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ABSTRACT 

The 1,5-diphosphadithiatetrazocines, 1,5-R4P2N4S2, are a class of unsaturated PNS 

heterocycles which have the unique feature of a cross-ring sulfur-sulfur interaction. This 

thesis describes several new aspects of the chemical and physical properties of these rings 

with an emphasis on the novel features imposed by the presence of this transannular S-S 

bond. These include an improved synthesis, the preparation of structural isomers, transition 

metal complexes, and PNS anions, as well as a 31P solid state NMR study. 

An improved method of preparing 1,5-diphosphadithiatetrazocines has been developed. 

The cyclocondensation of RR'PN2(SiMe3)3 with SOC!2 instead of SC12 gives rise to a 

better yield of 1,5-Ph4P2N4S2 (56%) and allows for the preparation of 1,5-Et4P2N4S2, 

which is not available from SCI 2.  Furthermore, elemental sulfur is not produced and thus 

the product is more easily purified. The X-ray structure of 1,5-Bt4P2N4S2 (R= 0.057) 

shows a bicyclic system in which two five-membered PS2N2 rings share a common S-S 

bond. Isomeric mixtures of 1,5-diphosphadithiatetrazocines were obtained from the reaction 

of Me(Ph)PN2(SiMe3)3 with SOC12 or C13C(Cl)PN2(SiMe3)3 with SCl2. The mixtures 

were partially separated using TLC or fractional recrystallization respectively. The structure 

of a pure sample of 1,5-[(endo-Cl)(exo-CCl3)P]2N4S2 was confirmed by X-ray analysis 

(R= 0.064) in which the less bulky Cl substituents occupy the endo positions. 

The reaction of Pt(PPh3)2(C2H4) with 1,5-R4P2N452 (R=Ph, Et, Me) produces the 

monomeric complexes Pt(PPh3)2(1,5-R4P2N4S2) as air-stable yellow solids, which were 

characterized by 31P NMR. Similarly, reaction between Pd(PPh3)4 and l,5-Ph4P2N4S2 or 

Pd(PPh2Me)4 and 1,5-R4P2N452 (R=Ph, Et) produces Pd(PPh3)2(l,5-Ph4P2N4S2) or 

Pd(PPh2Me)2(1,5-R4P2N4S2), respectively, which were also characterized b Y3 1P  NMR 

spectroscopy. The X-ray structure of Pt(PPh3)2(1,5-Ph4P2N4S2) (R= 0.049) shows that 

the heterocycle is bonded to Pt in an 12 S,SF fashion. Mild heating of the monomeric Pt or 

Pd complexes, either in solution or in the solid state, results in the reversible dissociation of 

one of the phosphine ligands to give the dimers [M(PPh2R)(1,5-R'4P2N4S2)]2. The 
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P2N4S2 rings in [Pt(PPh3)(1,5-Ph4P2N4S2)]2 act as chelating (N,S) ligands toward one Pt 

and form a bridge to the other Pt via the second sulfur atom to give a centrosymmetric 

dimeric structure. Variable temperature 31P NMR investigations of some of these bimetallic 

complexes reveal a fluxional process, which is proposed to involve a [ 1,3]-metallotropic 

rearrangement. 

The treatment of 1,5-Ph4P2N4S2 with nucleophilic reagents gives rise to the first 

anions of PNS rings. The reaction of 1,5-Ph4P2N4S2 with Li[BEt3H] (1:2 molar ratio) in 

THF produces the corresponding dianion as its insoluble dilithium salt, Li2[1,5-

Ph4P2N4S2], which reacts with CH212, Mel, PtCl2(PR3)2 (R=Ph, Et), or NiCl2(diphos) to 

produce Ph4P2N4S 2CH2, 1,5-Ph4P2N4S2Me 2, Pt(PR3)2(1 ,5-Ph4P2N4S2), or 

Ni(diphos)(1,5-Ph4P2N4S2), respectively. An X-ray structure of Ph4P2N4S2CH2 (R= 

0.060) shows that a methylene group bridges the two sulfur atoms of the P2N4S2 ring. 

Alkylated monoanions, i,5-Ph4P2N4S21r (R=Me, t-butyl), are prepared by reaction of 1,5-

Ph4P2N4S2 with alkyl lithium reagents. Such anions have been shown by variable 

temperature 31P NMR to be fluxional, likely involving both [1,3]-N,N' and [1,2]-N,S alkyl 

migrations. 

Solid-state CP/MAS 31P NMR spectra were measured for 1,5-R4P2N4S2 (R=Ph, Et, 

Me), 1,5-Ph4P2N4S2Ph2, and Ph2PN3S2. The isotropic chemical shift for each compound 

correlates well with the corresponding shift in solution, indicating that there are no phase-

dependent structural features. Analysis of the principal elements of the chemical shift tensor 

by the spinning-sideband method showed that the element 33 is primarily responsible for 

the anomalously low field isotropic chemical shifts of the 1,5-diphosphadithiatetrazocines, 

but no correlation was found between this individual tensor component and any of the 

structural parameters of these folded eight-membered rings. Two isotropic shifts were 

observed for the crystallographically inequivalent phosphorus atoms of 1,5-Et4P2N4S2, but 

the individual 31 P isotropic shifts of 1,5-Me4P2N4S2 were not resolved. 
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75. 1,5-Ph4P2N4S2Ph2 
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CHAPTER 1 

Unsaturated P-N and S-N Heterocycles 

1.1 General Introduction  

Although the first examples of unsaturated inorganic heterocycles, (NPC12)3 ' I'll 

S4N4 2 [2], and borazine (B3N3H6) 3 [3], were discovered in the 19th and early 20th 

century, progress in this area of chemistry was surprisingly slow. When compared to the 

extremely well developed area of cyclic hydrocarbon chemistry, the study of inorganic 

heterocycles is at a much earlier stage of development. This is due, in large part, to the initial 

lack of sophisticated physical techniques such as X-ray crystallography and high-resolution, 

multinuclear NMR spectroscopy for structural elucidation. However, rapid advances in such 

techniques in the latter half of this century have sparked interest in this and many other 

areas of inorganic chemistry. The concomitant development of the siloxane and 

phosphazene polymer industries, as well as the discovery of the unusual properties of the 

conducting polymer (SN) [4] have also fueled progress in this area. Advances in 

computational theoretical chemistry have also emerged to the point where MO calculations 

agree very well with spectroscopic measurements of inorganic heterocycles. 

CI \ / Cl H 
S S 

N" ' / RN XT 

Cl \ j0 / Cl 

NN N /HB_  

Cl CI Fl 
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The concept of unsaturation often implies aromaticity and, although many cyclic 

inorganic compounds are believed to have electronic structures analogous to those of 

benzene or other aromatic hydrocarbons, direct comparisons are often impossible or entirely 

inaccurate. For example, unsaturated inorganic heterocycles are generally far more reactive 

than aromatic organic compounds as a result of the polarization of ic-electron density, which 

arises from electronegativity differences in the constituent atoms of the ring, thus making 

the prediction of chemical or physical properties very difficult. 

The most extensively studied unsaturated inorganic heterocycles are the 

cyclophosphazenes and the cyclothiazenes. Cyclophosphazenes are heterocycles made up 

of R2PN units with phosphorus in a pentavalent (V) oxidation state (R is an exocyclic 

ligand). An extensive homologous series, (NPR 2)n(n=3-17), of these ic-electron precise 

rings (i.e. the number of ic-electrons is equal to the number of atoms in the ring) has been 

developed [5]. More complex structural types such as fused rings, 4, coupled rings, 5, and 

spirocycles, 6, are also known. Simple anionic cyclophosphazenes such as 7 have been 

recently reported [6], but cations are, as yet, unknown. 

4 
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The cyclothiazenes are binary S-N systems for which known rings range in size from 

four (52N2, 8 [7]) to ten (S5N5 , 9) atoms. The formation of long transannular S-S bonds 

among larger S-N rings gives rise to more complex bicyclic (folded) (10 [8]) or cage 

structures such as S4N4 (2) or 55N6 (11 [9,10]). The occurrence of bicyclic and cage 

compounds and a series of compounds such as 12 [ 11,12, 13], 13 [14,15], and 14 [14,15], is 

a result of the wide range of oxidation states (+2, +3, +4, or +6) available for sulfur. 
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It is a natural outcome of cyclophosphazene and cyclothiazene research that a hybrid 

class of heterocycles, composed of a combination of R2PN and SN units, would be 

developed. Such rings, termed cyclophosphathiazenes, are the subject of this thesis. The 

first example of a mixed P-N-S heterocycle containing sulfur in a low oxidation state was 

the six-membered ring 15 (R=Me3SiNH [ 16]). More recently the two isomeric eight-

membered rings of R4P2N452 (16 and 17) have been characterized and studied [ 17,18]. 

This work will focus on the chemistry of the 1,5 isomers, 16, which possess the interesting 

feature of a weak cross-ring S-S bond similar to that found in S4N4. 

R R 

101 

15 

S 

17 

R R 

S 
N 

R 
J 

/ 

16 

As relatively little is known about cyclophosphathiazenes it is often useful to describe 

their properties in relation to the known behavior of the related parent P-N and S-N 

systems. Thus, a brief overview of the chemistry, structure and bonding of the 

cyclophosphazenes and cyclothiazenes will be presented first. A more detailed analysis of 

cyclophosphathiazenes will follow and, finally, the objectives and an outline of this thesis 

will be given. 



5 

1.2 Cyclophosphazenes 

1.2.1 Introduction  

Since the initial discovery of (NPC12)3, 1, in 1834 [ 1], literally thousands of 

cyclophosphazenes have been prepared and characterized. These systems range from rings 

containing 6 to 34 atoms, to more complex multicyclic (4 and 5) and spirocyclic (6) 

molecules. Partial or complete replacement of the halogen atoms of halocyclophosphazenes 

by other atoms or functional groups is possible and increases the number of derivatives 

enormously. In many of the compounds the phosphorus-nitrogen linkages are equivalent, 

and in the cyclic derivatives there is a formal resemblance to the Kekulé-type resonance 

which occurs in benzene. There are, however, essential differences which will be discussed 

in the next section (Section 1.2.2). 

Most cyclophosphazenes have been prepared for use as polyphosphazene monomers. 

The thermal polymerization of hexachlorotriphosphazene, 1, was first described by Stokes 

in 1897 [ 19] and has since spawned a large polyphosphazene industry. 

1.2.2 Synthesis. Structure, and Bonding 

(a) Synthesis 

Hexachlorocyclotriphosphazene, 1, was first synthesized by the action of gaseous 

ammonia on phosphorus pentachloride [ 1 ] (Equation 1. 1), and this route (aminolysis of a 

phosphorus (V) halide) is still the most widely used in preparing a wide variety of 

cyclophosphazenes. 

NH3 + PC15 (NPC12) + NH4C1 

An improved synthetic technique involves the use of ammonium chloride in place of 

ammonia (Equation 1.2). The reaction proceeds in two distinct steps; isolation of a high 



6 

yield of Cl3PNPCl3 Cr followed by chain growth by condensation of linear phosphazenes 

with NH4C1 and finally cyclization [20]. This process has been studied in great detail by 

NMR spectroscopy and other techniques, which is likely a result of the commercial 

applications of the product. 

Cl3 PC!3 
+P-i-- N 
/ \ 

PCi5 + NH4C1 __-  N PCi2 

II 
P—N 
Cl2 

- 

Cl3 + PC!3 
P—N 
/ 
N PCi2 

P—N 
- Cl2 

- PCl4+ 

(NPCl2)3 

(1.2) 

Alternatively, reactions between ammonium chloride and tn- or tetrahalophosphoranes 

yield cyclic products which have exocycic substituents other than halogen atoms. Examples 

are illustrated in Equations 1.3 and 1.4. 

MePCl4 + NH4Cl   (NPMeCl) (1.3) 

(Ref [21]) 

(C3 F7 )2PCl3 + NH4Cl 

(Ref [22]) 

[NP(C3F7)2] (1.4) 

Cyclophosphazenes can also be prepared via the pyrolysis of cyclic 

aminophosphoranes. Pyrolyses of (MeNPPhCl2)2 and (MeNPF3)2 give (NPPhCl) and 

(NPF2) respectively [23] (Equation 1.5). 



Me / 

7 

Me 

RX2 N 

N—PRX2 

A 

- 2MeX 

R X 
\/ 

N 

(1.5) 

.oll P U < 

R=Ph, X=Cl 
R=X=F 

A related preparative route involves the thermal elimination of trimethylsilyl halide or 

trimethylsilyl trifluoroethoxide from N-silylphosphinimines [24,25] (Equation 1.6). This 

technique has also been used successfully for the preparation of polyphosphazenes [26] 

(Equation 1.7). 

R1R2XP=NSiMe3 A  (NPR1R2' In —Me3SiX  

R'=F, R2=Ph, NMe2, Me, X=F 

R1=Ph, R2=Ph, X=F or Br 

R1=Me, R2 Me, X=F or Br 

R1=R2=Ph, Me, X=OCH2CF3 

n=3-6 

1OCH2CF3 

R2P 
NSiMe3 

A w (NPRR) 
- Me3SiOCH2CF3 

R=Me 
MW =50 000 

(1.6) 

(1.7) 

Three other methods employed in the synthesis of cyclophosphazenes include: ( 1) the 

elimination of nitrogen from azides derived from P(III) compounds [27,28] (Equations 1.8 

and 1.9); (2) the cyclization of linear P-N compounds such as 1-amino-3-imino-
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1,1,3,3-tetraorganocliphosphazenes [29,30,3 1,321 (Equations 1.10 and 1.1 1); and (3) the 

condensation of amidophosphines with phosphines in the presence of carbon tetrachloride 

[33] (Equation 1.12). 

P(CF3)MeN3 

R 2P 'PR22 

1 11 
NH 

-N2 

+ Me3SiN3 

PR3X2 

- 2HX 

 IV [NP(CF3)Me] (1.8) 

- N2  

V 
N 

R'2  

11 1 
NNH 

R3 

[NH2 -PPh2 NPPh2 -NIH2] Cr + MePC12 

[RR'P(NH2)2rC1- + (Ph2P)2NH 
cc'4 

Et3N 

N 
RI 2P'IN PR22 

N ' 11 N 

/\ 
R3 H 

(1.9) 

N 
Ph2P PPh2 

I II (1.11) 
N N 

P 1-11  

M/ 

N 
Ph2P PPh2 

P 1-11 N N 

/ \ 
R R' 

(1.12) 

+ CHC13 + Et3NH"Cl-

(R=R'=Me, R'=Et,Ph; R=R'=C6H11) 
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Other miscellaneous syntheses are covered in more detail in reference [34]. As 

mentioned earlier, the largest number of cyclophosphazenes has been prepared by the 

nucleophilic substitution of halogen atoms in halocyclophosphazenes by organic 

substituents. 

(b) Structure and Bonding 

The structures of many cyclic and polymeric phosphazenes have been determined. 

Three detailed surveys of structural work are available covering pre- 1970 [35,36] and pre-

1983 [34] data, respectively. 

In general the trimeric halides all have planar ring structures with DA  symmetry, and 

with halogens disposed symmetrically above and below the plane of the ring. Most 

symmetrically substituted cycl.otriphosphazenes, (NPR2)3 or (NPRR')3, are also planar. 

Tetrameric and larger rings adopt a wide variety of conformations although almost all are 

puckered (non-planar). 

The P-N bond lengths of symmetrically substituted cyclophosphazenes, (NPR 2)nor 

(NPRR'), are generally equal and typically fall in the range of 1.50-1.60 A. No separation 

occurs into alternating short (it) and long () bonds, even when ring-puckering exists. A P-

N single bond, typically quoted as 1.77 A, is derived from X-ray studies of a sodium 

phosphoramidate (NaNH3PO3) [37]. Thus the bond lengths of cyclophosphazenes 

represent an average contraction of 0.22 A when compared to the single bond distance. This 

bond shortness and equality can be compared to the similar situation with the C-C bonds in 

benzene, where single-double bond resonance occurs. However, such an analogy is of 

limited value. For example, p-p bonding in aromatic carbon systems requires coplanarity 

for resonance to occur. When ring folding or puckering does occur, as in cyclooctatetraene 

for example, a breakdown to alternating single and double bonds takes place. This is in 

contrast to cyclophosphazenes, which often adopt puckered conformations, yet still possess 
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short, equal P-N bonds. 

The most widely accepted model of bonding in cyclophosphazenes, involves the 

participation of the phosphorus d orbitals [38,39,40]. In the d-p model the a-bonding 

framework is built up from sp3 orbitals of phosphorus and sp2 orbitals at nitrogen. The 

remaining two sp3 lobes of phosphorus form a bonds to the exocycic moieties, while the 

remaining sp2 lobe of nitrogen contains a lone pair of electrons (in the plane of the ring). 

The lone electron occupying the p orbital of nitrogen can interact with an electron in a dxz 

or dyz orbital of phosphorus (Figure 1.la and 1.lb). A second bonding interaction can be 

formed by donation of the lone pair of electrons at nitrogen into the unoccupied d22 or 

orbitals of phosphorus (Figure 1.lc and 1.ld). 

a 
2 

b 

Figure 1.1 - Overlap schemes for 7t bonding of (a) d, and (b) d YZ orbitals 

with p orbitals; (c) it' bonding of d22 and (d) d XY orbitals with an s-p 

hybrid, and (e) it bonding of a d2 orbital with a ligand p orbital. From Ref.. 

[40]. 
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Alternatively, a linear combination of the d and dyz orbitals of phosphorus generates 

two new d orbitals, each oriented along a P-N bond. Overlap with the 2pz orbital of N 

would generate a ic-system that extends over a P-N-P fragment but has a nodal point at each 

P atom (Figure 1.2). This island bonding model is considered to be the most accurate 

description of it-bonding in cyclophosphazenes based on agreement with results from: (1) 

MO calculations at the CNDO/2 level [41], (2) NMR spectroscopy (lack of ring current 

effects) [36], (3) Magnetic susceptibility measurements [42], and (4) MS fragmentation 

experiments [39]. More recent calculations (Hartree-Fock method, STO3G* level) by 

Haddon also strongly suggest that the phosphorus d orbitals are significant participants in 

the phosphazene bond [43]. 

Although two models have been developed it will likely be some time before a theory is 

developed that will satisfactorily explain all of the experimental facts. At present, however, 

the discontinuous island type ic-orbital arrangement is perhaps the most compatible with the 

experimental data. 

Figure 1.2 - Projection of atomic orbitals to be combined as molecular 

orbitals for three-center island delocalization (From Ref. [44]). 
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1,2.3 Isomerism in Cyclophosphazenes  

In general, three types of isomerism may be encountered amongst cyclophosphazenes: 

(1) Positional isomerism, (2) Geometrical isomerism, and (3) Conformational isomerism. 

Each is described in detail below. 

(1) Positional Isomerism. 

Positional isomers arise when a given exocyclic substituent (or ligand) has a choice of 

phosphorus atoms to which it may be attached. In the simplest example, N3P3C12Br4, which 

is synthesized from PCi3, Br2 and NH4Br, two positional isomers are possible [45]. One of 

these has both Cl atoms on the same phosphorus atom (Figure 1.3a). This isomer is said to 

be geminally substituted. The second isomer has each Cl atom on a different P atom (Figure 

1.3b). Such an isomer is said to be non-geminally substituted. 

Cl\/Cl Br\/Cl 

(a) (b) 

Figure 1.3 - (a) The geminal isomer of N3P3Ci2Br4 (b) The non-geminal 

isomer of N3P3Cl2Br4. Note: No assignment has been made as to which 

side of the N3P3 plane each halogen atom resides. 

As positional isomers (geminal and non-geminal) involve phosphorus and nitrogen 

atoms in different environments, variations in their 31P and 15N NMR spectra are expected 

and usually observed [5,36,46]. Similarly, if the environments of the various exocyclic 

substituents are dissimilar, other nuclei such as 1H, 13C, and 19F can be used to differentiate 
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between such isomers. 

Geminal and non-geminal isomers can also be distinguished using mass spectrometry. 

For example, a MS study of the bromofluorocyclotriphosphazenes N3P3BrF6 (n-3-5), 

has shown that the loss of a bromine atom from a PBr2 occurs more easily than for a 

PBrF center [47]. The use of infrared spectroscopy to differentiate between positional 

isomers has been reported for N3P3F4Ph2 based on the number of bands observed in the 

PF2 region [48]. Separation of isomeric mixtures has been reported by using either gas-

liquid chromatography (GLC) [49] or thin-layer chromatography (TLC) [50]. 

(2) Geometrical Isomerism 

Geometrical isomerism arises for non-geminally substituted rings since geometrically 

different forms can be obtained by placing a substituent alternatively above or below the 

plane of the ring when attached to the same phosphorus atom. Returning to the non-geminal 

isomer of N3P3Br4Cl2 [45], the Cl atoms may be on the same side of the N3P3 plane (cis, 

non-geminal isomer, Figure 1.4a) or on opposite sides (trans, non-geminal isomer; Figure 

1.4b). 

Br,, Cl Br,, Cl 

NN 

Br 4U .Cl Br4QBr, 

br Br Bf Cl 
(a) 

Figure 1.4 - (a) cis, non-geminal isomer of N3P3Br4Cl2 

(b) trans, non-geminal isomer of N3P3Br4Cl2 

(b) 

Conversions between cis and trans isomers can take place under a variety of conditions. 

Uncatalyzed isomerizations in boiling solvents have been reported [5 1] while isomerizations 
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catalyzed by hydrogen halides, ammonium halides [52,53], or aluminum chloride [54] also 

occur. 

The different positional and geometrical isomers are obtained either in the preparation of 

an unsymmetrically substituted cyclophosphazene or from the derivatization of simpler 

cyclophosphazenes via substitution reactions. In general, substitution reactions of the 

halogenocyclophosphazenes result from nucleophilic attack on phosphorus. In the case of 

geminal substitution, replacement of the first halogen atom by a new group promotes further 

reaction at the same phosphorus atom, while for non-geminal reactions, further reaction is 

directed towards an unsubstituted phosphorus atom. In general, the substitution path is 

often unpredictable and not fully understood. However, in some cases, criteria such as 

group electronegativity, may decide the pattern of substitution. The strong electron-

withdrawing effect of fluorine may promote a geminal product (Figure 1.5a) [55] while an 

electron-donating group, such as. NMe2, may favour a non-gemirial path (Figure 1.5b) [56]. 

X X X F F F 

N 

P, 

\ 
x 

X NMe2 

Figure 1.5 - (a) Cieminal substitution pathway 

(b) Non-geminal substitution pathway 

(a) 

b) 
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The combination of positional and geometrical isomerism results in a very large number 

of possible isomers for large rings. For example, a tetrameric ring with two types of ligands, 

N4P4A8 B (n=1-7), has a total of 29 possible isomers (excluding conformational 

isomers). 

As was the case for positional isomers, geometrical isomers can be distinguished by 

using a variety of experimental techniques. Again, the P and N atoms, as well as, the 

respective exocyclic groups, are inequivalent so the various NMR active nuclei (31P, 15N, 

1H, 13c, 19F ...) can be used for differentiation [45,46]. Dipole moment studies have also 

been used effectively for the assignment of cis and trans isomers [36]. As with positional 

isomers, the separation of geometrical isomers is accomplished by using GLC or TLC 

techniques [49,50]. 

(3) Conformational Isomerism 

The third, and final type of isomerism is conformational isomerism. The best example 

of conformational isomerism is illustrated by the existence of two solid-state structures, 

chair and boat, for the cyclotetraphosphazene N4P4C18 [57,58]. 

1.2,4 Coordination Chemistry  

Cyclophosphazenes form a wide range of coordination complexes with either metal 

halides or metal carbonyls [34,36,59]. This behavior can be largely attributed to the donation 

of electron density from the lone-pair electrons of the skeletal nitrogen atoms to electron 

poor metal centers. 

Although many of the smaller rings such as N3P3C16 [60] and N3P3(NMe2)5 [61] do 

not undergo complex formation with transition-metal salts, larger rings readily form a 

complexes. Octamethylcycloteiraphosphazene reacts with anhydrous copper (II) chloride to 

form a a complex in which CuCl3 is coordinated to one nitrogen atom and a proton is 

attached to the distant nitrogen, 18 [62]. 
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Me Me 

Me—P = N—P —Me 

I II 
H—N N—CuCl3 

11 1 
Me—P—N=P—Me 

Me Me 

18 

• Coordination complexes of this type have been proposed as intermediates in copper-

catalyzed Grignard reactions of N3P3C16 (Section 4.2) [63]. This is in contrast to the 

reactions of various metal halides with hydridophosphazenes, which give materials in which 

the metal atom is coordinated to the ring through a phosphorus atom (Equation 1.13) [64]. 

2 Ph2P -ô PPh2 
N ( N 

H3CH 

+ MCi2 

(M=Pd, Pt) 

Ph2P' PPh2 

NN% 

  H3C' \ 
H3CN / M Cl 

II I 
Ph2PPPh2 

(1.13) 

Complexes in which the cyciophosphazene acts as a chelating ligand through two or 

more nitrogen atoms are also known. The platinum complex [NP(NHMe)2]4PtCl2 ,19, 

exhibits bidentate coordination of the cyclotetraphosphazene ring [65], while for 

(NPMe2)8Co(NO3 NO3 , 20, tetradentate coordination is observed [66]. 
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Me Me 

Me(H)N' Cl "N(H)Me 

I 44 ,clI 
N—u-Pt-u--N 

Me(H)N' '• P—N--P 'uN(H)Me 

N(H) N(H) 
Me Me 

19 

Me2P 'PMe2 

Me2P -.,Co PMe2 

Me2P PMe2 

1 11 
N N N 

- 
Me2 Me2 

20 

A similar chelated product is formed in the reaction between [NP(NMe2)2J6 and copper 

(II) chloride, in which a copper atom is coordinated to four of the six skeletal nitrogen 

atoms (Figure 1.6) [67]. 

Figure 1.6 - X-ray structure of [N6P6(NMe2)12CuCl][CuCl2]. From Ref. [67]. 

The alkyiphosphazenes (NPMe2)45 react with metal hexacarbonyls M(CO)6 (M=Mo, 

W) to give products of the type (NPMe2)45.M(CO) 3 [68,69] while for 

N4P4(NMe2)8.W(CO)4 bidentate coordination is observed [70,71]. 

Even though all of the previous examples involve simple a coordination by skeletal 
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nitrogen atoms, for at least one complex a it-type interaction has been proposed. The 

reaction of N3P3C16 with Cr(CO)3(CH3CN)3 gives N3P3C16•Cr(CO)3, for which a it-

complex structure has been proposed [72], but not confirmed. 

An alternative coordination mode for cyclophosphazenes involves bonding to exocyclic 

donor sites such as amine nitrogen atoms. However, such complexes are of little interest to 

this work. A detailed review is provided in reference [34]. 

1,3 Cyclothiazenes 

1,3,1 Introduction  

As mentioned in Section 1.1, S4N 41 the first example of S-N heterocycles, was 

synthesized over one and a half centuries ago [2]. However, the chemistry of such 

compounds has only attracted substantial attention in the last two decades due, in large part, 

to the discovery of the unusual properties of the conducting polymer (SN)X [4]. Numerous 

reviews, published in the 1970's [73,74,75,76,77] and 1980's [78,79,80,81,82,83], are a 

reflection of the high degree of interest in the area of thiazene chemistry. Such detailed 

reviews preclude the need for a complete description of S-N heterocycles and; as such, the 

material presented in the following sections will focus on those areas which are most 

pertinent to this thesis. A general overview of the synthesis, structure and bonding of 

unsaturated binary S-N rings, especially SA, will be presented first. This will be followed 

by an account of the interactions of such rings with both transition-metal centers and 

nucleophiles as such areas are of primary interest to this work. 

1.3.2 Synthesis. Structure. and Bonding 

(a) Synthesis 

The most widely. used route to cyclothiazenes employs the cyclocondensation of 

ammonia with sulfur halides (Figure 1.7). 

The tetrasulfur tetranitride molecule 2, exhibits a very versatile chemical behavior [73-
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83] and has proven to be a particularly useful source of many S-N heterocycles. Some of 

the extensive chemistry of S4N4 is illustrated in Figure 1.8. 

The easily obtained cyclothiazyl halides, S3N2CrCl' (21) and (NSC1)3 (23), have also 

proven to be useful for preparing S-N ring systems. The five-membered ring 21, undergoes 

various cyclocondensation reactions (Figure 1.9) while the six-membered ring 23, reacts 

with nucleophilic or reducing reagents resulting in ring expansion to give S-N cages (Figure 

1.10). 

Several other preparative techniques are available and, although not described here, are 

discussed in detail in the review articles referenced in the introduction to this section. 

However, the examples illustrated in the following figures should provide a good indication 

of the diversity of preparative methods for cyclothiazenes. 
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NH4C1 + S2C12 
(i) 

Cl 
S—N Cl 
/ \I 

NCl S 
\I / 
S—N 

23 

I(iv) 

S S 
NH3(g) + sci2ici2  / " 

NH3(aq) + S2C12 (viii) S SI I 
N. N 

24 

Cl (vi) / S_S\  
N N 
\ + id-

SN_S 

22 

Figure 1.7 - Preparation of various S-N heterocycles from ammonia and 

ammonium salts and sulfur halides: (1) reflux [84] (ii) CC14 or CH2C12 [85] 

(iii) Cl2 or S02C12 [86] (iv) Fe, Hg, or Ph3Sb [87,88,89] (v) S8/CS2 [90] 

(vi) S2CL2 [84] (vii) K] [88,91,92] (viii) 0-5°C [93,94]. 
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Figure 1.8 - Preparation of S-N heterocycles from S4N4 

(i) zVAg [7] 

(ii) Cl2, -60°C [95,96,97] 
(iii) SbF5, SbC15, AsF5, or HSO3F [98,99] 

(iv) Ph3P [100,101] orPh3PNSiMe3 [ 102] orPh3As [103,104] 

(v) N3-or S2 or CW or C [12,13,105] 

(vi) CS2 +S81901 

(vii) (Me2N)3SNSO [106] 

(viii) (C13CCO)20 [107,108] 

(ix) Br2(1) [ 109] 
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Figure 1.9 - Preparation of S-N heterocycles from 53N2C12 

(i) Formic acid [108] 
(ii) 502(NH2)2 [ 108] 

(iii) A in vacuo [110] 

(iv) RN(SiMe3 )2 [108,111,112] 
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Figure 1.10 - Preparation of S-N heterocycles from (NSCI)3 

(i) 54N4/FeC13 in SOC!2 [113,114,115,116] 

(ii) (Me3Sn)3N [117,118] 

(iii) (Me3SiN)25 [ 119,120] 

(iv) Fe, Hg, or Ph3Sb [87-89] 
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(b) Structure and Bonding 

Current bonding models for S-N heterocycles are much more successful than those for 

cyclophosphazenes in the description of observed structures and chemical reactivities. The 

first systematic investigation of the bonding of cyclic S-N compounds was made by 

Banister in 1972. He proposed that planar S-N compounds belong to a class of "electron-

rich aromatics" which conform to the HUckel (4n + 2)-it-electron rule [ 121]. In his 

description of a binary S-N monocyclic compound, each sulfur atom contributes two and 

each nitrogen one electron to the it system. Most known monocyclic S-N rings do in-fact 

conform to such a rule [ 52N2 (8, 6 ite), 53N3 (12, 10 ite), S4N3 (22, 10 ite), and 

S5N5 (9, 14 ire)]. 

More accurate representations of planar S-N systems have been discussed at the simple 

HUckel level [ 122], at the extended HUckel level [78], and at the a17 initlo level [ 120]. In all 

cases, antibonding it*levels (or nit levels) are occupied to some extent. The 

accommodation of surplus it-electrons in it (or nit) orbitals is likely responsible for lower 

it bond orders when compared to aromatic hydrocarbons. For example, the HMO it-orbital 

pattern of S3Nç is similar to that of benzene, except that the degenerate pair of ir'' orbitals 

is fully occupied. Consequently the it-bond order in S3N3 is considerably lower than in 

benzene [122,123] and as a result the skeletal framework is readily broken upon heating. 

The stability of electron-rich S-N rings relative to the hypothetical carbon analogs is likely 

due to two factors; ( 1) the higher electronegativity of nitrogen compared to sulfur lowers the 

energy of the antibonding its' and the bonding it levels and (2) the larger S-N bond length 

reduces the repulsion between electron pairs, thus lowering the total energy of the it system 

[78]. 

One particularly unusual feature exhibited by many of the larger S-N rings (eight atoms 

or more) is the strong tendency for the formation of long transannular S-S bonds (2.4-2.7 

A). The formation of such bonds gives rise to bicyclic (folded), tricyclic, or cage structures 

as depicted in Figure 1.11. 
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Figure 1.11 - Examples of bicyclic, tricyclic, and cage S-N molecules with 

transannular S-S interactions 

Of the S-N compounds with transannular S-S bonds 54N4, 2, has been the subject of 

the largest number of theoretical discussions. The solid-state structure of 2, first established 

in 1963 [124], and more recently in 1978 [125], shows two cross-ring S-S interactions of 

2.601 and 2.597 A. Extended Hiickel MO (EHMO) calculations for S4N4 by Gleiter 

provide an appealing explanation for the cage structure [78,126]. A planar S4N4 molecule of 

D 4 symmetry would be a 12 it-electron ring with an open-shell configuration (Figure 

1.12a). Such a structure predicts a triplet ground state, which would be unstable with respect 

to Jahn-Teller distortion. Distortions from perfect D 4 symmetry show no or little 

significant splitting of the orbitals. However, the formation of two transannular S-S bonds 

does yield a singlet ground state (Figure 1.12b). As a result, the four electrons, previously in 

degenerate ir orbitals, are now accommodated in two S-S bonds. 
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Figure 1.12 - Orbital correlation diagram for the t-orbitals of (a) the 
hypothetical, planar S4N4 molecule and of (b) the observed cage structure 
(From Ref. [127]). 

According to ab initia calculations, however, the HOMO of S4N4 is a nitrogen based 

lone pair orbital and not the cross-ring S-S bond, while the LUMO is an S-S (a*) orbital 

(Figure 1.13) [120,128,129]. The X-ray fluorescence spectra of 2 support this MO model 

[130]. 

N--S--N 
A A 
S S 
T Y 
N--S--N 

-i 
1.13 - The LUMOs of 54N4. From Ref. [81]. 
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Transannular S-S contacts are also observed for the 1,5-disubstituted derivatives of 

SA, 10. The X-ray crystal structures of three compounds of the type 1,5-X2S4N4 (X=Cl 

[8], NMe2 [131,132], and Ph3PN [133,134]) have been determined. For each compound a 

folded, bicyclic structure, i.e. 10, is observed and the S-S bond is strengthened compared 

with S4N4, as a result of substitution [d(S-S) = 2.45 A (X=Ph3PN, Me 2N)and 2.48 A 

(X=Cl), cf. 2.60 A in S4N4]. In each case the X groups adopt exo, endo positions. 

MNDO (Modified Neglect of Diatomic Overlap) molecular orbital calculations of the 

heats of formation of planar (no S-S bond) and puckered [d(S-S)=2.6 A] forms of 10 

(X=Cl, F, NH2) predict a higher stability for the latter conformation [135]. The planar form 

of 10 is calculated to have an antibonding orbital localized over the NSN linkages. 

Puckering of the molecule alleviates the weakness of these bonds by redistributing the 

orbital into a iransannular S-S interaction. 

In extended Hückel MO calculations for 1,5-X2S4N4 and the related molecules 11 and 

25, the NSN units involving the unsubstituted (or unbridged) sulfur atoms are considered as 

two pseudo-allylic five-it-electron fragments [136]. If the substituents X in 10, or the 

bridging groups (11 and 25) are are able to withdraw 7c*electron density from the S4N4 

cage, e.g. N+, the S-S a-interaction will be weakened and a large S-S separation is expected, 

and is found for S4N5 [120]. However, if the high lying orbitals of the substituents or 

bridge atoms are filled (electron rich), eg. N, —N=S=N—, or a halogen, then stable cage 

structures with short S-S distances are predicted, consistent with the observed structures 10, 

11, and 25. 

A related class of eight-membered S-N rings are the heterocyclothiazenes of the type 

1,5-(RC)2N4S2 (R=Ph, NMe2) [ 137]. The structure of the ring exhibits a remarkable 

dependence upon the nature of the exocycic group bound to carbon. A planar 10-it-electron 

structure is observed for R=Ph (32) and a folded structure, with a weak S-S bond (2.50 A) 

is observed for R=NMe2 (33). 
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Extended Hückel MO calculations show that the structure of the ring depends on the 

electronegativity of the exocycic R group, whereby more electronegative groups, e.g. R=Ph, 

favour a planar structure [ 138]. Similar results are predicted on the basis of ab initio and 

MNDO calculations which show that electron-rich lOir systems prefer a planar monocycic 

structure, while it-donor substituents can induce a pseudo-Jahn-Teller distortion leading to a 

bicyclic 8-it system with a S-S bond [ 136,138,139]. Figure 1.20 shows the resulting 

transformation of the ir* orbital (HOMO) of a planar ring into an S-S bonding interaction 

of a folded bicyclic ring, i.e. intramolecular it-ir interaction. (See Section 1.4.2). 

By contrast, intermolecular S-S bonding is observed for the dimer S6N42 , 27 [d(S-S) 

= 2.99-3.12 A] [98,140,141]. Experimetal and computational evidence indicates that the 

five-membered ring radical S3N2 has a 2A2 ground state with the odd electron based 

primarily in an orbital that is antibonding with respect to the S-S bond (i.e. the dimer 

exhibits an intermolecular 7u*-it interaction) [ 142]. On the basis of a model involving two 

interacting H 2 S 2 species, MO arguments suggest that S6N42 can' be pictured as two 

monomer units loosely held together by a six-electron four-center bond [142]. 

Many of the mixed P-N-S rings (cyclophosphathiazenes) also exhibit cross-ring S-S 

interactions. These will be discussed in section 1.4.2. 

1.3,3 Coordination Chemistry (Transition-Metal Complexes)  

Cyclothiazenes form a wide variety of transition-metal complexes. A review of early 

work on such complexes was published by Weiss in 1966 [143]. There has since been a 

dramatic increase in interest in this area, which is likely a result of advances in X-ray 
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crystallography as a physical characterization technique, rather than NMR spectroscopy, as 

neither sulfur nor nitrogen are readily amenable NMR nuclei. Consequently, more complete 

reviews by Chivers and Edelmann [144] and by Kelly and Woollins [145] were published 

in 1986. For this work only two classes of S-N complexes will be covered; a-(N) bonded 

complexes of S2N2 and S4N4, and cyclometallathiazenes, MSXNY. 

(a) -(N) bonded Complexes 

Metal complexes of binary sulfur nitrides such as S2N2 and S4N4 can be considered 

typical Lewis acid-Lewis base adducts in which the ligand is bonded to the metal via a 

nitrogen atom. While S4N4 complexes of this type, such as MoCl5•S4N4 [ 146] and 

TiCl4•S4N4 [147], were first described early this century, the first complex of S2N2 was not 

reported until 1980 [ 148]. The delayed development of the coordination chemistry of S2N2 

is probably due to the difficulties involved in handling this explosively labile compound. 

Complexes of S2N2 have been prepared by reactions of transition-metal halides with a 

variety of S-N precursors. Examples of the three most widely used preparative routes are 

outlined below: 

(i) Cleavage of 54N4 complexes 

This thermolytic technique has been reported for AIX3 (X--Cl [ 149] and Br [150]), 

CuCl2 [ 148], VC14 [151], and TiCl4 [152] (Eq. 1.14). 

2 TiCl4'S4N4 125°C  
2 TiC14.52N2 + 54N4 (1.14) 

(ii) Reduction of (NSCl)3 (23) or 53N2C12 (21). 

In some cases chlorides of transition metals react with 23 or 21 to give S2N2 

complexes [153,154] (Eq. 1.15). 
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[Ph4As] [VC15] + (NSC1)3 CH2C12 [Ph4As] [(p.-S2N2)(VC15)2] 

I(NSCI)3 
[Ph4As] [(S2N2)VC14] 

(1.15) 

(iii) Thermolysis of thiazyl chloride complexes 

Thermolysis of the complexes MC15(NSCl) (M=Nb or Ta) results in the reductive 

elimination of Cl2 to give S2N2-bridged complexes [155] (Eq. 1.16). 

2 MCl5(NSC1)  V (p.-S2N2)(MC15)2 + Cl2 (1.16) 

The preparation of metal complexes by direct reaction with S2N2 has only been reported 

for TiCl4•S2N2 [152]. 

Both mono- and bidentate coordination modes are observed for disulfur dinitride, 

although monodentate coordination has only been proven for 

[(Ph3P)2(CO)2(S2N2)RuCl][AlCl4] [152] (Figure 1.14a). In all other structurally 

characterized compounds S2N2 acts as a bidentate, bridging ligand with nitrogen atoms as 

the donor sites (Figure 1.14b). The geometry of coordinated S2N2 is not substantially 

different than that of free S2N2 [d(SN) = 1.60-1.68 A, <(NSN) = 84-86°, <(SNS) = 94-

96°] [7]. Bonding of all four ring atoms of S2N2 can also be envisioned, and, although no 

such complexes have been reported, EHMO calculations predict that it-type sandwich 

complexes such as M(114-S2N2)2 and (i4-S2N2)M(C5H5) (M=Cr, Mo, or W) may be 

possible [156]. 
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Figure 1.14 - Coordination modes of S2N2. 

(a) Monodentate N-coordination 

(b) Bidentate, bridging coordination 

Numerous claims have been made with regard to the preparation of transition-metal 

complexes of S4N4. Such complexes were the subject of a review by Mange and Banister in 

1978 [157]. However, reactions between S4N4 and transition-metal halides often result in 

fragmentation of the 54N4 ring to give S2N2 complexes or cyclometallathiazenes. This, 

combined with a lack of an adequate NMR probe, makes structural assignment somewhat 

tentative unless it is supported by X-ray crystallographic data. 

The structures of five 1:1 adducts of 54N4 with transition-metal halides have been 

determined by X-ray crystallography, TaCl5.54N4 [ 158], FeCl3•S4N4 [ 159], CuCl.S4N4 

[160], CuBr.S4N4 [ 161], and CuCL2•S4N4 [ 162]. For the Ta and Fe complexes the S4N4 

ligand is coordinated via one of the nitrogen atoms. The cage structure of S4N4 is not 

retained however. Instead a boat-shaped eight-membered ring with approximately coplanar 

sulfur atoms results (Figure 1.15a). 

A different coordination mode is exhibited by S4N4 in the three copper complexes. For 

the two CuX (X=Cl, Br) compounds, polymeric structures are formed in which the metal 

centers are bridged by two 1,3-N,N'-bidentate S4N4 ligands (Figure 1.15b). The CuCl2 

adduct also has a polymeric structure, with the metal centers bridged both by chlorine and 

1,3-N,N'-bidentate S4N4 ligands (Figure 1.15c). The conformation and structural 
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parameters for these bidentate ligands are not significantly different from those of free 

S4N4. 
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Figure 1.15 - Structures of 1:1 adducts of S4N4 

a) MX.S4N4(MX=TaCl5, Fed 3) 

(b) CuX'S4N4 (X=Cl, Br) 

(c) CuCl2'S4N4 

 s 

(b) Cyclometallathiazenes 

Cyclometallathiazenes, represented by the general formula MSXNY5 are an important 

class of compounds in which the metal atom is a constituent of the S-N ring. They can be 

considered as complexes of cationic metal fragments and binary S-N anions. 

The five-membered metallacycles MS2N2 (M=Co, Ir, Ni, Pd, Pt, and Pb), and the related 

protonated rings MS2N2H (M=Co, Ni, Pd, and Pt), represent the best characterized group 

of S-N ring systems containing a transition-metal center. The compounds of greatest 
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interest to this work are those metallacycles which contain a platinum group metal center 

(Ni, Pd, Pt). With few exceptions compounds of this type have been synthesized by the 

reaction of S4N4 with various metal complexes. Although represented as mononuclear five-

membered rings, 34, the S2N2 unit can also be part of a dimeric structure, 35. 

/ S N 

LM 

S- N 
/ 

L N 
\/\ ___s 
M M 

"" ' N L 

I  N-8/ 

34 35 

The mononuclear platinum complex (Ph3P)2PtS2N2, is obtained on treatment of the 

Pt(0) reagents (Ph3P)2Pt(C2H4) [ 163] or (Ph3P)4Pt [ 164] with S4N4 in a 2:1 molar ratio in 

CH2C12-ether (Eq. 1.17). The related anionic nickel complex containing two S2N22 chelate 

ligands has been prepared by a different approach. In this case Ni(S2N2H)2 is deprotonated 

by KOH in methanol to give red K2[Ni(S2N2)2] [165] (Eq. 1.18). 

(Ph3P)2Pt(C2H4) + 

S\ / S 

N/ 

Ph3P\ /S----N 
1/2 S4N4 CH2Cl2/ether Pt (1.17) 

Ph3P"  

KOH 
MeOH 

2— 2K 

s—'\ Ns — 1 
Ni 

N S/ \S 

(1.18) 
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Neutral dinuclear MS2N2 complexes of the structural type 35 have also been described 

for Ni, Pd, and Pt. For example, reaction between [(Ph3P)2Ni(C3Ph3)][C104] and S4N4 in 

CH2Cl2 gives [(Ph3P)NiS2N2]2 in low yield [ 165,166]. The analogous palladium complex 

is obtained from S 4 N 4 and (Ph 3P)2Pd(C2H4) [ 166] or (Ph 3P)4Pd [ 167]. As indicated 

above the mononuclear platinum complex (Ph3P)2PtS 2N2, is formed from 

(Ph3P)2Pt(C2H4) and S4 N4 in CH2Cl2-ether. However, if THF or benzene is employed as 

the reaction solvent, the dinuclear complex [(Ph3P)PtS2N2}2, 35 (M=Pt, L=PPh3), is 

formed [ 166]. The same product is also produced by using (Ph3P)4Pt in a 1:1 molar ratio 

with S4N4 [167]. 

The most notable feature of the transition-metal complexes of the S2N22 ion, as 

determined by X-ray crystallography, is that there are two short and one long S-N bonds 

indicating a localization of it-bonding within the thiazene unit. The longer S-N bond (1.66-

1.69 A) approximates a single bond whereas the latter two (1.51-1.58 A) are close to double 

bond values. Such localized bonding is consistent with the valence bond description 

illustrated by structure 36. 

/ S N 

LM 

36 

Several platinum group metal complexes of other S-N anions are also known. 

Syntheses of a platinum complex of S3W have been reported recently. Reaction of S4N4 

with cis-PtCl2(PMe2Ph)2 at 14O°C in xylene [168] or at 0°C by use of photolysis [169] 

gives Pt(S3N)Cl(PMe2Ph), although no structural information is available. Another 53N 

complex, Ni(S3N)2, has been known for many years. It is best prepared via metathetical 

reactions of salts of the free S3N ion [170,171]. The related complex ion [(NiS3N)3S2f, 
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37, is obtained in the reaction of S7NH with KOH in the presence of NiCl2.6 H20 in 

methanol [ 172]. Each of the three Ni atoms is chelated to an S3W ion and the central 

cluster is an Ni 3S2unit. 

N 
S" N5 I 

\ / 
NS\ Ni_S 

S 5/ 
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37 

There has, been one brief report of the preparation of a tridentate (N,S,S') S4N3-

platinum complex, 38, whose structure was determined by X-ray crystallography [173]. It is 

obtained by heating cis-PtCl2(NCC6H5)2 with S4N4 in toluene under reflux. 

N 

S\ 

N—Pt—Cl 

S\ s 

38 

As illustrated by the previous examples, reaction of S4N4 with transition-metal reagents 

often results in disruption of the S4N4 cage to give products that are formally complexes of 

smaller, binary S-N anions. Until just recently the only complexes in which S4N4 remained 

intact were those which involved coordination of the metal atom to a nitrogen atom via a lone 

pair of electrons. However, in 1986 Roesky reported the first example of a tridentate 
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S4N42 complex, IrCl(CO)(Ph3P)(S4N4), 39 [174]. The distinguishing feature of the 

structure of this compound is that the metal fragment has inserted into an S-N bond of 

S4N4 and is also coordinated to a second sulfur atom, thus resulting in the formation of a 

bicyclometallathiazene (facial geometry). 

The preparation of Pt(S4N4)C12(PMe2Ph), 40, from the reaction of S4N4 with 

PtCl2(PMe2Ph) represents only the second example of a complex of S4N42 [175]. The 

S4N42 ligand is again tridentate (N,S,S'), but its geometry differs substantially from 39, 

displaying meridional rather than facial coordination. It is proposed that 40 undergoes 

meridional to facial isomerization upon heating in CHC13, on the basis of 15N-labelling 

studies [176] (Equation 1.19). 

S—.N 
N'Cl MN 
I I 
1  SN 90°C S,,,,1 

R3P " CIO 

Cl P 
R3 

40 41 

(meridional isomer) (facial isomer) 

(1.19) 
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1.4 Cyclophosphathiazenes 

1.4.1 Introduction 

As mentioned in the introduction to this chapter, the combination of monomer R2PN 

and SN units provides many possibilities for the class of inorganic heterocycles called 

cyclophosphathiazenes. Although at a much earlier stage of development than cyclo-

phosphazene or cyclothiazene chemistry enough work has been published to warrant a 

review of cyclophosphathiazene chemistry. Early reviews of such rings containing two- or 

three-coordinate sulfur [ 177] and four-coordinate sulfur [178], as well as a recent account 

of the chemistry of the diphosphadithiatetrazocines and their related S,S'-dialkyl(aryl) 

derivatives [ 179] have been published (Note: The suffix ocine refers to an unsaturated eight-

membered ring containing nitrogen). 

With the combination of phosphazene and thiazene units one can create a homologous 

series of two-coordinate cyclophosphathiazenes, (R2PN)X(SN)Y (Figure 1.16). Similarly, 

the combination of R2PN and NSX units affords heterocyles containing phosphorus, 

nitrogen, and three-coordinate sulfur (Figure 1.16) which may be considered hybrids of the 

cyclophosphazenes and (NSCl)3. 

All of the P-N-S rings illustrated in Figure 1.16, apart from 1,3-(R2PN)2(NSX)2, 45, 

which readily converts to the six-membered ring 44 (X=C1), or to the salts 

[Ph 8P4N6S2]2 [X3]2 (X=Br, I), have been isolated and characterized. This section 

describes the preparation, molecular and electronic structures, and reactions of these various 

cyclophosphathiazenes with emphasis on the 1,5-diphosphadithiatetrazocines, 16. 



15 

x=1, y=2 

37 
Cyclophosphathiazenes of the general formula (R2PN)(SN): 

(y must be even for neutral, non-radical rings) 
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Figure 1.16 - Cyclophosphathiazenes with 2 or 3 coordinate sulfur. 
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1.4,2 Synthesis. Structure, and Bonding 

(a) Synthesis 

The first reported example of a cyclophosphathiazene containing a two- or three 

coordinated sulfur atom was the six-membered ring (Cl 2PN)2NSC1, (44, R=X=Cl), which 

was isolated as a colorless oil from the reaction of PCi5 with Me3SiN=S=NSiMe3 [ 180]. 

This six-membered ring has been recently shown to undergo thermally induced ring-

opening to yield the first example of a new class of inorganic polymers, the 

poly(thiophosphazenes), i.e. repeating P(V)-N and S(IV)-N units [ 181]. Heterocycles of 

type 44 are also produced in reactions between 54N4 and trivalent phosphorus compounds 

containing P-Cl bonds. For example, moisture-sensitive, pale-yellow crystals of 

(Ph2PN)2NSC1 (44, R=Ph, X=Cl) are obtained in the reaction of Ph2PC1 with 54N4 in a 3:1 

molar ratio [ 182] (Equation 1.20). 

3 PhPC1 + SA CH. CN reflux  
3 hr. 

Ph2P' PPh2 

DI-0-N 

Cl 

44: R=Ph, X=Cl 

(1.20) 

The other known members of the cyclophosphathiazene series with three-coordinate 

sulfur 43, 45, and 46, are synthesized by the oxidation of the corresponding two-coordinate 

sulfur heterocyles 15, 17, and 16, respectively. As such, these compounds will be discussed 

in the next section which describes the chemical properties of the cyclophosphathiazenes. 

Just as the first reported cyclophosphathiazene containing a three-coordinate sulfur was 

a six-membered ring, so too was the first two-coordinate sulfur ring. The heterocycle 

(Me3SiNH)2PN3S2 (15, R=Me3SiNH), is produced by the reaction of S4N4 with the 

phosphorus (V) reagent, (Me3Si)2NP(NSiMe3)2 [16]. A more general route to six-
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membered rings of this type is the reaction of R2PPR2 (R=Ph, Me) [183,184] or, 

preferably, Ph2PH [1851 with S4N4 in toluene under reflux. A high-yield synthesis (86%) 

of Ph2PN 3S2 (15, R=Ph), from S 4 N 4 and the phosphorus (V) reagent 

Ph2P(NBSiMe3)(NSiMe3), has recently been reported [186]. 

The nucleophilic degradation of S4N4 by Ph2PH or R2PPR2 (R=Ph, Me) also yields 

minor amounts of both the 1,3 and 1,5 isomers of the eight-membered rings R4P2N4S2 (16 

and 17) [183-185,187]. Other preparative techniques, which are discussed in more detail in 

Chapter 2, include the reaction between S3N3 and Ph2PCl [188] and the cyclocondensation 

of the silylamino(phosphinimines), R2PN2(SiMe3)3, with SC!2 [ 186]. The latter preparative 

route is the preferred one as it gives good yields (>50%) from readily available starting 

materials. 

(b) Structure and Bonding 

X-ray crystallographic studies have confirmed the existence of a six-membered 

heterocyclic ring for two derivatives of R2PN3S2, R=Ph [183,184] and R=Me3SiNH [189]. 

The structure of Ph2PN3S2 shows an essentially planar NSNSN unit with the phosphorus 

atom tilted out of the plane by 0.28 A (Figure 1.17). 

Ab initio HFS calculations on H2PN3S2 have verified the conclusions of a simple 

Hückel MO analysis that the heterocyclic ring is an eight it-electron system in which the 

HOMO is a it orbital [ 184]. 

The structure of the eight-membered ring 1,3-Ph4P2N4S2 resembles that of the six-

membered ring Ph2PN3S2, in that the NSNSN unit is again essentially planar while the 

phosphorus atoms lie out of and on opposite sides of this plane [185]. An ORT.EP plot of 

1,3-Ph4P2N4S2 is shown in Figure 1.18. 
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Figure 1.17 - ORTEP drawing of Ph2PN3S2. From Ref. [183]. 

Figure 1.18 - ORTEP drawing of 1,3-Ph4P2N4S2 (17, R=Ph). Only the a-

carbons of each Ph ring are shown. From Ref. [1851. 



41 

The structures of two derivatives of the 1,5-isomer 16 (R=Ph [185], Me [187]) have 

been determined by X-ray crystallography. For both derivatives a folded eight-membered 

ring with a transannular S-S bond is observed [d(S-S) = 2.55 A (R=Me), 2.53 A (R=Ph)]. 

An ORTEP plot of 1,5-Ph4P2N4S2, including some of the pertinent bond lengths and 

angles, is shown in Figure 1.19. 
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Figure 1.19 - ORTEP drawing of 1,5-Ph4P2N4S2 (16, R=Ph) showing 

pertinent bond lengths (A) and angles (°). From Ref. [185]. 

For each derivative the two sulfur and four nitrogen atoms form two four-membered 

S2N2 planes which intersect at angles of ca. 1150 (R=Me) and ca. 117° (R=Ph). The 

phosphorus atoms of the phenyl compound lie 0.214 A below the respective S2N2 planes 

while for the methyl derivative the phosphorus atoms lie above and below the planes by ca. 

+0.19 and —0.48 A, respectively. This difference is apparently due to a solid-state effect 

[187]. However, in solution the phosphorus atoms are equivalent based on 31P NMR data. 

Because of the S-S interactions and the consequent angle strain associated with the 

PS2N2 rings, the geometry of each R2PN2 unit differs significantly from that found in 

methyl- or phenylcyclophosphazene structures; the mean endocyclic bond angles at 
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phosphorus [110.7° (R=Ph), 108.6° (R=Me)] and nitrogen [121.0° (R=Ph), 120.7° 

(R=Me)] are smaller than in (Ph2PN)4 [ 190] <' endo1199' <N=127.9°) and (Me2PN)4 

[191] <'endo=1198°' <N=132.0°). The mean P-N distances for 1,5-R4P2N4S2 [1.623 A 

(R=Ph), 1.636 A (R=Me)] are also significantly longer than in (Ph2PN)4 (d(P-N)=1.590 

A) and (Me2PN)4 (d(P-N)=1.596 A). This lengthening of the P-N bond has been attributed 

to the relative weakness of the it bonds of the four-electron three-center subunits of 1,5-

R4P2N4S2 as opposed to the it bonds found for the cyclophosphazenes [185,187]. 

The existence of the short transannular S-S interaction is the most interesting feature of 

the 1,5-diphosphadithiatetrazocines. As was discussed earlier in this chapter (Section 

1.3.2(b)), such an interaction is not uncommon for the larger cyclothiazenes. The theoretical 

arguments for the cyclothiazenes have been extended to include the 1,5-

diphosphadithiatetrazocines, based on the electronegativity of the heteroatoms in the 1,5-

positions rather than their exocyclic ligands [ 187]. Simple HMO calculations for the two 

limiting structures, the 10-it planar ring 47, and the folded, bicyclic 31, show that changing 

the electronegativity of the heteroatom, E, has predictable effects on each system. 

EN - N / E 

NN 

31 

The planar model 47 is stabilized by more electronegative elements such as 5+, while the 

folded structures are favoured for heterocycles containing less electronegative elements such, 

as phosphorus (Figure 1.20 shows a correlation diagram for the two limiting structures). 

However, it is conceivable that through modification of the ligands on phosphorus, e.g., by 

replacement of the alkyl/aryl groups by fluorine, the electronegative perturbation might be 
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sufficient to induce planarity. As the electronegativity of carbon falls between that of 

phosphorus and sulfur, the structures of the carbon-containing rings are highly sensitive to 

the electronegativity of the exocyclic groups. 
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Figure 1.20 - Orbital symmetry correlation diagram for the planar (left) and 
folded (right) structures of 1,5-E4N4S2 (From Ref. [ 187]). 

The HOMO of the folded structure 16 (Figure 1.21) can be viewed as an intramolecular 

it—ir interaction and it is the main contributor to the transannular interaction [192]. 
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Figure 1.21 - The HOMO of 1,5-diphosphadithiatetrazocines. 

The tendency of it-electron-rich cyclophosphathiazenes to form intra-ring S-S bonds is 

also exhibited by the twelve-membered ring Ph8P4N6S2 (42) [ 193] , and the fifteen-

membered spirocycle Ph8P4N8S3 (48) [194]. 

Ph2P N\ /NPPh 

NO O/ 2 

Ph2P_ N /  \ N__PPh2 

42 

1.4.3 Chemical Properties  

(a) Oxidative-addition reactions 

PPhz 

ir-M ini 
N 1 1 N Ni IN 

/ 
Ph2PN .7 NPPh2 

48 

It is not surprising that the electron-rich P-N-S heterocycles are easily oxidized. The 

smooth oxidative-addition of Cl2 to R2PN3S2 (15, R=Ph, Me), using S02C2 or, preferably, 

PhICl2 yields the dichiorinated rings R2PN3S2C2 (43, R=Ph, Me) [195,196]. Subsequent 

reaction with Me3SiNSNSiMe3 gives the bicyclic compounds R2PN5S3 (49, R=Ph, Me), 

which, upon thermolysis, regenerate the six-membered rings, R2PN3S2, via reductive 

elimination of NSN [196] (Equation 1.21). 
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R R R R 

+ PhIC12 

(or S02C12) 

43 

R R 
Z M e3SiNSNSiMe3 

+ 2Me3SiC1 
N N 

49 

Cl 

(1.21) 

The 1,5-diphosphadithiatetrazocine 1,5-Ph4P2N4S2 (16, R=Ph), is also easily oxidized 

by either Br2 or Cl2 (as S02C12) at room temperature in CF12C12 to give the bifunctional 

heterocycles 1,5-Ph4P2N4S2X2 (46, R=Ph, X=Br, Cl) [ 197] (Equation 1.22). 

1,5-Ph4P2N4S2 + Br2 or SO2Cl2   1,5-Ph4P2N4S2X2 (1.22) 

16 (R=Ph) 46 (R=Ph, X=Br, Cl) 

The structure of the brominated derivative consists of an eight-membered ring in which 

the two phosphorus atoms and four nitrogen atoms are planar and the two sulfur atoms are 

displaced on either side of the plane by 0.54 and 0.58 A respectively, to give a chair 

conformation (Figure 1.22). The exocyclic bromine substituents adopt a trans 

configuration. 
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Figure 1.22 - ORTEP drawing of 1,5-Ph4P2N4S2Br2 (46, R=Ph, X=Br). 
11 

From Ref [ 197]. 

The observed trans-stereochemistry for this polar oxidation is similar to that observed 

for the halogenation of alkenes, suggesting an isolobal correspondence between the a and 

cr orbitals of the S-S bond, and the it and ir orbitals of an alkene (Figure 1.23) [ 198]. The 

halogenation of 1,5-Ph41P2N4S2 can thus be viewed as involving attack of X on the S-S 

bonding orbital (HOMO) (Figure 1.21) followed by uptake of XT in a position trans to that 

of X (Figure 1.24). 

Oxidation of 1,3-Ph4P2N4S2 (17, R=Ph) by halogens occurs even more readily than for 

the 1,5-isomer, however, the expected bifunctional products, 1,3-Ph4P2N4S2X2 (45, R=Ph, 

X=halogen), are not isolated. Instead, reaction with Br2 or 12 produces the twelve-membered 

dication ring [Ph8P4N6S2]2 [X]2, while oxidation by S02C12 results in ring contraction 

to give the six-membered ring Ph4P2N3SC1 (44,R=Ph, X=Cl) (Figure 1.25). The different 

behaviors are attributed to the stabilities of the Br3 and I3 anions compared to cc [199]. 
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Figure 1.23 - Isolobal correspondence between 1,5-R4P2N4S2 and an 

alkene (for clarity contributions from nitrogen atomic orbitals to the 

(HOMO) and *(LUMO) orbitals of 1,5-R4P2N4S2 are omitted) (See 

Figure 1.21). 
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Figure 1.24 - Trans oxidative-addition of halogens to 1,5-Ph4P2N4S2 
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1,3-Ph4P2N4S2 + x2 

(X=Br, I, or Cl as SO2Cl2) 

Ph Ph - 

Ph7 fl Ph 
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Figure 1.25 - Oxidative addition of halogens to 1,3-Ph4P2N4S2. 

(b) Cycloaddition reactions 

The six-membered ring Ph2PN3S2 (15, R=Ph) readily undergoes a cycloaddition 

reaction with norbornacliene to give an adduct in which the olefin is symmetrically bound to 

the two sulfur atoms of the heterocyclic ring 50 [184] (Eq. 1.23). As the HOMO and 

LUMO of the six-membered ring are primarily sulfur based this mode of addition is 

expected. Since the characteristics of the HOMO and LUMO of 1,3-R4P2N452 are almost 

identical with those of the R2PN3S2, a similar cycloaddition mode is predicted. The addition 

of norbornadiene to 1,3-Ph4P2N4S2 (17, R=Ph) produces a yellow crystalline product, 

which, on the basis of 1H and 13C NMR data, is also a symmetrical S,S' addition product 

51 [197] (Eq. 1.24). By contrast, the 1,5-isomer does not form an adduct with 

norbomadiene. 
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Si 

(1.23) 

(1.24) 

(c) LewistBrØnsted acid adducts 

The Lewis base behavior of several of the cyclophosphathiazenes has been investigated 

in terms of their ability to form adducts with Lewis or Brønsted acids. In all cases 

coordination occurs via an endocyclic nitrogen atom. The interaction of the 

phosphadithiatriazine Ph2PN3S2 (15, R=Ph), with LewisfBrØnsted acids such as H, Me, 

BC13, and SnCl4 occurs at the nitrogen atom adjacent to the phosphorus atom of the PN3S2 

ring [201]. Lewis acid adducts of 1,3-Ph4P2N4S2 (17, R=Ph) with H, Me, BF3, BCl3 or 

SnC14 are obtained by the addition of an excess of the appropriate reagent to a stirred 

solution of the heterocycle [200,201]. Only the methylated and protonated derivatives can be 

recrystallized without dissociation. In all cases coordination occurs at the nitrogen atom 

between phosphorus and sulfur and, on the basis of an X-ray structural determination of the 

methylated derivative, results in lengthening of the bonds associated with the coordinated 

nitrogen, with retention of the eight-membered ring. 

The behavior of 1,5-Ph4P2N4S2 (16, R=Ph) towards Lewis and Brønsted acids has also 



50 

been investigated [201,202]. The Me, H, and BC13 monoadducts were obtained in high 

yields by using the same procedure described for the preparation of the adducts of the 1,3-

isomer. However, only the methylated derivative can be recryst11ized without dissociation. 

The 31P NMR spectra for the monoadducts show two doublets with chemical shifts in the 

range 83-95 and 125-129 ppm, on either side of the singlet observed for the free ligand. 

Four bond 31P-31P coupling between the inequivalent phosphorus atoms ranges from 16 to 

23 Hz. 

The crystal structure for l,5-Ph4P2N4S2MeCF3SO3 (Figure 1.26) shows that the 

•folded structure of the free ligand is maintained and the transannular S-S interaction is 

strengthened (d(S-S)=2.437 A compared to 2.528 A in the free ligand). Also, as was 

observed for the methylated 1,3-isomer, the P-N and S-N bonds associated with the 

coordinated nitrogen are longer than in the uncoordinated ring, while the other S-N bonds 

show a slight contraction. These structural changes have been attributed to polarization of 

7t*electron density of the it-electron rich ring into the skeletal bonds of the coordinated 

nitrogen. 
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Figure 1.26 - ORTEP drawing of 1,5-Ph4P2NS2MeCF3SO3 . From Ref. [202]. 
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The nonregiospecific formation of adducts of 1,5-Ph4P2N4S2 with stoichiometries other 

than 1:1 has also been reported [201,202]. The diprotonated adduct [1,5-Ph4P2N4S2H22 ] 

[CF 3S03]2 is obtained as a mixture of isomers although none have been structurally 

characterized by X-ray crystallography, while the 4:3 adduct [1,5-Ph4P2N4S2]4•3SnCl4 is 

assigned the structure illustrated in Figure 1.27, on the basis of ' 19Sn Mössbauer 

spectroscopy data. 
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Figure 1.27 - Proposed structure of [1,5-Ph4P2N4S2]4.3SnCl4. From Ref. [202]. 

(d) Transition-metal complexes 

N-bonded transition metal complexes, analogous in structure to the Lewis acid adducts 

described above, have only been recently reported [203]. The reaction of 1,5-R4P2N452 

(R=Ph, Et) with the chioro-bridged platinum (II) complex, [PtC12(PEt)]2, in a polar solvent 

gives the N-bonded monadducts 52a and 52b (Equation 1.25). 

2 1,5-R4P2N452 + [PtCl2(PEt3)}2 

(R=Ph, Et) 

2 trans-PtCl2(PEt3)(1,5-R4P2N452)] (1.25) 

52a, R=Ph; S2b, R=Et 

The X-ray structure of 52a (Figure 1.28) reveals 1 1-nitrogen coordination and the 

structural perturbations observed for the heterocycle upon attachment to platinum (II) are 

similar to those described previously for the N-methylated adduct of 1,5-Ph4P2N4S2, i.e. 
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contraction of the S-S bond and a lengthening of the bonds associated with the coordinated 

nitrogen atom [203]. 
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Figure 1.28. ORTEP plot for trans-{PtCl2(PEt3)(l,5-Ph4P2N4S2)], 52a. 

From Ref. [203]. 

The reaction of Pt(C2H4)(PPh3)2 with the clithiatetrazocines, l,5-E2N4S2 (31, E=Ph2P, 

Me2NC), in acetonitrile produces high yields of 1:1 complexes in which ethylene has been 

displaced by the heterocyclic ligand [204]. Preliminary X-ray crystallographic data for the 

complex of l,5-(Me2NC)2N4S2 suggests that these complexes likely exhibit a novel 

bonding mode involving an Tj2-S,S' interaction between platinum and the heterocyclic 

ligand. Density functional calculations show this interaction to be analogous to that found in 

2-a1kene complexes. The formation of such complexes provides support for the isolobal 

analogy between l,5-diphosphadithiatetrazocines and alkenes developed to explain the 

stereochemistry of oxidation of the l,5-diphosphadithiatetrazocines (See Section 1.3.3(a)) 

[197,198]. These complexes are discussed in much greater detail in Chapter 3. 
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(e) 31P NMR Spectra 

Solution 31p NMR spectroscopy has proved to be an important tool in 

cyclophosphathiazene chemistry both for monitoring reactions and for the structural 

identification of products [ 179]. The two 1,5-diphosphadithiatetrazocines characterized to 

date, 1,5-R4P2N452 (16, R=Ph, Me), exhibit anomalously low field isotropic solution 31P 

NMR chemical shifts ( 114 and 120 ppm, respectively) compared to those of other 

unsaturated P-N-S rings, which typically fall in the region +30 to -20 ppm [184,205]. As 

described in the previous section these low field shifts persist in the N-bonded Lewis acid 

adducts of 16 in which the S-S interaction is maintained [202]. Consequently, it has been 

suggested that these anomalous shifts are determined in some way by the structural 

constraints imposed by the cross-ring S-S interaction [202]. In particular, relatively narrow 

endocyclic bond angles at phosphorus for strained ring compounds have been proposed to 

result in low field 31P NMR shifts [206,207]. Thus, the unusual chemical shifts for the 1,5-

diphosphadithiatetrazocines may be due to the narrow angles at P of 1101110 [ 185,187] 

imposed by the S-S bonds. 

1.5 Objectives and Outline of the Thesis  

The cyclophosphazenes and cyclothiazenes have been thoroughly investigated and their 

chemistry is at an advanced level of development. The hybrid cyclophosphathiazenes, 

however, are a relatively new class of inorganic heterocycles whose chemical properties have 

only recently been studied. Early research has been concerned with the synthesis and 

structural characterization of various cyclophosphathiazenes while more recent work has 

dealt with some of their chemical properties, e.g., oxidative-addition of halogens, 

cycloaddition of olefins, and the formation of Lewis acid adducts. However, compared to the 

parent P-N and S-N systems the study of cyclophosphathiazenes is still at an early stage of 

development. The main objective of this thesis is, therefore, to extend our understanding of 

the chemical and physical properties of these unsaturated heterocycles - specifically the 
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family of 1,5-diphosphadithiatetrazocines. 

This thesis presents research conducted on the 1,5-diphosphadithiatetrazocines with an 

emphasis on novel features of their behavior imposed by the presence of a S-S cross-ring 

interaction. Chapter 2 describes the synthesis and characterization of the first structural 

isomers of 1,5-diphosphadithiatetrazocines, as well as an improved synthesis of these ring 

systems. Chapter 3 focusses on the preparation and structures of 2-S,S' metal complexes 

of 1,5-diphosphadithiatetrazocines and their thermal decomposition products. The reactions 

of 1,5-diphosphadithiatetrazocines with nucleophiles, e.g. organolithium reagents or the 

hydride ion, which occur at the sulfur centers to give the first anions of unsaturated P-N-S 

rings, are the subject of Chapter 4. In order to gain some insight into the anomalous nature 

of the 31P chemical shifts of these compounds, a 31p solid-state NMR study of 

cyclophosphathiazenes was conducted and the results are presented in Chapter 5. Final 

conclusions and possibilities for. future research are discussed in Chapter 6. 
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CHAPTER 2 

Preparation of 1 .5-Diphosphadithiatetrazocines 

2,1 Introduction  

As discussed in Chapter 1, the diphosphadithiatetrazocines can be prepared using one of 

four possible methods. The first involves the nucleophilic degradation of S4N4 with Ph2PH 

or R2PPR2 (R=Me, Ph) and results in a complex mixture of products, as illustrated in 

Equation 2.1, whose subsequent separation and purification require tedious and time-

consuming procedures such as gel permeation chromatography and selective 

recrystallizations [ 183,184,185]. 

S4N4 + Ph2PH Toluene PhPN3S + 1,3-Ph4P2N4S2 

(or Ph2PPPh2) (12%) (29%) 

+ 1,5-Ph4P2N4S2 + (Ph2PN)3,4 
(<1%) 

+ Ph2P(S)H + other, unidentified 
products 

(2.1) 

A second, related method relies on the thermal decomposition of the six-membered 

cyclophosphadithiatriazine, Me2PN3S2, which is itself difficult to prepare from S4N4 and 

Me2PPMe2 (Equation 2.2) [ 187]. 

S4N4 + Me2PPMe2 
Toluene Toluene 

Me2PN3S2 23°CIN  1,5-Me4P2N4S2 + S4N4 (2.2) 

1 Week 

+ (Me2PN)3,4 
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The reaction between S 3 N 3- and Ph2PCl also leads to the formation of 1,5-

diphosphadithiatetrazocines but, like the first method, a complex mixture of products 

requiring tedious purification is produced (Equation 2.3) [188]. 

CsS3N3 + Ph2PCl 
CH2C12 

Ph2PN3S2 + 1,5-Ph4P2N4S2 

+ S8 + S4N4 

+ Ph2P(S)Cl + CsCl 

(2.3) 

Recently a more directed synthetic'approach, termed the "building block" method, has 

been developed and found to have fewer drawbacks than do the previous procedures. This 

technique is based on the one utilized for the synthesis of the organic analogues of the 1,5-

diphosphadithiatetrazocines, namely the 1,5-dithia-2,4,6,8,-tetrazocines, in which the R2P 

groups are replaced by RC groups [137]. These related compounds can be prepared via 

cyclocondensation reactions of RC(NH)NH2 with SCI2 (Equation 2.4), suggesting that a 

similar approach might be successful for the preparation of the 1,5-

diphosphadithiatetrazocines. 

NH 

2RCf + 3 SC12 + 6 DBU CH2CL2 1,5-R4C2N4S2 + 1/8 S8 (2.4) 

NH2 + 6 DBU.HCI 

(R=Ph, NMe2) 

(DBU=diazabicycloundecene) 

Application of this methodology to the phosphorus-containing rings involves the cyclo-

condensation of the bis(trimethylsilyl)aminophbsphinimines, R2PN2(SiMe3)3, with SCL2 

(Equation 2.5) [186]. 



57 

NSiMe3 

2R2P( + 3SC12 

N(SiMe3)2 

CH2C12 
R2P\, I )/ R2 (2.5) 

16a: R=Ph 
16b: R=Me 

+ 6 Me3SiCl + 1/8 S3 

Yields of the 1,5-diphosphadithiatetrazocines obtained with this method are vastly 

improved (>50%) and purification is much easier. 

In this chapter an improved synthesis of known 1,5-diphosphadithiatetrazocines from 

bis(trimethylsilyl)aminophosphinimines using thionyl chloride in place of sulfur dichloride 

will be presented. Also, the synthesis of several new 1,5-diphosphadithiatetrazocines using 

either SOd 2 or SCL2 will be described, as will attempts to prepare structural isomers in the 

reactions between those phosphorus (V) reagents with two different substituents on 

phosphorus, i.e. RR'PN2(SiMe3)2, and SOCL2 or SCI2. All experimental details of the work 

described in this chapter are presented at the end of this chapter. 
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2.2 Synthesis of 1.5-Diphosphadithiatetrazocines Using Thionyl Chloride 

The reaction of Ph2PN2(SiMe3)3, 53, with S0C12, in CH2Cl2, in a 1:1 molar ratio 

produces 1,5-Ph4P2N4S2 (16a, R=Ph) in a 57% yield. This is a small improvement over the 

50% yield obtained when Sd 2 is employed, but, more important, the use of SOd 2 

eliminates the presence of sulfur as a by-product in the reaction [ 186]. Also, the purity of 

SOd 2 is much more reliable than that of S Cl2, as 5C12 readily begins to decompose to 

52C12 and Cl2 in the presence of even trace impurities such as moisture. 

Similarly, the reaction of Et2PN2(SiMe3)3, 54, with S0C12, under the same conditions 

as above, produces 1,5-Et4P2N4S2 (16c, R=Et) a new derivative of the 1,5-diphospha-

dithiatetrazocines, in 67% yield. This result is especially important as previous attempts to 

prepare 16c using SCI  have resulted in the production of the corresponding 1,3 isomer 17c, 

exclusively [208]. Compound 16c is shown by 1H NMR and 13C NMR to have 

inequivalent pairs (gxo and endo) of ethyl groups, as is true for the tetramethyl derivative, 

16b. An X-ray structural determination of 16c has been carried out and is described in 

section 2.2.1. 

In contrast to these results, the reaction between Me2PN2(SiMe3)3, 55, and SOCl2 

results in the formation of both the 1,5 and 1,3 isomers, 16b and 17b, respectively. This, 

however, has provided an unexpected route to the synthesis of significant quantities of the 

1,3 isomer. Previous preparative methods for this isomer have suffered due to very low 

yields and purification problems [185]. The separation of these two isomers using selective 

recrystallization was unsuccessful; gel permeation chromatography may provide a complete 

separation. Also, no cycloaddition-adduct is formed between the 1,3-isomer and 

norbornadiene in contrast to the behavior of the tetraphenyl derivative, 17a [ 127]. Overall 

then the best route to 1,5-Me4P2N4S2 still involves the use of SCI  rather than SOC!21 as 

the product acquired in this manner contains no significant quantity of the 1,3 isomer as a 

contaminant. 
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2.2.1 X-ray Analysis of 1  

The structure of 16c was determined by X-ray crystallography by Dr. M. Parvez of this 

department. An ORTEP drawing of 16c with its atomic numbering scheme is shown in 

Figure 2.1 and the crystallographic data are given in Table 2.1. The pertinent bond lengths 

and angles are given in Table 2.2. A comparison of the structural parameters for the series 

of 1,5-diphosphadithiatetrazocines 16a-c and 56b is provided in Table 2.4 and the data are 

discussed in Section 2.3.4. Complete structure analysis details as well as a listing of atomic 

coordinates and isotropic thermal parameters are given in reference [209]. 

C5 

Ni N43 

Si 

Figure 2.1 : ORTEP Plot (50% Probability Ellipsoids) of 1,5-Et4P2N4S2, 

16c, Showing the Atomic Numbering Scheme. 
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Table 2,1 Crystallographic Data for 16c and 56b 

Compound 16c 56b 

formula C8H20N4P2S2 C2C18N4P2S2 

formula wt. 298.35 489.75 

space group _V21I: 

(A) 15.244(3) 10.944(3) 

h (A) 9.494(3) 5.859(2) 

(A) 10.210(2) 23.831(4) 

(deg.) 102.51(1) 100.13(2) 

V (A3) 1442.6 1504.2 

4 4 

1(K) 295 165 

2(A) 0.71069 0.71069 

ca1cd (g cn11) 1.374 2.163 

0.512 1.834 

Ra 0.055 0.060 
Rb 

0.057 0.064 

a. R, = 1IF0I- IFII/IF0I 

b. = [wt 2/F02]1 
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Table 2.2 Selected Bond Lengths (A) and Bond Angles (°) for 16c 

Bond LenØs (A) Bond Angles (°) 

S(1)-N(1) 

S(1)-N(4) 

S(2)-N(2) 

S(2)-N(3) 

P(1)-N(1) 

P(1)-N(2) 

P(1)-C(1) 

P(1)-C(3) 

P(2)-N(3) 

P(2)-N(4) 

P(2)-C(5) 

P(2)-C(7) 

C(1)-C(2) 

C(3)-C(4) 

C(5)-C(6) 

C(7)-C(8) 

S(1)-S(2) 

1.591(7) 

1.584(6) 

1.598(7) 

1.571(6) 

1.623(6) 

1.606(8) 

1.769(8) 

1.778(8) 

1.620(7) 

1.613(7) 

1.796(8) 

1.787(8) 

1.52(1) 

1.52(1) 

1.50(1) 

1.52(1) 

2.495(3) 

N(4)-S(1)-N(1) 

N(3)-S(2)-N(2) 

N(2)-P(1)-N(1) 

N(2)-P(1)-C(1) 

N(2)-P(1)-C(3) 

N(1)-P(1)-C(1) 

N(1)-P(1)-C(3) 

C(1)-P(1)-C(3) 

N(4)-P(2)-N(3) 

N(4)-P(2)-C(7) 

N(4)-P(2)-C(5) 

N(3)-P(2)-C(7) 

N(3)-P(2)-C(5) 

C(7)-P(2)-C(5) 

S(1)-N(1)-P(1) 

S(2)-N(2)-P(1) 

S(2)-N(3)-P(2) 

S ( 1)-N(4)-P(2) 

C(2)-C(1)-P(1) 

C(4)-C(3)-P(1) 

C(6)-C(5)-P(2) 

C(8)-C(7)-P(2) 

115. 1(3) 

115.3(3) 

110.6(4) 

109.2(4) 

113.7(4) 

109.6(3) 

109.6(4) 

103.9(4) 

109.0(3) 

109.2(3) 

113.1(4) 

108.3(4) 

111.8(4) 

105 .2(4) 

120.9(4) 

122.5(4) 

121.3(4) 

122.2(4) 

112.2(6) 

116.3(6) 

117.0(6) 

113.9(6) 
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2,3 Structural Isomers of the 1,5-Diphosphadithiatetrazocines 

2.3,1 Introduction 

As was discussed in Chapter 1 all 1,5-diphosphadithiatetrazocines characterized to date 

have the unique feature of a cross-ring sulfur-sulfur bond, which results in the ring adopting 

a folded or butterfly-like configuration. In fact, it is possible to distinguish between the 

resulting inequivalent sets of alkyl groups of 16b and 16c (exo and endo) by 1H or 

NMR. Also, these groups remain inequivalent at temperatures up to 130°C as determined by 

VT 1H and 13C NMR studies, indicating that the folded structure of the eight-membered 

ring is non-fluxional, or rigid, with respect to inversion at the sulfur centers (Figure 2.2) 

[210]. Consequently, the possibility of preparing isomers in which two 

I 

Rt' \ 7 S_ /\R, 

A 

R' 

(R=R'=Me or R=R'=Et) 

Figure 2.2: Rigid, Folded Structure of the 1,5-Diphosphadithiatetrazocines. 

different groups are attached to the same phosphorus atom arises. A total of three 

configurational isomers is possible, viz. exo/exo, endo/endo, and exo/endo isomers (see 

Figure 2.3). 
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R R 

R' 

/ 

/\ ' S-N7 P\ 
N  R' 

—s .—N 

exo/exo isomer 
56a : R=Me, R'=Ph 
56b : R=C1, R'=CC13 
56c R=I, R'=Et 

R\ R 

N7Pç, 

exo/endo isomer 
57a : R=Me, R'=Ph 
57b : R=CI, R'=CC13 
57c : R=I, R'=Et 

R1\ —S 
N/ 

R 
/ 

N R 

endo/endo isomer 
58a : R=Me, Rt=Ph 
58b : R=C1, R'=CCl3 
58c : R=I, R'=Et 

Figure 2.3 : Isomers of the 1,5-Diphosphadithiatetrazocines 

The terms go and endo have been used to describe the outward or inward directionality 

with respect to the P2N4S2 ring, of the most sterically bulky substituent, i.e. Ph in 56-58a, 

CC13 in 56-58b, and Et in 56-58c. 

2.3.2 Preparation and 31P NMR Spectra of Isomer Mixtures  

Since S0C12 was found to be preferable to SC12 in the synthesis of 1,5-R4P2N4S2 

(R=Ph, Et) this reagent was employed in the initial attempts to prepare the isomers 56-58. 

The reaction between Me(Ph)PN2(SiMe3)3 and SOCL2 ( 1:1 molar ratio) in dichioromethane 

yields a mixture of products whose 31P NMR spectrum is consistent with the presence of 

all three possible isomers 56a, 57a, and 58a (Figure 2.4). This spectrum is typical of those 

observed for the isomer mixtures of the other derivatives mentioned in the proceeding 

sections. 
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56a 

57a 
57a 

U  ) 

11. 

58a 

Li 

126 124 122 120 118 116 114 112 110 108 

Figure 2.4: 31P NMR Spectrum and Assignments for a Mixture 

of 1,5-[Me(Ph)P}2N4S2 Isomers 56-58a. 

The interpretation of this spectrum is fairly straightforward as two of the observed 

resonances are doublets with identical coupling constants. The coupled, and therefore 

related, resonances could only arise from the isomer whose phosphorus atoms are not 

related by symmetry, namely the exolendo isomer, 57a. Assignment of the remaining two 

singlets to the other two isomers, whose phosphorus atoms are related by symmetry, is 

based solely on steric grounds, i.e. the most abundant of the two isomers has the less bulky 

methyl substituents in the endo positions. Thus, the more intense of the two singlets is 

assigned to the exo/exo isomer, 56a, and the remaining signal is assigned to the endo/endo  

isomer, 58a. The composition of the isomeric mixture is approximately 56a(34%), 

57a(62%), and 58a(4%) based on the integrated areas of their 31P NMR signals. Of 
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particular note is the large four bond coupling constant (45.3 Hz) between the inequivalent 

phosphorus atoms of isomer 57a. This value is much larger than any reported in the 

literature for cyclophosphazenes [211,212]. For comparison, values in the range 16-23 Hz 

have previously been observed for the corresponding interaction in N-bonded Lewis or 

Brønsted acid adducts of 16a, which also possess a cross-ring S—S interaction [202]. It is 

not clear whether this large coupling is a result of geometrical or electronic factors or a 

combination of both. 

The reaction of C13C(Cl)PN2(SiMe3)3 with SOC12 was not successful for the 

preparation of the desired isomers 56b, 57b, and 58b. However, the use of SC12, in a 2:3 

molar ratio, did produce a mixture of these isomers (Figure 2.5). The integrated areas of the 

NMR signals revealed an isomer distribution similar to that found for 56-58b. 

56b 

57b 57b 

58b 

116 112 iÔ8 104 100 

Figure 2.5 : 31P NMR Spectrum and Assignments for a Mixture 

of 1,5-[C13C(Cl)P]2N4S2 Isomers 56-58b. 
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.Similarly, the reaction of Et(I)PN2(SiMe3)3 with SOC!2 was not successful for the 

preparation of S6c, 57c, and 58c, but the use of SCL2 (in a 2:3 molar ratio) did give rise to a 

mixture of the desired isomers. The 31P NMR spectrum of this reaction mixture provides 

good evidence for the production of 57c and either 58c or, more likely, 56c (Table 2.6). 

However, the major phosphorus-containing products from this reaction give rise to signals 

in the region - 10 to +30 ppm and it was not feasible to isolate pure samples of this 

particular diphosphadithiatetrazocine. The low yield of eight-membered ring produced is 

likely due to side reactions of the relatively labile phosphorus-iodine bond. 

As was the case for the exolendo-Me, Ph isomer, 57a, the halogenated derivatives 57b 

and 57c also show significant phosphorus-phosphorus coupling in the 31P NMR spectrum 

(4J(P-P)=61.0 and 61.5 Hz, respectively). These are by far the largest four bond, 

phosphorus(V)-phosphorus(V) coupling constants ever reported and again it is unclear 

what role geometrical or electronic factors play in these unusually high values. 

2.3.3 Separation of Isomers  

Two techniques were employed for the separation of isomeric mixtures. A pure sample 

of exo/endo-[Me(Ph)P]2N4S2, 57a, was successfully separated by preparative thin-layer 

chromatography (TLC) on silica-gel plates, using pure chloroform as an eluent. However, it 

was not possible to separate the exolexo, 56a, and endo/endo, 58a, isomers by using this 

technique. This separation was attempted for several solvent systems, but none was found to 

work as well as pure chloroform. 

A pure sample of the most abundant symmetrical isomer of the CC!3, Cl derivative was 

obtained by fractional recrystallization from a mixture of toluene and pentane (2:1). This 

isomer was assumed to be 56b, i.e. that isomer with the less bulky Cl substituents in the 

endo positions, on the basis of the steric arguments outlined earlier (Section 2.3.2). This 

assumption was confirmed by X-ray crystallography (Section 2.3.4). 
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2.3.4 X-ray Analysis of 1,5-f(exi-CC13, endo-Cl)Pl 2IS 2 56b  

The structure of 56b was determined by X-ray crystallography by Dr. M.Parvez of this 

department. An ORTEP drawing of 56b with its atomic numbering scheme is shown in 

Figure 2.5. The crystallographic data are given in Table 2.1 and the pertinent bond lengths 

and angles are given in Table 2.3. Complete structure analysis details as well as a listing of 

atomic coordinates and isotropic thermal parameters are given in reference [209]. The 

structural parameters of this heterocycle are compared with the corresponding data for 16a, 

16b, and 16c in Table 2.4. 

CL 1 

CL3 

CL2 

CL5 

P1 Ni 
Cl N2 P2 

N4 

CL4 

Si 

S2 

N3 

C2 

CL7 

CL6 

Figure 2.6 : ORTEP Plot (50% Probability Ellipsoids) of 1,5-[(exo-
CC13,efldo-Cl)P]2N4S2, 56b, Showing the Atomic Numbering Scheme. 

CL8 
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Table 2,3: Selected Bond Lengths (A) and Bond Angles (°) for 56b 

Bond Lengths (A Bond Angles (° 

S(1)-S(1) 2.525(3) N(1)-P(1)-N(4) 114.3(3) 

P(1)-N(1) 1.595(6) N(1)-P(1)-C(1) 107.2(4) 

P(1)-N(4) 1.599(6) N(1)-P(1)-Cl(1) 111.6(3) 

P(1)-C(1) 1.854(8) N(4)-P(1)-C(1) 108.4(4) 

P(1)-C1(1) 1.978(3) N(4)-P(1)-C1(1) 112.8(3) 

P(2)-N(2) 1.607(7) C(1)-P(1)-C1(1) 101.6(3) 

P(2)-N(3) 1.626(6) N(2)-P(2)-N(3) 112.0(4) 

P(2)-C(2) 1.854(8) N(2)-P(2)-C(2) 107.7(4) 

P(2)-C1(5) 1.985(3) N(2)-P(2)-C1(5) 113.5(3) 

S ( 1)-N(2) 1.599(7) N(3)-P(2)-C(2) 108.8(3) 

S ( 1)-N( 1) 1.607(6) N(3)-P(2)-Cl(5) 112.7(2) 

S(2)-N(4) 1.577(6) C(2)-P(2)-C1(5) 102.2(3) 

S(2)-N(3) 1.584(7) N(2)-S(1)-N(1) 113.3(4) 

C1(2)-C(1) 1.766(8) N(4)-S(2)-N(3) 112.7(4) 

Cl(3)-C(1) 1.747(8) P(1)-S(1)-N(1) 118.8(4) 

C1(4)-C(1) 1.764(8) S(1)-N(2)-P(2) 117.0(4) 

C1(6)-C(2) 1.769(8) S(2)-N(3)-P(2) 117.3(4) 

C1(7)-C(2) 1.746(8) S(2)-N(4)-P(1) 121.1(4) 

C1(8)-C(2) 1.780(9) C1(3)-C(1)-Cl(4) 110.9(5) 

C1(3)-C(1)-Cl(2) 110.2(4) 

Cl(3)-C(1)-P(1) 110.4(4) 

C1(4)-C(1)-Cl(2) 109.3(4) 

C1(4)-C(1)-P(1) 106.1(4) 

C1(2)-C(1)-P(1) 109.8(5) 

C1(7)-C(2)-Cl(6) 111.0(4) 

C1(7)-C(2)-Cl(8) 110.8(5) 

C1(7)-C(2)-P(2) 109.7(4) 

C1(6)-C(2)-Cl(8) 110.0(4) 

C1(6)-C(2)-P(2) 107.4(5) 

C1(8)-C(2)-P(2) 107.9(4) 
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The structures of the heterocyclic rings 16c and 56b show the same general features as 

those of 16a [185] and 16b [187], namely a folded, bicyclic system in which two five-

membered PN2S2 rings share a common S--S bond with d(S-S) 2.5 A. The major 

difference between the structures of these four eight-membered rings involves the position 

of each phosphorus atom relative to its respective S2N2 plane. For 16a both phosphorus 

atoms are situated below the S2N2 planes by 0.214 A, while in 16b the phosphorus atoms 

lie out of and on opposite sides of the S2N2 plane by +0.194 and -0.474 A. By contrast, 

one of the phosphorus atoms in 16c deviates only slightly (0.064 A) while the other lies 

0.238 A above their respective S2N2 planes. This inequivalence was also observed in the 

solid-state CP MAS 31P NMR spectrum of 16c as two resonances could be resolved for the 

phosphorus atoms (Section 5.2.1). The phosphorus atoms in 56b show a behavior similar 

to that of 16c as one PN2S2 ring is essentially planar whereas the other is 0.413 A below 

the S2N2 plane. 

The endocyclic bond angles at phosphorus are larger for 56b than for the other three 

alkyl/aryl derivatives, 16a-c, ( 112.0° and 114.3° versus 107.3° to 110.8°) and those at 

nitrogen are somewhat smaller (118.6° versus 120.7° to 121.8°). The phosphorus-nitrogen 

and sulfur-nitrogen bond lengths for the series 16a-c and 56b show no significant 

deviations or trends (d(P-N) = 1.607 to 1.636 A, d(S-N) = 1.590 to 1.595 A). 
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Table 2,4: Comparison of Structural Parameters for the 1 .5-Diphosphadithiatetrazocines  

16a. 16b. 16c. and 56b  

Compound l6aa 16b' 1 c 56bc 

d(P-N) (A)d 1.621(3) 1.636(3) 1.616(8) 1.607(7) 

d(S-N) (A)d 1.590(3) 1.595(3) 1.586(7) 1.592(7) 

d(S-S) (A) 2.528(1) 2.551(2) 2.495(3) 2.525(3) 

<(NPN) (deg) 110.8(1) 110.0(2) 110.6(4) 114.3(3) 

110.8(1) 107.3(2) 109.0(3) 112.0(4) 

<(PNS) (deg)d 120.9(2) 120.7(2) 121.8(4) 118.6(4) 

Angle between 

two S2N2 planes 
117.3 114.9 115.5 113.2 

Deviation of P -0.214 +0.194 +0.064 +0.030 
atoms from S2N2 

planes (A) 
-0.214 -0.474 +0.238 -0.413 

a. Data taken from ref. [1851. Compound 16a has a twofold axis that passes through 

the center of the S-S bond and is perpendicular to it. 

b. Data taken from ref. [ 187]. 

c. This work. 

d. Mean values. 

2.4 Preparation of 15-Cl4P2 S2. 16d A Polymer Precursor?  

The reaction between C12PN2(SiMe3)3 and SC12 in CH3CN produces what is likely 

1,5-C14P2N4S2 as the product exhibits a singlet at +94 ppm in the 31P NMR spectrum, i.e. 

in a region characteristic of the 1,5-diphosphadithiatetrazocines. However, this material has 

proven extremely difficult to fully characterize as it appears to decompose quite rapidly in 

solution to a material that is insoluble in most common organic solvents. Sulfur and 
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nitrogen analytical data have been obtained that are consistent with the formation of the 

empirical unit C12PN2S. It is quite possible that this material is polymeric and, as such, it 

would be the first example of P-N-S polymer with alternating PN and SN units in the 

backbone and two-coordinate sulfur (Equation 2.6). As mentioned in Section 1.4.2(a), 

thermolysis of the six-membered ring (C12PN)2NSCl (44, R=X=Cl) has been shown to 

induce ring-opening, resulting in the formation of a polymer with sulfur in the +4 oxidation 

state and a P:S ratio of 2:1 (Equation 2.7) [181(a)]. Similarly, thermolysis of the related six-

membered ring (C12PN)2NS(0)C1 (sulfur in the +6 oxidation state) gives the analogous 

PNS polymer with 4-coordinate sulfur centers [181(b)]. 

NSiMe3 

2\ 

N(SiMe3)2 

'Cl 

S-. 

N N 
-6Me3SiC1 / 5 

+ sc2 -1/8S8 C12P I Pd 2 (2.6) 

N- -N 

cl P'U I P 

;Tc144 

90°C 

16d 

(C12PNSN) 

Cl Cl 

S=N1!=NI=N 
I I 
Cl Cl Cl 

- _n 

(2.7) 

If this proposal is correct, the process shown in Equation 2.6 represents an unusually 

facile polymerization of a cyclophosphazene and, as such, the polymerization mechanism is 

probably different from that of 44 or (NPC12)3, i.e. thermolysis. The polymerization of 16d 

likely involves ring opening via cleavage of a labile S-N bond. 
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2.5 Conclusion  

The cyclocondensation of the bis(trimethylsilyl)aminophosphinimines, 

R(R')PN2(SiMe3)3, with thionyl chloride results in both improved yields and simplified 

purification of tetraalkyl or tetrary1 1,5-diphosphadithiatetrazocines compared to the use of 

sulfur dichloride. In fact, the use of S0C12 has allowed for the preparation of 1,5-

Et4P2N4S2, 16c, while the use of SC12 appears to produce the 1,3 isomer exclusively. The 

synthesis of 1,5-Me4P2N4S2, 16b, using SOd 2 also results in the production of a 

considerable amount of the 1,3 isomer. The reasons for the preferential formation of one 

isomer, depending upon which sulfur halide reagent is used, are not understood. Further 

investigations are neccessary to determinine the reaction pathway for this very complex 

cyclocondensation reaction. 

All three possible structural isomers of the 1,5-diphosphadithiatetrazocines are formed 

in reactions between those bis(trimethylsilyl)aminophosphinimines having two different 

substituents on phosphorus and either S0C12 or SCI2. The major product in each case is 

the unsymmetrical exo/endo isomer, all of which exhibit a large four-bond coupling between 

the inequivalent phosphorus atoms (45 to 65 Hz). Of the remaining two symmetrical 

isomers, that having the least sterically demanding groups in the endo positions 

predominates. 

Finally, it appears that the preparation of 1,5-diphosphadithiatetrazocines with at least 

one halogen atom on each phosphorus is only successful if one employs SC!2 rather than 

SOd 2 as the cyclocondensation reagent. The halogenated 1,5-diphosphadithiatetrazocines, 

56-58b and 16d have been prepared in this manner and represent the first examples of this 

ring system with potentially reactive, exocyclic P-Cl linkages. As such they offer a unique 

opportunity to investigate reactions at phosphorus rather than at the sulfur or nitrogen 

centers or, in the case of the tetrachioro derivative, 16d, they may provide a precursor to 

novel P-N-S polymers. 
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2,6 Experimental Section 

2.6,1 Reagents and General Procedures  

All solvents were dried and distilled before use, toluene (Na), dichloromethane (P4010), 

hexanes and pentane (Na), acetonitrile (CaR2 and P4010), and carbon tetrachloride 

(P40 1&. All reactions and the manipulation of air/moisture-sensitive materials were carried 

out under a atmosphere of nitrogen (99.99% purity) passed through silica gel and P4010. 

Sulfur dichloride and PCi3 (Aldrich) were distilled before use. All other reagents were 

used as received; SnC14, n-BuLi, EtMgBr, MeMgBr, PhPCl2, Ph2PCl, (Me 3Si)2NH 

(Aldrich), SOCl2 and Ed (Fisher), Me3SiN3 (Petrarch). Preparative TLC plates were 

Macheney-Nagel, 20 x 20 cm, 2 mm silica gel. 

Literature procedures were used for the preparation of Me2PN2(SiMe3)3 [213], 

Me (Ph)PN2(SiMe3)3 [214], Me(Cl)PN2(SiMe3)3 [215], Et(I)PN2(S iMe3)3 [216], 

CCl3(Cl)PN2(SiMe3)3 [217], C12PN2(SiMe3)3 [217]. Et2PN2(SiMe3)3 and 

Ph2PN2(SiMe3)3 were prepared from Me3SiN3 and Et2PN(SiMe3)2 [218] or 

Ph 2PN(SiMe 3)2, respectively, using the procedure described for 

Me(Ph)PN2(SiMe3)3[214]. The 31P NMR chemical shifts for all reagents are given in 

Table 2.5. 

2.6.2 Instrumentation  

Infrared spectra (4000-400 cm 1) were recorded as Nujol mulls (KBr windows) on a 

Nicolet 5DX-FTIR spectrophotometer. 1H and 13C NMR spectra were recorded on a 

Bruker ACE-200 spectrometer. 31P NMR spectra were obtained on a Varian XL-200 or a 

Bruker AM-400 spectrometer with 85% H3PO4 as an external reference. Mass spectra were 

recorded on a Kratos MS8ORFA operating at 70 eV. Chemical analyses were performed by 

the Analytical Services of the Department of Chemistry, The University of Calgary. 
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Table 2.5 :  31P NMR Chemical Shifts for RR'PN2(SiMe33  reagents.  

Compounda (3 1p)b 

Ph2PN2(SiMe3)3, 53 

Et2PN2(SiMe3)3, 54 

Me2PN2(SiMe3)3, 55 

Me(Ph)PN2(SiMe3)3 

C13C(Cl)PN2(SiMe3)3 

Et(J)PN2(SiMe3)3 

C12PN2(SiMe3)3 

Me(Cl)PN2(SiMe3)3 

9.2 (7.3) [ 186] 

29.2 

15.2 

12.8 

2.8 (3.8) [217] 

-10.9 (- 10.7) [218] 

-24.2 (-24.0) [217] 

22.0 (20.3) [216] 

a. In CH2C12 (D20 insert). 

b. Reference: 85% external H3PO4; literature values are given in parentheses (all in 

CDC13). 

2.6.3 Preparation of 1.5-Ph4P242 16a,  using SOC12 

A solution of SOCl2 (2.00 g, 16.7 mmol) in dichloromethane (30 ml) was added 

dropwise, via transfer needle (25 mm), to a stirred solution of Ph2PN2(SiMe3)3 (7.23 g, 

16.7 mmol) in clichloromethane (75 ml) at 23°C. The solution imrhediately turned an intense 

yellow color and gradually darkened during the addition to a clear orange-red. During the 

addition a clear liquid, presumably Me3SiCl, was observed to condense on the sides of the 

flask. The resulting solution was stirred at room temperature for 3.5 h to give a clear red 

solution. The solvent and other volatiles were then removed under vacuum leaving 5.35 g of 

a light pink solid. Recrystallization from acetonitrile (0° C) afforded pale pink crystals of 

16a (2.31 g, 4.71 mmol, 57% yield) identified by comparison of the 31P NMR and JR 

spectra with those of an authentic sample. The very pale pink color is due to the presence of 

minute quantities of Ph2PN3S2. The 31P NMR chemical shift of 16a is reported in Table 

2.6. 
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2.6.4 Preparation of 1.5-Et4P2N4 .2, 16c, using S0C12 

A solution of S0C12 ( 1.09 g, 9.17 mmol) in dichioromethane (20 ml) was added 

dropwise, via transfer needle (20 mm), to a stirred solution of Et2PN2(SiMe3)3 (2.73 g, 9.17 

mmol) in dichloromethane (50 ml) at 0°C. The reaction proceeded exactly as it did in the 

preparation of 16a to give a clear orange-red solution, which was stirred at room 

temperature for 15 h. Solvent and volatile products were removed under vacuum leaving a 

purple semi-solid residue which was recrystallized twice from hot toluene to yield light 

purple crystals of 16c (0.91 g, 3.10 mmol, 67% yield). 

Anal. Calcd. for C8H20N4S2P2: C, 32.21 ; H, 6.76; N, 18.87. Found: C, 31.90; H, 

6.79; N, 18.64. The infrared spectrum of 1,5-Et4P2N4S2 (1300-400 cm 1) shows bands at 

1260 w, 1096 s, 1061 vs, 1042 vs, 1028 s, 1005 s, 980 s, 873 w, 797 m, 780 s, 753 s, 722 m, 

662 m, 648 w, 623 s, 565 w, 560 w, 451 s cnf'. 

The mass spectrum shows the following peaks : m/e, (ion, rel. mt.) ; 298 (M, 57%), 

269 (M-Et, 3.2%),252 (M-SN, 40%),223 (M-SN-Et, 52%), 194 (MtSNEt2, 61%), 64 

(Sj, 100%) and 46 (SN, 29%). 

The 1H NMR spectrum in CDC13 shows a complex pattern: 

PCH2M (endo or ) S = 0.84 ppm, doublet of triplets, 

3J(H-P) = 18.6 Hz'3 J(H-H)  = 7.6 Hz 

PCH2M (fm or endo) S = 1.16 ppm, doublet of triplets 

3J(H-P) = 17.9 Hz, 3J(H-H) = 7.5 Hz 

PMe (em and endo) S = 1.6 - 1.8 ppm, complex multiplet 

The ( 1H) 13C NMR spectrum in CDC13 shows: 

PMe (endo or exo) S = +24.2 ppm, doublet, 1J(C-P) = 72.0 Hz 

PMe or endo) S = +21.2 ppm, doublet, 1J(C-P) = 85.6 Hz 

PCH2M (endo or ) S = +7.2 ppm, singlet 

PCH2M (m or endo) S = +4.7 ppm, singlet 

The 31P NMR data are given in Table 2.6. 
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2.6.5 Preparation of 1,5-Me4P2N4S2. 16b. and 1.3-Me4P2 S2. 17b. using SOC!2 

A solution of SOC12 ( 1.42 g, 12.0 mmol) in CH2C12 (50 ml) was added dropwise to a 

stirred solution of Me2PN2(SiMe3)3 (3.69 g, 12.0 mmol) in CH2C12 (100 ml) at 0°C, over a 

40 mm. period. The resulting solution was a clear orange-red color. After stirring for 24 h at 

room temperature solvent and volatiles were removed under vacuum. The resulting orange 

residue was recrystallized twice from CH3CN (20 ml) at -20°C to yield pale orange crystals 

containing a mixture of 16b and 17b (0.485 g, 2.0 mmol). The ratio of 16b:17b was 45:55 

by integration of the 31P NMR spectrum. The 31P NMR chemicaishift of each product is 

listed in Table 2.6. 

Attempts at separating the mixture of isomers using fractional recrystallization were 

unsuccessful. Also, an attempt to isolate the 1,3 isomer as its norbornadiene adduct failed. 

The formation of this NBD adduct is either extremely slow or does not occur at all. 

2.6.6 Preparation of 1.5-1Me(PhP1242 Isomers 56..58a Using S0C12 

A solution of SOd2 (1-819, 15.2 mmol) in CH2C12 (70 ml) was added dropwise (45 

mm), by transfer needle, to a stirred solution of Me(Ph)PN2(SiMe3)3 (5.63 g, 15.2 mmol) 

in CH2C12 ( 150 ml) at 0°C. After 12 h the 31p NMR spectrum of the reaction mixture 

revealed the presence of all three isomers 56a, 57a, and 58a (Figure 2.4). The orange-red 

solution was stirred at room temperature for a total of 18 h, then the solvent and volatile 

products were removed under vacuum to give a viscous purple oil. This oil was dissolved in 

a minimum of CH.2C12 and transferred dropwise to rapidly stirred pentane ( 150 ml) at - 

78°C. Removal of the solvents under vacuum afforded a pale orange solid (3.00 g) which 

was extracted once with CH2C12 (50 ml). Pentane (40 ml) was added to the CH2Cl2 extract 

and, after 24 h at -25°C, a red, viscous oil separated out of solution. The solution was 

decanted from the oil and pumped to dryness. The residue was then redissolved in CH 2C12 

(10 ml) and pentane(40 ml) and after a further 24 h at -25°C the solution was again 



77 

decanted from the resulting oil. Solvent was removed under vacuum leaving 0.36 g of a 

gummypurple material which was shown by 31P NMR to be a mixture of all three isomers 

(no other phosphorus-containing products were present). This residue was separated by 

TLC on silica gel (developed with CHC13) to give a pure sample of 57a (0.15 g, 0.41 mmol) 

and a mixture of all three isomers almost completely depleted in 57a (0.07 g, 0.19 mmol). 

Anal. Calcd. for C14H16N4P252 : C, 45.90 ; H, 4.40 ; N, 15.29. Found for pure sample of 

57a: C, 46.12 ; H, 4.36; N, 13.72. Found for mixture of isomers depleted in 57a: C, 44.99 

H, 4.09; N,14.21. For 57a: 1H NMR (CDC13) : 0.60 ppm (doublet, 2J(H-P) = 13.9 Hz, 3 

H, 3) 1.80 ppm (doublet, 2J(H-P) = 14.3 Hz, 3 H, ) 7.3-7.9 ppm (multiplet, 10 H, 

The 1H NMR parameters for the methyl groups of 56a and 58a were obtained from 

the spectrum of the mixture of isomers by comparison with the relative abundance of these 

isomers as indicated by the 31P NMR spectrum. For 56a: 1.54 ppm (doublet, 2J(H-P) = 

14.2 Hz), 6.8-7.3 ppm (multiplet, For 58a: 1.58 ppm (doublet, 2J(H-P) = 15.9 Hz), 

6.8-7.3 ppm (multiplet, 

The 31P NMR data for 56a, 57a, and 58a are given in Table 2.6. 

2.6.7 Preparation of 1,5-[C13C(CflP12j42 Isomers, 56b. 57b and 58b Using SC12 

A solution of SC12 (2.38 g, 23.1 mmol) in CH2C12 (20 ml) was added dropwise (15 

mm), via transfer needle, to a stirred solution of C13C(Cl)PN2(SiMe3)3 (6.66 g, 15.4 mmol) 

in CH2Cl2 ( 150 ml) at 0°C. Observations made during the addition were the same as for, all 

previous reactions. The resulting clear purple solution was allowed to warm to room 

temperature and was stirred for 24 h, after which a yellow solid (S8) had settled out of 

solution. The solution was decanted with a filter needle and the filtrate was pumped to 

dryness leaving a mixture of yellow and light-purple solids, which were extracted once with 

30 ml of CH2C12 and again ptimped to dryness. The resulting solid was then recrystallized 

twice from toluene/pentane (25 ml: 25 ml) at -25°C to yield 100 mg of 56b, the exo/exo  
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isomer of 1,5-[C13C(Cl)P]2N4S2. The combined toluene/pentane filtrates were found by 

NMR to be a mixture of all three isomers depleted in 56b versus the composition of the 

crude reaction mixture. 

Anal. Calcd. for C2C18N4P2S2 : C, 4.91 ; N, 11.44. Found: C, 5.08 ; N, 11.39. JR 

(Nujol, cnf1): 1116 s, 1100s, 1067 s, 1033 m, 971 w, 777 m, 747 vs, 723 s, 591 s, 568 m, 

546 m, 511 s, 499 s, 432 m. The MS shows the following significant peaks (ion, rel. mt.): 
488 (M,13%), 453 (M-Cl,0.8%), 371 (M-CCl3,58%), 323 (CI5CP2N3S, 8%), 288 

(C14CP2N35, 25%), 252 (C12P2N4S, 17%),229 (C14CPNS, 40%),206 PANS 2,48%), 

182 (P2N452, 19%), 136 (PAST 18%) ... 35 (35C1, 100%). 

The 31P NMR parameters for 56b, 57b, and 58b are given in Table 2.6. 

2.6.8 Preparation of 1..5-[Et(j')P12N4 .2 Isomers 56c,  57c, and 58c Using SC!2 

A solution of SC12 (0.87 g, 8.4 mmol) in CH2C12 (15 ml) was added dropwise to a 

stirred solution of Et(I)PN2(SiMe3)3 (2.44 g, 5.62 mmol) in CH2C12 (50 ml) at 23°C. After 

1 h the 31P NMR spectrum revealed a complex mixture of products with chemical shifts in 

the range - 10 to +30 ppm and only small amounts of 57c, and 56c or 58c. It was not 

possible to isolate pure samples of these isomers. 31P NMR parameters for the two isomers 

are given in Table 2.6. 

2.6.9 Preparation of 1,5-Cl4P2 j 2, 16d, Using SC12 

A solution of SC12 ( 1.36 g, 3.89 mmol) in CH3CN (30 ml) was added dropwise to a 

stirred solution of C12PN2(SiMe3)3 (0.60 g, 5.84 mmol) in CH3CN (75 ml) at 0°C. The 

resulting solution is a brilliant purple color with a yellow precipitate. After stirring at 0°C for 

2 h, the precipitate (0.52 g) was separated by use of a filter needle and washed with CH3CN 

(3 x 20 ml). The washings were combined with the original filtrate. The 31P NMR spectrum 

of the filtrate showed only one peak at +94 ppm, however, it was not possible to obtain an 
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adequate elemental analysis for this compound as it appeared to decompose both in solution 

and as a solid [219]. Elemental analysis obtained by Dr. Rao, on material produced in a 

similar manner, gave the following results: 

Anal. Calcd. for C12N2PS : N, 17.30; S, 19.80. Found: N, 19.0-19.5; S, 19.4-20.9. 

The range of values quoted represents the results of four determinations on different 

samples of 16d. 

2.6. 10 Attempted Preparation of l.5-1Me(Cl)P124S2 

Reaction of Me(Cl)PN2(SiMe3)3 with either SOd 2 or Sd 2, in CH2C12, failed to 

produce the desired mixture of 1,5-eight-membered ring isomers. The 31P NMR spectra 

showed a variety of phosphorus-containing products, none of which exhibits signals in the 

region characteristic of 1,5-diphosphadithiatetrazocines (100-136 ppm). 
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Table 2,6  -P NMR Chemical Shifts for 1.5-Diphosphadithiatetrazocines 

Compound' 6(31p)b 

1,5-Ph4P2N4S2, 16a 114.1 ( 113.8) [186] 

1,5-Me4P2N4S2, 16b 1200C (119.7) [186] 

1,5-Et4P2N4S2, 16c 136.1 

1,5-[Me(Ph)P]2N4S2, 56a 121.8 

1,5-[Me(Ph)P]2N4S2, 57a 113.1, 1230d 

1,5-[Me(Ph)P]2N4S2, '' 111.9 

1,5-[C13C(Cl)P]2N4S2, 56b 111.0 

1,5-[C13C(C1)P]2N4S2, 57b 103.8, 113.8e 

1,5-[C13C(C1)P]2N4S2, 58b ioo.s 
1,5-[Et(I)P]2N4S2, 56c or 58c 125.2 

1,5-[Et(I)P]2N4S2, 57c 120.2,131.8f 

1,5-C14P2N4S2, 16d 94.0 

a. In CH2Cl2 (D20 insert). 

b. Reference external 85% H3PO4; literature values are given in parentheses (all in 

CDC13). 

c. 8(31P) for 1,3-Me4P2N4S2 = 28.3 [185]. 

d. Two doublets, 4J(P-P) = 45.3 Hz. 

e. Two doublets, 4J(P-P) = 61.0 Hz. 

f. Two doublets, 4J(P-.P) = 61.5 Hz. 
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CHAPTER 3 

Transition-Metal Complexes of 1 .5-Diphosphadithiatetrazocines 

3.1 Introduction 

As discussed in Chapter 1, a great deal of research in inorganic sulfur-nitrogen 

chemistry has been directed towards the coordination chemistry of S-N ligands. This is 

likely a result of the combination of hard (N) and soft (S) basic centers present in binary 5-

N compounds and is exemplified by the multifaceted behavior of S4N4 (2) [157,144,145]. 

Coordination to a metal usually results in disruption of the S-N framework to give products 

that are formally complexes of binary S-N anions. For example, the reaction of the platinum 

group metals and S4N4 produces both mono- and dinuclear complexes containing five-

membered MSNSN rings (M = Pt, Pd, Ni) [ 166,167,164] via the proposed, unstable adduct 

Pt(54N4)(PPh3)2 of unknown structure [220]. In fact, only two examples of complexes in 

which the S4N4 ring is not fragmented, Ir(CO)Cl(54N4)(PPh3) 39 [ 174] and 

Pt(S4N4)C12(PMe2Ph) 40 [175,176], have been reported. In both cases the S4N42 ligand 

exhibits tridentate (N, 5, 5) coordination as illustrated in Figure 3.1 (See Section 1.3.3). 

N S 

/ \ 
Cl 

P4•_ S  00000's 
R3P Ir 

7 \ N Ph3Ph''i\ 
Cl N—..5 C C 

0 

N--'S  

SN N 
/ 

40 39 
Figure 3.1 - Structures of Pt(S4N4)C12(PMe2Ph) and Ir(CO)Cl(S4N4)(PPh3). 
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By contrast, it has been shown that the integrity of the related class of S-N compounds, 

the dithiatetrazocines, 1,5-E2N4S2 (31, E = Me2NC; B = Ph 2P), is retained upon 

coordination to platinum, in the formation of the 1:1 complexes, Pt(PPh3)2(1,5-E2P2N4S2) 

(59, B = Me2NC; 60a, E = Ph 2P)(Equation 3.1) [204]. 

Pt(PPh3)2(C2H4) + 1,5-E2N4S2 

31 

toluene 
-C2H4 

Pt(PPh3)2( 1,5-E2N4S2) 

59 :E=CNMe2 
60a E = PPh2 

(3.1) 

While the NMR data for 59 and 60a do not distinguish between the two structural 

possibilities in Figure 3.2, preliminary X-ray structural data have established an 12-S, S' 

bonding mode for 59 and density functional calculations have shown the bonding between 

platinum and the heterocyclic ligand to be analogous to that found in 2-alkene-platinum 

complexes [204]. 

L L 
\/ 
Pt 

/\ I\ 
NNNN 

E B 
\ / 

L N N L 

Pt Pt 

L' \ 
/ 
E E 

/ 
N N 

Figure 3.2 - Structural Possibilities for the Dithiatetrazocine Complexes 

This unusual bonding mode provided good evidence for the isolobal correspondence, 

proposed by Oakley et al., between the and * orbtials of the S-S bond present in the 

clithiatetrazocines, 31, and the it and ir orbitals of an electron-deficient alkene (Section 

1.4.3, Figure 1.24) [ 198]. 
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The X-ray analysis of a crystal grown by Dr. Kapoor by diffusion of hexane into a 

C6H5-CH2C12 solution of 60a provided some unexpected results. As indicated in Figure 

3.3, the structure of the complex 62a so obtained is dimeric [221]. Each P2N4S2 ring acts 

as a chelating (N, S) ligand towards one platinum atom and as a bridging (S') ligand to the 

second platinum. 

In this chapter the synthesis and characterization of several new monomeric platinum 

complexes, and the first palladium complexes of the 1,5-diphosphadithiatetrazocines will be 

described. A complete X-ray analysis of one of these monomeric complexes, namely 

Pt(PPh3)2(1,5-Ph4P2N4S2), will then be presented. The subsequent transformation of each 

monomeric complex to its corresponding bimetallic complex will also be reported, as will 

some reactions between such bimetallic complexes and various phosphines. The fluxional 

behavior of some of the bimetallic complexes will be demonstrated by VT 31P NMR and a 

mechanism for the fluxional behavior will be proposed. 

These results will demonstrate that (i) the incorporation of a 1P NMR probe facilitates 

the spectroscopic study of the coordination chemistry of S-N ligands and that (ii) the 

incorporation of phosphorus into an S-N framework enhances the structural stability of 

their transition-metal complexes. 
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C19 

Figure 3.3 - PLUTO drawing of the Bimetallic Complex [Pt(PPh3)(1,5-

Ph4P2N4S2)]2, 62a. 
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3.2 Monomeric Platinum and Palladium Complexes 

3.2,1 Preparation and Characterization  

The reactions of Pt(PPh3)2(C2H4) or Pd(PPh2R)4 (R = Me, Ph) with 1,5-diphospha-

dithiatetrazocines proceed rapidly in toluene at room temperature according to Equations 3.3 

and 3.4. 

Pt(PPh3)2(C2H4) + 1,5-R4P2N4S2 

Pd(PPh2R')4 + 1,5-R4P2N4S2 

toluene 
-C2H4 

toluene 

-2PPh2R' 

Pt(PPh3)2( 1,5-R4P2N4S2) (3.3) 

60a: R = Ph 
60b: R = Et 
60c: R = Me 

Pd(PPh2R')2( 1,5-R4P2N4S2) 

61a : R=R'=Ph 

61b: R = Ph, W= Me 

61c: R = Et, R'= Me 

(3.4) 

Compounds 60a, 60b, 61a, and 61b were isolated as air-stable yellow solids that could 

be purified by means of recrystallization, while 60c and 61c could only be characterized by 

31p NMR spectroscopy in solution. This is a consequence of 60c spontaneously losing a 

phosphine ligand in solution, soon after synthesis, to give the corresponding dimer, 62c, 

while 61c undergoes a similar transformation to the dimer 63c upon attempted 

recrystallization. A molecular weight determination of 60a, performed by Galbraith 

Laboratories Ltd., provides good evidence that the compound is monomeric rather than 

dimeric. 

Attempts to prepare monomeric nickel complexes by reacting either Ni(PPh3)4 or 

Ni(diphos)(CO)2 with 1,5-Ph4P2N4S2 in toluene proved unsuccessfuL The only signals 

observed in the 31P NMR spectra of the reaction solutions were those of the two reagents. 

However, one of the desired monomeric Ni complexes, Ni(diphos)(1,5-Ph4P2N4S2), could 

be prepared from the metathetical reaction between "Li2(1,5-Ph4P2N4S2)" and 
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Ni(diphos)C12 (Section 4.6.3). One other Pt complex, Pt(PEt3)2(1,5-Ph4P2N4S2), has likely 

been prepared in this manner in the reaction between "Li2(1,5-Ph4P2N4S2)" and j-

Pt(PEt3)2Cl2 (Section 4.6.3). The 31P NMR data for this monomeric Pt complex are 

presented in Table 3.1 for comparison. 

3,2,2 alp NMR Spectra of Monomeric Complexes  

The 31P NMR spectra of the platinum complexes 60a (Figure 3.4), 60b, and 60c 

consist of two equally intense signals at 18-19 ppm and 40-60 ppm, each with Pt satellites 

(Table 3. 1), which can be assigned to the Ph3P ligands and the R2P groups of the 

coordinated heterocyclic ligand, respectively, on the basis of the magnitude of the 31P-195Pt 

coupling constants. For each Ph3P signal this coupling constant falls in the range of 2820 

to 2880 Hz, which is of the appropriate magnitude for a one bond P(Ill)-Pt(II) interaction 

[222,223]. The three bond R2P-Pt interaction results in a remarkably large value for 3J(31P-

195Pt) (572 to 580 Hz), but appropriate literature data for comparison have not been found 

(For complexes of the type Pt(S3PPh)(PR3)2, values for 2J(31P- 195Pt) are 210-245 Hz 

[224]). In each case the two observed signals could be resolved into 1:2:1 triplets that result 

from coupling between the inequivalent pairs of phosphorus atoms over four bonds 

[4J(31P-31P) = 4.4 Hz]. 

The assignments for the 31r NMR spectrum are confirmed by the 195Pt NMR 

spectrum of 60a (Figure 3.5, Obtained by Mr. K.J. Schmidt), which consists of a 1:2:1 

triplet of 1:2:1 triplets, indicating that the Pt nucleus is coupled to two different pairs of 

equivalent phosphorus atoms with coupling constants of 2846 and 581 Hz, respectively. 
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Ph2P 

trip1et 4J=4.2 Hz 

3J=572 Hz 

PPII3 

- tripIet,4J=4.6 Hz 

1JP-Pt =2861 Hz 
-  

r-"r - 
Figure 3.4- 31P NMR Spectrum of Pt(PPh3)2(1,5-Ph4P2N4S2), 60a 

40 30 20 10 0 -10 -20 -o -à 

Figure 3.5 - 195Ft NMR Spectrum of Pt(PPh3)2(1,5-Ph4P2N4S2), 60a 

These NMR data clearly indicate that the heterocyclic ligand is symmetrically bound to 

platinum, and, in conjunction with the molecular weight determination which was discussed 
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in the previous section, provide strong evidence that the ligand is bonded in an T2-S, S' 

fashion. Also, as all three platinum complexes (60a-c) exhibit very similar coupling 

constants for the one-bond Ph3B-Pt interaction, the three-bond R21!-Et interaction and the 

four-bond R2!!-PPh3 interaction, it is likely their structures are similar. 

One other piece of 31p NMR data whiãh is nearly identical for each of the three 

platinum complexes is the change in chemical shift of the heterocyclic ligand upon 

coordination (A = -70 to -75 ppm). These large upfleld shifts are observed as a result of the 

loss of the transannular S-S interaction, which is thought to be responsible for the 

characteristically low field 31P NMR chemical shifts of the 1,5-diphospha-dithiatetrazocines 

[186,202]. 

The 31P NMR spectra of the monomeric palladium complexes, 61a, 61b, and 61c are 

very similar to those of the platinum complexes (Table 3.1). Again two signals of equal 

intensity are observed, each being a 1:2:1 triplet, which is consistent with two pairs of 

inequivalent phosphorus atoms (Figure 3.6). 

Ph2P 

triplet, 4J =14.9 Hz \14 
PPh2Me 

triplet, 4J=14.9 Hz 

5.O 5.5 51.0 60 5.5 5.0 

Figure 3.6 : 3 1P NMR Spectrum of Pd(PPh3)2(1,5-Ph4P2N4S2), 61a 
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Table 3.1: 3-1P NMR Data for Monomeric Platinum and Palladium Complexes of 1.5-

Diphosphadithiatetrazocines.  

Compound 8ab lJ(PPt)c 8ad 3J(PPt)c Ae 

Pt(PPh3)2(1,5-Ph4P2N4S2), 60afg 18.3,t 2861 39.3,t 572 -74.9 
Pt(PPh3)2(1,5-Et4P2N4S2), 60c1',' 18.7,t 2820 60.6,t 579 -75.5 
Pt(PPh3)2(1,5-Me4P2N4S2), 6Ob 18.7 2880 50.8 574 -69.2 
Pt(PEt3)2(1,5-Ph4P2N4S2), 73f,k,1 4.5,t 2733 35.9,t 536 -78.0 

a,b 6a,d 4J(p..p)C Ae 

Pd(PPh3)2(1,5-Ph4P2N4S2), 61af 25.4,t - 53.9,t 12.5 -60.2 
Pd(PPh2Me)2(1,5-Ph4P2N4S2), 61bf 6.1,t - 52.2,t 14.8 -61.9 
Pd(PPh2Me)2( 1,5-Et4P2N4S2),61c 5.9,t - 73.7,t 13.5 -62.4 

a. In ppm relative to external 85% H3PO4; t, triplet. 

b. fPh3, fEt3 or fPh2Me. 

C. In Hz. 

d. ER2 of heterocyclic ligand. 

C. A = 8(31P) coordinated 15-R4P2N4S2 - 8(31P) free 1,5-R4P2N4S2. 

f. In CH2C12. 

g. 4J(31P...31P) = 4.4 Hz. 

h. 4J(31P-31P)= 4.5 Hz. 

i. In toluene. 

j. Not isolated. 

k. Prepared from 'U 211,5-Ph4P2N4S2]" and j-Pt(PEt3)2Cl2 (See Section 4.6.3) 

1. 4J(31P-31P) = 3.6 Hz. 
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The triplet pattern is attributed to the four-bond R2!!-RPh2E coupling of. 13-15 Hz, 

which is significantly larger than the value of 4.4 Hz observed for the same interaction in the 

Pt complexes, 60a-c. Although no literature data for such coupling could be uncovered two 

bond P-M-P coupling has been reported to follow the trend Ni<Pcl>Pt [225]. Coordination 

to palladium causes a less pronounced (c,. 60 ppm) upfield coordination shift of the 31P 

NMR resonance of the heterocyclic ligand compared to the Pt complexes (70-75 ppm), 

confimiing the sequence of increasing shielding, i.e. 1st row < 2nd row < 3rd row, observed 

for the platinum group metals [225]. The 31P NMR data in general however strongly 

suggest that the palladium complexes, 61a-c, are analogous in structure to those of the 

platinum complexes, 60a-c, i.e. all exhibit i2-S, S' coordination. 

3.2.3 X-ray Analysis of t(PPh32(1,5-Ph4P2jj42 , 60a  

The structure of one monomeric platinum complex, 60a, was determined by X-ray 

crystallography by Dr. J.C. van de Grampel and co-workers of the Laboratory of Polymer 

Chemistry, University of Groningen. An ORTEP drawing of 60a with its atomic numbering 

scheme is shown in Figure 3.7, and a PLUTO drawing is shown in Figure 3.8. The 

crystallographic data are given in Table 3.2. The pertinent bond lengths and angles are given 

in Table 3.3. Complete structure analysis details as well as a listing of atomic coordinates 

and isotropic thermal parameters are given in reference [226]. 
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Figure 3.8 - PLUTO plot of Pt(PPh3)2(1,5-Ph4P2N4S2), 60a. 
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Table 3.2 Crystallographic Data for Pt(PPh32(1..5-Ph4P24S2). 60a. 

Chem formula CH50PtN4P4S2.CH2Cl2 

= 22.295(2) A 
= 10.500(1) A 
= 24.268(3) A 

101. 10(1)° 

= 5575(1) A3 
Z=4 

fw= 1295.11 

space group No. 14 

I 25(2)°C 

2=0.71073A 

ca1cd = 1.543 g cm-3 

=28.7cm 1 

Ra_.O 062 

0049 

a. R IIF0I- IFIIF0I 
b. Rw = [Zw 2/F02]1/2 

Table 3.3 : Selected Bond Lengths (A) and Bond Angles (°) for Pt(PPh312(1,5-

424&' 60a.  

Bond lengths (A) 
Pt(1)-S(1) 

Pt(1)-S(2) 

Pt(1)-P(3) 

Pt(1)-P(4) 

S(1)-N(1) 

S(1)-N(2) 

2.408(4) 

2.341(4) 

2.337(4) 

2.344(4) 

1.643(11) 

1.629(13) 

S(2)-N(3) 

S(2)-N(4) 

P(1)-N(1) 

P( 1)-N(4) 

P(2)-N(2) 

P(2)-N(3) 

1.628(13) 

1.635(12) 

1.598(12) 

1.627(13) 

1.594(14) 

1.602(14) 

Bond angles (°) 

S(1)-Pt(1)-S(2) 

S(1)-Pt(1)-P(4) 

S(2)-Pt(1)-P(3) 

P(3)-Pt( 1)-P(4) 

Pt(1)-S(1)-N(1) 

Pt(1)-S(1)-N(2) 

N(1)-S(1)-N(2) 

Pt(1)-S(2)-N(3) 

86.36(13) 

85.59(14) 

89.79(14) 

99.25(14) 

110.4(4) 

102.0(5) 

112.5(6) 

111.8(5) 

Pt(1)-S(2)-N(4) 100.6(5) 

N(3)-S(2)-N(4) 111.6(7), 

N(1)-P(1)-N(4) 120.2(6) 

N(2)-P(2)-N(3) 120.8(7) 

S(1)-N(1)-P(1) 126.8(7) 

S ( 1)-N(3)-P(2) 124.0(8) 

S(2)-N(3)-P(2) 122.9(8) 

S(2)-N(4)-P(1) 120.1(7) 
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The asymmetric unit consists of a molecule of 60a and a molecule of CH2C12 solvent, 

which is highly disordered. The analysis clearly shows that the eight-membered heterocyclic 

ligand is attached to platinum by two Pt-S bonds with distances of 2.408(4) and 2.341(4) A, 

and <(SPtS) = 86.36(13)°. The coordination sphere about Pt is approximately square planar 

and is completed by two PPh3 ligands with d(P-Pt) = 2.337(4) and 2.344(4) A, and <(PPtP) 

= 99.25(14)°. Except for a substantial opening of the transannular S-S separation, from 

2.528(1) A in the free ligand to 3.250 A in 60a, there is little change in the conformation of 

the eight-membered ring. The average S-N bond length increases slightly from 1.590(3) to 

1.634(13) A, while the average P-N bond lengths are essentially unchanged, 1.621(3) versus 

1.605(14) A. The NSN bond angles are reduced slightly from 116.1(1)° in the free ligand 

to 112.0(7)' in 60a and the endocyclicbond angles at phosphorus increase from 1 10.8(1)° 

to 120.4(7)° upon coordination. The endocyclic bond angles at nitrogen for 60a fall in the 

range 120.1-126.8(7)° versus 120.7(2)° and 121.2(2)° for free 1,5-Ph4P2N4S2 [185]. 

3,3 Bimetallic Platinum and Palladium Complexes  

As mentioned in Setion 3.2, the recrystallization of the monomeric platinum complex 

60a results in the formation of the bimetallic complex 62a. As this attempted 

recrystallization was performed by heating 60a in benzene, it was concluded that dimer 

formation was probably the result of the thermolytic elimination of PPh3 from the 

monomer. This process has been investigated in detail for all of the 2-S,S' metal 

complexes reported in this thesis. 

3.3.1 Preparation and Characterization  

The monomeric platinum and palladium complexes discussed in the previous sections 

form bimetallic metal complexes via the loss of one phosphine ligand (Equations 3.5 and 

3.6). 
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2 Pt(PPh3)2(1,5-R4P2N4S2) 

60a: R = Ph 
60b R = Me 
60c: R = Et 

2 Pd(PPh2R')2(1,5-R4P2N4S2) 

61a: R=R'=Ph 

61b R= Ph, R'=Me 

61c: R= Et, R'=Me 

-2 PPh3 

-2 PPh2R' 

[Pt(PPh3)( 1,5-R4P2N4S2)]2 

62a: R = Ph 
62b: R = Me 
62c: R = Et 

  [Pd(PPh2R')( 1,5-R4P2N4S2)]2 

63a R = = Ph 

63b R = Ph, R'= Me 

63c: R = Et, R' = Me 

(3.5) 

(3.6) 

This elimination occurs either spontaneously in solution during preparation (60c into 

62c) or recrystallization (61c into 63c) of the monomer, or, with mild heating either in 

solution (60a into 62a, tolüene at reflux) or of the dry solid (61a into 63a, 61b into 63b). 

The observation that the monomeric complexes of the tetraethyl eight-membered ring, 1,5-

Et4P2N4S2, 60c and 61c, form bimetallic complexes more readily than monomers of the 

tetraphenyl ring is consistent with the recent finding that 1,5-Et4P2N4S2 binds more 

strongly than 1,5-Ph4P2N4S2 to platinum (II) in N-bonded complexes of the type trans-

PtCl2(PEt3)( 1-Et4P2N4S2) [203]. That is, the nitrogen atoms of 1,5-Et4P2N4S2 are more 

strongly coordinating, or basic, than those of 1,5-Ph4P2N4S2. 

The reversibility of phosphine elimination has been tested in two cases. The reaction 

between two molar equivalents of Ph3P and a CH2Cl2 solution of 62a resulted in the slow 

regeneration (several days) of the corresponding platinum monomer 60a, at room 

temperature, as indicated by the 31P NMR spectrum, while under the same conditions the 

palladium monomer 61a was regenerated from 63a within 2 hours. 

3.3.2 3-1P NMR Spectra and Fluxional Behavior of Bimetallic Complexes  

The 31P NMR spectra of the bimetallic platinum and palladium complexes reveals 

equivalent environments (broad singlet (Pt) or doublet (Pd) resonance) for the two R2P 
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groups of the heterocyclic ligand at room temperature indicative of a fluxional process 

(Table 3.4). The spectrum of 62a at -58°C exhibits two equally intense singlets at +46.3 

and +16.3 ppm for the inequivalent Ph2P groups and one singlet for the two equivalent 

Ph3P groups (Figure 3.9). This observation is consistent with the observed solid-state 

structure (Figure 3.3) for which the two phosphorus atoms of each eight-membered 

heterocycle are inequivalent. 

Ph3P 

+25°C Ph2P 

-20°C -50°C 

-58°C 

80 60 40 20 0 - 20 

Figure 3.9: VT 31P NMR Spectra of [Pt(PPh3)(1,5-Ph4P2N4S2)]2, 62a. 
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When the temperature of the solution is gradually raised the two Ph2P singlets broaden 

and eventually collapse until at +25°C a new singlet is observed at +31.1 ppm (average of 

the two low temperature signals is +31.3 ppm). The reverse of these changes is observed 

when the solution is cooled again to -60°C. The coalescence temperature is ga. -30°C, which 

corresponds to an interconversion barrier of 10.2 ± 0.2 kcal mo1 1 [227]. A [1,3]-

metallotropic rearrangement involving a pendular movement of the Ph3P-Pt groups between 

vicinal nitrogen atoms is proposed to account for these observations (Figure 3.10). No 

reports of similar fluxional behavior have been unearthed in the literature. 

Ph3P Ph3P 

s t —P2 SbftN3—P2 TT 
IL T3 

2a 1 1a 1' 1 N2aj4ia 4a 

VN1 I N4 N11 IN2- 

2a S 

PPh3 

I 
1 2Ptl 13 2.. s— 1- 

' 12çlia 114a 
I N 
I ' I 

P1, !,N 'I 'f £ij 

PPh3 

Figure 3.10 Proposed Mechanism for the [ 1,3]-Metailotropic Rearrangement 

in [Pt(PPh3)( 1,5-Ph4P2N4S2)]2, 62a. 
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The platinum dimer, 62c, was found to exhibit similar fluxional behavior. At -70°C its 

NMR spectrum exhibits two equally intense signals at +73.8 and +40.2 ppm (Figure 

3.11) for the inequivalent Et2P groups in addition to the signal for the two equivalent Ph?. 

ligands at +12.9 ppm [13(31P- 195Pt) = 4140 Hz]. 

-70°C 

90 

-50°C 

25°C 

20 ' -20 60 

Et2P 

:100 80 20 -20 
PPM 

Figure 3.11 VT31P NMR Spectrum of [Pt(PPh3)(1,5-Et4P2N4S2)]2, 62c. 

As the temperature is raised the two Et2P signals broaden and eventually collapse until 

at +25°C a singlet is observed at +58.0 ppm (average of the two low temperature signals is 

+57.0 ppm) while the signal for the two phosphine ligands shifts slightly to 15.3 ppm. 

However, because of impurities, the coalescence temperature, and hence the interconversion 



99 

barrier, could not be accurately determined, although it is estimated to be very similar to that 

of 62a. The greater solubility of 62c compared to 62a in CH2C12 has enabled the 

acquisition of 31P NMR spectra at lower temperatures with narrow lines. Consequently, 

extensive coupling patterns could be resolved (Figure 3.11 and Section 3.5.5). These 

coupling patterns are consistent with a solid-state structure analogous to that of 62a (Figure 

3.3). 

The large value of 1J(31P- 195Pt) (. 4200 Hz) for the dimers 62a and 62c compared to 

the values of. 2850 Hz observed for the same interaction in the corresponding monomers 

60a and 60c is presumably a reflection of the weak trans influence of nitrogen in the dimers 

compared to sulfur in the monomers [228,229,230]. 

The 31P NMR spectra of the palladium dimers are slightly different than those for the 

platinum complexes. At room temperature the spectra for 63a, 63b, and 63c consist of a 

doublet for the two R 2 P groups and a 1:2:1 triplet for the PPh2R ligands with relative 

intensities of 2:1 (Figure 3.12). The four bond 31P-31P couplings, which are not observed 

for the platinum dimers, are in the range 9-15 Hz. This coupling may be observable for the 

Pt dimers at elevated temperatures but at room temperature the signal for the R2P groups is 

far too broad to resolve any coupling information. Also in contrast to the Pt dimers the 

resonances for the inequivalent PR2 groups of the Pd dimers could not be resolved into the 

expected two signals, even at -90°C, although significant broadening of this resonance was 

observed at such a temperature. Thus it appears that the energy barrier for the [ 1,3]-

metallotropic shift is of significantly lower energy when Pt is replaced by Pd in these 

dimers. 

3.3.3 X-ray Structure of fPtPPh3 '1..5-Ph4P2.2)j2. 62a 

The structure of the bimetallic platinum complex, 62a, was determined by X-ray 

crystallography by Dr. J.C. van de Grampel and co-workers of the Laboratory of Polymer 

Chemistry, University of Groningen. A PLUTO drawing of 62a is shown in Figure 3.3. 
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The structure consists of a centrosymmetric dimer in which each P2N4S2 ring acts as a 

chelating (N, S) ligand towards one platinum atom and as a bridging ligand (S') towards the 

second platinum. Overall each heterocyclic ligand is involved in 12-N,S-L, 11-S' bonding 

mode. The geometry about platinum is approximately square planar. The sulfur atoms are 

both three coordinate and trans to each other, and the Pt-S bonds are equal. The central six-

membered Pt2N2S2 ring adopts a chair conformation, with the platinum atoms in the 1,4 

positions. 

Table 3.4 11P NMR Data for Dimeric Platinum and Palladium Complexes of 1.5-

Diphosphadithiatelrazocjnes.a 

Compound 8b-c lJ(PPt)d öb,e 3J(PPt)d Y 

[Pt(PPh3)(1,5-Ph4P2N4S2)]2, 62ag 9.0 4160 31.1 170 -83.0 
[Pt(PPh3)(1,5-Et4P2N4S2)}2, 62c9 15.3 4205 58.0 h -78.1 
[Pt(PPh3)(1,5-Me4P2N4S2)}2, 62b 

b,c 3b,e 4J(p_p)d f 

[Pd(PPh3)(1,5-Ph4P2N4S2)]2, 63ag 24.7,t - 57.0,d 11.1 -57.1 

[Pd(PPh2Me)(1,5-Ph4P2N4S2)]2, 63b' 9.1,t - 54.8,d 15.1 -59.3 
{Pd(PPh2Me)(1,5-Et4P2N4S2)}2, 63& 9.2,t - 76.9,d 8.6 -59.2 

a. At 23°C. 

b. In ppm relative to 85% H3PO4; d, doublet; t, triplet. 

c. Ph3 or BPh2Me. 

d. In Hz. 

e. ER2 of heterocyclic ligand. 

f. A = (31P) coordinated 1,5-R4P2N4S2 - ö(31P) free 1,5-R4P2N452. 

g. In CH2C12. 

h. Not resolved. 

L In CI-12C12/toluene. 

j. In CH2Cl2/hexanes. 
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PPh2 

doublet 

Jp..= 14-16Hz 

9.0 8.5 10.0 9.5 

PPM 

PPh3 

triplet 

14-16Hz 

Figure 3.12 - 31P NMR Spectrum of [Pd(PPh3)(1,5-Ph4P2N4S2)]2, 63a 

3.4 Conclusion  

The 1,5-diphosphadithiatetrazocines react readily with zerovalent platinum or palladium 

complexes to give mononuclear complexes of the type M(PPh2R')2(1,5-R4P2N4S2) (M = 

Pt, Pd; R = Ph, Et, Me; R' = Ph, Me). The metal center has been shown to undergo insertion 

into the transannular S-S bond of the heterocyclic ring yielding products for which a ri2-

S,S' bonding mode has been established. Although no X-ray structure analysis has been 

performed on a palladium monomer, the 31P NMR data strongly suggest that the palladium 

complexes are analogous in structure to those of the platinum complexes, i.e. all exhibit 

S, S' coordination. Each monomer was found to readily lose one PR3 molecule to give 

bimetallic complexes of the type [M(PPh2R')(1,5-R4P2N4S2)}2 (M = Pt, Pd R = Ph, Et, 

Me; R' = Ph, Me) in which the heterocyclic ligand exhibits an fl2-N,S-i, il 1-S' interaction 

with the metal centers. In two cases this phosphine elimination was found to be reversible, 

resulting in the reformation of the corresponding monomers and, although not tested for the 
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other dimers, it is likely that this reversibility holds true in all cases. Both the Pt and Pd 

dimers undergo a unique fluxional process that probably involves a [1,3]-metallotropic shift. 

The interconversion barrier for this process is approximately 10 kcal moF'1 for the Pt 

complexes and significantly lower for the Pd complexes. 

As was shown in the introduction to this chapter reactions of S4N4 with electron-rich 

metal centers often result in fragmentation of the S-N ring and thus the identity of the initial 

product(s) can only be surmized. The related 1,5-dliphosphadithiatetrazocines have the 

advantage of being more chemically robust than S4N4 and the initial reaction products can 

be isolated and structurally characterized. This characterization is greatly enhanced, relative 

to that of S4N4, by the incorporation of a 31P NMR probe. This work illustrates that the 

1,5-diphosphadithiatetrazocines can therefore be used as models for reactions 'of S4N4 and 

transition metal compounds, especially those involving attack at the S-S interactions. 

3.5 Experimental Section 

3.5,1 Reagents and General Procedures  

All solvents were dried and distilled before use: tetrahydrofuran and toluene (Na), 

methylene chloride, chloroform, hexanes and pentane (P4010). Drying agents employed 

for other solvents used in this section as well as details concerning the manipulation of 

moisture sensitive reagents and products are outlined in Chapter 2, Section 2.6.1. 

Commercial products were used as received: K2PtCl4 and PPh2Me (Aldrich), Pd(PPh3)4, 

Pd(PMePh2)4, Ni(diphos)(CO)2, Ni(PPh3)4 (all from Alfa), PPh3 (Fisher), and ethylene 

(Linde). 

Literature procedures were used for the preparation of 1,5-R4P2N4S2 (16a, R = Ph 

[209]; 16b, Me [186]; 16c, Et [209]; Pt(PPh3)4 [231] and Pt(PPh3)2(C2H4) [232]. The 31P 

NMR chemical shifts for these reagents are given in Table 3.5. 
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3.5.2 Instrumentation 

Details concerning the instrumentation and methods employed for obtaining NMR (1H, 

13 and 31P) spectra are outlined in Chapter 2, Section 2.5.2. Chemical analyses were 

performed by the Analytical Services of the Department of Chemistry, The University of 

Calgary, or by Canadian Microanalytical Service Ltd., Delta, B.C.. Molecular weight 

determinations were performed by Galbraith Laboratories Ltd., Knoxville, TN., by using the 

vapor pressure osmometry method. 

3.5.3 Preparation of Pt(PPh3).2(1,5-Ph4P2N4 .2 . 60a  

A solution of Pt(PPh3)2(C2H4) (0.55 g, 0.74 mmol) in toluene (25 ml) was added 

dropwise (25 mm), by transfer needle, to a stirred suspension of 1,5-Ph4P2N4S2 (0.36 g, 

0.73 mmol) in toluene ( 100 ml) at 23°C. The solution immediately became a transparent 

yellow color which darkened during the addition. After 17 h a yellow precipitate settled out 

of solution. Approximately half of the solvent was removed under vacuum and the 

remaining suspension was stored at -25°C for 24 h. The yellow solid was isolated by use of 

a filter needle and recrystallized from CH2C12/hexanes (1:10) to yield 60a (0.66 g, 0.56 

.mmol). Anal, Calcd. for CH50N4P4PtS2: C, 59.55 ; H, 4.16; N, 4.63. Found: C, 58.55; 

H, 4.03 ; N, 4.99. Mol. wt. (3 point determination in CHC13, vapor pressure osmometry): 

Calcd. 1210 g mo1 1. Found: 1149 g mo1 1 (95%). FAB MS: nile = 1210 (M), 948 (M-

PPh3). 31p NMR data are given in Table 3.1. The structure of 60a•CH2C12 was determined 

by X-ray crystallography (Section 3.2.3). 

3.5.4 Preparation of 1Pt(PPh3'(1.5-Ph4P242ll2. 62a  

A slurry of Pt(PPh3)2(1,5-Ph4P2N4S2), 60a, (0.30 g, 0.25 mmol) in toluene (30 ml) 

was heated at reflux. After 1 h the Pt complex had dissolved to give a yellow solution and 

after 6 h the reaction mixture was allowed to cool to 23°C and a bright yellow precipitate 

was separated by use of a filter needle, washed with toluene (5 ml) and dried under vacuum 
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to give the dimer 62a (0.185 g, 0.098 mmol), which was recrystallized twice from 

CH2C12/pentane (5:2). Anal. Calcd. for C42H35N4P3PtS2 : C, 53.22; H, 3.72; N, 5.91. 

found : C, 52.92 ; H, 3.79 ; N, 5.59. The dimeric structure was established by X-ray 

crystallography (Section 3.3.3) [221]. 31P NMR data are given in Table 3.4. 

3.5.5 Preparation of Pt(PPh32( 1 ..5-Et4P242 . 60c, and [Pt(PPh3')( 1,5-Et4P2 S2)j2 

A solution of Pt(PPh3)2(C2H4) (0.705 g, 0.943 mmol) in toluene (30 ml) was added 

dropwise (25 mm) to a stirred solution of 1,5-Et4P2N4S2 (0.281 g, 0.943 mmol) in toluene 

(40 ml) at 23°C. The 31P NMR spectrum of the clear orange solution so formed was 

consistent with the formation of 60c, but this monomeric species could not be isolated. After 

5 days at -25°C this solution produced an orange solid, which was recrystallized from 

CH2Cl2/hexanes ( 1:1) to give orange crystals of the, dimer 62c. Anal. Calcd.. for 

C26H35N4P3PtS2: C, 41.32; H, 4.67; N, 7.41. Found: C, 44.21 ; H, 4.62; N, 7.19.31p 

NMR data (23°C) are given in Table 3.4. The 31P NMR data for 62c at -71°C are as 

follows: 

PEt2 6=73.8 ppm, doublet with 2 sets of Pt satellites, 3J(P-P) = 6.8 Hz, 

2J(P-Pt) = 266 Hz, 3J(P-Pt) = 137 Hz. 

PEt2 6=40.2 ppm, singlet with 2 sets of Pt satellites, 3J(P-Pt) = 240 Hz, 

3J(P-Pt) = 129 Hz. 

PPh3 6= 12.9 ppm, doublet with one set of Pt satellites, 3J(P-P) = 6.3 Hz, 

1J(P-Pt) = 4140 Hz. 

3.5.6 Preparation of Pt(PPh32(l .5-Me4E2N4 .). 60b  

A solution of Pt(PPh3)2(C2H4) (0.36 g, 0.48 mmol) in toluene (25 ml) was added 

dropwise to a stirred suspension of 1,5-Me4P2N4S2 (0.12 g, 0.50 mmol) in toluene (25 ml) 

at 23°C. The pale yellow solution became orange during the addition and after 15 h a yellow 
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precipitate was removed by filtration. The filtrate was dried under vacuum to give a sticky 

orange solid (0.37 g), which was recrystallized twice from CH2Cl2/pentane ( 1:2) at -25°C to 

give 60b as a yellow powder (0.12 g, 0.12 mmol). Anal. Calcd. for 

C40H42N4P4PtS2•CH2C12: C, 47.00 ; H, 4.24; N, 5.35 . Found: C, 47.85 ; H, 4.65 ; N, 

5.42. 31P NMR data for 60b are given  in Table 3.1. 1H NMR (in CDCl3) : 1.37 ppm 

(doublet, 2J(H-P) = 6.73 Hz, 6 H, 1.44 ppm (doublet, 2J(H-P) = 6.59 Hz, 6 H, CH3), 

7.1 - 7.6 ppm (multiplet, 30 H, Fi) (cf. 1.46 ppm and 1.51 ppm for 1,5-Me4P2N4S2). 

3.5.7 Preparation of Pd(PPh312(1,5-Ph  4p2N4S2" 61a and [Pd(PPh3)( 1  

Ua 
A solution of 1,5-Ph4P2N4S2 (0.484 g, 0.99 mmol) in toluene (40 ml)/THF (2 ml) was 

added dropwise (30 mm) to a stirred suspension of Pd(PPh3)4 ( 1.14 g, 0.99 mmol) in 

toluene (75 ml) to give a clear yellow solution. After 3 h a yellow-green precipitate had 

formed. The suspension was stored at -25°C for 18 h and then the yellow precipitate of 61a 

(1.10 g, 0.98 mmol) was separated by use of a filter needle. Anal. Calcd. for 

CH50N4P4PdS2 : C, 64.26 ; H, 4.49 ; N, 5.00. Found: C, 63.71 ; H, 4.47 ; N, 4.61. 31P 

NMR data, given in Table 3. 1, confirmed the purity of this product. Attempted 

recrystallization produced the dimer 63a, which was characterized by 31p NMR 

spectroscopy (Table 3.4). 

3.5.8 Preparation of Pd(PPh2M2( 1,5-Ph4P2N4$2', 61b  

A solution of 1,5-Ph4P2N4S2 (0.114 g, 0.23 mmol) in toluene (25 ml) was added 

dropwise (15 mm) to a stirred slurry of Pd(PPh3)4 (0.21 g, 0.23 mmol) in toluene (25 ml) 

to give a clear yellow solution. After 20 h the volume of the solution was reduced to 5 ml 

under vacuum and the resulting solution was stored at -25°C for 18 h to yield a yellow-

green precipitate. This precipitate was separated by filter needle and recrystallized from 

CH2C12/hexanes (1:5) to give 61b (0.12 g, 0.12 mmol) as a lime-green solid. Anal. Calcd. 
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for C50H46N4P4PdS2 : C, 60.21 ; H, 4.65 ; N, 5.62. Found: C, 60.30 ; H, 4.74; N, 5.43. 

3 1P NMR data are given in Table 3.1. 

3.5.9 Preparation of Pd(PPh2M2(1,5-Et4P2i4.2). 61c. and [Pd(PPh2Me)(l,5-

63c  

A solution of 1,5-Et4P2N4S2 (0.145 g, 0.49 mmol) in toluene (40 ml) was added 

dropwise to an equimolar amount of Pd(PPh2Me)4 (0.440 g, 0.49 mmol) in toluene (40 ml) 

at 23°C. The resulting orange solution was stirred for 18 h and then filtered to remove a 

small amount of a black precipitate. The removal of solvent under vacuum followed by 

recrystallization from CH2Cl2/hexanes (5 ml:25 ml) at -20°C produced 61c (0.28 g, 0.35 

mmol). 31P NMR data for 61c are given in Table 3.1. An attempted second recrystallization 

resulted in the production of a mixture of 61c and the corresponding dimer, 63c. The 31P 

NMR data for both 61c and 63c are given in Table 3.4. 

3.5. 10 Attempted Preparation of Ni(PPh3)2(1,5-Ph4P24S2 . Ni(PPh3)2( 1.5-Et422) 

and Ni(diphos'(1,5-Ph4P24 .2 

A solution of Ni(PPh3)4 (0.075 g, 0.15 mmol) in toluene (15 ml) was added dropwise 

to a stirred solution of 1,5-Ph4P2N4S2 (0.13 g, 0.15 mmol) -in toluene(15 ml) at 23°C. Even 

after four months no reaction was apparent as the 31P NMR spectrum showed signals only 

for the reagents. Similarly a solution of 1,5-Ph4P2N4S2 (0.153 g, 0.312 mmol) in toluene 

(40 ml) was added to a stirred slurry of Ni(diphos)(CO)2 (0.16 g, 0.312 mmol) in toluene 

(40 ml). Again , even after several days the only signals present in the 31P NMR spectrum 

were those for the two reagents. The reaction was also attempted in benzene with the same 

results. 

Also, no reaction was observed (31P NMR) upon the addition of a toluene solution (10 

ml) of 1,5-Et4P2N4S2 (0.093 g, 0.31 mmol) to a slurry of Ni(diphos)(CO)2 (0.16 g, 0.31 

mmol) in toluene (20 ml), even after 1 month. 
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Table 3.5 : NMR Data for Selected 1.5-Diphosphadithiatetrazocines and Transition 

Metal Reagents  

Compound 6 Solvent 

1,5-Ph4P2N4S2, 16a +120 CH2C12 

1,5-Et4P2N4S2, 16C +136 CH2C12 

1,5-Me4P2N4S2, 16b +114 CH2C12 

Pd(PPh3)4 +24.9 toluene 
Pd(PPh2Me)4 -2.9 toluene 
Pt(PPh3)2(C2H4) 35.3 toluene 
Ni(diphos)(CO)2 47.2 toluene 
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CHAPTER 4 

Reactions of 1 .5-Diphosphadithiatetrazocines with Nucleophiles 

4.1 Introduction  

Although the formation of Lewis and Brønsted acid-adducts of the diphospha-

dithiatetrazocines has been studied extensively (Chapter 1), very few data have been 

published regarding the reaction of such heterocycles with nucleophiles. In this chapter the 

results of such investigations as well as a study of the electrochemical reduction of the 1,5-

cliphosphadithiatetrazocines are presented. 

A summary of reactions of the parent PN and SN heterocycles with nucleophiles will be 

presented first. Then the results of an electrochemical study of two 1,5-

diphosphadithiatetrazocines will be briefly examined. Following this the results of 

investigations into the reactions of nucleophiles, in the form of alkyllithium (RU) reagents 

or super hydride (LiBEt3H), with 1,5-Ph4P2N4S2, and the subsequent reactions of the 

anions so formed will be described. Concluding remarks will follow and all experimental 

details are presented at the end of this chapter. 

4,2 Reactions of Nucleophiles with Cyclophosphazenes  

Reactions between cyclophosphazenes and nucleophiles have been studied in great 

detail. However, most research has been directed towards the study of substitution reactions 
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at the phosphorus centers of halophosphazenes. The reactions of such ring systems with 

nucleophiles such as amines ( 1° or 2°) [233,234], alkyl or aryloxides [235], thiolates [236], 

organolithium reagents or Grignard reagents [237] usually, although not always, results in 

simple substitution of one or more of the halogen atoms (Figure 4.1). 

N3P3X6..(NR2) 

N3P3X6..(OR) 
NaOR 

N3P3X6.R 

R2NH 

NaSR 
N3P3X6 

N3P3X6..R 

N3P3X6..(SR) 

Figure 4.1 - Substitution Reactions of Halocyclophosphazenes 

Reactions of cyclophosphazenes with organolithium reagents are of primary interest in 

relation to this work and have been studied in some detail. The low temperature 

deprotonation of a hydridophosphazene with n-BuLi gave the first reported phosphazene 

anion 64 (Equation 4.1) [63]. However, anion 64 is not stable above -50°C. 

R H 

ci4i 1L1 
Cl' 'Ci 

+ n-BuLi NN 

ci...Jj 1LC1 
Cl' N 'Cl 

64 

(4.1) 

The reaction between alkyl Grignard reagents and chiorophosphazenes in the presence 

of an alkylcopper phosphine reagent generates another similar phosphazene anion, 65, that, 



110 

although stable at room temperature, is of limited synthetic utility due to its low reactivity 

[238]. 

R 

Nk   

M C, 11 p._Cl 

Cl 'N 'Ci 

65 
2 

Cu2 

Phosphazene anions such as 64, produced using organolithium reagents, have been 

found to be stabilized by coordination to triethylborane, 66, resulting in enhanced thermal 

stability [239]. 

R BEt Li 

NN 

Rhh1 

66, R'=Cl, OCH2CF3 

Reactions between 66 and various electrophiles have been used to synthesize many new 

cyclophosphazene polymerization monomers and novel organometallic polyphosphazenes 

[240]. The reaction between hexafluorocyclotriphosphazene and super hydride has been 

recently reported [6]. The phosphazene anion produced, 7, is again stabilized by BEt3 and 

possess a synthetically useful nucleophilic P(V) center (Equation 4.2). The addition of 

excess Li[BEt3H] yields a variety of products including hydridophosphazene monoanions, 

dianions, and irianions, as well as ring-cleavage products. 
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F F F H F\ BEt3 Li 
\/ ,  

Li[BEt3H] NN Li[BEt3H] N ' N (4.2) 
II TJ1I II I 

p-F p-F p-F 

F' F F' F F' ' N F 

7 
1.RX 

CF3CH2ON ,R / 2. NaOCH2CF3 
I'll P 

CF3CH2041 ...00HCF3 

CF3CH2d N bCH2CF3 

R=CH3, CH2Ph, H, CpFe(CO)2 

4.3 Reactions of Nucleophiles with Cyclothiazenes  

It is perhaps surprising that nucleophiles or reducing agents react with such electron-

rich heterocycles as cyclothiazenes. Fukui et al have pointed out, however, that the 

energetically low-lying LUMO of S4N4 implies electron-deficient properties [241] . This 

hypothesis is substantiated by the facile one electron reduction of S4N4 at -0.93 V (vs. 

AgI0.1 M AgC1O4) in acetonitrile to give the anion radical S4N4 [242], which decomposes 

to S3N3 above 0°C [ 12,105] (Equation 4.3). 

S4N4 + 1e S4N4 > 0°C 

1 e 

S4N42 

(4.3) 

This unstable monoanion radical can be reduced further by an additional electron at low 

temperature to give the unstable dianion S 4 N 4 2- [243,244] (Equation 4.3). If such 

electrochemical reductions are carried out in the presence of a proton source the product is 

S4N4H4 [242]. 
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For the series of related six-membered rings, P3N3, P2SN3 , PS2N3, and S3N3 the 

electrochemical reduction potentials correlate well with the energies of the LUMO's 

adjusted for the effect of charge (Figure 4.2) [245. 

E112 (volts) 

Figure 4.2 - Plot of AE = z[c(ic LUMO) - c(rr LOMO)I versus E1,2 for 

P3N3 (), P2SN3 (), PS2N3 (s), and S3N3 (0) where LUMO = Lowest 

Unoccupied Molecular Orbital and LOMO = Jowest Occupied it-Molecular 

Qrbital. From Ref. [18. 

This plot demonstrates that the six-membered rings, P2SN3 , PS2N3, and S3N3 are 

better electron acceptors than the electron precise P3N3 ring as might be anticipated when 

one considers the relative LUMO energy levels (Figure 4.3) [80]. 
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3-

2-

0-

-1 

—2-

-3— 

lt* 

It 

S. 

NO N N'N 

/N / + In1 N\ SS 

Figure 4.3 - HUckel MO energy levels for P3N3, P2SN3 , PS2N3, and 

S3N3 . The dotted line separates it and orbitals. From Ref. [80]. 

As was briefly mentioned in Chapter 1 (Section 1.3.1) the reaction of S-N heterocycles 

with nucleophiles usually results in either ring contraction, as is observed in the 

electrochemical reduction of S4N4, or chain formation. This behavior can be rationalized 

when one considers that both reduction and nücleophilic attack will populate the 7r (S-N 

and S-S antibonding) LUMOs and thus foster ring-opening reactions (Figure 1.13 and 

Section 1.3.1). Examples of ring contraction for both electrochemical reduction and 

nucleophilic attack are illustrated in Equations 4.3, 4.4, and 4.5 [11,12,13,246]. 

54N4 + R4NN3   RN 53N3 

(or n-BuLi) (or Li) 

S4N402 + 1e - 

(or Nuc) 
S3N3Of 

(4.4) 

(4.5) 
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Based on the polarity of the SN bond, Sa+_N, nucleophilic attack is expected at the 

sulfur atom (example - Equation 4.6) [247]. 

OMe 

S4N402 
NaOMe 

/  S 1-11 NIIS 

O\ / 
S N 

o' N 

(4.6) 

However, subsequent rearrangement often gives products in which the nucleophile is 

bonded to nitrogen (example - Equation 4.7) [248]. 

S4N4 + Ph3P Ph3P=N—S3N3 (4.7) 

The reaction of S4N4 with some nucleophiles produces stable S-N chains. The cleavage 

of S4N4 by Si-N or Sn-N reagents is the most widely studied example of this behavior 

Equations 4.8 and 4.9) [249,250,251]. 

54N4 

54N4 

+ 2 Me3 SiNR2 2 Me3 SiNSNSNR2 (4.8) 

(R=Me, Et) 

+ 2 (Me3Sn)3N   2 Me3SnNSNSnMe3 (4.9) 

SI N 
+ Me2Sn II + Me4Sn 

NS 

Treatment of 54N4 with aryl Grignard reagents yields small amounts of ArSNSNSAr, in 

addition to the major product, ArSSAr [252,253]. 
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4.4 Electrochemical Reduction of 1.5-Diphosphadithiatetrazocines  

An electrochemical study of the 1,5-diphosphadithiatetrazocines was conducted with the 

assistance of Dr. S. Hinman and D. Jones (University of Calgary). Two 1,5-. 

diphosphadithiatetrazocines, 1,5-Ph4P2N4S2, 16a, and 1,5-Et4P2N4S2, 16c, were studied 

and each was found to undergo a one electron reduction in acetonitrile,O.1 M NEt4C1O4 at 

23°C, presumably to give the corresponding monoanion radicals (Equation 4.10). A typical 

cyclic voltammogram (CV) is shown in Figure 4.4. 

1,5-R4P2N4S2 

20 pAI 

+ 1e 
CH3CN 

1,5-R4P2N4S2 

R= Ph, E= -1.37 V vs. SCE 
R,= Et, E = -1.69 V vs. SCE 

E(V) 

I I I I I. 
-15 -13 -1.1 -0.9 -0.7 -0.5 

(4.10) 

 I 

Figure 4.4 - Cyclic voltammogram for 1,5-Ph4P2N4S2 in CH.3CN/0.1 M 

NEt4C1O4. Scan rate = 400 mV/s. 
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The difference in reduction potentials (16a, E=-1.37 V; 16c, E-1.69 V) is consistent 

with the argument that the derivative with electron-releasing ethyl groups on phosphorus 

should be more difficult to reduce than the derivative with electron withdrawing phenyl 

groups, i.e. the P2N4S2 ring of 1,5-Et4P2N4S2 is more electron-rich than that of 1,5-

Ph4P2N4S2. Although the two systems studied could be reduced, the monoanion radicals 

formed were short-lived (t,,2=2-3 seconds) as the CV plots distorted significantly at slow 

reduction rates. 

4,5 Reaction of a 1.5-Diphosphadithiatetrazocine with Alkyl Lithium Reagents 

4.5.1 Preparation and Reactions of 1,5-Ph4P 2MeT 

The addition of one molar equivalent of a solution of MeLi in Et2O to a solution of 1,5-

Ph4P2N4S2 in THF at -78°C gives a soluble species whose derivative chemistry is 

consistent with the formation of the methyl monoanion 1,5-Ph4P2N4S2Me, 67. The  1P 

NMR spectrum of this species at room temperature consists of a very broad resonance at 

+20.6 ppm (Figure 4,5). This chemical shift differs substantially from that of the starting 

material, 16a (114 ppm), indicating that the cross-ring S-S bond of 16a has likely been 

cleaved as the 31P chemical shifts of all 1,5-diphosphadithiatetrazocines appear at 

anomalously low fields (110-136 ppm). Also, the breadth of this resonance is indicative of a 

fluxional process. This aspect is covered iii the next section. 

Although no attempt was made to isolate the monoanion for elemental analysis or an X-

ray structure it was found to be stable in THF, under an N2 atmosphere, at room 

temperature, for at least 24 hours. 

The addition of an excess of methyl iodide (Mel) to a solution of 67 in THF (Equation 

4.11) yields the known heterocyclic compound 1,5-Ph4P2N4(SMe)2, 68 [254]. This ring 

was previously prepared from (Ph2PN)2SMe2 and the explosive reagent Me2S(NBr)2 

(Equation 4.12). The S,S'-dimethylated eight-membered ring 68 is also obtained on 
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treatment of a THF solution of 1,5-Ph4P2N4S2MeLi, 67, with an excess of Me'CF3S03 

[255]. 

1,5-Ph4P2N4S 2MeLi 

67 

+ Mel 
THF 

-LII 

Me 

NN 

Ph2P PPh2 (4.11) 

N N 

Me 

68 

Br 
Me\ 

M Ph2 Me 2Br 

Me N P—N Me 

+ ___ 

Me p—N, Ph24 +PPh2 (4.12) 
N  Me \ / 
I N N Ph2 5  
Br Me" Me 

A / -2 CH3Br 

Me 

NN 
II \ 

Ph2P ,PPh2 

N N 

Me 

68 

The 1H and 13C NMR as well as the MS data for the product obtained in this manner 

compare well with the literature data for 1,5-Ph4P2N4(SMe)2. Although no X-ray data for 

68 have been published, the NMR data are consistent with the structure shown in Equations 

4.11 and 4.12, i.e. each methyl group is bound to a sulfur atom rather than a nitrogen atom. 
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The 31P NMR spectrum consists of a singlet at 27.0 ppm, indicating equivalent phosphorus 

atoms, while the 1H and 13C NMR spectra show that the two methyl groups are equivalent 

and coupled to two equivalent phosphorus centers. Consequently, the structure of the 

methyl monoanion is likely that in which the methyl group is bound to sulfur (Equation 

4.13), although there is some evidence for the formation of the N-methylated isomer at low 

temperatures (Section 4.5.2). The mechanism for the formation of 67 undoubtedly involves 

nucleophilic attack by Me at sulfur resulting in rupture of the S-S bond. The negative 

•charge of 67 is then likely to be delocalized over the N-S-N unit opposite the methyl group. 

N r- NN 

Ph2P PPh2 + Me-Li 

Me Li 

NN I 
II 

Ph2I ,PPh2 (4.13) 

67 

In order to determine if the alkylation of anion 67 occurs at nitrogen or sulfur the 

unsymmetrically substituted product 1,5-Ph4P2N4S(Me)S(Et), was prepared from the 

reaction of 1,5-Ph4P2N4S2Me with an excess of ethyl iodide (EtI). The 31P NMR 

chemical shift of the material obtained in this manner isnot significantly different from that 

of the symmetrically substituted dimethyl derivative 68 (+25.7 and +27.0 ppm 

respectively). Such a result is expected as the substitution of an ethyl group for a methyl 

group should have little effect on 6(31P). More importantly, if alkylation had occurred at 

nitrogen, the 31P NMR spectrum of 1,5-Ph4P2N4S(Me)S(Et) would have been much more 

complex, as the two phosphorus atoms of an N-alkylated product would have been 

inequivalent. 

The methyl-monoanion 67 represents the first example of a stable 1,5-diphospha-
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dithiatetrazocine anion and is a potentially useful reagent in reactions with a variety of 

electrophiles. For example, the reactions between 67 and several platinum and palladium 

halides, which yield sulfur coordinated metal complexes, are currently under investigation 

[256]. 

Me 

N - 

1/ \ 
Ph2P PPh2 + cis or trans-M(PR3)2Cl2 (4.14) 

N N (M =Pt, Pd) 
S.-

67 I 
Me 

NN 
II \ 

Ph2P ,PPh2 

NN 

R3P — I—PR3 

Cl 

4.5.2 VT LP NMR and Fluxional Behavior of 1,5-Ph4P2 S2Me 

As noted hi the previous section the 31P NMR spectrum of the methyl-monoanion, 67, 

at room temperature exhibited a very broad resonance indicative of fluxional behavior. A VT 

31p NMR study was therefore undertaken and the results are shown in Figure 4.5. 
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Figure 4.5 - Variable Temperature 31P NMR Spectra of 1,5-Ph4P2N4S2Me, 67. 
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At 173 K three distinct resonances are observed; two singlets of equal integration at 

22.5 ppm and 19.5 ppm, and a third singlet at 17.8 ppm. As the temperature is gradually 

raised the two low field signals are observed to broaden at the same rate and eventually 

collapse to give one resonance at 20.5 ppm. The coalescence temperature for this process is 

213 ± 2 K. This signal initially sharpens at higher temperatures but as the temperature is 

raised even further it, as well as the resonance at 17.8 ppm, broadens and the two signals 

gradually coalesce. Finally at 317 K all that remains is one broad resonance at 20.6 ppm. 

The reverse of these changes is observed as the solution is cooled again. The activation 

energy for the lower temperature fluxional process has been determined to be 8.1 kcal mo1 1 

at the coalescence temperature (213 K) [227]. 

There are two possible mechanisms that can be used to explain this observed fluxional 

behavior. The first assumes that two structural isomers are present in a solution of the 

methyl-monoanion, an N-methylated isomer and an S-methylated isomer. The N-methylated 

isomer would give rise to two signals of equal area in the 31P NMR spectrum (22.5 and 

19.5 ppm) while for the S-methylated isomer only one signal ( 17.8 ppm) would be 

observed as the two phosphorus atoms are magnetically equivalent. Thus, a total of three 

resonances would be expected which is consistent with the NIMR spectrum acquired at a 

low temperature (179 K). 

A [ 1,3] methyl shift is then proposed for the N-methylated derivative. At higher 

temperatures such a shift would cause the two signals for this isomer to broaden and 

eventually collapse into one signal. For the S-methylated isomer a [ 1,2] methyl shift from 

sulfur to nitrogen is proposed and at high temperatures would result in broadening and 

coalescence of the two remaining signals. These proposed methyl shifts are illustrated in 

Figure 4.6. 

Although there are no reports of [ 1,3] methyl shifts between nitrogen atoms separated 

by a sulfur center, the analogous migration of the trimethylsilyl groups of N,N',N"-

tris(trimethylsilyl)-S-methylaminosulfimine has been described (Equation 4.15) [257]. The 
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bis(trimethylsilyl)aminophosphinimines, R2PN2(SiMe3)3, also exhibit intramolecular 

(CH 3)3S' migration, albeit across a phosphorus center (Equation 4.16) [216]. Activation 

energies ranging from ca. 13.5-18.5 kcal moF 1, determined by VT 1H NMR for such 

phosphorus (V) compounds, are comparable to that observed for the proposed [ 1,3] methyl 

migration for 67(7.9 kcal moF 1). 

SiMe3 

NSiMe3 N , N(SiMe3)2 
___ /\ LI ___ / 

CH3_S\ - CH3—S\(eSiMe3 CH3—S (4.15) 

N(SiMe3)2 N NSiMe3 

SiMe3 

NSiMe3 
- 

N(SiMe3)2 

Me 

N 

Ph2P 

\ 
N 

SiMe3 

R2P SiMe3 

SiMe3 

\ 
PPh2 

/ 
N 

/ 
Ph2P 

\ 

Me 

,N(SiMe3)2 
R2P, (4.16) 

NSiMe3 

Me 

N"  

Ph2P( 0  PPh2 

NN 

\ 
PPh2 

/ 
NN 

'Figure 4.6 - Proposed Methyl Shifts for 1,5-Ph4P2N4S2Me, 67. 
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If a three site methyl exchange as proposed above is indeed occurring then the chemical 

shift (weighted average of the low temperature chemical shifts) after complete coalescence is 

19.6 ppm while at the highest temperature the observed resonance has a shift of 20.5 ppm. 

Although a combination of [ 1,3] N, N and [ 1,2] S, N methyl shifts accounts for the 

observed VT 31P NMR spectra there is no direct evidence for the existence of an N-

methylated isomer. In fact, based on the preparation of 1,5-Ph4P2N4(SMe)2, for which each 

methyl group is bound to sulfur, it appears as though either reactions of the S-methylated 

isomer are kinetically favoured or the N-methylated isomer does not exist. 

The second explanation for the fluxional behavior of 67 does not invoke the existence of 

an N-methylated isomer but instead assumes that at least two conformational isomers of the 

S-methylated anion are present (Figure 4.7). The two phosphorus atoms of isomer- 67a are 

inequivalent as one is closer to the methyl group than the other. If the sulfur atoms undergo 

rapid inversion, as illustrated in Figure 4.7, the two P atoms could become equivalent on the 

NMR time scale. This inversion process would account for the coalescence of the two low 

field signals at 210 K. 

The two possible conformations of 67 that could account for the remaining, unassigned 

resonance in the 31P NMR spectrum are shown in Figure 4.7. For each isomer, 67b and 

67c, the two heterocyclic P atoms are equivalent. However, if one of the NPN units of 67b 

or 67c folds to the opposite side of the ring then isomer 67a results. Rapid ring folding of 

this type, in conjunction with inversion at sulfur, as described previously, would account for 

the complete coalescence of all three signals. This proposed mechanism is summarized in 

Figure 4.7. 

MNDO molecular orbital calculations have shown that for RS(NSN)2SR molecules the 

activation energies for inversion at sulfur fall in the range 27 (R=Cl) to 45 (R=NH2) kcal 

moF1 [135] while the measured barrier for the related compound 1,2,5-thiadiazole- 1-oxide, 

C2H2N2SO, is 33 kcal mor1 [258]. As such values are substantially larger than that 

experimentally determined for 67, it appears that inversion at sulfur does not adequately 
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explain this observed fluxional behavior. Also, this description requires that inversion at 

sulfur be a more facile process than ring folding and, as inversion at sulfur has a relatively 

high energy barrier, such a proposition seems unreasonable. 

Ph2P\ Me 

N-

NSN\ \ 

67a PPh2 

(i) 

Ph2P 
'\ 

N 5 N\ 

PPh2 

Me 

67a 

Ph2P\ Me PPh2 

\N- N 

67b 

OR 

Me 
N-

Ph2P PPh2 

(i) Inversion at S-Me 
(ii) Ring Folding 

Figure 4.7 - Proposed Conformational Changes for 1,5-Ph4P2N4S2Me, 67. 

67c 

A VT 1H NMR study of the methylated anion, 67, was performed but, due to very 

broad, unresolved signals no further insight as to the possible mechanism for the observed 

fluxional behavior was gained. Similarly, the results of a VT 13C NMR study of 67 

provided no further information as much of the NMR window of interest was masked by 

the signals of the solvent (d8-'TBF). However, the use of 13C enriched MeLi may provide 

sufficient information to support the mechanism invoking the involvement of the N-

methylated isomer. 

4.5,3 VT -3-1P NMR and Fluxional Behavior of 1,5-Ph4P2 S2(t-Bu)-

In an attempt to slow down the fluxional behavior observed for the methyl-monoanion a 
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second derivative was prepared using a more sterically bulky alkyl lithium reagent. The 

addition of one molar equivalent of t-butyl lithium to a THF solution of 1,5-Ph4P2N4S2 at - 

78°C gives a clear, colorless solution. The species formed is likely analogous to that formed 

with the use of MeLi, i.e. 1,5-Ph4P2N4S2(t-Bu), 69 (Equation 4.17). 

1,5-Ph4P2N4S2 + t-BuLi Ir THF 1,5-Ph4P2N4S2(t-Bu) (4.17) 

69 

-78°C 

The 31P NMR spectrum (Figure 4.8) of such a solution at 305 K shows a very broad 

resonance at 20.0 ppm. At lower temperatures (179-294 K) the spectra are very similar to 

those of the methyl-monoanion, 67, i.e. three signals at 179 K, two of which (21.9 and 20.3 

ppm) broaden and collapse at approx. 210 K, leaving two signals, which in turn also 

broaden and coalesce at 305 K. 

The primary difference between the 31P NMR spectra of 67 and 69 is that the two 

signals which coalesce at the lower temperature differ in chemical shift by only 1.6 ppm for 

69 (cf. 3.0 ppm for 67). However, the activation energies for this fluxional process of 8.1 ± 

0.2 kcal mor1 (210 K) for the t-butyl derivative and 7.8 ± 0.2 kcal mo1 1 (213 K) for the 

methyl derivative are the same within experimental error [227]. It is likely that the migrating 

alkyl group (methyl or t-butyl) is too remote from the phenyl groups on phosphorus to have 

any measurable effect on the activation energies. 
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Figure 4.8 - VT 31P NMR Spectra of 1,5-Ph4P2N4S2(t-Butyl), 69. 
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4.6 Preparation and Reactions of "Li2J 1,5-Ph4P2 $2}" 

The addition of 2 molar equivalents of a TRIP solution of super hydride (LiBEt3H) to a 

solution of 1,5-Ph4P2N4S2 in TRIP at either -78°C or 0°C, followed by gradual warming to 

23°C, results in the formation of a yellow precipitate and the simultaneous evolution of a gas 

(presumably H2). This yellow precipitate is formulated to be the dilithium salt of the 1,5-

Ph4P2N4S2 dianion; i.e. U211,5-Ph4P2N4S2], 70, on the basis of its derivative chemistry 

(Sections 4.6.1 to 4.6.3). It is a highly insoluble material (TRIP, Et2O, hexanes, toluene) 

which can be isolated by means of filtration. The dry yellow powder is stable under an inert 

atmosphere for several days but decomposes on exposure to air/moisture. 

The formation of such a dianion likely involves initial nucleophilic hydride attack at 

sulfur forming a hydrido monoanion analogous to the anions obtained using alkyl lithium 

reagents. Subsequent attack by a second hydride, followed by deprotonation and the 

elimination of hydrogen, would give the dianion 70 (Equation 4.18). 

N 5 N 

/ 
Ph 2P I PPh + LiBEt3H 

N 

H 

N 5 N 

Ph2P\ /PPh2 (4.18) 

NN 

e 
LiBEt3H 

Li2[1,5-Ph4P2N4S2] 

70 

Reaction of the structurally related sulfur diimides with t-butyl lithium produces 

eight-membered Li2N4S2 rings in which the lithium atoms bridge the nitrogen centers 

(Equation 4.19) [259]. 
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R SiMe3 
\ 
N—Li—N 

Me3 Si—N=S=N—R + 2 t-BuLi t-Bu—S S—t-Bu (4.19) 

Ii 
N—Li—N 

Me3Si / R 

R = SiMe3, t-Bu 

For the 1,5-diphosphadithiatetrazocines, which can be thought of as containing two 

sulfur diimide (NSN) groups bridged by two phosphorus atoms, a related polymeric 

structure can be envisaged (Figure 4.9). The use of crown ethers or N,N,N',N'-

tetramethylethylenediamine (TMEDA) may give a lithium salt which is of sufficient 

solubility to grow crystals for an X-ray structural determination. 

Ph2 Ph2 
P P 
/\ /\ 
N - N— Li--N N—Li 

S S 

N\ N—L1—N—L1 

Ph2 Ph2 
X 

Figure 4.9 - Proposed Polymeric Structure of Li2[1,5-Ph4P2N4S2}, 70 

4.6.1 Synthesis of 1.5-Ph4P2N(SMe')2 from "Li2F 1  

The reaction of an excess of Mel with a slurry of Li,2[1,5-Ph4P2N4S2], 70, in THF gives 

the S,S'-dimethylated eight-membered ring 1,5-Ph4P2N4(SMe)2, 68, in 30% yield. This 

compound was also prepared by treating 1,5-Ph4P2N4S2 with MeLi followed by Mel 

(Section 4.4.1). The 1H, 13C, and 31P NMR spectra for the material obtained in this manner 
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are identical to those obtained for the MeLi/Mel product. The M P NMR spectrum of 68 

shows a singlet at 26 ppm (cf. 21.7 ppm for 1,5-Ph4P2N4(SeMe)2 [260]) indicating that the 

S-S bond present in the starting material, 16a, is no longer present. The X-ray structure of 

the selenium analog of 68, 1,5-Ph4P2N4Se2Me2, has been published [260] (Figure 4.10) 

and based on the 1H, 13C, and 31P NMR data the two structures are likely very similar, i e. 

an eight-membered chair in which the two P atoms and four N atoms are planar, the two 

chalcogen atoms are displaced on either side of the ring, and the two exocycic methyl 

groups occupy axial positions (cf. 1,5-Ph4P2N4S2Br2, Figure 1.22 [197]). 

Figure 4.10 - ORTEP Plot of 1,5-Ph4P2N4(SeMe)2. From Ref [260]. 
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4.6.2 Synthesis and X-ray Analysis of  

The reaction between a slurry of "Li2[1,5-Ph4P2N4S2]" and diioclomethane (CH212) in 

THF gives Ph4P2N4S2CH2, 71, in 23% yield. The solid-state structure of 71 was 

determined by X-ray crystallography by Prof. M. Cowie (University of Alberta) and Dr. R. 

Hilts of this department. An ORTEP drawing of 71 with the atomic numbering scheme is 

shown in Figure 4.11. The crystallographic data and the pertinent bond lengths and angles 

are summarized in Tables 4.1 and 4.2, respectively. Complete structure analysis details as 

well as a listing of atomic coordinates and isotropic thermal parameters are given in 

reference [261]. 

Table 4.1: Crystallographic Data for Ph4P2N4a2H11 

Chem formula C25H22N4P2S2 

= 10.340(1) A 
= 12.964(2) A 
= 10.175(2) A 
= 109.96(1)° 

J= 108.24(1)° 
= 73.89(1)° 

= 1195.0(6) A3 
Z=2 

fw=504.6 

space group - P1 

1=293K 

=0.71O69A 

calcd = 1.40 g cm 3 

U = 1.72 cm-1 

Ra._O 050 

0.060 

a. R = ZF0- IFII/IF0I 
b. R = [ZwA 2/Y.F02]112 



N(4) 

C(32) 

C(42)? 

C) 

S(1) 

N(3) 

C') 

0(1) 

N(1) 

N(2) .0(22) 

0(12) 

Figure 4.11 - ORTEP Plot of Ph4P2N4S2CH2, 71 
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Table 4.2: Selected Bond Lengths (A) and Bond Angles (°') for Ph4P2N42 Hj1. 

Bond lengths (A) 
S(1)-N(1) 1.592(3) 

S(1)-N(4) 1.595(3) 

S(1)-C(1) 1.827(4) 

S(2)-N(2) 1.594(3) 

S(2)-N(3) 1.597(3) 

S(2)-C(1) 1.812(4) 

P(1)-N(1) 1.620(3) 

P( 1)-N(2) 1.609(3) 

P(1)-C(11) 1.806(4) 

P(1)-C(21) 1.798(4) 

P(2)-N(3) 1.610(3) 

P(2)-N(4) 1.607(3) 

P(2)-C(31) 1.808(4) 

P(2)-C(41) 1.800(4) 

Bond angles (°) 

S ( 1)-C( 1)-S (2) 
N(1)-S(1)-N(4) 

N(1)-S(1)-C(1) 

N(4)-S(1)-C(1) 

N(2)-S(2)-N(3) 

N(2)-S(2)-C(l) 

N(3)-S(2)-C(1) 

N(1)-P(1)-N(2) 

N(1)-P(1)-C(1 1) 

N(1)-P(1)-C(21) 

N(2)-P(1)-C(1 1) 

N(2)-P(1)-C(21) 

113.0(2) 

115.6(2) 

102.5(2) 

102.4(2) 

115.0(2) 

103.4(2) 

103.3(2) 

118.2(2) 

109.5(2) 

106.5(2) 

110.5(2) 

106.3(2) 

C(11)-P(1)-C(21) 105.0(2) 

N(3)-P(2)-N(4) 119.1(2) 

N(3)-P(2)-C(31) 106.3(2) 

N(3)-P(2)-C(41) 110.3(2) 

N(4)-P(2)-C(31) 107.7(2) 

N(4)-P(2)-C(41) 108.9(2) 

C(31)-P(2)-C(41) 103.5(2) 

S(1)-N(1)-P(1) 123.4(2) 

S(2)-N(2)-P(l) 124.6(2) 

S(2)-N(3)-P(2) 123.8(2) 

S( 1)-N(4)-P(2) 126.0(2) 
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The structure of 71 shows a bicyclic molecule in which the methylene group bridges the 

two sulfur atoms of the heterocyclic ring. As a result there is a substantial opening of S-S 

bond from 2.55 1(2) A in Ph4P2N4S2 to 3.033 A in 71, accompanied by a wide S(1)-C(1)-

S(2) angle of 113.0(2)° at the methylene carbon. In addition, the methylene bridge enforces 

larger endocycic bond angles at phosphorus and nitrogen, resulting in mean N-P-N and 5-

N-P angles of 118.6(2)° and 124.5(2)° respectively [cf. 110.8(1) and 120.9(2)°, respectively 

for 16a]. The mean S-N and P-N bond lengths in 71 are not significantly different from 

those found for 16a. Each PN2S2 unit is nearly planar and the angle between the two 

PN2S2 planes is 110.31(7)°. 

The 31P NMR chemical shift for Ph4P2N4S2CH2 of - 19.4 ppm is very close to that for 

the related bicyclic compound Ph2PN5S3 (-21.4 ppm) [196]. 

N—S—N 

Ph2P N S 
\ / 1/ 
N=S —N 

49 

As the methylene group of 71 bridges two sulfur atoms it was considered feasible that 

this bridge could be deprotonated to form a carbanion center. The capacity of sulfur to 

significantly enhance the acidity of adjacent C-H bonds has been exploited extensively in 

synthetic organic chemistry [262]. For example, the S-CH2-S group of 1,3-dithiane, 

C3H652CH2, is readily deprotonated on treatment with n-BuLi [263]. A preliminary 

experiment, conducted in conjunction with Dr. R. Hilts, provided good evidence that 71 can 

indeed be deprotonated with n-BuLi. Subsequent treatment of the deprotonated bicyclic with 

an excess of Mel gives a 31p NMR spectrum that is consistent with the production of 

Ph4P2N4S2CHCH3, 72, i.e. two signals of equal intensity whose chemical shifts are very 

similar to that of 71 (the two P atoms of 72 are inequivalent) (Equation 4.20). However, 

insufficient material was available for a complete characterization. 
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HH HçH3 

S /C\ s /\ i) n-BuLl S 

/\ /\ /\ 
N N N N ii)MeI N N N N 

P P P P 
Ph2 Ph2 Ph2 Ph2 

71 72 

(4.20) 

4.6.3 Synthesis of Platinum Group Metal Complexes From Li2[1,5-Ph4P221 

The reactions of U211,5-Ph4P2N4S2} with various platinum group metal halides 

(L2MCI2) proceed slowly at room temperature according to Equation 4,21. 

Li2 [ 1,5-Ph4P2N4S2] + L2MC12 -2 LiCi ML2(1,5-Ph4P2N4S2) (4.21) 

60a : M=Pt, L=PPh3 
73 : M=Pt, L=PEt3 
74 M=Ni, L2=diphos 

The three compounds were only characterized by 31P NMR spectroscopy as several 

other products were formed making purification difficult. However, the 31P NMR spectrum 

of each compound was consistent with the formation of a monomeric metal complex 

analogous to those prepared from the neutral eight-membered rings, 1,5-R4P2N452, and the 

zero-valent platinum (Pt(PPh3)2(C2H4)) and palladium complexes (Pd(PPh2R)4) as 

discussed in Chapter 3. The best evidence for the formation of such metal complexes was 

provided by the 31P NMR spectrum of 60a which .was identical to that of the known 

compound Pt(PPh3)2(1 , 5-Ph4P2N4S 2)' prepared from 1,5-Ph4P2N4S2 and 

Pt(PPh3)2(C2H4). This spectrum consisted of two equally intense triplets [4J(31P-31P)=4.4 

Hz], each with Pt satellites, at 37.9 ppm [3J(31P- 195Pt)=579 Hz] and 17.9 ppm [1J(31P-
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195Pt)=2857 Hz], which can be assigned to the Ph2P groups and PPh3 ligands respectively. 

The  1P NMR spectrum of the second Pt complex, 73 was very similar to that of 60a, two 

equally intense triplets 4J(31P-31P)=3.6 Hz, each with Pt satellites, at 35.9 ppm [3J(31P-

195Pt)=536 Hz] and 4.46 ppm [1J(31P-195Pt)=2733 Hz], indicating that the two structures 

are very similar, i.e. i2—S, S' coordination of the eight-membered heterocyclic ring as 

illustrated in Figure 4.12. 

L L 

/\ /\ 
NNNN 
\ pdX p/ 

Ph2 Ph2 

Figure 4.12 - T12-S,S' Pt and Ni complexes, 60a, 73, and 74, prepared 

from Li2[ 1,5-Ph4P2N4S2]. 

The 31P NMR spectrum obtained for the reaction between the dianion and 

Ni(diphos)Cl2 suggested that the product was also a monomeric complex. Again, two 

resonances of equal area were observed, each a triplet with 4J(31P-31P) = 9.3 Hz. The values 

for the same interaction in the monomeric Pt and Pd complexes are 4.4 Hz and 12.5 Hz 

respectively. Also, the change in chemical shift of the heterocyclic ligand upon coordination 

for 16a (i = —69 ppm) is similar to the coordination shifts observed for the Pt and Pd 

complexes reported in Chapter 3 (A = —75 and -60 ppm). Thus, compound 74 is proposed 

to be similar in structure to the monomeric Pt and Pd complexes reported in Chapter 3 

(Figure 4.12). It is of particular note that all attempts to prepare a monomeric nickel 

complex from zero-valent nickel reagents such as Ni(PPh3)4 or Ni(diphos)(CO)2 and 

neutral 1,5-diphosphadithiatetrazocines were unsuccessful (Section 3.2.1). 
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4.6.4 Reactions of Li2[1,5-Ph4P2N4S21 with Other Electrophiles  

Attempts to prepare germanium or phosphorus bridged compounds, analogous in 

structure to Ph4P2N4S2CH2, by reaction of the dianion with neat GeCl4 or PhPCl2, proved 

to be unsuccessful (Equation 4.22). Instead the quantitative regeneration of 1,5-Ph4P2N4S2, 

16a, is observed. The occurrence of this redox process may limit the application of the 

dianion reagent. 

1,5-Ph4P2N4S2 

Li2[1,5-Ph4P2N4S2] + PhPCl2 or GeCl4 
B 
/\ 
S S 
/\ /\ 
NNNN' 
\p 'P  

Ph2 Ph2 

(E=PhP, GeCl2) 

(4.22) 

4.7 Conclusions  

In contrast to S4N4, which undergoes either ring contraction or ring opening in its 

reaction with nucleophiles, the 1,5-diphosphadithiatetrazocine, 1 ,5-Ph4P2N4S2, reacts 

readily with either MeLj or t-BuLi to produce alkylated monoanions in which the eight-

membered heterocycle remains intact. Both anions were found to be fluxional by VT 31P 

NMR spectroscopy. The fluxional process is proposed to involve either a combination of 

[1,3] NN and [ 1,2] N,S methyl shifts for N-methylated and S-methylated structural isomers 

or conformational changes in an S-methylated isomer alone. The reaction of the methyl-

monoanion with Mel gives the known S, S'-dimethylated heterocycle 1,5-Ph4P2N4(SMe)2. 

Reduction of 1,5-Ph4P2N4S2 with two molar equivalents of Li[BEt3H] (super hydride) 

gives a yellow solid that, although not fully characterized due to its highly insoluble nature 

and sensitivity to oxygen/moisture, is likely Li2 [1,5-Ph4P2N4S2]2 . This material was 

found to react readily with Mel to give 1,5-Ph4P2N4(SMe)2 or with CH212 to give a novel 
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bicyclic compound, Ph4P2N4S2CH2, in which the methylene group bridges two sulfur 

atoms. A preliminary experiment has provided good evidence that this methylene bridge can 

be deprotonated with n-BuLi and subsequently derivatized. 

It has been discovered that the monomeric metal complexes discussed in Chapter 3 can 

also be prepared by reacting Li2[1,5-Ph4P2N4S2] with phosphine-halide complexes of the 

platinum group metals (Pt, Id, and Ni). 

For the cyclophosphathiazene 1,5-Ph4P2N4S2 both the alkylated-monoanions and the 

lithium salt of the dianion have proven to be very interesting and, more importantly, versatile 

reagents. Reactions of such anions with electrophiles will undoubtedly allow many new 

heterocyclic compounds to be prepared. 

4.8 Experimental Section 

4.8.1 Reagents and General Procedures  

All solvents were dried and distilled before use : tetrahydrofuran (Na), methylene 

chloride and hexanes (P4010), acetonitrile (CaN2 and P4010) and acetone (molecular 

sieves). Drying agents employed for other solvents used in this section as well as details 

concerning the manipulation of oxygen/moisture-sensitive products areoutlined in Chapter 

2, Section 2.6.1. Commercial products used as received were: Li[BEt3H] (0.9 M solution in 

THF), MeLi (1.4 M solution in Et2O), t-BuLi (2.5 M solution in hexanes), CH212, and cis-

Ni(diphos)C12 (Aldrich). Mel (Fisher) was passed through basic alumina before use. 

Literature procedures were used for the preparation of 1,5-Ph4P2N4S2 [209], cis-

Pt(PEt3)2C12 [264], and cis-Pt(PPh3)2Cl2 [232]. The 31p NMR chemical shifts for these 

reagents are given in Table 4.3. 
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Table 4.3  -'P NMR Data for Selected Transition Metal Dichiorides and l,5-Ph4P2N4S2 

Compound Solvent 

1,5-Ph4P2N4S2, 16a +120 CH2C12 

cis-Pt(PPh3)2C1 +9.7, Jj=3509 Hz CH2C12 

cis-Pt(PEt3)2C12 +14.3, 'J=3674 Hz CH2Cl2 

Ni(diphos)CL2 +57.8 - 

a. In ppm relative to 85% H3PO4 

4.8.2 Instrumentation  

Details concerning the instrumentation and methods employed for obtaining NMR 

spectra (111, 13C, and 31P) are outlined in Chapter 2, Section 2.5.2. Electrochemical 

reductions were performed in a three electrode "H" cell using a HI-TEK DT21O1 

potentiostat and a HI-TEK PPRI waveform generator. All reduction potentials are given 

with reference to a SCE. Mass spectra were recorded on a Kratos MS8ORFA operating at 

70 eV. Chemical analyses were performed by the Analytical Services of the Department of 

Chemistry, The University of Calgary. 

4.8.3 Preparation of 1  

To a stirred THF solution (2 ml) of 1,5-Ph4P2N4S2 (0.107 g, 0.218 mmol) at -78°C 

was added 0.242 ml of a 1.4 M MeLi/Et2O solution via syringe. After 5 min the resulting 

clear, pale yellow solution was allowed to warm to room temperature. The 31P NMR data 

for 1,5-Ph4P2N4S2Me are given in Section 4.5.2 and in Table 4.4. 
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4.8.4 Preparation of 1.5-Ph4P2N4(SMe)2. 68. and 1,5-Ph4P2N4S(Me)S(Et) From 1.5-

To a stirred THF solution (50 ml) of 1,5-Ph4P2N4S2 (0.25 g, 0.60 mmol) at -78°C was 

added 0.36 ml of a 1.4 M MeLiIEt2O solution via syringe. The resulting clear, pale yellow 

solution was stirred for 45 niin at -78°C then Mel (0.8 ml) was added and the solution was 

stirred for a further 1.5 h. After warming to room temperature the 31P NMR spectrum of 

the reaction solution shows only a singlet at 15.9 ppm attributed to an intermediate of 

unknown identity. The solvent and excess Mel were removed in vacuo and the resulting off-

white solid was washed once with 15 ml of distilled H20 then dried under vacuum to give 

0.23 g (87% yield) of 1,5-Ph4P2N4(SMe)2 as an off-white solid. The compound was 

characterized by comparison of its 31P, 1H, and 13C NMR spectra with those of an 

authentic sample prepared from 1,5-Ph4P2N4S22 and Mel (Section 4.8.6). 

The reaction of 90 .tmol of a THF solution of 67 (prepared in the same manner as 

above) with a large excess of EtI (0.3 ml), at room temperature, was monitored by 31P NMR 

for 18 hours. The resulting product was characterized by 31P NMR spectroscopy (Table 

4.4). 

4.8.5 Preparation of "Li2[ 1,5-Ph4P2N4S21 ". 70  

To a stirred THF solution (10 ml) of 1,5-Ph4P2N4S2 (0.15 g, 0.31 mmol) at -78°C was 

added 0.68 ml of a Li[BEt3H]/THP solution. After 5 min at -78°C the solution was allowed 

to warm to room temperature resulting in the slow formation of a yellow precipitate and the 

evolution of a colorless gas (presumably H2). The slurry was stirred for 2.5 h and then 

filtered by using a filter needle. The precipitate was washed once with THF (10 ml) and then 

dried under vacuum to yield Li2[1,5-Ph4P2N4S2] as a yellow solid (0.12 g). Upon exposure 

to air this material decomposed to give a white solid and, as a result, elemental analysis gave 

poor results. 
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4.8.6 Preparation of 1,5-Ph4P2N4(SMe 2, & From "Li2F1,5-Ph4P2N4S2] 

To an unstirred THF solution (15 ml, freshly distilled) of 1,5-Ph4P2N4S2 (0.24 g, 0.49 

mmol) was added 1.1 ml of a 0.9 M Super hydridefrHF solution at -78°C. The resulting 

yellow solution was kept at -78°C for 5 min then allowed to warm to room temperature over 

a 30 min period during which a yellow precipitate formed and a gas, presumably H2, was 

seen to evolve. The slurry was cooled to -78°C and CH3I (0.2 ml, 3.2 mmol) was added by 

syringe. After 5 min the cold bath was removed and the yellow precipitate slowly reacted 

leaving a clear, pale yellow solution. The 31P NMR spectrum of this bulk solution showed 

singlets at +15.9 ppm and + 114 ppm (1,5-Ph4P2N4S2). After removal of the solvent and 

excess CH 31by vacuum the off-white solid was extracted with 10 ml of CH3CN at 23°C. 

The filtrate was pumped to dryness and was washed once with distilled water (10 ml, 5 mm) 

and extracted with CH2Cl2 (5 ml). The extracted material was recrystallized from CH3CN 

(7 ml) at -25°C to give 73 mg of off-white crystals. The 31P NMR chemical shift of 68 is 

reported in Table 4.4. Other data are as follows: 

1H NMR 8 = 2.80 ppm, triplet, 4JHP=1.15 Hz, 6 H, CH3 

6=7.3-7.5 ppm, multiplet, 12 H, C6H5 

6=7.6-8.0 ppm, multiplet, 8 H, C6H5 

8=2.00 ppm, singlet, 2.25 H, CH3CN 

1,5-Ph4P2N4S2: CH3CN = 1: 0.75 

13C NMR 6=45.7 ppm, triplet,3Jp=21 Hz 

MS 520 (M+,6.7%), 505 (M-Me, 100%), 490 (M-2Me, 39%),444 

(Mi- 2Me-SN, 50%),245 (Ph2PN2S, 26%),199 (Ph2PN, 13%), 

122 (PhPN) 

EA For C26H26N4P252•0.75 CH3CN 

Calcd. : C, 59.91; H, 5.16; N, 12.07. 

Found: C, 59.97; H, 5.13; N, 11.94 
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M.P. 195°C 

For comparison R. Appel and K. Eichenhofer [254] report 

1H NMR S = 2.86 ppm, triplet, 4H ,=l.4 Hz 

8=7.3-8.1 ppm, multiplet 

MS 520 (Mt), 505 (M-Me), 490 (Mt2Me) 

M.P. 220°C (Recrystallized from CH3CN/C6H5Br) 

4.8.7 Preparation of Ph4P2N42 H11 

To a stirred solution THF solution (15 ml) of 1,5-Ph4P2N4S2 (30 mg, 0.6lmmol) was 

added 1.36 ml of a 0.9 M Super-hydridefTHF solution at -78°C. The resulting clear yellow 

solution was stirred while allowing it to warm to room temperature resulting in the 

precipitation of a yellow solid. The slurry was cooled again to -78°C and C11212 (0.10 ml, 

1.2 mmol) was added via syringe. There was no apparent reaction after 10 mm. so the cold 

bath was removed and the vessel slowly warmed to room temperature. After 30 mm. the 

slurry had changed to a clear, light yellow solution which was stirred for a further 72 hrs.. 

The solvent and excess C11212 were removed under vacuum and the remaining off-white 

solid was recrystallized once from CH3CN (-25°C) and once from CH2C12/Hexanes (2:1, - 

25°C) and finally extracted once with CH2Cl2 to give 70 mg (23%) of the title compound. 

The 31P NMR data for 71 is given in Table 4.4. Other pertinent data are as follows: 

1H NMR S = 2.96 ppm, triplet, 0.7 Hz, 211, CH.2 

S = 6.9-7.9 ppm, multiplet, 2011, C6H5 

13C NMR S = 33.1 ppm, triplet, 3J= 43.1 Hz 

FA For C25H22N4P2S2 

Calc C:59.51  H:4.39 N:11.10 



142 

Found C:59.12 H:4.27 N:11.30 

MS 504 (M, 100%), 458 (M- SCH2 or M- SN, 47%),424 (M-

SN-H2S, 35%), 367 (M-PhN2S, 32%),199 (Ph2PN, 42%),185 ( 

Ph2P, 53%), 183 (P2N4S2 , 68%), 122 (PhPN, 71%), 77 (Ph or 

S2CH, 73%),46 (SN or SCH, 56%). 

4.8.8 Preparation of cis-Pt(PPh312(1,5-Ph 4P2N452), 6Qa. From "Li2f1,5-Ph4P2NS2] 

To a THF solution (2 ml) of 1,5-Ph4P2N4S2 (50 mg, 0.1 mmol) at -78°C was added 

0.28 ml of a 0.9 M Super-hydride/THF solution. After slowly warming to room 

temperature a bright yellow precipitate had formed. The 31P NMR spectrum of this slurry 

shows no signals of any significant intensity, i.e. complete reaction and formation of an 

insoluble precipitate. To this slurry was added solid cis- Pt(PPh3)2C12 (85 mg, 0.1 mmol) 

against a countercurrent of nitrogen. There was no apparent reaction after 18 h so acetone 

(0.5 ml) was added in order to dissolve the platinum reagent. After 30 min the 31P NMR 

spectrum showed a significant quantity of the desired product, cis-Pt(PPh3)2(1,5-

Ph4P2N4S2), however this material proved to be difficult to separate from the other 

products. The 31P NMR data for this compound are given in Table 4.4. 

4.8.9 Preparation of cis-Pt(PEt3)2(1,5-Ph4P2I42), 73, From "Li2[1,5-Ph4P2N4S2j 

To a stirred THF solution (30 ml) of 1,5-Ph4P2N4S2 (0.302 g, 0.616 mmol) at -78°C 

was added 1.37 ml of a 0.9 M Super-hydridefl'HF solution. After stirring at -78°C for 10 

min the solution was slowly warmed to room temperature and stirred for 1 h producing a 

yellow precipitate. The slurry was cooled again to -78°C and solid cis-Pt(PEt3)2C12 (0.309 

g, 0.616 mmol) was added against a countercurrent of nitrogen. After 5 min the solution 

was gradually warmed to room temperature to give a clear yellow solution of 73. The 31P 

NMR data for 73 are given in Table 4.4. Attempts to purify 73 using selective 

recrystallization were unsuccessful. 
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4.8.10 Preparation of cis-Ni(diphos)(1.5-Ph4P2 S2). 74. From "Li 211,5-Ph4P2 $2j 

To a THF solution (2 ml) of 1,5-Ph4P2N4S2 (31 mg, 0.063 mmol) at -78°C was added 

0.16 ml of a 0.8 M Super-hydride/ThF solution. After slowly warming to room 

temperature a bright yellow precipitate had formed. The slurry was cooled again to -78°C 

and solid cis-Ni(diphos)C12 (34 mg, 0.063 mmol) was added against a countercurrent of 

nitrogen. To this reaction mixture was added 0.4 ml of acetone to solubiize the Ni reagent. 

After warming to room temperature the the 31P NMR spectrum of the reaction solution 

indicated the formation of cis-Ni(diphos)(1,5-Ph4P2N4S2). The results are reported in 

Table 4.4. After 24 h in solution 74 had fully decomposed. 

4.8.11 Preparation of Ph4P2 S2CHCH31Z,  from Ph4P2N4S2CH1J. 

To a 'IHF solution (2 ml) of Ph4P2N4S2CH2 (13 mg, 26 p.mol) at -78°C was added 20 

jil of a 2.5 M n-BuLifHexanes solution via syringe. After 5 min the resulting clear, pale 

yellow solution was allowed to warm to room temperature afterwhich a large excess of Mel 

(0.1 ml) was added. The 31P NMR spectrum of the reaction solution was then obtained and 

the results are reported in Table 4.4. These NMR data are consistent with the formation of 

Ph4P2N4S2CHCH3. However, insufficient material was available for complete 

characterization. 
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Table 4.4: 3 IP NMR Data for Derivatives of 1,5-Ph4P2N4S2 and Related Compounds 

Compound Ba 

1,5-Ph4P2N4S2Me2, 68t 

1,5-Ph4P2N4Se2Me21' 

1,5-Ph4P2N4S(Me)S (Et)c 

1,5-Ph4P2N4S2Et 

Ph4P2N4S2CH2, 71b 

Ph4P2N4S2CHCH3, 72c 

Pt(PPh3)2(1,5-Ph4P2N4S2), 60a' 

Pt(PEt3)2(1,5-Ph4P2N4S2),73' 

Ni(diphos)( 1,5-Ph4P2N4S2), 74c 

27.0 

21.7 [260] 

25.7 

16.5 

- 19.4 

- 18.4, - 20.4 

393d,e df l8.3' 

359g,h 4•46g 

45•5J, 44.li 

a. In ppm relative to 85% H3PO4 

b. Solvent - CH2CL2 

c. Solvent - THF 

d. triplet, 4J(3 1P-3 1P) = 4.4 Hz 

e. 3J(31P- 195Pt) = 572 Hz 

f. 1J(31P- 195Pt) = 2861 Hz 

g. triplet, 4J(31P-31P) = 3.6 Hz 

h. 3J(31P- 195Pt) = 536 Hz 

i. 1J(31P- 195Pt) = 2733 Hz 

j. triplet, 4J(31P-31P) = 9.3 Hz 
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CHAPTER 5 

Solid State 1P NMR Study of Cyclophosphathiazenes 

5.1 Introduction  

High-resolution 31P NMR solution spectroscopy has proven to be a very important tool 

in cyclophosphathiazene chemistry. The previous chapters have provided an indication of 

the diagnostic power of this spectroscopic technique. Spectral parameters for different 

classes of compounds vary quite substantially. For example, the 31P chemical shifts of the 

1,5-diphosphadithiatetrazocines [186,209] are very different than those of related P-N-S 

rings which do not possess a S-S cross-ring bond. Thus, within a series of related 

compounds, such as the cyclophosphathiazenes, the approximation that one structural 

parameter is the major contributor to the 31P NMR chemical shifts may hold true. Many' 

correlations between 6(31P) and various structural parameters have been developed. The 

coordination shift A8 on complexation of phosphines to metal centers [265], the 

dependence of 6(31P) in complexes on the cone angle of the ligand [266], and the ring 

contribution AR for phosphorus atoms involved in chelate rings [267] are several examples 

of such correlations. 

One important and often ignored problem with such correlations is that the ö(31P) 

parameters are obtained from solution studies while the structural data are derived from the 

solid state (X-ray diffraction experiments). Substantial structural changes are not 

uncommon in going from the solution to the solid state. Since complete structure 

determinations are impossible in solution, the NMR data should ideally be obtained from 

the solid state. 
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Over the past two decades the development of high-power proton decoupling [268] to 

remove dipolar interactions, magic-angle spinning [269] to reduce the chemical shift 

anisotropy to its average value, and cross-polarization [270] to enhance the signal-to-noise 

ratio, has allowed high resolution studies of dilute nuclei (13C, 29Si, 31P) to be performed 

on solid samples. Solid state NMR therefore allows for the formation of correlations 

between measurements obtained from the solid state and also provides chemical shift 

information that is more detailed than solution data. 

As a manifestation of the three-dimensional nature of chemical shielding, the spectrum 

of a stationary powdered sample will show a chemical shift anisotropy (CSA) pattern 

(Figure 5.la) [271]. The singularities in this powder pattern correspond to the principal 

elements of the chemical shift tensor (CST). The CST is a 30 matrix which, with the 

appropriate choice of coordinate system, may be transformed into diagonal form. The 

principal elements (a ll, (Y221 O33) are the diagonal, non-zero, elements of this matrix and 

represent the characteristic shielding of the nucleus in three orthogonal directions. In 

solution, the isotropic tumbling of molecules reduces the matrix to its trace (mean of the 

three principal elements), which results in the observed isotropic value. 

Spinning of a sample at the magic-angle (MAS) at rotation speeds which are below the 

powder line width 11- 33) causes the CSA patterns to break up into a sharp isotropic line 

flanked by spinning sidebands (Figure 5. 1b). The 

intensities of the sidebands are related to the CSA and can be analyzed to recover the 

principal elements of the CST by either the graphical analysis method of Herzfeld and 

Berger [272] or by the moment method of Maricq and Waugh [273]. Thus, a complete 

analysis of a MAS NMR spectrum will provide three shielding parameters 1133' one of 

which may provide a better correlation with structural parameters than the solution isotropic 

chemical shift alone. 
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a) ROT° kHz 

b) YftOT094 kHz 

Figure 5.1 - (a) Solid state 31P NMR spectrum of a stationary sample of 

barium diethyl phosphate (BDEP) with the principal elements of the CST 

indicated; (b) Solid state 31P NIVIR spectrum of a BDEP sample spinning at 

the magic angle. From Ref. [272]. 

As mentioned in the previous chapters the 1,5-diphosphadithiatetrazocines all exhibit 

31p solution chemical shifts at anomalously low fields compared to related 

cyclophosphathiazenes. Because of this unusual behavior a CPIMAS solid state 31P NMR 

study of 1,5-R4P2N4S2 (R=Ph, Me, Et) was undertaken in order to: 

1) Gain some insight into the nature of ö(31P) for the 1,5-diphosphadithiateira-

zocines 

2) Determine whether there is a correlation between one of the CSA parameters and a 

structural parameter such as d(S-S) or bond angle at P. 

3) Expand on the somewhat limited base of solid state 31P NTvIR data. 

Two related PNS rings, Ph2PN3S2, and 1,5-Ph4P2N4(SPh)2 (Figure 5.2), were also 
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studied for comparison. The results of this study, conducted in conjunction with Prof. C. 

Fyfe and Dr. L. Randall (University of British Columbia), are presented in this chapter 

followed by an experimental section. 

5.2 CP/MAS  -1P NMR Spectra of Cyclophosphathiazenes 

5.2.1 Solid State Spectra and Isotropic Chemical Shifts  

The CPIMAS 31P NMR spectra of the 1,5-diphosphadithiateirazocines, 16a-c, the S, 

S'—dliaryl derivative 75, and the six-membered ring 15, have been determined. A typical 

spectrum is shown in Figure 5.2. 

R2 R2 

16a : R=Ph 
16b : R=Me 
16c : R=Et 

Ph 

Ph2P\()PPh2 

Ph 

75 15 
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Figure 5.2 - 31P solid state NMR spectrum of 1,5-Me4P2N4S2 obtained at 

162.0 MHz by using proton decoupling and 1H- 31P cross-polarization 

(rotor frequency=3. 173 kHz, NS=64). 

The identification of the isotropic chemical shift for each compound was made by 

acquiring several spectra, each at a different spinning rate. The isotropic shifts remain 

invariant in position while the position of the spinning sidebands varies directly with 

spinning speed. The solid state isotropic chemical shifts of 16a-c. 75, and 15 have been 

determined in this manner and the results are listed in Table 5.1. 
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Table 5,1 : Solid state and Solution  -1P NMR Isotropic Chemical Shifts for the 1,5-

Diphosphadithiatetrazocines and Related Cyclophosphathiazenes.  

Compound cY 0(sOlid) YISO(SOlUtiofl)a 

1,5-Ph4P2N4S2, 16a 119.6 113.4 6.2 

1,5-Me4P2N4S2,16b 127.7 119.7 8.0 

1,5-Et4P2N4S2, 16c 137.2, 141.4 136.1 32b 

1,5-Ph4P2N4(SPh)2, 75 335 29.3 4.2 

Ph2PN3S2, 15 -22.4 -21.3 -1.1 

a. Solution 31P NMR spectral data were measured in solutions in 10-mm tubes and are 
relative to external H3PO4. 

b. Average of the two solid state isotropic chemical shifts used. 

Only small differences are found between the solid state and solution isotropic chemical 

shifts for all of the cyclophosphathiazenes studied, indicating that there are no substantial 

changes in structure between the two states for any of the compounds. Two isotropic shifts 

are observed (Figure 5.3) for the inequivalent phosphorus atoms in 16c; consistent with the 

X-ray structural data which shows the two P atoms are situated above their respective 52N2 

planes by 0.064 and 0.238 A [209]. 
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o,iso 

-A 017 , 40 
I I 1 

300 200 100 
PPM 

0 

Figure 5.3 - 31P solid state NMR spectrum of 1,5-Et4P2N4S2 obtained at 

162.0 MHz by using proton decoupling and 1H- 31P cross-polarization 

(rotor frequency=3.71 kHz, NS=32). 

For 16a one isotropic shift is observed for the equivalent P atoms, again consistent with 

the X-ray data (both P atoms are situated below the S2N2 planes by 0.214 A) [185. The X-

ray structure of 16b indicates the P atoms lie out of and on opposite sides of the S2N2 

planes by 0.194 and 0.474 A [187]. However, the individual isotropic shifts for the 

inequivalent P atoms in 16b are not resolved in the solid state. This is due either to the 

accidental chemical shift equivalence of the P atoms, even though they are 
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crystallographically inequivalent, or to an undetected disorder in the crystal structure (i.e. the 

bulk of the crystals contain molecules whose P atoms are equivalent while the structure was 

determirIed for a unique crystal with inequivalent P atoms). 

In common with the solution NMR data, the solid state isotropic chemical shifts for the 

1,5-diphosphadithiatetrazocines, 16a-c, are substantially different than those of the 

heterocycles 15 and 75 which do not possess a S-S cross-ring interaction. 

5,2,2 Determination of Chemical Shift Anisotropy Parameters  

The principal elements of the chemical shift tensor can be obtained directly from a 

powder (static) pattern as illustrated for 1,5-Me4P2N4S2 in Figure 5.4. 

22 

Gil 

33 

400 300 200 100 0 -100 
PPM 

Figure 5.4 - Powder pattern for 1,5-Me4P2N4S2 

However, in many cases, there are difficulties in obtaining spectra of good enough SIN 

to accurately determine the singularities. Consequently, the principal elements were 
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determined by using the graphical analysis method of Herzfeld and Berger [272]. With this 

technique the chemical shift parameters are derived directly from the intensities of the 

spinning sidebands. Herzfeld and Berger have developed graphs which show the 

dependence of the relative intensities of the sidebands and the isotropic peak to the variables 

p. and p (Equations 5.1 and 5.2). 

The plots for several sidebands are combined to produce a contour plot whose 

intersection point gives a value for p. and p. From these two parameters, combined with the 

isotropic chemical shift, the three principal elements of the CST can be calculated using 

Equations 5.1-5.3. 

It = ('yH0)(c 33 —y11 ) (5.1) 

O)r 

P = ( 11 + 33 -2a22 ) 

(cy33 - (r11 ) 

iso ( 11+22+33)/3 

7 = gyromagnetic ratio 

H. = applied magnetic field 

cor= rotor frequency (positive) 

Convention: 33 > a22 > (711 

(5.2) 

(5.3) 
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A contour plot for 1,5-Me4P2N4S2 is shown in Figure 5.5. It shows good convergence 

of 7 of the 8 contour lines at I.L = 6.9 and p = +0.45. The values of the principal elements of 

the CST have been determined for all compounds using this graphical method and the 

results are given in Table 5.2. 

+1.0 

+0.8 -

+0.6 -

+0.4 -

+0.2 -

P 0.0-

-0.2-

-0.4-

-0.6 -

-0.8 -

-1.0   I I I I I I I I I I I I 

2 4 6 8 10.12 14 

11 

Figure 5.5 - Contour Plot for 1,5-Me4P2N4S2 The estimated values of jt 

and p, and a generous estimate of the uncertainty in those values, are 

indicated respectively by the circle and rectangle at p = 6.9 and p = 4.5. 
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Table' 5,2 : Calculated Chemical Shift Anisotropy Parameters for the 1.5-

Diphosphadithiatetrazocines and Related Cyclophosphathiazenes  

Compound a ll a22 33 1 

1,5-Ph4P2N4S2, 16a -35 50 341 376 334 0.45 

1,5-Me4P2N4S2,16b -9 74 317 326 285 0.51 

1,5-Et4P2N4S2,16c -16 91 342 358 305 0.60 

1,5-Ph4P2N4(SPh)2, 75 -12 36 77 89 65 0.92 

Ph2PN3S2, 15 -56 -27 16 72 57.5 0.81 

a. From graphical analysis of spinning sideband intensities. Estimated errors in al V 

and 33 are ± 5%. The convention Y33>(522>Y11 has been used. 

b. 

C. LY=a33 - 1/2(22 + 

d. 1 = 1 - I p I where p = (33 - 2cy22 + 0 11)1(033 - 

A comparison of the chemical shift anisotropy factors for the 1,5-diphospha-

dithiatetrazocines, 16a-c, with those of PNS rings without a transannular S-S interaction, 15 

and 75, shows several differences. The asymmetry factor (i) which relates to the total 

breadth of the anisotropy pattern, is much smaller for the 1,5-diphosphadithiatetrazocines 

than for 15 and 75 indicating a large deviation from spherical symmetry, i.e. of the three 

principal elements for the 1,5-diphosphadithiatetrazocines CY33 is skewed to very large 

downfield values (317-341 ppm), while 15 and 75 are much more spherically symmetric. 

Perfect spherical symmetry (i=1) arises when all three principal elements are equal, while 

axial symmetry (i=O) is a result of one unique element. 

Secondly, the principal element a33 is primarily responsible for the low field isotropic 

chemical shifts of 16a-c, while for 15 and 75 33 and ll are equally spaced about 

which in turn is very close to the isotropic shift value. However, as the orientation of each 
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shift tensor with respect to molecular geometry is unknown, the orientation of Y33 cannot be 

defined. This information can be obtained either from a single crystal study using chemical 

shift versus crystal orientation plots [274] or by dipolar chemical shift solid state NMR 

spectroscopy [275]. Nevertheless, the similarities of all parameters for 16a-c suggest that all 

of the 1,5-diphosphadithiatetrazocines have common shift tensor orientations. 

The 1,5-diphosphadithiatetrazocines all have narrow bond angles at phosphorus (107 to 

111°) compared to those observed for 75 (119.7(2)' [205]) and 15 ( 115.8(2)' [ 184]), but 

there is no obvious correlation between these bond angles and individual tensor components 

or the chemical shift anisotropy () or the asymmetry parameter (Ti) (Table 5.3). Fyfe has 

stated that, "In order to best develop quantitative correlations with structural parameters, 

it is very important that the compounds studied have a common electronic structure with 

no variation in the number and nature of the atoms in the immediate vicinity of the nucleus 

of interest that could alter the nature of the bonding." [276]. Perhaps then some caution 

should be taken in trying to develop correlations within the 1,5-diphosphadithiatetrazocine 

class of PNS rings, as their electronic structure is likely dominated by the exocyclic group 

on phosphorus (Ph, Et, Me) rather than structural factors alone. Better correlations are likely 

to arise for a series of compounds in which the phosphorus atom of interest is more distant 

from any changing functionality. 

A comparison of these shift tensors with theoretically calculated 31P chemical shift 

tensors is difficult as such data is very limited, particularly when phosphorus is involved in 

multiple bonding. Ab initio coupled Hartree-Fock calculations using large basis sets have 

provided accurate theoretical results for only simple phosphorus molecules such as P4, P2, 

and PN [277]. 
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Table 5,3 : Structural Parameters for the 1.5-Diphosphadithiatetrazocines 16a. 16b. and 16c.  

Compound l6aa 16b 16e 

d(S-S) (A) 2.528(1) 2.551(2) 2.495(3) 

<(NPN) (deg) 110.8(1) 110.0(2) 110.6(4) 

110.8(1) 107.3(2) 109.0(3) 

<(PNS) (deg)d 120.9(2) 120.7(2) 121.8(4) 

Deviation of P -0.214 +0.194 +0.064 
atoms from S2N2 

planes (A) 
-0.214 -0.474 +0.238 

a. Data taken from ref. [185]. Compound 16a has a twofold axis that passes through 

the center of the S-S bond and is perpendicular to it. 

b. Data taken from ref. [ 187]. 

c. Data taken from ref. [209]. 

d. Mean values. 

5.3 Conclusion 

The CP/MAS solid state 31P NMR spectra of the 1,5-diphosphadithiatetrazocines and 

related cyclophosphathiazenes have been analyzed by using the graphical method of 

Herzfeld and Berger. The results allow several conclusions to be made. 

(i) There are no significant structural changes between the solid state and solution 

for any of the cyclophosphathiazenes studied. 

(ii) Two isotropic shifts are observed for the crystallograpically inequivalent 

phosphorus atoms of 1,5-Et4P2N4S2, while the individual isotropic shifts of 1,5-

Me4P2N4S2 are not resolved as a result of accidental chemical shift equivalence 

or undetected crystal disorder. 

(iii) For the 1,5-diphosphadithiatetrazocines the principal element a33 is primarily 
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responsible for the observed low field isotropic chemical shifts. 

(iv) No obvious correlation exists between the structural parameters of the 1,5-

diphosphadithiatetrazocines and individual tensor components. 

5,4 Experimental Section  

31p CP/MAS NMR spectra were obtained at 40.539 and 161.977 MHz by using 

Bruker CXP-100 and AM-400 spectrometers, respectively. The magic angle of 54°44' was 

set experimentally by optimizing the sideband pattern of the 79Br resonance obtained from a 

small amount of KBr added to the spinner as described by Frye and Maciel [278]. 

Literature procedures were used for the preparation of 1,5-R4P2N4S2 (R=Ph [209], R=Me 

[186], and R=Et [209]), 1,5-Ph4P2N4(SPh)2 [205], and Ph2PN3S2 [ 186]. 
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CHAPTER 6 

Conclusions and Directions for Future Research 

The objective of this work was to expand the somewhat limited body of chemical data 

for the 1,5-diphosphadithiatetrazocines. The extension of our understanding of the chemical 

and physical properties of these unsaturated PNS heterocycles has been realized as 

illustrated by the results presented in the previous chapters. 

Chapter 2 described modifications made to the "building-block" approach used so 

successfully in the preparation of 1,5-diphosphadithiatetrazocines. The utilization of thionyl 

chloride rather than sulfur dichloride as the cyclocondensation reagent resulted in not only a 

slight increase in product yields, but allowed for the preparation of a 1,5-

diphosphadithiatetrazocine unavailable from Sd 2, i.e. 1,5-Et4P2N4S2. In addition, the first 

structural isomers of the 1,5-diphosphadithiatetrazocines were successfully prepared and 

partially separated, and unusually large four bond 31P-3 1P coupling constants were 

observed for the unsymmetrical exo/endo isomers. The synthesis of 1,5-[Cl(CC13)P]2N4S2 

provides the first example of a 1,5-diphosphadithiatetrazocine with a potentially reactive P-

halogen bond. Nucleophilic substitution reactions, analogous to those used for 

halocyclophosphazenes (see Sections 1.2.2 and 1.2.3), may provide a means of preparing 

new derivatives of the P2N452 ring (Equation 6.1). 

Cl\ N sN / Cl 

+ Nuc 

Cl3C'\N S N/ Ccl3  

Cl \ N S N Nuc 

P j (6.1) 

Cl3C' Cd 3 

Nuc = R, Amine, R0, RS... 
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Preliminary investigations of the tetrachloro eight-membered ring, 1,5-C14P2N4S2, 

indicate that this compound polymerizes spontaneously in solution to give the first example 

of a poly(thiaphosphazene), (Cl2PNSN)X, containing two-coordinate sulfur (Equation 6.2). 

It is likely that the electronegative chlorine ligands on phosphorus destabilize the ring. It is 

therefore conceivable that the tetrafluorinated derivative will exhibit similar behavior 

(Equation 6.2). Consequently, the preparation of 1,5-F4P2N4S2 from F2PN2(SiMe3)3 

would be of considerable interest. 

X /NN - 

X2P I PX2 

X - 

X= Cl, F 

x 

(6.2) 

The preparation of several mono- and bimetallic platinum and palladium complexes 

of the 1,5-diphosphadithiatetrazocines, i.e. M(PPh2R ')2 (1,5 -R4P2N4 S 2) and 

[M(PPh2R')(1,5-R4P2N4S2)]2, in which the eight-membered ring remains intact, illustrates 

that the presence of phosphorus in the heterocyclic framework greatly enhances the stability 

of the PNS rings relative to the cyclothiazenes. Such complexes may also be structurally 

similar to proposed intermediates in reactions between transition-metal reagents and 

cyclothiazenes, especially S4N4, i.e. insertion of a metal center into an S-S bond to form i2 

S,S' complexes. 

The synthesis and subsequent study of the reactions of 1,5-Ph4P2N4S2Me and 

Li2 [1,5-Ph4P2N4S2]2 are likely the most significant contributions of this work. These 

compounds are the first examples of anionic cyclophosphathiazenes and hold considerable 

promise as new reagents. Reaction between these and other related anions and various 

electrophiles will unquestionably provide many new and interesting compounds. For 

example, reaction between various alkyl/aryl monoanions and alkyl/aryl halides or trifiates 

may yield both symmetrically and unsymmetrically S,S' disubstituted eight-membered 



161 

rings, while reaction with electrophiles such as metal halides or main group halides, may 

give rise to numerous other unique unsymmetrical derivatives (Equation 6.3). 

By contrast, reactions between the dianion and electrophiles must necessarily give 

symmetrically substituted products. Reaction with two molar equivalents of alkyl/aryl, metal 

or main group monohalides, for example, would give symmetrically disubstituted products 

(Equation 6.4) whereas treatment of the dianion with one molar equivalent of a dihalide 

would produce bicyclics (Equation 6.5), as was shown by its reaction with platinum and 

nickel dichloride complexes and CH212. Finally, the use of tetrahalides may result in the 

formation of spirocyclic compounds (Equation 6.6). 

1,5-Ph4P2N4S2RLi + EX 
-LiX 

NSN 

Ph2P(C)PPh2 (6.3) 

NsN 

EX = aryl/alkyl halide, transition metal halide, 
silicon/tin/sulfur halide, etc... 

Li2{ 1,5-Ph4P2N4S 21 
2 E 

Ph2R(()PPh2 

NsN 

EX = aryl/alkyl halide, transition metal halide, 
silicon/tin/sulfur halide, etc... 

Li2{ 1,5-Ph4P2N4S 2] 
1EX2 /\ /\ 

N NNN 

Ph2 Ph2 

EX2 = aryl/alkyl dihalide, transition metal dihalide, 
silicon/tin/sulfur dihalide, etc... 

(6.4) 

(6.5) 
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2 Li2[ 1,5-Ph4P2N4S 2] 
EX4 

EX4 = aryl/alkyl tetrahalide, transition metal 
tetrahalide, main group tetrahalide, etc... 

Ph2 Ph2 

NNNN 

\/ \I 
S S 

E\  

S S 
/\ /\ 
N NN,N 
\p/ P 

Ph2 Ph2 

(6.6) 

Reaction of the 1,5-diphosphadithiatetrazocines with transition-metals or alkyl lithium 

reagents, for example, demonstrates that they react readily like cyclothiazenes, but the 

products are relatively stable, as is usually the case for cyclophosphazene derivatives. As 

such, the cyclophosphathiazenes can be thought of as incorporating the best aspects of the 

parent cyclothiazene and cyclophosphazene systems; high reactivity (cyclothiazenes) which 

enables many derivatives or completely new molecules to be prepared under mild 

conditions, and relative stability (cyclophosphazenes) which allows for the isolation and 

characterization of such products. 

The solid state 31P NMR study of the 1,5-diphosphadithiatetrazocines and related 

unsaturated PNS rings revealed that one principal element is primarily responsible for the 

anomalously low field chemical shift of those rings with a transannular S-S bond. The 

determination of the absolute orientation of the chemical shift tensor from a single crystal or 

dipolar chemical shift study may provide further insight into the source of this unusual 

chemical shift behavior. 
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