0.0353 0.0576 0.0631 
R w

b 0.1307 0.0946 0.0917 0.1618 0.1826 
a R = n\Fo\ - \Fc\\rL\F0\. [I > 2G (l)]. bRw = {[Lw(F0

2 - Fc

2)2]l[ Zw(F0

2)2]}1/2 (ail data). 
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Table 6.2. Selected Bond Lengths (Â) and Bond Angles (°) for [lBu(H)N(Se)P(u-

N tBu)2PN(H)'Bu] (77), and [tBu(H)N(Se)P(^-NtBu)2P(Se)N(H)tBu] (62b)a. 

77 62b 

Se(l)-P(l) 2.1169(7) 2.078(1) 

Se(2)-P(2) 2.070(1) 

P(l)-N(l) 1.673(2) 1.680(3) 

P(l)-N(2) 1.671(2) 1.679(2) 

P(l)-N(3) 1.637(2) 1.624(2) 

P(2)-N(l) 1.750(2) 1.684(3) 

P(2)-N(2) 1.751(2) 1.688(3) 

P(2)-N(4) 1.655(2) 1.617(6) 

N(3)-P(l)-Se(l) 105.13(8) 107.3(1) 

N(4)-P(2)-Se(2) 113.2(1) 

N(l)-P(l)-N(2) 84.2(1) 83.6(2) 

N(l)-P(2)-N(2) 79.6(1) 83.2(2) 

a Mean bond distances and angles for the two independent molecules in the asymmetric 

unit. 
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Table 6.3. Selected Bond Lengths (Â) and Bond Angles (°) for {(THF)K[lBuN(Se)P(u-

N tBu) 2PN(H) tBu]} 2 (78)a and {Ni[ tBuN(Se)P( (i-N tBu)2PN(H) tBu]}2 (80)b. 

78 80 

Se(l)-P(l) 2.1650(6) 2.170(2) 

M(l)-N(3) 2.872(2) 1.954(4) 

M(l)-N(3)* 2.965(2) 

P(l)-N(l) 1.700(2) 1.683(5) 

P(l)-N(2) 1.705(2) 1.672(5) 

P(l)-N(3) 1.574(2) 1.601(5) 

P(2)-N(l) 1.735(2) 1.76(1) 

P(2)-N(2) 1.736(2) 1.756(6) 

P(2>-N(4) 1.668(2) 1.659(3) 

M(l)-0(1) 2.664(2) 

M(l)-Se(l) 3.3555(7) 2.48(1) 

M(l)-Se(l)* 3.4079(7) 

C ( l l ) - M ( l ) * 3.432(3) 

C(31)-M(l) 3.501(3) 

C(32)-M(l)* 3.534(3) 

P(l)-Se(l)-M(l) 79.16(2) 74.31(4) 
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M(l)-Se(l)-M(l)* 58.63(2) 

N(3)-M(l)-Se(l) 57.39(4) 80.8(1) 

N(3)*-M(l)-Se(l) 89.35(4) 

N(3)-M(l)-Se(2) 120.6(1) 

N(3)-M(l)-N(5) 136.6(2) 

Se(l)-M(l)-Se(l)* 121.37(2) 

Se(l)-M(l)-Se(2) 123.46(4) 

N(3)-M(l)-N(3)* 110.89(4) 

N(3)-P(l)-Se(l) 106.66(7) 99.5(2) 

P(l)-N(3)-M(l) 105.99(9) 

M(l)-N(3)-M(l)* 69.11(4) 

a Symmetry transformation used to generate equivalent atoms: *: -x + 1, -y, - z . 

b Mean bond distances and angles for the two halves of the molecule. 
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Table 6.4. Selected Bond Lengths (Á) and Bond Angles (°) for {(THF)2K[tBuN(Se)P(|^-

N tBu) 2PN tBu]K(THF) 2}2 (79). 

Se(l)-P(2) 2.183(2) 

Se(l)-K(l)* 3.281(2) 

Se(l)-K(l) 3.293(2) 

K(l)-N(2) 3.177(5) 

K(2)-N(l) 3.154(5) 

K(2)-N(3) 2.685(5) 

K(2)-N(4) 2.713(6) 

P(l)-N(l) 1.784(5) 

P(l)-N(2) 1.782(5) 

P(l)-N(3) 1.591(5) 

P(2)-N(l) 1.685(5) 

P(2)-N(2) 1.676(5) 

P(2)-N(4) 1.558(5) 

P(2)-Se(l)-K(l)* 126.93(6) 

P(2)-Se(l)-K(l) 82.40(5) 

K(l)-Se(l)-K(l)* 91.64(4) 

N(2)-K(l)-Se(l)* 106.22(9) 

N(2)-K(l)-Se(l) 59.60(9) 

Se(l)*-K(l)-Se(l) 88.36(4) 

N(3)-K(2)-N(4) 98.6(2) 

N(3)-K(2)-N(l) 54.5(1) 

Symmetry transformation used to gi 

N(4)-K(2)-N(l) 54.1(1) 

N(4)-P(2)-Se(l) 117.7(2) 

N(2)-P(2)-Se(l) 112.3(2) 

P(2)-N(2)-K(l) 94.3(2) 

P(l)-N(2)-K(l) 78.2(2) 

P(l)-N(3)-K(2) 105.0(3) 

P(2)-N(4)-K(2) 99.5(3) 

equivalent atoms: *: -x + 1, -y + 1, - z + 2 




