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Abstract 

The investigation of the chemistry of the boratophosphazene N(PC12NMe)2BC12 

led to the first examples of borazine-phosphazene hybrid cations w(PC12NMe)2BCI]+, 

which possess planar rings. and are formaliy hybrids of two textbook classes of inorganic 

heterocycles. The skeletal replacement of a boron atom in an inorganic ring with a 

heteroelement has been discovered from the treatment of N(PC12NMe)2BC12 with 

Ag[AsF6] or Ag[SbF6]. This provides a novel approach to the synthesis of heterocycles 

containing A s 0  and which are Micult to prepare via conventionai routes. 

The thionylphosphazene cation [NSO(NPC12)2]+, was synthesized as a highly 

reac tive in termediate, w hich cleaves diethy 1 ether to y ield the sulfw-ethoxy substituted 

species, NSO(OCH2CH3)(NPC12)2, and reacts with I,2-dichloroethane to yield 

NS O(CH2CHC12)(NPC12)2. Treatment of NSOCl(NPCl2)2 with SbCI5 produces 

macrocycles, [NSOCl(NPCl2)2], (n = 2 - 6); whereas the similar reaction with GaCl3 

provides a new, convenient, ambient temperature route to poly(thionylphosphazene) 

~SOCI(NPC12)2],. These transformations presumably occur via a cationic mechanism. 

The reactions of cyclic thionylphosphazenes NSOX(NPC12)2 (X = Cl or F) with 

three oxygen-based nucleophiles [NaOPh, NaOCH2CF3 and NaOBu] were found to 

proceed regioselectively; fmt at phosphorus and secondly at sulfur. The substitution of the 

rings has been extended to the synthesis of new mixed substituent poly[(alkoxy/amino)- 

thionyIphosphazenes] which are useful in pressure sensing composite materiah. 

The first exarnples of highly strained sulfur-, selenium- and boron- bridged 

[ 1 ] ferrocenophanes have been synthesized and the ring-tilts (> 3 1 O )  are the largest for any 

known [Ilferrocenophane. Extended Hückel MO calculations were performed and 

predicted a decrease in the HOMO-LUMO gap as the ring tilt increases from ferrocene to 

Fe(q-C5H4)2S. Thermal and anionic ROP of Fe(q-CgH3Me)zS yields the first soluble 

poIy(ferroceny1sulfide). 
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CHAPTER 1 

Introduction 

1.1 Inorganic Rings 

1.1.1 A Brief History 

The synthesis and study of heterocycles containing main group elements has played 

a pivotal role in the development of inorganic chemistry. WeIl-known "text-book" classes 

of inorganic rings include the cyclic phosphazene 1, which was first prepared by Liebig 

and Rose in 1834,['1 and borazines such as 2, the initial example of which was first 

synthesized by Stock in 1926.r21 A hirther example is provided by sulfanuric chloride 3 

which has been known since the 1950's.~~] It is noteworthy that the ring skeletons in 

phosphazenes 1 and borazines 2 have k e n  shown to be very robust and to permit facile 

halogen atom replacement reactions.r4] These processes have been well-studied and have 

provided much useful information on nucleophilic substitution reactions in inorganic 

chemistry. The bonding used to describe structures such as 1 - 3 and the possible 

application of the label "inorganic benzene" has been the subject of much debate. 

1.1.2 Heterophosphazenes 

The formation of hybrids between the more cornrnon inorganic ring systems has 

also been a very fruithl area of research over the past 25 years. Perhaps the most well- 



studied of these hybrid species are the heterophosphazenes which are formaily rings 

derived from the basic phosphazene ring-skeleton, with one or  more of the atoms in the 

ring replaced by a heteroelement. Although heterophosphazenes of varying ring sizes (4- 

24-membered rings) have been synthesized, for the purposes of this thesis, the six- 

mernbered rings where one atom has been replaced will be emphasized. It is worth 

pointing out that the 8-membered heterophosphazenes have received a significant amount of 

attention, and examples with both metais and non-rnetals as heteroelements have been 

reported.l5 61 

1.1.2.1 Transition Metal-Containing Six-Memebered Heterophosphazenes 

The first exarnple of a heterophosphazene with a transition metal incorporated into 

the ring skeleton was that of the tungsten(V1) system, 4, which was synthesized 

conveniently via a [5+ 11 cycloaddition reaction between [H2NP(Ph)2NP(Ph)2NH2]Cl and 

W C I ~ . [ ' ~  Subsequently, heterophosphazenes containing MoC13 and NbC12 groups have 

been prepared following a sirnilar route, with ClsM-N and NbC15 as the meial  source^.[^^ 

An alternative synthetic procedure was required for the synthesis of the vanadium 

derivative 5 ,  which was obtained from treatment of Cl(CF3)2P=NSiMe3 with 

M ~ ~ S  W=VCI~ . [~ ]  

The preparation of the rhenium derivative, 6, was reported in 1992 from the 

reaction of [(MesSi)NP(Ph)2NP(Ph)~N(S iMe3)2 ] with ~ e ~ 0 ~ . r ' ~ ]  Interestingly , when 6 

w u  treated with 2,6-diisopropylisocyanate (ArNCO), the intermediate 7 reacts in [2+2] 



cycloaddition reactions with isocyanate to form 9 and with itself to form the 12-membered 

ring 8. This remarkable dimerkation was proposed to involve 10 as an intermediate which 

contains the novel Re2N2 ring. 

0 0 ArN NAr 
4 

N 
li P h ~ i . . ~  I ,iPh + 6ArNCo - 6 C 0 2  - 

ph, \ //p. N Ph Ph 

ArN NAr 
$4 

Ph N ~ R e a N ,  Ph 
ph dp4 p S ~ ~  

/ \\ 

1.1.2.2 Main-Group EIement Containing Six-Membered 

Heterophosphazenes 

A number of elements from groups 13 to 16 have been incorporated into the 

phosphazene ring system. Examples of heterophosphazenes containing al1 of the elements 



from the boron group except thallium have k e n  synthesized. The preparation of boron- 

containing heterophosphazenes will be introduced in chapter 2, and will not be discussed 

further at this point. The heavier group 13 elements (Al, Ga, In; 1 2 )  have been 

synthesized, and structurally characterized, from the reaction of the acyclic silylated 

phosphazene 11 and MMej  (M = Ai, Ga or h).L1 '1  

M e  - #îe 

M Me3Si, , , ,SiMe, 
HN(PR2NSiMed2 + MMe3 - N O N  

- MeH Ril1.  I I [ IR 
P,O,Pl 

R( 'N/ R 

1 2  
(R = Ph, NMe2) 

Group 14 heterophosphazenes have been synthesized with carbon and silicon as 

heteroelements. The carbophosphazene, 13 has been synthesized containing a variety of 

side groups (R = Ph, CH3. Cl; R' = Ph, PhCH2,  CH^),^'^ 131 however of particular 

interest is the perchlorinated derivative, 13 (R = Cl; R' = Cl) which has been prepared by 

reaction of cyanamide, NCNHz, with [ C I ~ P N P C I ~ ] C I . ~ ~ ~ ~  

A few examples of heterophosphazenes containing heavier elements of the 

pnicogens are known, including the arsenic(V) denvative, 14 (R = Ph/Ph, MeMe, Ph/CI), 

which was synthesized by the reaction between [H2NP(Ph)2NP(Ph)2NH2]Cl and 

R ~ A S C ~ ~ . [ ' ~ ~  16] An example of a heterophosphazene containing Sb(II1). 15, is also 



know n.[I71 The antimony(V) heterophosphazene, 16, was claimed by Schmulbach in 

1970, however characterization was poor by todays standards (osmometry and infrared 

spectroscopy).[lsl A recent attempt to reproduce these results has raised some doubt as to 

the validity of the original work.["I 

The sulîÜr(1V) heterophosphazene, 17, has been synthesized from the reaction of 

S(NSO)* and P C ~ ~ . [ * ~ ]  The cation of this species, 18, has also k e n  prepared via halide 

abstraction with s ~ c I ~ . [ ~ ' ~  The tetraphenyl derivative, 19 has also been synthesized by 

treating S4N4 with P ~ ~ P c ~ , [ * ~ ]  and the similar tetraphenyl cation (18) has been prepared 

from the reaction with 1 ~ . [ ~ ~ 1  In 1990, the preparation of the fust selenium(N) species, 

2 0 ,  was reported from the reaction of [ClP(Ph2) N P ( P  h 2)CIICl and  

M ~ ~ s ~ N = s ~ = N s ~ M ~ ~ . [ ~ ~ ]  

One of the most comprehensively studied heterophosphazenes is the S(V1) 

containing thionylphosphazene, 23, which was first prepared in 1972 by two different low 

yield routes. Van de Grampel reported the synthesis of small quantities of this species via 

the vacuum <hennolysis of C 1 3 P = ~ - P ~ 1 2 = ~ - ~ 0 2 ~ l . [ z l  An alternate. low yield route was 

provided by Glemser and CO-workers using a [3+3] cyclocondensation reaction between 

[CI3P=N=PC13]PCl6 and sulfamide S O ~ ( N H ~ ) ~ . [ ~ ~ ]  The best synthetic route to 23 is that 

descnbed by Suzuki in 1983 (scheme 5),[271 which involves the reaction of sulfamide with 

PC15 followed by a [5+l]cyclocondensation reaction between the bis(phosphazo)sulfone 

21 with hexamethyldisilazane. The chlorination of the cyclic species 22 is accomplished 



by reaction with PCls in a mixture of EtOWCHCI3 affording 23 in yields of 40-755. 

Two comprehensive reviews on the chemisuy of 23 with panicular emphasis on halogen 

side group replacement reactions have k e n  published by van de Grampel in 1981 and 

- - 
C13P PCI, cl*r\ 

N 

2 2  

+ PCI, - P(0)C13 / 

1.1.3 New Directions 

Current research continues to uncover fascinating new ring systems which pose 

intriguing questions with respect to their bonding or which exhibit unexpected reactivity. 

Some noteworthy examples include 61r-electron gallium-based systems and pseudo 

arornatic cyclic silylenes I3O- novel cyclic tellurium i rn ide~ , [~~1  interesting alurninum- 

pnicogen h e t e r ~ c ~ c l e s , [ ~ ~ l  and the first c y ~ l o g a l l a n e s , ~ ~ ~ l  among otherdg51 In addition to 

these important hindamental questions. a further reason for studying inorganic rings is their 

potential use as precursors to polymers and solid state materials 

The use of inorganic rings to construct solid state materials with novel properties 

has successfully been developed. For example, materials with interesting electronic, 



magne tic and conductive properties have k e n  prepared from sulfur-nitrogen or selenium- 

nitrogen he t e rocyc le~ . [~~-  371 In addition, inorganic rings have attracted considerable 

attention as precursors to cerarnics via thermolysis: examples include the use of aluminum- 

nitrogen or gallium-arsenic heterocycles to prepare AW and GaAs, r e ~ ~ e c t i v e l ~ . [ ~ *  391 

1.2 Inorganic Polymers 

The synthesis of long chains of atoms of inorganic elements (E), inorganic 

polyrners, provides a substantial synthetic challenge but is motivated by the possibility of 

accessing new materials with interesting and useful properties.[*] Several routes to these 

systems can be envisaged. Perhaps the most cornmon and industrially important route to 

organic polymers is the addition polymerization of olefins, (i), however this method has 

not found practical use in the synthesis of inorganic analogues because of the difficulty in 

preparing suitable unsaturated prec~rsors.[~'1 Another route which has cornmonly been 

used in attempts to prepare inorganic element-based polymers is condensation 

polymerization [(ii) or  (iii)], however this is impractical for most inorganic systems due to 

the stringent purity and stiochiornetric requirements for the monomer(s) in order to achieve 

a significant degree of polyrnerization (DP = n).lZ21 Ring-opening polymerization (iv) 

offers a very attractive route to inorganic polymers because of the prevalence of cyclic 

species in inorganic chemistry and it follows a chah-growth type mechanism which 

generally leads to high molecular ~ e i ~ h t s . [ ~ ' ]  



R R 
I l  

X-E-E-X + 
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1.2.1 Ring-Opening Polymerization 

The most well-known and widely used current routes to high molecular weight 

polysiloxanes 24,[*31 polyphosphazenes 25,f441 and poly(carbosi1anes) 2d4*1 involve a 

ring-opening polymerization (ROP) reaction, in which the dnving force is the release of 

strain in the cyclic precursor. With this in mind, interest in the polymerization behavior of 

other inorganic rings has recently gathered momentum. Polysilanes 27,[46] and 

poly(carbophospharenes) 28, which are prepared by the thermal ROP of represent 

exarnples of well-characterized polymers which have been successfully prepared by ROP in 

the past decade, 



1.2.2 Polyphosphazenes 

Polyphosphazenes are quite possibly the most extensive system of inorganic 

polymer, with over 300 known examples, which exhibit a wide range of physical and 

chernical properties.[48] Several routes to polyphosphazenes 25 have been developed, the 

most widely-used of these routes being the thermal ROP of the cyclic perhalogenated 

trimer, 1. When 1 is heated to 250°C it polymerizes to a colorless hydrolytically sensitive 

elastomer (29) which is soluble in polar organic solvents (THF. dioxane, CHzCI2. 

Extended heating periods result in the formation of a highly crosslinked, "inorganic 

rubber". which swells in organic solvents, but does not fully diss0lve.[~~1 The 

hydrolytically sensitive polymer 29 can be substituted with aryloxides. alkoxides, or 

primary amines to obtain moisture stable polyphosphazenes, 30,31.32, respectively. 
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The mechanism of the polymerization is still not fully understood, however several 

factors suggest that it may involve a heterolytic dissociation of the P-CI bond forming a 

highly electrophilic phosphazonium s d t  which initiates the ring-opening of another 

moIecule of 1 (scheme below). These factors include: (i) polymerization requires the 

presence of several halogen atoms attached to phosphorus, and cyclic phosphazenes 

containing methyl, phenyl or alkoxy groups, block the polymeri~ation;[~88] (ii) the ionic 

conductivity of 1 in the melt, at temperatures where polymerization occurs, rises 

drarnati~al1y;r~'~ (iii) trace impurities, such as Hz0 or BCl3 exert a catalytic effect on the 

polymerization proces~;[~'1 (iv) the onset temperature for polymenzation of w F 2 ] 3  (350 

OC) is much higher than that of 1 . 1 ~ ~ 1  

CI' 



As a consequence of the wide range of physical properties obtained for 

polyphosphazenes, a significant effort has been placed on the development of more 

convenient routes to these polymers. The condensation of N-silylphosphoranimiaes, 33. 

has proven to be a viable route to poly(a1kyVarylphosphazenes) which are not accessible 

from the substitution of 29 with -1- or aryl- lithium reagent~ . [~~]  The "monomers" c m  

be conveniently prepared in a straightfonvard three-step reaction sequence from PCl3 or 

R ~ R ~ P C I  and LiN(SiMe& foliowed by oxidation to p h o s p h o n i s ( ~ ) . [ ~ ~  This has led to 

the development 

34 (eg. RI = Ph, 

of copolymea, graft copolyrners and unsymmetrical polyphosphazenes 

~2 = M~).[S~I 

This type of condensation route has recently been extended to the synthesis of 

pol y [bis(tri fluoroet hox y )phosphazene] 36 from the phosphoranimine, 35, under mild 

conditions (95 - 125 OC) using ["Bu4N]F as initiatodMl 



A simcant advauce in the preparation of polyphosphazenes was realued in 1995, 

when the discovery of an ambient temperature route to poly(dichlorophosphazene), 29, 

was reported .rs51 This involved the treatmen t of tnchloro(trimethy lsily l)phosphoranimine, 

37 with catalytic quantities of PCls, and gave polyphosphazenes via a "living" 

polymerization.[s61 This new development has led to the synthesis of a number of alkyl 

and aryl substituted polyphosphazenes, 38,[571 block ~ o ~ o l ~ r n e r s , ~ ~ ~ 1  and star 

po~ymers.~59~ 

37 3 8 

(R = R' = CI (29); R = R' = Ph; R = Me, R' = Et) 

1.2.3 Sulfur-Nitrogen-Phosphorus Polymers 

The first well-characterized polyrner containg sulfur, nitrogen and phosphorus in 

the polymer backbone was the poly(thiophosphazene), 39, which was prepared as a highly 

moisture sensitive yellow elastomer from the thermal ROP of 17 at 90 Reaction of 

39 with sodium aryloxides yielded high molecular weight poly(thiophospharenes) in 

which most or al1 of the halogen substinients are replaced. Unless very b u l h  aryloxide 

nucleophiles are used, the resulting polymers could not be isolated via aqueous w0rkup.[~'1 

The preparation of the poly(thiazylphosphazene), 40, was reported in 1991 from the 

reaction of S~CIZ and M~~s~N=PC~~N(S~M~~)~.[~~ 



When the cyclic thionylphosphazene 23, is heated in the melt at 165°C. thermal 

ROP takes place to yield the hydrolytically sensitive poly(thionylphosphazene) 41 with 

chlorine substituents at both sulfiu and p h ~ s ~ h o n i s . [ ~ ~ ]  

The fluorinated derivative 42. which can be prepared by reaction of the 

perchlorinated thionylphosphazene with ~ g F ~ , [ ~ ~ 1  d s o  undergoes thermal ROP when 

heated in the melt at 1 8 0 " ~ . [ ~ ]  

In a manner similar to that used for polyphosphazenes, the moisture sensitive 

polymers were made hydrolytically stable by reaction with aryloxide nucleophiles or  

primary amines. These substitution reactions led to poly [(aryloxy )thionyIphosphazenes] 

44 and poly [(arnino)thiony lphosphazenes] 45 r e ~ ~ e c t i v e l ~ . [ ~ ~ *  661 



1 "  Cl l n  NHR 

41 or 4 3 
+ RNH, 

NHR NHR NHR 

In the case of the reaction with aryloxides, only substitution of the P-Cl bonds can 

be achieved even after prolonged reaction times. Interestingly, the sulfur-chlorine (in 41) 

or sulfur-fluorine (in 43) bonds remain intact. This regioselective substitution pattern is 

exactly the opposite to that observed with poly(thiophosphazenes) 39 which contain 

sulphur(1V) centers where perhalogenated derivatives substitute with aryloxides 

preferentially at su1fÙr.[~'1 In contrast to aryloxides, amines readily substitute 41 o r  43 at 

both the phosphorus and sulfùr sites at ambient temperature. The resulting moisture stable 

poly(thionylphosphazenes) range from elastorneric materials to glassy polymers (Table 1). 

1.2.3.2 Isolation of Macrocycles 

The dominant compounds present in the crude reaction mixture after heating 23 for 

4 h at 165°C are unreacted cyclic thionylphosphazene 23 and polymer 41 (ca. 80%). In 

addition to these species several other minor products can be detected by 3'P NMR .16'1 

Furthemore, Fast Atom Bombardment mass spectrometry indicated that 12-, 18-, 24-,30- 

and 36- membered rings, [(NSOCl)(NPC12)2], (n = 2-6), are also formed. From this 

mixture the cis and tram isomen of the 12-membered ring 46a and 46b (3'P NMR 6 = - 

7.76 and -8.00 ppm) have been successfully isolated and characterized by X-ray 

diffraction. The two rings were found to be significantly non-planar which was not 



unexpected as the rings fonnally have 1271 electrons and are anti-aromatic. Fractional 

recrystailization also yielded the remarkable 24-membered macrocycle 47 (3lP NlMR 6 = 

-9.86 ppm) which was characterized via crystallographic analysis. Compound 47 is 

arnong the largest inorganic heterocycles to be structurally characterized to 

1.2.3.3 Properties 

Molecular weight measurements of the gurnmy polymers, 41 and 43 have not 

been reported as a consquence of the hydrolytically sensitive main group element-halogen 

bonds preseni. Nevertheless, insight into the conformational flexibility of the main chain 



present in these new polymer structures was obtained from an analysis of their thermal 

transition behavior by Differential Scanning Caionmetry (DSC). Glas-rubber transitions, 

Tg's, which reflect the onset of large scale conformationai motion of the polymer chain, 

were detected at -46°C for 41 and -56°C for 43. These values are intermediate between 

those of related polyphosphazenes [N=PC12], (Tg = - 6 3 O ~ ) [ ~ ~ ]  and poly(oxothiazenes) 

such as [NS(O)Me], (Tg = ~ 5 - 6 5 ~ ~ ) [ ~ * 1  reflecting the hybrid nature of the polymer 

structure. This increase in Tg for 41 and 43 suggests that there is a decrease in 

conformational flexibility of the perhalogenated poiymers when S(0)CI or S(0)F groups 

replace a PC12 unit in the backbone. This is probably a consequence of: (i) the smaller size 

of sulfùr relative to phosphorus and (ii) increased intermolecular interactions when a highly 

polar S=O moiety is present. The lower Tg (- 56°C) of polymer 41 which has fluorine at 

sulfur, compared with that of 43 (- 46°C) which has a chlonne substituent can be attributed 

to the smaller size and lower polarizability of a fluorine side group compared with a 

chlorine. This trend is also observed with polyphosphazenes and organic polymers. For 

example. the Tg of [N=PFz], (- 96°C) is significantly lower than that of W=PC12ln (- 

66°C) and the Tg of poly(vinylidenefluoride) [CH~CFZ], (- 39°C) is lower than that of 

poly(viny1idenec hloride) [CHzCC12], (- 19°C). 

The molecular weights of the polymers 44 and 45 have been estimated by Gel 

Permeation Chrornatography (GPC) relative to polystyrene standards (Table 1). In 

addition, an absolute value of the weight average molecular weight (MW) for polymer 44b 

was determined by low-angle laser light scattering (LALLS) studies in THF solution and 

gave a value of MW = 64,000 compared to the value determined by GPC (140,000). This 

result showed that GPC, a relative technique, overestimates the molecular weight of 

aryloxy-substituted poly(thiony1phosphazenes) by a factor of 2. In contrat, LALLS for 

45d gave MW = 105,000 which is substantially greater than that determined by GPC (MW 

= 49,000). 



Table 1. Characterization Data for Selected Poly(thionylphosphazenes) 

Cl 

F 

Cl 

Cl 

F 

F 

NHMe 

NHEt 

NHPr 

NHBu 

NHHex 

NHPh 

Cl 

Cl 

OPh 

OC6wh-P 

OPh 

OC6H4Ph-p 

NHMe 

NHEt 

NHPr 

NHBu 

NHHex 

NHPh 

Weight Type of 

Material 

(a) Polydispersity index (PDI) is the measure of the distribution of molecular weights 
in a polymer sarnple and is defined as the ratio of the weight average molecular 
weight (MW) and the number average molecular weight. (Mn). 

cb) The molecular weight of  this water soluble polymer is likely a dramatic 
underestimate because of its anticipated s m d  hydrodynamic size in THF solution. 



The thermal transition behavior of the aryloxy polymers was studied by DSC and, 

as expected, bulkier aryloxy side-groups, such as para-phenylphenoxide led to an increase 

in Tg ove r  l ess  bulky s ide-groups such  a s  phenoxide .  For  

poly[(arnino)thionylphosphazenes], the Tg vaiues cm be easily modified by varying the 

type and length of side-chain used. The use of bulky amines, such as aniline to substitute 

the poiymer leads to a high Tg of 82 OC for 45f. The Tg values show a general decrease as 

the length of the akyl  chain is extended from methyl(45a) (Tg = 22 OC) to hexyl(4k)  (Tg 

= - 18 OC). This effect arises from the free volume increase as the longer alkyl side groups 

push the polymer chains further apart. Interestingly, in contrast to the situation for 

perhalogenated poly(thionylphosphazenes), the aryloxy and amino-substituted materials 

generally possess lower Tg's than the analogous classical polyphosphazenes. For 

example, the butylamino polymer 4Sd  has a significantly lower Tg(-16 OC) than 

[N=P(NH"Bu)~], (Tg = 8 OC).[''] This is a consequence of the presence of the small S=O 

group which leads to only only five substitutents of significant size per six skeletal atom 

repeat unit in poly(thiony1phosphazenes) compared to six substituents for 

polyphosphazenes. Providing that the substituents are not smail this effect overrides the 

lower flexibility introduced by the replacement of a phosphorus atom by a sulfur(V1) 

moiety discussed above. Another interesting difference from polyphosphazenes is that al1 

of the poiy(thiony1phosphazenes) prepared so far are amorphous and, to date, none show 

melting transitions by DSC. Their amorphous nature has been c o n f m e d  by wide-angle x- 

ray scat tering studies which give featureless diffractograms. 

1.2.3.4 Applications as Pressure Sensing Composites 

A potential application of poly(thionyIphosphazenes) that has recently been 

established involving their usc as phosphorescent oxygen sensor 

Phosphorescent sensors based on composites comprising transition metal-based dyes (eg 

[R~(phenPh~)~] '+) with oxygen quenchable excited States dispersed in polymer matrices of 



high gas penneability (e.g. crossiinked polysiloxanes) have attracted attention as oxygen 

sensors for biomedical appli~ations.[~~J In addition, much interest exists in the use of such 

sensors for barometrk applications such as the determination of the air pressure distribution 

over aircraft models in a wind tunnel. Information of this type plays a vital role in aircraft 

design and testing. However current techniques involve the use of solid state pressure taps 

which are monitored individually. This technology is very expensive, gives pressure 

information only at points where the taps are located, and is limited to stationary objects. 

The use of pressure sensing composites has the potential to overcome al1 of these 

problems. For example, simply spray-coating a film of the composite on a surface of 

interest allows the pressure distribution over the whole surface to be readily monitored via 

illumination of the excitation wavelength of the dye and data acquisition in the region of 

phosphorescent emission, the intensity of which depends on the air (ie. oxygen) pressure at 

that point. 

Pol y [(arnino)thion ylphosphazenes] , 45, offer signi fican t advantages over existing 

materials for pressure-sensing composite technology and it has even been found that 

rotating objects such as propellors can be imaged. The key advantages of 

poly [(arnino)thionylphosphazenes J for this type of application compared to existing 

materials (eg. silicones) involves the combination of high soiubiiity and high diffusion 

coefficent for oxygen in these rnaterial~.[~~l the good compatibility with the dye due to the 

polar polymer structure, and the ability to access high quality films without the need for 

crosslinking. In addition, the relatively low Tg's for 45 are important as large scale 

conformational motions are usually vital for effective gas diffusion in a matenal. Tg values 

of less than -lO°C, which represents a typical low temperature limit in a wind tunnel, are 

there fore critical. 



1.3 Strained [n]Metallocenophanes as Polymer Precursors 

The elucidation of the sandwich structure of ferrocene in 1 9 5 ~ , [ ~ ~ ]  has initiateci the 

proliferation of pi coordinated ligands in organometaiiic chemistry, and more recently, 

metallocenes have nxeived attention as polymerizaton catalyst~.[~~1 As describeci earlier for 

the polymerization behavior of main group hetemcyctes, the driving force in ROP reactions 

is the release of ring strain. Thus, one possible method of identifying suitable precursors 

for transition metai-containiog polymers is to look for the potential strain present in the 

ring. [l]Fe~ocenophanes, when the cyclopentadienyl (Cp) moieties are lïnked by a single 

bridging atom, were chosen as potential precursors to new organometallic polymers 

because of the highly tilted cyclopentadienyl rings present. 

1.3.1 Synthesis of Strained [lJFerrocenophanes 

The first silicon-bridged [lJferrocenophane 48 (R = Ph) was reported in 1975 by 

the reaction of dilithiofenwene-TMEDA with ~ h ~ ~ i ~ l ~ . [ ~ ' ]  Structural analysis of this 

compound revealed that the Cp ligands were highly tilted with respect to one another 

(interplanar tilt angie (a) = 19.1(10)").[~~1 Mon recently, a number of other derivatives 

have been synthesized via sirnilar reaction of dilithioferrocene-TMEDA with the appropriate 

dichlorosilane, and the ring-tilts present in these species have been between 16 - 21°).[79-811 

To date, a number of [lJferrocenophanes have been prepared, and many have been 

structurally characterized. [ I]Ferrocenophanes containhg germanium, 49r8** 831 and tin, 

50, [~~1 were synthesized using the same metbod as for 48. This synthetic methodology 



has also been extended to elements of the pnicogen group (P and As), with the synthesis 

and structural charactenzaton of 51 (R = Ph, 'Bu, CI) and 52 (R = ~ h ) . r ~ ~ - ~ ~ 1  

Early work on poly(ferrocenes) focused on the use of polycondensation reactions, 

however the polymers obtained were of very low molecular weight, because 

dilithioferrocene can not easily be prepared in pure f0rm.[~~1 In 1992, the first example of 

high molecular weight poly(ferroceny1silanes) 53 was reported from the thermal ROP (1 30 

OC) of the strained monomer 48.[88] The release of ring-strain is believed to provide the 

driving force for this polymerization, and the strain energy has been measured to be about 

80 kl/mol by DSC analysis. Subsequently, the sila-[l]ferrocenophane 48  (R = Me) has 

been polymerized by a n i ~ n i c [ ~ ~ ]  and transition metal catalyzed routes,[g0] which yield 

polymen with controlled architectures and block copolyrner~.[~~] 



This ROP methodology has been extended to the synthesis of high molecular 

weight poly(ferrocenylgermanes), 54,[921 and poly(ferrocenylstannanes).["l from 49 (R 

= Me, Et, "Bu, and Ph) and 50. Poly(ferrocenylphosphines), 55 (R = Ph), have aiso 

been synthesized via and anionic R O P . [ ~ ~ ~  Interestingly, the 

poly(ferroceny1phosphines) can not be analyzed by GPC, thus the phosphorus centers in 

the polymer chain rnust be oxidized with sulfur f o d n g  poly(ferroceny1phosphine 

sulfides), 56, to permit molecular weight determination. 

1.4 Research Objectives 

When 1 joined the Manners group in 1993, the group had only just begun to 

investigate in detail the possible mechanism(s) of polymerization of cyclic 

thionylphosphazenes, and no examples of cations of these rings were known. In addition, 

no examples of poly[(alkoxy)thionylphosphazenes] were known, and the 

boratophosphazene, N[PCl2NMe]2BCI2, had just been synthesized and the polymerization 

behavior had been studied, with puzzling results. Also, there were no known 

[ l ] ferrocenophanes containing bridging elements beyond group 15 (P and As) and 

incorporating elements of the first row was thought to be impossible due to their expected 

strain. 

Thus, the goals of my project were: 



(i) To explore the chernistry of boratophosphazenes with Lewis acids, with the 

intention of using them as potential catalysts for the thermal ROP. 

(ii) To explore the chemistry of the polyrnerizable cyclic thionylphosphazene with a 

variety of halide acceptors, with the aim to gain insight into the proposed mechanism of 

poI y merization, and the potential development of a stable initiator. 

(iii) To mode1 the substitution of the cyclic thionylphosphazene with representative 

aryloxides and alkoxides, with the aim of understanding the reasons why 

poly [(alkoxy ) t hionylphosphazenes] were unknown. 

(iv) To synthesize highly strained [l]ferrocenophanes with group 16 and first row 

elements in the bridge, and study the strain present in these systems and their ROP 

behavior. 

Many of these projects were carried out in collaboration with other researchers, and 

the contributions of each will be outlined. For chapter 2, al1 syntheses were performed by 

myself. Crystals of compound 1 were obtained by Ralf Ziembinski, crystals of 2[AICh] 

were obtained by Andrew McWilliams and the 19~-19F COSY NMR spectrum of 9 was 

run in collaboration with Dr. Tim Burrow. For chapter 3, al1 syntheses were performed by 

myself except for the synthesis and characterization of 9 which was perfonned by Dr. 

Mark Edwards. For chapter 4, some initial studies of the substitution chernistry were 

perforrned by Dr. Mong Liang, Dr. Mark Edwards and myself, however most of the 

syntheses and monitoring of reactions were performed by Peter Park, a fourth year student 

under my supervision. Nick Plavac obtained the 1 3 ~  NMR spectrum of Se. Dr. Mong 

Liang prepared the crystalline sample of 6d and 1 obtained the crystalline sample of Se. 

For chapter 5 al1 the synthesis and characterization was performed by myself. Zhen Pang 

and Dr. Xijia Gu assisted with the analysis of the polymer sensitivity, and Dr. John Coll, 

Dr. Richard Poole and Dr. Fred Ellis coordinated the test measurements at NRC in Ottawa. 



For chapter 6, the initial synthesis of 6 was perfomed by Dr. John Pudelski, Dr. Ron 

Ruikens and myseif and the yield was improved by Dr. Ron Rulkens and myself, the 

synthesis of 7 was initially perforrned by Dr. Ron Rulkens and Dave Balaishis and later 

studies were performed by Dave Balaishis and myself, the EHMO calculations were 

performed by Dr. Douglas Mclntosh, the oligomerization reactions were perforrned by Dr. 

Ron Rulkens, the synthesis ROP studies of 12 were performed by Dr. Ron Rulkens and 

myself, Ali the DSC analyses were performed by myseif. For Chapter 7, the initial 

synthesis and crystal growth of 4 was done by Dr. Regina Dirk, and subsequent synthesis, 

DSC studies and thermal ROP were performed by Dr. Paul Nguyen, Rui Resendes and 

myself. 

In line with the policy of Our research group, each chapter in this Thesis is 

essentially self-contained and is in the form of a paper that is intended for publication in the 

scientific literature. The fmt drafts of each chapter were written by myself. 

Portions of this thesis have been published previously: 

Chapter 2: Figure 7 was reproduced with permission from J. Am. Chem. Soc. 1997, 

119, 1125. 

Chapter 4: Al1 text and figures were reproduced with permission from Inorg. Chem. 

1996,35, 4301. 
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CHAPTER 2 

Chemistry of Boratophosphazenes: Synthesis of Borazine- 

Phosphazene Hybrid Cations, and New Inorganic Heterocycles 

via Skeletal Substitution Reactions 

2.1 Abstract 

The stmctural characterization of a boratophosphazene, N(P(=12NMe)2BC12 (1) is 

reported and reveals a distorted structure in which the boron atom is bent out of the plane of 

the other ring atoms (0.39(1) A) and the axial B-Cl bond is highly elongated. Halide 

abstraction w ith Lewis acids, AICl3 and GaC13 yielded the fmt well-c haracterized examples 

of borazine-phosphazene hybrid cations w(PC12NMe)2BCl]+. (2[AlC4], and 2[GaC4] 

respectively) which were fully characterized spectroscopically and structurally. Halide 

abstraction with BCl3 also yielded the borazine hybrid cation which was characterized 

structurally, however in solution there was evidence for coordination of the anion, and the 

compound was found to lose BCl3 over time reforming 1. The structures of these species 

show planar rings with B-N bond lengths (ca. 1.44 A) characteristic for borazines and P-N 

bond lengths (ca. 1.56 A) typical for phosphazenes. Attempts to coordinate amines (D) 

such as NEt3 and quinuclidine to 2[GaC14] resulted in the regeneration of 1 and the 

formation of Lewis base adducts D-GaC13. Evidence for the formation of a product 

involving amine coordination to the boron atom of 2[GaCl4] was observed with 

quinudidine. Thus, variation of the anion present was attempted by using Ag+ salts with 

[BF4]- and [OS02CF3]- anions. Reaction of 1 with 2 equiv. of Ag[OS02CF3] afforded 

the bis(tri flato)boratophosphazene, N(PC12NMe)2B(OS02CF3)2,7. Sirnilarly , reaction 

with Ag[BFq] produced the difluorinated boratophosphazene, 



N(PC12NMe)zB F2.8. S tmctural characterization of these new boratophosphazenes 

revealed unexpected planar structures uniike in 1 where the boron atom was bent out of the 

plane. The reaction of 1 with silvero salts containing even Iess coordinating anions (eg. 

[AsF6]-, and [SbF6]-) resulted in the discovery of a new type of reaction for boron- 

containing heterocycles. Indeed, the As and Sb atoms were found to replace boron in a 

s kelet al substitution reac tion forrning unprecedented arsenic(V), N(PCl2NMe)2AsF4,9, 

and antimony(V) heterophosphazenes, N(PC12NMe)2SbF4, 10a and 

N(PC12NMe)2SbF3C19 lob. Structural charactenzation of both 9 and 10 revealed an 

unexpected boat conformation for the rings, however, in solution a complex fluxional 

behavior was observed for 9 by variable temperature 1 9 ~  and 31P NMR spectroscopy. 

These experiments indicated that at low temperature the three fluorine environments were 

observed, assignable to two non-equivalent axial fluorine atoms and two equivalent 

equatorial fluorine atoms. With this new found reaction, questions were raised with regard 

to the formation of 8 from the reaction of Ag[BF4] and 1. Thus, l*B labelled 1 was 

prepared and the reaction with Ag[BF4] was found to proceed via skeletal substitution from 

lOB and 1 IB NMR analysis. 

2.2 Introduction 

Inorganic heterocycles have attracted considerable attention because of the 

interesting questions they pose with respect to structure and bonding and their function as 

precursors to inorganic polymers by ring-opening polymerization (ROP), and to cerarnics 

via pyrolysis.[1-31 The ring skeleton preseat in many inorganic heterocycles bas k e n  

found to be quite robust and stable, and halogenateci derivatives undergo facile side-group 

substitution reactions without degradation of the ring One of the most well- 

deveioped rings systems which undergoes ROP is that of the cyclic phosphazene trimer, 



( N P C ~ ~ ) ~ . [ ' ]  Also, several heterophosphazenes containing, for example, carbon, 

sulfur(lV) and sulîùr(W) have been shown to undergo facile thermal ROP reactions to 

yield high molecular weight polymers.[6-8J The polyrners containing sulfur(VI), 

poly(thionylphosphazenes), have also been shown to have potential applications in the 

aerospace industry as gas permeable matrices for pnssure sensing applications.[gJ 

With this in mind we have chosen to investigate the chemistry of boroncontaiaing 

he terop hosphazenes, which represent an underdeveloped area of inorganic c hemistry and 

may provide access to new inorganic polymers via thermal ROP. In fact, very few 

examples of rings consmicted from boron. nitrogen and phosphorus atoms are k n ~ w n , [ ~ ~ ~  

which is surprising since borazines and phosphazenes represent two of the most well- 

studied textbook classes of inorganic rings systems. Two examples of 

boratophosphazenes have been reported in the Literature. The fmt  report of a N3P2B ring. 

E & N = P ( P ~ ~ ) N = P ( P ~ ~ ) N H ,  was in 1966 and involved a [5+1] cyclocondensation 

reaction between [ H ~ N P ~ ~ P = N = P P ~ ~ N H z ] C ~  and RBC12 (R = Ph or  Cl), however 

characterization was Limited to i n h d  and UV spectroscopy, and elemental analysis.[' '1 

Due to our interest in these systems as precursors to inorganic polymers, and the fact that 

cyclic phosphazenes containing alkyl or aryl side groups do not plymerize.[121 we chose 

to focus our studies on the perhaiogenated boratophosphazene, 1. This compound was 

originally synthesized by Becke-Goehring from the reaction between [C13P=N=PC13]CI, 

[MeNHslCl and B C I ~ , [ ' ~ ~  however improved yields were reported by Binder, through the 

reaction of [C13P=N=PCl J ] B C ~  with M~NH~CI! 14] 



The boratophosphazene 1 was chosen as a potential precursor to new inorganic 

po 1 ymers and materials via ring-opening polymerization. This paper reports the detailed 

study of the reactivity of this species with a wide variety of halide acceptors. This may 

provide insight into the polymerization behavior since ai i  ROP reactions of phospbazene- 

based heterocycles are proposed to involve a cationic r n e ~ h a n i s m . ~ ' ~  

2.3 Results and Discussion. 

2.3.1 Synthesis and Structure of the Boratophosphazene (1). 

When fust studied, compound 1 was proposed to have a zwitterionic structure with 

a formal negative charge at boron and a forrnai positive charge at the nitrogen atom on the 

opposite side of the ring, although initial studies in polar solvents (ie. CH3CN) suggested 

that partial heterolytic dissociation of a B-Cl bond may take place.[L31 However, through 

our studies of 1 by NMR spectroscopy in CDsCN, CDC13 or CD2C12 solution, no 

evidence of dissociation was detected, with four lines in the 3 1 ~  NMR spectrum in C m 1 3  

(6 = 28.2 ppm, * J ~ ~  = 15 Hz), and even more convincingly, a sharp 1:2: 1 triplet in the 11B 

NMR spectrum at 5.4 ppm ( 2 ~ e p  = 15 Hz). Because of our interest in the bonding in 1 

and the complete lack of structural information for boron-nitmgen-phosphorus rings. we 

characterized the boratophosphazene by X-ray crystaliography. 

Single crystals were obtained from cooling a concentrated solution of 1 in 

dichloromethane to -30°C. Two views of the molecular structure of 1 are shown in Figure 

1. Remarkably, the ring was found to deviate significantly from planarity, and the boron 

atom was removed by 0.39(1) A from the best plane of the other five ring atoms. Of 

particular interest is that the P-N bonds flanking N(3) are shorter (avg. 1.547(5) A) than 

those involving the methyl-substituted nitrogen atoms N(l) and N(2) (avg. 1.593(5) A). 
This suggests a greater degree of IC bonding in the case of the former bonds and is 

consistent with the proposed Lewis structure showing a formal positive charge on N(3). 



Figure 1. Molecular structure of 1 with thermal eiiipsoids at the 30 96 probability level. 
Selected bond lengths [A] and angles [O]: B(1)-N(l) 1.536(6). N(1)-P(1) 1.583(4), P(1)- 
N(3) 1.55 1 (4), N(3)-P(2) 1.544(4), P(2)-N(2) l.602(4), N(2)-B(l) 1.53 l(5), B(1)-Cl(5) 
1.847(5), B(1)-Cl(6) 1.903(4); N(1)-B(1)-N(2) 1 13.9, B(1)-N(2)-P(2) 122.2(3), N(2)- 
P(2)-N(3) 1 13.7(2), P(2)-N(3)-P(l) 125.7(3), N(3)-P(1)-N(l) 1 13.9(2), P(1)-N(1)-B(l) 
l22.2(3). 



For cornparison, the phosphorus-nitrogen bonds in [Cl3P=N=PCl3]+ are 1.5 1 - 1-56 A 

and a typical P-N single bond is 1.78 A.[''] Significantly, however, the P(1)- 

N(1) and P(2)-N(2) bonds [avg. 1.593(5) Al are similar in length to the P-N bonds in 

(NPCl1)3 (1.58 A)['81 which suggests that the lone pairs on N(1) and N(2) are involved in 

the x bonding to the phosphorus atoms of the P(1)-N(3)-P(2) fragment. Further evidence 

for x bonding is provided by the trigonal planar rather than pyramidal geometry of N(l) 

and N(2). The B-N bonds have lengths (avg. 1.533(5) A) which are indicative of 

predominantly single bond character, as the typical range for B-N single bonds is 1.58- 

1.59 A whereas B=N double bonds are generally about 1.41 A.[191 Nevertheless, the B-N 

bonds are still significantly shorter than a typical single bond [for (C12BNMe2)2, B-N is 

1.59 l(10) suggesting the possibility of some degree of n character in the skeletal N- 

B-N moiety. This postdate is supported by a careful consideration of the environment 

about the boron atom B(1). Remarkably, the two boron-chlorine bonds differ 

significantly, with the B(1)-Cl(5) bond lying approximately in the best plane of the NP2N3 

ring and is 1.847(5) A long which is comparable to that found in cyclic ~Moroborane-amine 

adducts such as the dimeric species (C12BNm)2 [l.830( 10) A].[**] In contrast, the B(1)- 

Cl(6) bond is approximately perpendicular to the best plane of the six-membered ring and is 

significantly elongated to 1.903(4) A. Together with the significant shortening of the 

skeletal B-N bonds, this elongation suggests that Cl(6) is close to heterolytic dissociation 

which would generate a "borazine-likeP* planar environment at B(1). 

2.3.2 Synthesis and Spectroscopic Characterization of Borazine- 
Phosphazene Hybrid Cations. 

In view of the long B-CI(6) bond observed in 1 and our interest in exploring the 

reactivity of this relatively unexplored class of ring system, we decided to attempt halide 

abstraction using a variety of Lewis acids. Addition of AïCl3 in CH2C12 to a solution of 1 

in the same solvent gave no color change. However, analysis of the product by 1 1B NMR 



spectroscopy showed that 1 [6 = 5.4 pprn (t)] was completely consumed and that a new 

product 2[AlC4] with a broad singlet resonance at 29.6 pprn in CDCl3 was fonned. This 

downfield shift and the broadening of the 11B NMR resonance for 2[AIC4J sugges's the 

presence of a planar rather than tetrahedral environment at boron. Significantiy, the 1lB 

NMR chernical shift for 2 is similar to that for the borazine (CIBNMe)3 (6 = 3 1.2 ppm).[211 

In addition, the 3 P resonance of 2[AIC4] (6 = 34.8 ppm) is shifted downfield from that 

of 1 (6 = 28.2 ppm) and now consists of a single broad resonance as compared with the 

four line pattern observed in 1. Analysis of the product by 1H NMR (6 = 3.32 ppm) and 

13C NMR (6 = 35.5 ppm) revealed slight downfield shifts from that of 1 (6 *H = 3.23 

ppm; 6 l3C = 33.3 ppm). Similarly, 2[GaCW can be prepared by reaction of a GaClj+ 

solution with 1 in dichloromethane. This compound bas simiiar spectroscopie behavior to 

2[AIC14] with a broad 11B NMR resonance in CDC13 at 31.7 ppm, and a 31P NMR 

resonance at 35.0 ppm. Similar downfeld shifts with respect to 1 were observed in the 1H 

and 1% NFvIR spectra of Z[GaClq] (6 1H = 3.36 ppm; 6 13C = 35.7 pprn). 

2.3.3 X-ray Structurai Studies of Borazine-Phosphazene Hybrid Cations 

In order to probe the structure and bonding in this new class of compound the 

products of the reactions were studied by X-ray crystaüography. Crystals of Z[AIC4], 

and 2[GaCl4] suitable for X-ray diffraction were obtained by either cooling a 

CH2Clzhexanes solution of the compound or by slow solvent evaporation. Borazine- 

phosphazene hybrids, 2[AIC4] and 2[GaC4] are isosuufniral. and front and side views 



of 2[AIC4] are shown in Figure 2 and summaries of important s~ucturai features of these 

compounds are listed in Table 1. The structures were consistent with the spectroscopic 

data, and confirmed that the chiorine atom attached to boron in 1 had successhlly been 

abstracted to yield a boron-nitrogen-phosphonis cation with tetrachloro- aluminate or 

gallate as the counterion. No significant interactions between the cation and anion were 

observed, with the closest B-Cl(6) contacts in 2[AICb] and 2[GaC4] k i n g  3.223(3) 

A and 3.223(3) A respectively, and the closest N--Cl contacts being 3.381 A 

(N(2)---CI(9) in 2[AIC14]) and 3.980(3) A (N(1)-Cl(9) in 2[GaC14]). The rings 

deviate only slightiy from planarity with the largest deviation k i n g  at N(1) in both 

2[AICl4] (0.22(1) A) and 2[GaCld] (0.1 l(1) A). 

One striking feature of the moIecular structures of 2[AIC4] and 2[GaC4], is the 

boron-nitrogen distance, which has shortened dramatically from 1 (avg. 1.533(6) A) to an 

average value of 1.445(5) A for 2[AICk] and 1.429(10) A for 2[GaCb]. This indicates 

an increased degree of X-bonding in the cations and, furtbermore, the B-N bond lengths are 

sirnilar to those found in the borazines, 1.43 A.[19J Accornpanying this dramatic 

shortening of the B-N bonds is a significant widening of the N-B-N bond angle from 

113.9(3)" in 1 to 124.0(2)" in 2[AICl4] and 124.2(6)" in 2[GaCb]. This is consistent 

with a planar borazine-like environment. In addition, the B-Cl(5) bond lengths for 

2[AIC14] and Z[GaCld], 1.752(3) A and l.Wï(8) A, are substantially shorter than the 

shortest B-CI bond in 1 (1.847(5) A), and similar to the bond lengths in BCls (ca  1-75 

A)["] and indicate some d e p  of ndonation from chlorine to boron. 

The P-N(Me) bonds are longer (avg 1.626(5) A for 2[AIC14]; 1.624(6) for 

2[GaCl4]} than the analogous bonds in 1 (avg. 1.593(5) A) and also much longer than 

the P-N(P) bonds (avg 1 .558(4) A for Z[AlCl& 1.55 l(8) A for 2[GaC4] }, reflecting 

increased double-bond character in the P-N-P fragment. The slight elongation of the P- 

N(Me) bonds in [2]+ is possibly a reflection of the increase in z- donation from the lone 



Figure 2. Molecular structure of 2[AIClr] with thermal eIlipsoids at the 30 % 
probabiiity level. Selected bond lengths [A] and angles [O]: B-N(2) 1.446(4), N(2)-P(l) 
1.626(2), P(1)-N(1) l.S57(2), N(1)-P(2) 1.560(3), P(2)-N(3) l.627(2), N(3)-B 
1.444(4), B-Cl(5) 1.752(3); N(2)-B-N(3) 124.0(2), B-N(3)-P(2) 12 l.8(2), N(3)-P(2)- 
N( 1 )  1 l2.39(12), P(2)-N(1)-P(l) 125.3(2), N(1)-P(1)-N(2) 1 12.26(12), P(1)-N(2)-B 
12 1.6(2). 



electron pair on nitrogen into the empty 2p orbital of boron, subsequently leavïng less 

possibility for a similar donation into the empty 3d orbital on phosphorus. however they 

are shorter than the longest P-N bonds in (c13PNMe)~ (1.769(7) A).Iz31 The P-N(P) 

bonds in [2]+ are similar to those of 1 (1.547(5) A) reflecting the lack of change in 

electronic structure at this end of the molecule. Interestingly, these bonds are similar in 

length to those fouad in the cyclic phosphanme (NPCI~)~.[ '*~ 

Table 1. Selected structural features of BN3P2 Heterocycles. 

a> maximum distance one atom is from the plane of the other five ring atoms (for 1 
IB(U1, for 21BC141 IN(3)], for 2[AICl4] [N(l)], for 2[GaClr] [N(l)], for 7 [P(l') - 
molecule 21, for 8 FJ(l)]. 

2.3.4 Synthesis, Characterization and Solution Behavior of 2mCl4 J 

In order to extend the range salts of the borazine-phosphazene hybrid cation [2]+, 

an attempt was made to prepare the compound 2mCi4] by halide abstraction fiom 1 with 

BCl3. Thus, an equimolar reaction between BCl3 and 1 in dichloromethane solution was 



carried out and, d e r  solvent removal in vacw, yielded a colorless solid. Examination of 

the product by X-ray crystallography showed that the d i d  state structure was the borzine- 

phosphazene hybnd 2[BC4]. The molecular structure of 2[BC4] is shown in Figure 3, 

and in contrast to the structures of 2[AIC4] and 2[GaC4], this compound was found to 

crystailize in the monoclinic lanice (space group Cc) rathcr than the triciinic lattice (space 

group P T ) .  Nevertheless, the structural features of this molecule are similar to those 

found for 2[AIC14] and 2[GaClq] with a planar ring (largest deviation: 0.13(1) A at 

N(3)), and no close contacts were observed in the crystal, with the ciosest B(1)---CI(9) 

distance king 3.103(5) A, and the closest N(2)-Cl(9) of 3.222(4) A. Interestingly these 

are significantly less than the closest contacts in 2[AlC14] and 2[GaCI4] reflecting a 

possible weak interaction between the anion and cation in 2[BC4]. The environment at 

boron also exhibits simiiarities with that of borazine, with an average B-N bond length of 

1.448(7) A, and a N-B-N bond angle of 124.6(4)". 

Analysis of the crystals redissolved in CDCl3 by 3lP NMR spectroscopy, showed a 

singlet resonance at 28.4 ppm, and the 11B NMR spectrum showed two sharp resonances 

ar 6.5 pprn and 40.2 pprn.[241 Xnterestingly, this is more consistent with the presence of a 

species with a structure such as 3, or even 1 (6 3 1 ~  = 28.2 ppm; 6 1'B = 5.4 ppm) and 

BCl3 (6 11B = 46.7 ppm). Binder also studied the reaction of 1 with BClg in 1977, and 

reported the NMR spectra for the reaction mixture in 12-dichlomethane solution (6 31P = 



Figure 3. Molecular structure of 2wC4] with thermal ellipsoids at the 30 % probability 
level. Selected bond lengths [A] and angles [O]: B(1)-N(1) 1.462(6), N(1)-P(1) 1.618(4), 
P( 1 )-N(3) 1 .S79(6), N(3)-P(2) 1.548(6), P(2)-N(2) l.628(4), N(2)-B(l) 1.434(7), B(1)- 
Cl(3) 1.743(5); N 1)-B(l)B(2) 124.6(4). B(1)-N(2)-P(2) 12 1.7(3), N(2)-P(2)-N(3) 
1 1 3.0(2), P(2)-N(3)-P(l) l25.8(3), N(3)-P( I )-N( l ) 1 l2.6(2), P( 1 )-N( 1)-B( 1 ) 12 1.4(4). 



26.0 ppm; 6 l lB = 6.0 pprn). He thus considered three possible solution structures; 

narnely, 2[BCl4], an adduct of BCl3 and 1 (3), and the unexpected ring-expansion 

product (4).[251 Although, only 4 made spectmscopic sense because of the observation of 

a single 1 1B NMR resonance, he concluded that 3 was the most likely product.1261 

Because of our differing observations we have studied the reaction of 1 with BCl3 

in more detail. An NMR scaie reaction between 1 and a slight excess of BCl3 (20 %) in 

CD2CL2 was performed, and analysis by 1'B NMR spectmscopy showed a sharp signal at 

12.3 pprn and a broad resonance at 29.9 pprn which is consistent with that previously 

observed for [2]+. The 3 1 ~  NMR spectrum exhibited a singlet resonance at 34.7 ppm, 

which is consistent with [2]+, and a resonance at 30.0 pprn, which lies closer to that for 1 

than [2]+, and is consistent with the presence of adduct 3. In addition, a broad resonance 

is observed in the 31P NMR spectrum between the resonances at 30.0 and 34.7 ppm, 

which suggests that an exchange process may be occurring. A labeliing experiment 

was carried out to determine whether 4 is formed and to provide insight into the exchange 

process in solution. Reaction between 1 (99% 1%) and 1 equiv. BCl3 was undertaken in 

CD2CI2 solution, and the 3lP NMR spectrum showed the formation of a new product at 

32.9 pprn which was shifted slightly downfield from the starting material 1 (99% LOB), 

which has a single broad resonance at 28.0 pprn in CD2C12. This is intermediate between 

the chernical shifts observed in the unlabelied experiment, which utilized excess BCl3, 

presumably a result of the 1: 1 stoichiomeiry. The 'OB and 11B NMR spectra are shown in 

Figure 4, and the 10B NMR spectrum shows that the sharp resonance for starting materiai 

1 (99 % 108) at 5.7 ppm was almost completely consurned, and two new resonances were 

observed with a sharp singlet at 10.6 ppm, and a very broad resonance at 24.6 ppm. In 

contrast, the 11B NMR spectrum of the reaction mixture, after Ca. 2 h, showed only one 

dominant sharp resonance at 10.4 ppm, and a very smaii broad peak at 26.0 pprn 

wasobserved. This shows that there is no insertion of BCl3 into the ring to form 4, which 



Figure 4. \OB labelling study of the reaction between 1 (99 % 1w) and BCl3 in CD2C12. 
(a) log  NMR spectrum of 1 (99 % log); (b) 1oB NMR spectrum after the addition of 
BCls; ( c )  1 1B NMR spectmm of 1 (99 % 1%); (d) 1 IB NMR spectrum after the addition 
of BCl3. 



would result in exchange of the 1% atoms in 1 with the natural abundance boron atoms in 

BC13, thus the same ratios of the peaks in both the i lB and NMR spectra would be 

observed. Furthemore, no evidence for free BCI3 in solution was observed in either 

experiment; for this species a downfield resonance in both the 'OB and l IB NMR spectra 

(ca. 46 ppm) would be expected. 

Thus, it can be concluded that 2[BCI4) and 3 are present in equilibrium in the 

reaction mixture and each can be observed by 31P NMR, in a reaction with excess BCl3. 

This equilibrium can be shifted toward 2mC4J or 3 depending on the ratio used, but the 

mechanism does not involve insertion into the ring to form 4. Upon redissolution of the 

crystais obtained from the reaction, the major species in solution was Iikely a dissociated 

product, 1 + BC13 and not 3. Additionaily, the crystals of 2fBClqJ were found to 

spontaneously lose BCl3 over tirne regenerating 1. This is similar to the behavior reported 

by Schrnulbach for [N(PPh2NH)2BCl]BC4 which was found to lose BCl3 under vacuum 

according to elementai analysis and infrared spectrosc~PY.rlll 



Table 2. Structural parameters for 1, 2[AlClqJ, 2[GaC4] and 2[BCl4] 

emp. formuia 

crystal class 

space group 

wR2 (al1 data) 

GOF 

C2H7BC16N3P2 

358.6 

monoclinic 

P21/c 

colorless 

9.1 19(2) 

7.765(2) 

l8.862(4) 

90 

1 O3 .5O(3) 

90 

4 

298 

4.82 

7 .O6 

1.50 

C ~ H ~ A ~ B C ~ ~ N ~ P S  

490.88 

tricihic 

PT 
colorless 

8.55260(10) 

9.2472(2) 

12.7157(2) 

93.3693(3) 

lOl.3650( 10) 

1 12.7991(2) 

2 

223(2) 

4.08 

13.44 

1.010 

C2HaC19GaN3P2 

533.6 

triclinic 

PT 
colorless 

8.6 l3(2) 

9.259(3) 

12.7 l2(3) 

93.34 

100.96(2) 

1 lZ.ïl(2) 

2 

297 

4.79 

5.97 

1-23 

monoclinic 

Cc 

colorless 

10.6433(8) 

13.2638(10) 

12.2964(10) 

90 



2.3.5 Reactivity of Borazine-Phospbazene Hybrid Cation [2]+ 

To understand the electrophilic reactivity of 2 and to investigate the potential of 

back coordination of Cl to the borazine-phosphazene hybrid observed in solution for 

2[BCL& with other anions, we exptored the reaction of the borazine-phosphazene cation 

2[GaC4] with two amine nucleophiles. Addition of a dichioromethane solution of NEt3 

to a solution of 2[GaC4] in the same solvent showed a single 3lP NMR four line 

resonance at 28.2 pprn and an 11B NMR resonance at 5.6 ppm. This suggested the 

formation of 1 as one of the products and implied formation of Et3NGaC13, rather than the 

expected formation of the adduct of N'Et3 with the borazine-phosphazene hybrid cation. 

This was confirmed by an X-ray analysis of the two types of crystals formed in the 

reaction, which showed formation of the boratophosphazene 1 and the Et3N-GaCl3 

adduc t. [ 271 

When an alternative base, quinuclidine. is added to a solution of 2[GaC4] in 

CDCl3, the formation of two quartets is observed in the 3 1 ~  NMR spectmm, one at 28.0 

pprn (ca. 30 %) and the other at 36.2 pprn (ca. 70 1) and 2[GaCb] (6 = 35.0 ppm) was 

completely consumed. This suggests the competing formation of both the adduct of 

quinuclidine, 5, with the 2[GaCW and the back-donation of a chionne from the anion 

[GaC14]- to the borazine-phosphazene hybrid cation. The 1 1B NMR spectrum exhibited 

two overlapping resonances, the major peak being at 6.5 pprn for 5 and a shoulder at 5.9 

pprn presumably due to 1. Attempts to separate the producu by fractional crystallization 



resulted in an intensity increase for the resonance at 36.3 ppm, however the crystals 

obtained were not suitable for X-ray diffraction. 

Me. ~ 8 ,  .Me 
N O N  

5 (ca. 70 %) 

2.3.6 Attempted Generation of Borazine-Phosphazene Hybrid Cations [2]+ 
with [OSO~CFS 1- and BF4]- Counterions 

The base-induced back-coordination of c h î o ~ e  in the tetrachlorogailate anion to the 

boron atom in [2]+ prompted us to explore the synthesis of [2]+ with alternative anions in 

which this type of back-donation would not occur. We chose Ag+ as the halide acceptor 

with a series of counterions. Thus, a solution of the boratophosphazene 1 in CH2C12 was 

added to a slurry of Ag[OS02CF3] (1: 1) in CH2Cl2, and upon stining for several hours the 

colorless solution was decanted from a white precipitate. The 31P NMR spectnam 

exhibited three sets of pseudo-quimets (6 = 28.0, 29.1 and 30.8 ppm) in approximately 

1 :2: 1 ratio, rather than the broad singlet around 35 ppm which would be expected for the 

borazine-phosphazene hybnd cation. Nevertheless, these can be assigned to three different 

species with quatemary boron atoms, 1,6 and 7, and these assignments were supported 

by the l lB NMR spectrum which exhibited three sharp resonances at high field (0.98,4.3 

and 5.5 ppm) consistent with fow cwrdinate boron. In addition, there was no indication 

of the formation of the borazine-phosphazene hybnd cation, [2]+. This cm be explained 

by the strong bonding between boron- and oxygen, and suggests that the triflate anion is 

more coordinating than the group(IQ tetrahalide anions. 



The reaction of 1 with two equiv. of Ag[OSO2CF3], or the mixture of 1,6 and 7, 

with a further equiv. of Ag[OS02CF3 ] produced bis(triflato)boratophosphazene 7 

quantitatively by 3lp NMR (6 = 30.6 pprn). The 11B NMR spectrum of 7 in CDCl3 

consisted of a single sharp resonance at 1.6 ppm. The presence of the triflate anion was 

c o n f m e d  by 1 9 ~  NMR spectroscopy in CDCl3, which showed a singlet resonance at 

-77.4 ppm, which is simiiar to that observed for triflic acid (6 = -78.48 ppm),[28] and the 

1 3 ~  NMR spectrum showed a quartet resonance at 1 18.3 pprn assigneci to the CF3 group in 

addition to the methyl resonance at 3 1.2 ppm. 

ci_ Cl 
-. I 

Me\ 9, , Me N O N  

This prompted us to react the boratophosphazene with AgPF41 with the view that 

the [BF4]- anion might be less coordinating than the triflate anion. When a solution of the 

boratophosphazene was added to a slurry of AgPF4J in CH2C12, the immediate formation 

of a gas (which iùmed in air) was observed. Mter several hours of ngorous stirring, the 

colorless solution was decanted from the white precipitate and 3lP NMR anaiysis of the 

reaction mixture showed the quantitative formation of a new product showing a quartet 

resonance at 29.0 ppm. This was not consistent with what would be expected for a 



borazine-phosphazene hybnd cation, but was consistent with back-donation of fluoride, 

and formation of a four coordinate boron center. This new product 8 was isolated as a 

white solid in vacuo. and spectroscopie analysis of this soiid in CDC13 by 3lP NMR gave a 

quartet resonance at 28.3 ppm, a single resonance in the 1 'B NMR at 2.8 ppm, and a single 

peak at -147.5 ppm in the 1 9 ~  NMR spectrum. Thus, it was postuiated that BF"C13.. had 

been eliminated as a highly reactive gas which fumes in air, and fluonde had thus k e n  

back-donated to boron. The nature of the cyclic product was confmed by an X-ray 

crystallographic analysis. Compound 8 has also been obtained by Binder from the reaction 

of SbF3 with 1.IZS1 

a=_ ,P K.,F 
Me, ,B. ,Me 

N O N  
Me. ,B. .Me - AgCl N O N  I C i l l ~ , . ~  0 ' .,,ICI + A S P d  I I 

-BF2CI C I I I ~ . ~  0 p.&l \+/P. clf 'N' CI 
\ 0 af h' .CI 

2.3.7 X-ray Crystal Structures of Boratophospbazenes 7 and 8 

In order to confm the structures of 7 and 8, and to provide further stnicniral information 

on the bonding present in boratophosphazenes, a crystallographic anaiysis was undertaken. 

The most striking feature of the molecular structures of 7 and 8 (figures 5 and 6) is the 

planarity of the ring, with the largest deviation from the plane of the other five ring atoms 

being at P(1') in 7 and N(1) in 8 (0.02(1) A. and 0.17(1) A respectively). This was very 

surprising because it was thought that the non-planar stmcture in 1 was due in part to the 

fact that the maximum coordination number (4) for boron had been achieved , and thus the 

lone-pair of electrons on the nitrogen atoms were localized, causing distortion at those 

sites. There are no distortions in the bonding of the boron atom, with the B-0 bond 

lengths in 7 (avg 1.524(10) A), and the B-F bonds in 8 are only slightly different (B-F(1) 

1.409(4) A; B-F(2) 1.384(4) A] and do not show the axidequatorial behavior that the 



chlorine atoms in 1 exhibit. Other than the planarity of the rings, the other feattms of the 

structures are quite unremarkable, with B-N and P-N bond lengths, and major bond angles 

sirnilar to 1. 

Figure 5. Molecular structure of 7 (molecule 1) with thermal ellipsoids at the 30 % 
probability level. Selected bond lengths [Al and angles [O]: Molecule 1: B-N(1) 1.512(9), 
N( 1 )-P( 1 ) l.S98(S), P( 1)-N(3) 1.549(5), N(3)-P(2) l.S48(S), P(2)-N(2) 1 .S82(S), N(2)- 
B 1.5 17(9), B-O(1) 1 S30(8), 8-O(4) 1.505(8); N(1)-B-N(2) 1 16.3(5), B-N(2)-P(2) 
125.4(4), N(2)-P(2)-N(3) 1 13.7(3), P(2)-N(3)-P(1) l26.1(3), N(3)-P(l)-N( l) 1 13.3(2), 
P( 1)-N( 1)-B l25.2(4); Molecule 2: BI-N(1') 1 .SO9(9), N(1')-P(1') l.S88(S), P(1')-N(3') 
1.538(5), N(3')-P(2') 1.555(5), P(2')-N(2') 1 .59O(S), N(2')-B' 1.499(9), BI-O(1') 
1 .528(8),Bn-O(4') 1 .SM@); N(1')-Bq-N(2') 1 16.6(5), BI-N(2')-P(2') 125.2(4), N(2')- 
P(2')-N(3') 1 13.2(3), P(2')-N(3')-P(1') 126.5(3), N(3')-P(1')-N(1') 1 l3.O(3), P(1')- 
N(1')-B' l2S.S(4). 



Table 3. Structural parameters for 7 and 8. 

emp. formula 

F W  

crystal class 

space group 

color 

a, A 

b, A 

c, A 
a, O 

P 9  O 

'Y* O 

z 

Temp (KI 

Ri [1>2aI)I 

wR2 (dl data) 

C4H6BC14F6N306P2S2 

584.79 

triclinic 

PT 
coloriess 

12.98 15(l2) 

1 3.6426( 1 2) 

14.14 l(2) 

71.576(10) 

62.702(5) 

77.082(8) 

4 

298(2) 

5.2 1 

17.86 

C2H6BCu2N3P2 

324.65 

monoclinic 

?5?1/c 

colorless 

8.679( 1) 

10.583(1) 

l3.161(2) 

90 

lûû.l8(l) 

90 

4 

233(2) 

3.99 

10.28 

GOF 0.977 1 A40 



Figure 6. Molecular structure of 8 with thermal ellipsoids at the 30 % probability level. 
Selected bond lengths [A] and angles [ O ] :  B-N( 1) 1 5 5  1 (4), N( 1 )-P( 1 ) 1.582(2), P(1)- 
N(2) 1.554(3), N(2)-P(2) 1 .558(3), P(2)-N(3) 1.586(2), N(3)-B l.552(4), B-F(1) 
1.409(4), B-F(2) 1.384(4); N(1)-B-N(3) 1 12.9(2), B-N(3)-P(2) l26.4(2), N(3)-P(2)- 
N(2) 1 14.36(14). P(2)-N(2)-P(l) 124.5(2), N(2)-P(1)-N( 1) 1 14.64(14), P( 1)-N( 1)-B 
i25.6(2). 



2.3.8 Attempted Synthesis of [2]+ with [As&]' and [SbFal- Counterions: 

Discovery of Siteletal Substitution Reactions 

The reactivity of the trifiate and tetrafluoroborate anions with the borazine- 

phosphazene cation, [2]+, prompted us to explore the possibility of preparing this species 

with alternative less reactive anions. Thus, when a solution of 1 was added to Ag[AsF6] in 

CH2C12, the immediate formation of a frne white precipitate of AgCl was obsewed. After 

12 h a slight pressure buildup was detected. The solution was then decanted, and the 

solvent removed to yield a white crystalline solid. The product was analyzed by 31P NMR 

in CDCI3, which showed the presence of a dominant singlet at 30.6 ppm. This resonance 

was not consistent with the formation of the analogue of [2]+ with [AsF6]- as counterion 

[for Z[GaClr], 6(31~. CDCl3) = 35.0 ppm]. Remarkably, no non-volatile boron 

containing species were detected by 11B NMR. Colorless crystals were obtained by slow 

evaporation of solvent fiom a solution of the product in dichloromethaneniexanes (1: 1). A 

crystal was analyzed by X-ray diffraction, which surprisingly showed the product of the 

reaction to be the arsenicCV) heterophosphazene 9. 

Me, ,B. ,Me 
N O N  

F F 
F\\ /,F 

Me, ,As, ,Me 
N O N  
I I 

One striking feature of the molecular structure of 9 (Figure 7) is that the compound 

is in the boat conformation with As and N(l) removed substantially from the plane of the 

other four ring atorns by 0.85(1) A and 0.33(1) A respectively. Unlike in 1 where one B- 

Cl bond is highly elongated, d l  As-F bonds in 9 are equal(1.724(2) - 1.735(3) A) and are 

longer than the As(V)-F bonds in [AsF& ( 1.68 The P-N bonds flanking N( 1) 



Figure 7. Molecular structure of 9 with thermal ellipsoids at the 30 % probability level. 
Selected bond lengths [A] and angles [O): As-N(2) 1.907(3), N(2)-P(l) 1.589(4), P(1)- 
N(1) 1.555(4), N(1)-P(2) 1 .S62(4). P(2)-N(3) 1.595(4), N(3)-AS l.903(4), AS-F(1) 
1.735(3), AS-F(2) 1.73 1 (3), AS-F(3) l.724(2), AS-F(4) 1.727(3); N(2)-AS-N(3) 93.3(2), 
AS-N(3)-P(2) 12 l.S(2), N(3)-P(2)-N(1) 1 14.6(2), P(2)-N(1)-P(l) 124.8(2),N(l)-P(1)- 
N(2) 1 14.5(2j, P(1)-N(2)-As 121.3(2). 



[P( 1) - N(l) and P(2) - N(l )] are shoner (average, 1 .SS8(6) A) than those involving 

the methyl substituted nitrogen atoms N(2) and N(3) [P(l)-N(2) and P(2)-N(3)] (average, 

1.592(5) A). This suggests a greater degree of n bonding in the former bonds which is 

consistent with the presence of a positive charge on N(1) analogous to the situation in 1 

(average 1.547(4) A). Due to the lack of structural data on As(V)-N containing 

heterocycles, a detaiied analysis of the arsenic(V) environment in 9 is difficult. However, 

the As-N bond lengths (avg 1.905(6) A) are similar to the longest bonds found in the 

cyclodiars(V)-azane, [(C~)~CIAsNSiMej]2 [As-N = 1.933(7) and are longer than 

the As-N multiple bonds in the arsazene @Asph213 (avg. 1.758(4) F o r  

cornparison, a typical As-N single bond length has been calculated to be 1.87 A from 

Pauling's covalent single bond radii. Mass spectrometric analysis of 9 supports the X-ray 

structure with the identification of a molecular ion M+ with the expected isotope pattern. 

2.3.9 Variable Temperature NMR Behavior of 9 

At room temperature, the 19F NMR specinun of a pure sample of 9 in CDC13 or 

CD2C12, exhibited only very broad resonances between -35 and -45 ppm, and -50 and -60 

ppm. The broadness of the 1 9 ~  resonances observed at 39 O C  (Figure 8) suggested that 

9boat was fluxional in solution, which was not unexpecteed since similar six-membered 

rings formed by chelating ligands to octahedral metal centers are known to exhibit fluxional 

behavior in solution.P21 Consideration of the boat structure (9bo.3 determined by X-ray 

crystallography suggests that three types of chemically different fluorine environrnents 

should be obsewed (two types of F, and one type of Fes) If the axial environments were 

exchanging rapidly in a boatkhair equilibnum, a single environment would be expected in 

the fast exchange region and two axial eavironments at low temperature. In addition, at 

l e s t  three plausible structures can be envisaged in solution: the boat structure (9boet), a 

chair structure (gchdr), and a skew-boat structure ( 9 s ~ w , ~ t ) ,  which may be considered 

as an intermediate between the 9boat and 9cbrir. Thus, a Variable Temperature (VT) 



NMR study of 9 was undertaken with the intention to resolve the 191? NMR resonances of 

the fluorine atoms whiçh are axial and equatorial to the AsN2 moiety in compound 9 and to 

provide insight into the possible conformation(s) of 9 in solution. 

The results of these experiments are shown in Figure 8, and both the 3lP and 1 9 ~  

NMR spectra (in CD2C12) are shown at each temperature. At +3g°C, a broad singlet 

resonance is observed in the 3lP NMR spectrum 30.6 ppm, and huo broad resonances are 

observed by 1 9 ~  NMR at c a  -40 pprn and Ca. -55 ppm.[331 Upoa cwling to O°C, the 3lP 

NMR specmim is unchanged. however the 19F NMR spectrum shows a sharpening of the 

resonance at -55 pprn and the broad resonance at -40 pprn is much less intense. The peak 

in the 1 9 ~  NMR spectnim at -40 ppm is not seen at ca. -5 OC and reappears as two broad 

resonances at Ca. -40 OC (6 = Ca. -14 and Ca. -64 ppm) which is consistent with the 

coalescence of the two axial fluorine environments. The 19F NMR signals sharpen 

dramatically on further c o o h g  until the expected thnx sets of triplets for coupling between 

the F, and Fq are observed in a 1:2: 1 ratio at -99 O C .  The equatonal fluonne atoms (Fq) 

were observed at -55.9 pprn (2JFF = 110 Hz) and the axial fluonne atoms FU which are 

extemal to the ring, and in a similar chernical environment to Fq are observed at -65.5 pprn 

( 2 ~ ~ ~  = 105 HZ). and axial fluonne atoms F; which are interna1 to the ring and in a 

drcdnaticaiiy different chernical e n v h m e n t  to Fq and F; are shifted to - 14.6 pprn (zJw = 

114 Hz). An activation energy (AG:) for this process of 41f2 kJ/mol was estimated from 

the Tc (25 1f 10 K) and Av ( 14,350 Hz). At -99 OC, each of the triplets for the axial 

fluorine atoms are split by ca. 15.5 Hz (se. expansion of F i  - Figure 8). This could 
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Figure 8. Variable temperature 1 9  (lefi) and 3 1 ~  (right) NMR spectra of 9 in CD2C12. 



be due to the CTMS coupling between the two nonequivalent axial fluorine atoms, however 

this is typically near-zero and not observed in species such as the [As2Fl 11- anion!"] To 

confm this a 1 9 ~ - 1 9 ~  COSY NMR at -90°C was undenaken to detennine whether the Fa- 

F, coupling could be deteçted. The spectnun (Figure 9) showed the expected coupling 

between the peaks assigneci to the axial fluorine atoms [FU and F;] with the two 

equivalent equatorial fluorine atoms Fq], however no coupling between the axial fluorine 

atoms was detected. We therefore postulate that the two sets of triplets observed for the 

axial fluorines are kom different conformational isomers. 

Whereas the '9F NMR signals coalesce between -5 and -40 OC, the 31P NMR 

spectrum remains unchanged until -62 OC, at which point two "shoulders" are observed on 

either side of the peak at 30.2 ppm. At -74 OC three distinct phosphorus environments are 

observed, suggesting three different compounds are present in solution at that temperature, 

in approximately equal amounts. A possible explanafion for this is that the three 

conformers, 9borit, 9skcw-boot and gcbriir are observed. At -99 OC, the centrai peak is 

not observed, which suggests that two of these conformers freeze out at this temperature. 

This is also observed with the s m d  splitting of the axial signais [ F i  and F: ] in the 19F 

NMR spectrum at -99 OC (see expansion - Figure 8). At 39 OC the central resonance is 

dominant, indicating that one conformer is dominant, however close examination reveals 

that this resonance is slightly broad. It is beyond the scope of this study to detennine 

which conformers are present at each temperature, however it seems likely that 9 h t  is 

present at low temperature, since this is the conformer observed in the crystal structure. As 

chair isomers are generally more stable than their boat counterparts, 9,hair would be 

expected to be stable at iow temperature. W e  tentativeiy p ~ s t ~ l a t e  that 9,kew.kat may 

therefore only be present at elevated temperatures as an intermediate for the interconversion 

of gboat and gchoiir- 



Figure 9. 19~-19F COSY NMR spectrum of 9 in CD2C12 (- 90 OC). 



2.3.10 Skeletal Substitution Reaction with Ag[SbFs] 

Skeletal substitution reactions of an atom in an inorganic ring are extremely rare 

and, to the best of our knowledge, are unprecedented for boron-containhg rings. The 

reactions of titanmene chaicogenide heterocycles with group 16 dihalides to form rings 

where titanium has been replaced by a chaicogen atom have been explored e ~ t e n s i v e l ~ . [ ~ ~ ~  

Zirconium metailacycles have been used to prepare various main-group heterocycles 

containing (P. As, Ge, S. Ga. In addition. tram-metallation reactions of 

SnSzN2 rings with Pt complexes to yield RS2N2 rings have been o b s e r ~ e d . [ ~ ~ ~  Moreover, 

we assume that the cation of 2 is formed init idy in the reaction mixture containing 1 and 

Ag[AsF6] and the subsequent skeletal replacement of boron in a borazine-like environment 

would be highly unexpected. It is also noteworthy that [AsF& is often used as a "non- 

coordinating" anion to isolate reactive cations. Remarkably . this anion appears to react 

readily with the borazine-phosphazene cation. We believe that the thennodynamic driving 

force for the observed reaction is the formation of B-F bonds !tom As-F bonds (B-F, 6 13 

+ 53 kllmol; As-F, ca. 406 k . ~ / r n o l ) ~ ~ ~ ~  and the subsequent elimination of volatile 

BFxC13,x. 

In order to explore the generality of this new synthetic procedure, we have aiso 

studied the reaction of 1 with Ag[SbF6 J. Again, an hunediate white precipitate of AgCl 

formed and a pressure buildup was detected. After workup, a crystalline solid, 10, was 

obtained and analysis by 31P NMR in CDCl3 revealed two dominant resonances at 28.9 

and 27.5 ppm. This is consistent with skeletal replacement of boron but suggests that 

more than one product is obtained from this reaction. Mass spectral analysis inâicated that 

both 10a and lob were formed, which was confirmed by X-ray crystailographic anaiysis. 



The molecular stnicture of 10a and lob is shown in Figure 10, and confrrms the 

replacement of the skeletal atom boron by antimony(V). Both compounds CO-crystallize 

and there is occupational disorder of the atom (labeiied CF), in which Cl occupies this site 

85 % of the time and F occupies this site 15 % of the time. This structure is similar to that 

of 9 where the ring aiso adopts a boat conformation. The structure of the phosphazene end 

of the molecule is similar to that of 1 and 9, with the P-N-P bonds p(1)-N(1) and P(2)- 

N(2)] averaging 1.560(8) A and the P-N(Me) bonds p(1)-N(2) and P(2)-N(3)] averaging 

1.584(8) A. The Sb(V)-N distances (avg. 2.072(8) A) are similar to the average Sb(m)-N 

bond l ength  (2.03 A) in the antimony(III)cyclophosphazene. 

[N { P ( N M ~ ~ ) ~ N H }  2 ~ b ( ~ ~ a ]  .[411 Few examples of S m - N  containing heterocycles 

have been structurally characterized. The Sb-N bond length in 

CI~S'~N(M~)C(O)C(NHM~)Ô is 2.04 A, [421 and in a more recent example, 

([CI~~'~N(PM~,)S~(C~)~(PM~~)]CH~CN)+ the Sb(V)-N bond lengths average 2.06 



CIF 

Figure 10. Molecular structure of 10 with thermal ellipsoids at the 30 % probability 
level. Selected bond lengths [A] and angles [O]: Sb-N(2) 2.064(6), N(2)-P(1) 1.581(6), 
P( 1)-N( 1) lS62(6), N(1)-P(2) 1.557(6), P(2)-N(3) lS88(6), N(3)-Sb 2.08 1 (S), Sb-F(1) 
1.89 1 (4), Sb-F(2) 1.906(4), Sb-F(3) 1.892(4), Sb-Clf 2.275(2); P(1)-N(1)- 
P(2) 128.1(4), N(1)-P(1)-N(2) 1 13.8(3). N(1)-P(2)-N(3) 1 14.0(3), P(1)-N(2)-Sb 
122- 1 (3), P(2)-N(3)-Sb l20.4(3), N(2)-Sb-N(3) 92.2(2). 



Table 4. Structural parameters for 9 and 10. 

compound 9 10 

emp. f o n d a  c2H6AsCl4F4N3P2 C2H6C15F3N3P2S b 

F W  426.76 490.04 

crystal class monoclinic monoclinic 

space group P21h P21h 

color colorIess colorless 

a, A 6.424(5) 6.447(2) 

b, A 12.53 i(8) 17.5 17(5) 

c. A 16.129(3) 12.535(3) 

CG0 90 90 

P1 O 95.90(3) 97.09(4) 

Y1 O 90 90 

z 4 4 

Temp (K) 298(2) 233(2) 

Ri [1>2~(1)1 3.35 3.40 

wR2 (ail data) 8.25 9.13 

GOF 1.1 17 1 .O07 

It is noteworthy that both 9 and 10 represent rare examples of heterophosphazenes 

containing heavier group 15 eiements in a high oxidation state. The arsazene (NAsPh2)g 

derivative and the arsaphosphazene hybrid (NAsPh2)(NPPh2)2 have been synthesized and 

structural1 y characteri~ed.[~ To our knowledge there are no structurally characterïzed 

examples of an timon y(V) heterophosphazene rings.IU1 In this case the more elec tron 



withdrawing fluorine atoms may provide a stabilizing effect to the high oxidation States 

present for the skeletal As and Sb centers. 

2.3.11 1s there Skeletal Replacement in the Synthesis of 8 from 1 and 
Ag[BF4]? A 1oB Labelling Study 

In order to determine whether a similar skeletal substitution reaction was occurring 

when Ag[BF4] was reacted with the boratophosphazene a 'OB labelLing study was 

undertaken. The boratophosphazene 1 was prepared from 99 % 1% enriched BFyOEtz. 

loB and 3'P NMR andysis of 1 (99 % 1%) was consistent with the nanual abundance 

spectrum, however the 3 l P NMR was slightly broader and no coupling was observed. In 

addition, the 11B NMR spectrum was quite weak indicating a very small amount of 1 1 ~  

compound was present. When the product of the reaction of boratophosphazene 1 with 

AgFF4J in CD2C12 was analyzed by 31P NMR, the fluorinated boratophosphazene 8 was 

observed as a pseudoquartet resonaoce (29.0 ppm) which indicated that 1% had been 

replaced as coupling to l l B  was observed. Confurnation of this was provided by 

examination of the l0B and lB NMR spectra of the reaction mixture (Figure 1 1). in the 

 OB NMR spectrum, the signal for 1 had k e n  consumed, and a new resonance was 

formed at 2.3 ppm. In addition, 11B NMR analysis of the zeaction mixture showed that the 

weak 1lB signal for 1 (99 % 1%) (6 = 5.7 ppm) had been consumed and a strong signal 

had formed at 2.3 ppm. The 'OB and 1 IB NMR spectra, were consistent with the 

formation of 8 [6 1iB (CD2C12) = 2.3 ppm]. The improvement in the signal to noise ratio 

for the IlB NMR spectrurn of the product when compared with that for the starting 

material, (which had Ca. 1 % 18) suggested that the product contained 1 lB at or near 

natural abundance. Thus, skeletal replacement of the 'OB atom in 1 by the [BF4]- anion 

(natural abundance: 80 % llB, 20 % 1%) must have taken place in the reaction. In order 

to investigate the necessary formation of boranes (l%FxCIJ.x) the reaction was attempted 
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Figure 11. 10B labelling study of the replacement reaction between 1 (99 9b 'OB) and 
Ag/j3F4] in CD;?CI*. (a) 'OB NMR spectnim of 1 (99 % 1OB); (b) 1oB NMR spectrum 
after the reaction with AgDF41; (c) 11B NMR spectmm of 1 (99 % log); (d) 11B NMR 
spectrum after the reaction with AgWF41. 



in a sealed NMR tube. The two solids were mixed in an NMR tube, degassed solvent 

(CD2CI2) was condensed into the tube, and the tube was flame sealed. Upon warming to 

room temperature no reaction was detected by 31P, 1 1B or '06 NMR. even afier prolonged 

reaction periods (weeks), and only resonances assignable to starting material were 

observed. When the tube was broken inside the glovebox, immediate bubbling occurred 

and a rapid reaction was observed forming a white precipitate. Analysis of the reaction 

mixture by ~ I P ,  1% and 1 1B NMR spectroscopy showed a similar exchange reaction. 

2.4 Summary 

The reactivity of the boratophosphazene 1 with halide acceptors has been studied in 

detail. The structure of the perhalogenated boratophosphazene 1 revealed that the boron 

atom was removed from the best plane of the other 5 ring atoms, and that the axial B-Cl 

bond was highly elongated. Reaction with AlCl3, GaC13 and BCl3 gave the first well- 

charac terized examples of borazine-phosphazene hybrids, 2[AICl4], 2[GaCl4] and 

2[BCI4 ] respectively, which were characterized stnicturaiiy and spectroscopically . The 

structures show planar rings with bond lengths typical for borazines and phosphazenes, 

however for 2DC4J some coordination between the anion and the cation was observed in 

solution. Amines were found to react in a nucleophilic substitution reaction with the 

tetrachlorogallate anion of 2[GaCb], which was accompanied by back-coordination of 

chloride to [2]+, and reformation of 1. Two other examples of boratophosphazenes, 7 

and 8, were synthesized by the reaction of 1 with Ag[OS02CF3] and Ag[BF4] 

respectively, and structural characterization revealed pianar rings unlike in 1. The fmt 

examples of skeletal substitution reactions were discovered by treatment of 1 with 

Ag[AsF6] and Ag[SbF6] resulting in the replacement of boron in a borazine-like 

environment by arsenic(V) or antimony(V) generating the heterophosphazenes 9 and 10a 

and lob. Although the compounds crystallized in the boat conformation, variable 

temperature NMR analysis of 9 suggested an interconversion between the boat and chair 



conformations in solution. A 1°B labeiling study of the reaction of 1 with Ag[BF4] 

showed that this reaction also involves the skeletal replacement of the boron atom in 1, by 

the boron atom in the tetrafluoroborate anion. 

The initial thnist for our investigation of boron-nitrogen-phosphonis rings was to 

study their polymerization behavior. To date, attempts to induce the ROP of species such 

as 10 at elevated temperatures have been unsuccessfui. Some of the prducts formed at 

250°C include the borazine [CLBNMe]3 and oligophosphazenes (Ci2Pmx (X = 4 - 8). W e  

are currently investigating the mechanism of skeletal substitution, which is assumed to 

follow a pathway where the initial step involves the abstraction of chlorine by Ag+ from the 

boratophosphazene 1. The formation of borazine-phosphazene hybrid cation [2]+ has 

been observed in some cases in the 3 1 ~  NMR spectrum (6 = ca. 35 ppm) of the initial (ca. 

5- 10 min) reaction mixture. In addition, we are interested in the possible involvement of 

Ag+ as a catalyst in this reaction, and initial resuits suggest that the presence of silverO is 

necessary for the skeletal replacement reaction to occur. Studies of the mechanism of 

skeletal substitution and ROP behavior of 1 and related species are ongoing. 



2.5 Experimental 

2.5.1 General Procedures 

Reagents: BFyOEt2 (Aldrich), NHs (Liquid Carbonic), 10BF3-0~t2 (Aldrich). 

PC15 (Aldrich), BCl3 (1M in CH2Cl2) (Aldrich), quinuclidine (Aldrich) were used as 

received. Reagents: MeNHjCl (Aldrich) was dned in vacw (lOO°C, 1x10-3 mmHg), 

GaC13 (Aldrich) and NC13 (Aldrich) were sublimed before use, NEt3 (Aldrich) was dried 

over Na and distilled before use. Silver(I) salts: Ag[OS02CF3 1 (Aldrich), Ag[BF4] 

(Aldrich), Ag[AsF6] (Strem or Aldrich), Ag[SbFaJ (Strem or Aldrich) were dried in vacw 

(ca. 120°C, 1x10-3 mmHg) for ca. 24 h before The salt [C13P=N=PC13]BC4 was 

prepared using a literature procedure.r471 Glass wool was treated with Me3SiC1, washed 

with hexanes and dried before use. 

3IP NMR spectra (12 1.4 MHz) were referenced extemally to 8 5 4  H3P04. 13C 

NMR spectra (75.4 MHz) were referenced to deuterated solvent, IH NMR speftra (300.0 

MHz) were referenced to residual protonated solvent, 19F NMR spectra (282.3 MHz) were 

referenced extemally to CFChlCDClj and ail were recorded on a Varian Gemini 300 

spectrometer. Variable Temperature NMR studies were done on a Varian Gemini 3 0 ,  and 

were referenced extemally to CFC13ICDClj (1%)  or 85 % H3PO4 (31P) at room 

temperature, and the temperatures were calibrated using CHjOH. The IgF-lgF COSY 

NMR spectrum was recorded on a Varian XL-400 NMR spectrometer. IB NMR spectra 

were referenced to BFyOEt2 and recorded on either a Gemini 300 at 96.2 MHz or a Varian 

500 at 160.4 MHz. 10B NMR were referenced to BF3-OEt2 and recorded on a Gemini 300 

instrument. Mass spectra were obtained with a VG 70-250s mass spectrometer operating 

in electron impact (EI) mode. Elemental analyses were performed by Quantitative 

Technologies Inc. Whitehouse NJ. Ail manipulations were performed in an Innovative 



Technology glove box or using standard Schlenck techniques, and some reactions were 

carried out in an evacuated cha~nber.[~'~ 

2.5.2 Crystallographic Structural Determination 

Crystal, data collection, and refmement parameters are given in Tables 2-4. In ail 

cases, a suitable crystal for single-crystal X-ray diffraction was selected and mounted in a 

nitrogen-flushed, thin-wdled glass capillary and flame seded. AU crystdographic data 

were collected on a Siemens P4 diffractometer with graphite monochromator, MoKa ( A  = 

0.7 1073 A); for 2[AICbJ and 2mCl.41 the diffractometer was equipped with a SMART 

CCD detector. 

No symmetry higher than triclinic was observed in either the photographic or 

diffraction data for 2[AlC14], 2[GaC14] or 7, and the systematic absences in the 

diffraction data were consistent with a monoclinic crystal system, C-centered lattice for 

2[BCl4], and the reported space groups for 1.8.9 and 10. E-statistics suggested the 

centrosyrnmetric space group option, P, for 2[AIC4], 2[GaC14], and 7. The absence of 

a molecular mirror plane or a two-fold axis in 2[BC14], the multiplicity, and the E- 

statistics suggested the non-centrosymmetric space group, Cc for 2wCb]. 

Solution in the respective space groups yielded cbemicaliy reasonable and 

computationaily stable results of refinement. The structures were solved by direct 

rnethods, completed by subsequent difference Fourier synthesis and refined by full-matrix 

Ieast-squares procedures. Semi-empirical absorption corrections were applied for 9 and 

10, and no absorption corrections were required for the others because there was less than 

10 % variation in the integrated-scan intensity data. There are two independent, but 

chemically equivalent molecules in the asymrnetric unit of 7. The chlorine on antimony in 

10 is occupationally disordered as chlorinelfiuorine (85: 15), modeled as an undersized 

chlorine atom, and labelled CF. 



AU non-hydrogen atoms were refined with anisotropic displacement parameters and 

hydrogen atoms were treated as idealized contributions. Al1 software and sources of the 

scattenng factors are contained in the SHELXTL (5.03) program Library (G. Sheldrick, 

Siemens XRD, Madison, WI). 

2.5.3.1 Preparation of Boratophosphazene 1. This compound was prepared via a 

modification of the previously reported m e t h ~ d . [ ' ~ ~  The salts [CI~P=N=PCL.JJ[BC~] (7.40 

g, 16.7 mmol) and WeNH3JCl (2.50 g, 37.0 mmol) were dissolved in 40 mL of 1,2- 

dichioroethane and the mixture was reflwred for 24 h. The remaining ~ e ~ 3 1 C I  was 

filtered off and the colorless filtrate was evaporated to dryness under reduced pressure. 

The white solid product was redissolved in 5 ml of CH2C12 and crystallized at -30°C 

yielding colorless crystals. Yield = 2.48 g (41%) 

The 3 l P NMR and * B NMR spectra of this compound were as previously reported in 1,2- 

dich~oroethane.[*~] 3 1 ~  NMR (CDC13) 6 = 28.2 ppm (q, 2~~~ = 15 Hz); 11B NMR 

(CDCl3) 5 = 5.4 ppm (t, 2JBp = 15 Hz); 1H NMR (CDC13) 6 = 3.23 ppm (m); 13C NMR 

(CDCI,) 8 = 33.3 ppm; M S  (EI, 70 eV): dz[%]  695 [OS,  NaPaCl 12+], 659 [l, 

Nd'6CI11+], 544 11.4, NsP5Cllo+], 464 (1.4, N4P4Cl8+], 427 [4.5, N4P4C17+], 312 [I l ,  

N3P3C15+19 257 117, M+ - 2 MeCI], 228 (100, C12P-NMe-PC12=NH+], 225 163, 

(MeNBCI)3+ - H], 193 170, C12P-NMe-PC12=NH+]. 

2.5.3.2 Preparation of 1 (99 k log) .  'OB enriched 1 was prepared from 

~ * B F ~ - o E ~ ~  (99 95 'OB), following the same procedure as for the unlabelled compound 

(1). 

P NMR (C&C12) 6 = 27.9 ppm; 1% NMR 5.7 ppm; l l B  NMR (CbC12) 6 = 5.7 ppm 

(weak); 1H NMR 6 = 3.05 ppm (m). 



2.5.4 S yntheses of Borazine-Phosphazene Hybrid Cations 

2.5.4.1 Preparation of 2[AIC4]. A suspension of AICI3 (0.19 g, 1.5 mmol) in 

CH2Cl2 (20 mL) was added to a colorless solution of 1 (0.52 g, 1.5 m o l )  in CH2C12 (30 

mL) at room temperature. M e r  stirring for Ca. 4 h. the solution was clear and colorless 

and the solvent was removed in vacuo yielding a colorless crystalline solid. Yield: 0.57 g 

(80 %). Crystals suitable for X-ray analysis were obtained by cooiing (-30'0 a solution of 

2[AICi4] in CH2CI2: hexanes (1 : 1). 

3 1 ~  NMR (CDC13) 6 = 34.8 ppm; 1 1 8  NMR (CDC13) 8 = 29.6 ppm; LH NMR (CDC13) 6 

= 3.32 ppm (m); I ~ c  NMR (CDCl3) 6 = 35.5 pprn. 

2.5.4.2 Preparation of 2[GaC4]. A solution of GaC13 (0.26 g, 1.5 mmol) in 

CH2CI2 (30 mL) was added to a pale yeUow solution of 1 (0.52 g, 1.4 m o l )  in CH2C12 

(30 mL). A slight yeliowing of the solution was observed after stirring, and reaction was 

quantitative by 3lP NMR. The solvent was removed in vacuo yielding a beige colored 

solid. The obtained solid was dissolved in CH2CIZ (2 mL) and cooled to -30°C and 

hexanes (2 m . )  was layered over top. Upon mixing at -30°C colorless crystals formed. 

Yield: 0.63 g (87 96). 

lP NMR (CDC13) 6 = 35.0 ppm; l lB NMR (CDClj) 6 = 30.2; 1H NMR (CDC13), 6 = 

3.36 (m); 13C NMR (CDCl3) 6 = 35.7 ppm. Elemental analysis: CZH6BCl9GaN3P2: 

calcd. C 4.50, H 1.13, N 7.87, found C 4.50, H 1.12, N 7.72. 

2.5.4.3 Preparation of 2[BCb]. A 1M solution of BCl3 (1.5 ml, 1.5 m o l )  in 

CH2C12 was added slowly to a colorless solution of 1 (0.5 1 g, 1.4 mmol) in CH2C12 (40 

mL) via syringe at room temperature. The reaction mixture was stirred for 4 h. and the 

solvent was removed in vacuo leaving a colorless solid. The solid was recrystallized by 



cooling a CH2C12:hexanes (2: 1) solution to -30°C, which yielded colorless crystals. Yield: 

0.59 g (87 9%). 

p NMR (CDC13) 6 = 28.4 ppm; NMR (CDCls) 5 = 6.5 ppm, 40.2 pprn (BN(Me)..); 

'H NMR (CDC13) 6 = 3-09 ppm (ml, 13C NMR (CDCIj) 6 = 33.5 ppm. 

2.5.4.4 Reaction of 1 + excess of BCl3 (20 %). A 1M solution of BCl3 (0.35 

mL, 0.35 mL) was added to a stirred soIution of 1 (0.10 g, 0.28 mmol) in C M 2  (ca. 1.5 

rnL) and after ca. 30 min, the colorless solution was transferred to an NMR tube for 

analysis. 

3 1 ~  NMR (CD2C12) 6 = 30.0 ppm, 34.7 ppm; 1 1 ~  NMR (CDzCl2) 6 = 12.3 pprn 29.9 

PPm. 

2.5.4.5 Reaction of 1 (99 46 'OB) with 1 equiv. BCIj. A LM solution of BCl3 

(0.20 mL, 0.20 mmol) was added to a stirred solution of 1 (99 %  OB) (70 mg. 0.20 

m o l )  in CD2C12 (ca. 1.5 mL) and after ca. 30 min, the colorless solution was transferred 

to an NMR tube for analysis. No changes were observed in the NMR spectra after c a  2 h. 

3 1 ~  NMR (CD2C12) 6 = 32.9 ppm; 'OB NMR (CD2C12) 6 = 10.6 ppm, 24.6 ppm; 11B 

NMR (CDzC12) 6 = 10.4 ppm. 

2.5.5 Reactivity of Borazine-Phosphazene Hybrid Cations 

2.5.5.1 Reaction of 2[GaC4] with NEt3. A 0.071 M solution of NEt3 in CH2C12 

(18.5 rnL, 1.3 m o l )  was added to a solution of 2[GaC4] (0.68 g, 1.3 mmol) in CH2Cl2 

(ca. 30 mL). No color change was observed after sturing for 12 h, and the solvent was 

removed in vacuo yielding a yellow oily material. This was then dissolved in a minimum 

of CH2C12 (ca. 5 mL), and was recrystallized at -30° C. Two types of crystals were 

obtained, and were charactensed by X-ray analysis as CljGa-NEtj and boratophosphazene 

3lP and 1B NMR spectroscopy were consistent with 1. 



2.5.5.2 Reaction of 2jGaCkJ with quinuclidine. A solution of 2[GaCl4] was 

prepared in situ from the addition of GaCl3 (49 mg, 0.28 mmol) in CDC13 (0.5 mL) with 1 

(LOO mg, 0.28 mmol) in CDCI3 (0.5 mL). 3IP and 11B NMR confmed the quantitative 

formation of 21GaCkJ. To this solution quinuclidine (3 1 mg, 0.28 m o l )  was added. 

3lP NMR analysis of the solution revealed two resonances 36.2 ppm (ca 70 46) and 28.0 

ppm (ca. 30 96) each with quartet resonances. 1 1 ~  NMR analysis revealed two 

overlapping resonances 6.5 pprn and 5.9 ppm. The reaction was repeated several times on 

a large scale in CHzCIz with similar 3 1 ~  and 1lB NMR spectra, however, fractional 

recrystallization (CH2C12:hexanes) was not able to completely separate the two products. 

2.5.6 Reactions of Boratophosphazene 1 with Silveru) Salts 

2.5.6.1 Reaction of 1 with Ag[OS02CF3Je A colorless solution of 1 (0.52 g, 1.5 

rnrnol) in CH2Cl2 (ca. 5 mL) was added to a stirred suspension of Ag[OSvF3] (0.38 g. 

1.5 mrnol) in CH2C12 (ca. 5 mL). The reaction mixture was stirred for Ca. 12 h and the 

colorless supernatant solution was decanted from a white solid, and 3lP and l IB NMR 

spectra were obtained. 

'P NMR (CHZCIZ) 6 = 28.0 (ca. 25 %, 1). 29.1 (ca. 50 %. 6). 30.8 ppm (ca. 25 46, 7 ) ;  

'B NMR (CHzC12) 6 = 0.98 (ca. 25 %, 7), 4.28 (ca. 50 46, 6), 5.53 ppm (ca. 25 %, 1). 

2.5.6.2 Preparation of 7. A colorless solution of 1 (0.52 g, 1.5 mmol) in CH2C12 

(10 mL) was added to a stirred suspension of Ag[OS02CF3] (0.78 g, 3.0 mrnol) in 

CH2C12 (40 mL) at room temperature in the absence of light. After stirring for Ca. 12 h. a 

fine white precipitate was observed. The colorless solution was decanted through a plug of 

glas wool and the solvent was removed in vacuo leaving a white powder. Crude Yield = 

0.62 g (73 %). The solid was dissolved in a minimum of hexanes (10 d) and cooled to 

-30°C to form white crystals of 7 suitable for X-ray crystailography. Yield = 0.45 g (53 

96). 



IP NMR (CDC13) 6 = 30.6 pprn ( Z J ~ P  = 20 Hz); "B NMR (CM313) 6 = 1.6 ppm; 19F 

NMR (CDC13) 6 = -77.4 ppm; lH NMR (CDCl3) 6 = 2.97 pprn (m); 1 3 ~  NMR (CDC13) G 

= 31.2 pprn (CHj), 118.3 pprn (CF3, lJCF = 317 Hz). MS (EI, 70 eV): m/z[%] 585 

C0.5, M+], 552, 550, 548 r0.3, 0.7, 0.7, M+-Cl], 442, 440, 438, 436, 434 [OS, 4, 17, 

29, 26, M+-OS02CF31,  69 [100, CF3+]. HR-MS calc for ( M + - C l )  

C4H6 B C13F6N306P2S2 547.8236, found 547.8214. Elemental Analysis: 

C4H6BCl&N30&S2: calcd. C 8.22, H 1 .O3, N 7.19, found C 7.80, H 1.63, 6.65. 

2.5.6.3 Preparation of 8. A colorless solution of 1 (0.50 g, 1.4 mrnol) in CH2Cl2 

(10 mL) was added to a beige suspension of Ag[BF4] (0.33 g, 1.7 mrnol) in CH2C12 (40 

mL) at room temperature in the absence of light. The immediate evolution of a gas was 

observed with bubbling and a pressure buildup as well as a large amount of fine white 

precipitate. The reaction mixture was stirred for Ca. 12 h. and the colorless solution 

decanted through a plug of glass wool. The soivent was removed in vacuo leaving a white 

powder. Yield = 0.41 g (90 %). Crystals suitable for X-ray analysis were obtahed from 

slow evaporation of a dichloromethane solution of the product. 

3 lP NMR (CDC13) 6 = 28.3 pprn (q, 2Jsp = 15 Hz), (CD2C12) 6 = 28.8 pprn (q, 2~~~ = 

15 Hz); 1 I I 3  NMR (CDCl3) G = 2.8 pprn (CD2C12) 6 = 2.3 ppm; 19F NMR (CDCls) 6 = 

- 147.5 ppm; 1H NMR (CDC13) 6 = 2.80 pprn (m), ( C w 2 )  6 = 2.93 pprn (m); 1 3 ~  NMR 

(CDC13) = 29.5 ppm. MS (EI, 70 eV): m/z[%] 328.6, 326.6, 324.6, 322.6 [Z, 10, 25, 

31; M+], 329.6, 327.6, 325.6, 323.6, 321.6 [l,  10, 39, 66, 56; M+-Hl, 311.5, 309.6, 

307.6, 305.6, 303.6 [7, 20, 60, 100, 83; M+-F], 293.6, 291.6, 289.6, 287.6, [6, 14, 39, 

40; M+-Cl], 253.6, 25 1.6, 249.6, 247.6, 245.6 19, 17, 56, 95, 79; M+-F2BNCH21. HR- 

MS calcd for C2Hs1 321.8774. found 321.8786. 

2.5.6.4 Preparatioa of 9. A solution of the boratophosphazene 1 (1.04 g, 2.91 

m o l )  in CH2C12 (ca. 20 rnL) was added to a slurry of Ag[AsF6] (1.05 g, 3.54 mmol) in 



the same solvent (ca. 75 mL) with stimng at room temperature in the absence of light. An 

immediate fine white precipitate was observed dong with a pressure buildup. The reaction 

was stirred for 12 h and the colorless solution was carefdly decanted through a small plug 

of g las  wool to remove AgCl. The solvent was removed in vacuo leaving a crystalliae 

solid and a small amount of yellow oil. Extraction of the solid into a mixture of 

CH2C12: hexanes (ca. 1 : 10) (twice) and subsequent removal of solvent gave pure 9 (free 

from hydrolysis product). Yield: 0.63 g (5 1%). 

P NMR (CDC13) 6 = 30.6 ppm; IH NMR (CDCl3) 6 = 3.16 ppm (m); I3C NMR 

(CDC13) 6 = 34.1 ppm; MS (EI, 70 eV): tn/z[%] 43 1,429,427,425 12.6, 13, 10; M+], 

430, 428, 426, 424 [5, 15, 29, 23; (M+-H)], 412, 410, 408, 406 [2, 9, 17, 12; (M+-F)], 

280, 278, 276, 274 [14, 58, 100,85; M+-AsF4]; HR-MS calcd for C ~ & ~ A S P ~ C I ~ N ~ F ~  

424.7943, found 424.7932. Elemental Analysis: C4H@C~6N306P2S2: calcd. C 5.63, 

H 1.42, N 9.85, found C 5.92, H 1.28, N 9.75. 

2.5.6.5 Preparation of 10a and lob. A solution of the boratophosphazene 1 (0.5 1 

g, 1.43 m o l )  in CH2C12 (ca. 15 mL) was added to a sluny of Ag[SbF6] (0.52 g, 1.51 

mmol) in the same solvent (ca. 40 mL) with stirring at room temperature in the absence of 

light. An imrnediate fine white precipitate was observed dong with a pressure buildup. 

The reaction was stirred for 12 h and the colorless solution was carefully decanted through 

a small plug of glass wool to remove AgCI. The solvent was removed in vacuo leaving a 

brown oil. Extraction into a mixture of CH2Cl2:hexanes(l: 10) (twice) and subsequent 

removal of solvent gave pure 10a and lob as a colorless solid. Yield = 0.5 1 (ca 75 %). 

31P NMR (CDC13) 6 = 28.9 and 27.5 ppm; 'H NMR (CDCl3) 6 = 3.23 ppm (m.); 13C 

NMR (CDC13). 6 = 33.5 ppm; MS (EI, 70 eV): m/z[%] 493,49 1,489,487 11, 1 ,2 , 1; 

M+(lOb)], 494,492,490,488, 486 [2,6, 10, 11, 51 (M+(lOb)-H)], 478,476, 474, 472, 

470 [ l ,  5, 13, 21, 17; (M+(lOa)-H)], 460, 458, 456, 454, 452 [3, 15, 39, 48, 25; 



(M+(lOa)-F) and (M+(lOb)-Cl)], 280,278,276,274, [12, 55, 100,91; (M+(lOa)-SbF4) 

and (M+(lOb)-SbF3C1)]. 

2.5.6.6 Reaction of 1 (99 % 1oB) with Ag[BF4]. A solution of 1 (99 46 10B) 
9 

(78 mg, 0.2 mmol) in CRC12 (ca. 0.5 mi.) was added to a slwry of Ag[BF4] in CD;TCI2 

(ca. 1.5 rnL) and the supernatant solution was decanted fkom a white precipitate into an 

NMR tube. 

31P NMR (CD~CIZ) 6 = 29.0 ppm; 1% NMR (CQCl2) 6 = 2.3 ppm; 'B NMR (mQ) 
S = 2.3 pprn; 1 9 ~  NMR (CD2C12) 6 = -146 ppm. 
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CHAPTER 3 

In Siîu Synthesis and Reactivity of the Thionylphosphazene 

Cation [NSO(NPC12)2]+ and the Ambient Temperature 

Macrocyclization and Ring-Opening Polymerization of the 

Cyclic Thionylphosphazene NSOCI(NPC12)2 

3.1 Abstract. 

The investigation of the thionylphosphazene cation wO(NPC12)2 ]+ [a+ prepared 

via halide abstraction with a variety of Lewis acids is reported. Reaction of the 

thionylphosphazene NSOCI(NPC12)2 (1) with Ag[BF4] gave the sulfur(vI)-fluorinated 

species NSOF(NPCl2)2 (2) which was characterized smicturally by X-ray crystaiiopphy. 

The treatment of 1 with Ag[OSOzCF3 J resulted in the quantitative formation of a new 

product NSO(OS02CF3)(NPC12)2 (7), which was characterized by 31P and 19F NMR 

spectroscopy. This species was found to react with diethyl ether, cleaving the ether and 

generating NSO(OCH2CH3)(NPC12)2 (8) which was characterized spectroscopically and 

structuraily. When 1 was reacted with 2 equiv. of AICl3 in refluxing l,2-dichloroethane, 

the quantitative formation of a new product was detected by 31P NMR spectroscopy. 

Structural analysis by X-ray crystallography revealed the product was 

NSO(CH2CHCl2)(NPCl2)2 (9). The reaction of 1 with SbCls (2: 1, 1: 1 or 1:2 ratios) 

produced 12-, 18-, 24 ,  and higher- membered macrocycles, whereas a similar reaction of 

1 with GaC13 (10: 1) produced macrocyclic products and poly(thiony1phosphazene) 

~SOC1(NPC12)2ln (3). Subsequent workup of the polymer by substitution with BuNH2 

yielded ~SO(NHBU)(NP(NHBU)~)~]~  which had a molecular weight, MW = 34,000. 



3.2 Introduction 

Over the past 25 years, six-membered cyclic thionylphosphazenes such as 1 and 2 

have been well-studied, and the ring skeleton present in these compounds, which consists 

of four-coordinate sulfur(VI), nitrogen and phosphorus atoms, has k e n  shown to be 

robust and We have previously reported that 1 and the fluorinated analogue 2 

undergo thermal ROP to yield high molecular weight sulfur(vI)-nitrogen-phosphorus 

pol ymers, poly(thiony1phosphazenes) (3).14v 51 In addition to polymer, small quantities of 

macrocyclic products [NSOCl(NPCl2)2], (x = 2 - 6) have k e n  detected by mass 

spectrometry, and the 12- and 24-membered rings (4 and 5) have k e n  stnicturally 

characterized by X-ray ~rystallography.[~] Reaction of 3 with aryloxide or amine 

nucleophiles to substitute the hydrolytically sensitive main-group halide bonds, was found 

to yield moisture stable polymerd7* *] 

N,\ 
N 
/ 

a yp, P-CI 
4 \ 



These new sulfur(vI)-nitrogen-phosphorus polymers represent a M e r  class of 

poly(heterophosphazenes),[gl which are macromolecules formaliy derived from the well- 

s tudied "classical" pol yphosphazenes, [N=PR~ ]n,['O1 via the replacement of skeletal 

phosphorus atoms by atoms of another main group element It has been speculateâ that the 

thermal ROP of both 1 and 2 involve a heterolytic dissociation of the sulfur-halogen bond 

as the initiation step forming a highly reactive thiony lphosphazene cation [6]+ (scheme 

1) .l '1  A similar polymerization mechanism, involving ionization of a phosphorus-halogen 

bond, has also been proposed for the cyclic phosphazene fWC12]3.[121 

Scheme 1. 

Initiation 

1 o r 2  

Propagation 

To Our knowledge, no examples of cations of either phosphazenes or 

thionylphosphazenes have been isolated and characterized as stable species.rl 3l This 

chapter will focus on the attempted synthesis of the thionylphosphazene cation, [q+, with 

a variety of countenons, and Our evidence for the formation of these species. Particular 

emphasis will be placed on the reactivity of [a+ as an electrophile, and the potential use of 

this species as an initiator in the ROP of 1 at ambient temperature. 



3.3 Results and Discussion 

Cations formaiiy containing a sulf iN0 moiety remain relatively rare. However, 

several 0x0 derivatives such as, [s(o)F~J[AsF~]['~~ and [S(O)F~CI][ASF~][~~~ have been 

characterized by X-ray diffraction, and more recently the first sulfix(VI) dication, 

[S(NPMes)4]C12 has also k e n  structurally characterized.[161 Inorganic heterocycles 

containing a sulfur(VT) cation have proven to be even more elusive. The cation 

[(NSO)(NSoCl)(NPC12)]+ has been proposed by van de Grampel as an intermediate in the 

cis/trans isomerization of (NSOCI)~NPCIZ with catalytic quantities of SbClj (5 %).[171 

Detailed studies of the mechanism of sulfonylation of aromatic rings in Friedel-Crafts-type 

reactions have suggested the involvement of S(VI) cations, [RS02][AlC14J, as the 

sulfonylating agent.[181 However, studies by Gillespie et. al. and Olah es. al. have 

suggested that SbXj forms a coordination complex with the oxygen atom in RS02C1, 

rather than the i ~ n - p a i r . [ ~ ~ l  Van de Grampel also proposed that both phenylation and 

fluorination of 1 at sulfur occur by initial coordination of the metal atom (AgF2 or AlC13) to 

the exocyclic oxygen a t ~ r n . [ ~ ~ ]  In the case of A&, complex formation is believed to be 

followed by a concerted reaction mechanism while AlCl3 was proposed to react to form a 

cationic sulfur center that undergoes subsequent nucleophilic attack (scheme below). 

3.3.1 Attempted Synthesis of [6]+ with [BF4]- and [As&# as Counterions 

An attempt to generate the thionylphosphazene cation [a+ by the addition of 1 to a 

slurry of AgpF4] in dichloromethane solution resulted in the immediate formation of a 

white precipitate and the release of a volatile gas which fumed on exposure to air. Analysis 

of the reaction mixture by NMR spectroscopy showed a single 31P NMR resonance at 26.8 



pprn, and a single 19F NMR resonance at 75.5 ppm. This was consistent with the spectra 

observed for 2. Thus, it seems likely that the initial step in the reaction involves the 

abstraction of chlorine from sulfur, generating the thionylphosphazene cation as 6wF4J 

which then abstracts fluoride from the @F4]- anion generating 2 and BF3, whîch is 

elirninated as a gas. The present results provide further evidence for the existence of this 

cation as a fleeting intermediate. A reaction of 1 with Ag[AsF6] in an attempt to generate 

the cation [6]+ with a less reactive [AsF~]' anion was also unsuccessful, and resulted in 

the quantitative formation of 2 and eiimination of AsF5. This was unexpected since AsFs 

has been so successfid in the generation of high oxidation state cations. 

It is interesting to point out that whereas the cyclic chlorinated thionylphosphazene 

1 c m  be prepared quite readily usiog a procedure developed by Suzuki and co-w~rkers,[~'l 

the only reported route to the fluonnated cyclic thionylphosphazene, 2, involves the 

regioselective fluonnation of 1 with a large (ten-fold) excess of the expensive AgF2 reagent 

under conditions of reflux. Obviously, this is an undesirable route for the large scale 

synthesis of 2, because of the high cost of using a large excess of the silver(1) salt. 

Therefore, the use of Ag[BF4] provides a significantly more cost effective (but still 

expensive) route to 2, and also provides convenient ambient temperature access to large 

quantities of 2 which are required for the synthesis of the fluoropolymers 3. 



3.3.2 X-ray Structure of [NSOF(NPC12)2] (2) 

In order to investigate the bonding present in 2, and because very few stnictural 

characterizations of thionylphosphazene rings have b a n  reported, X-ray crystaUographic 

anaiysis of 2 was undertaken. The molecular structure of 2 is shown in figure 1, and 

in terestingly , the as ymmetric unit contains two unique, but chemicall y similar, molecules. 

The SN3P2 ring is essentially planar, with the maximum deviation h m  planarity being at S 

(molecule 1) which is removed by O.14(1) A from the plane of the other five ring atorns. 

One striking difference between the molecular structures of 1 and 2 is that the S-N bonds 

are highly contracted in the latter. For example, the average S-N bond length is 1.524(6) A 
for 2 which is significantly shorter than for the analogous bonds in 1 (1.557(3) A 

similar S-N bond contraction, although not as pronounced, was observed for cis- 

[(NSOF)*NPC12] (S-N(P) avg. 1.527(7) A) compared with cis-[(NsOcl)~NPclz] (S- 

N(P) avg. 1.540(9) A). The differences at the phosphazene end of the ring are, as 

expected, much less ciramatic. For example, P-N(P) bond lengths (avg. 1.564(5) A in 2 

vs. 1.574(3) A in 1) are considerably shorter than the P-N(S) bond lengths (avg. 1 .586(6) 

A in 2 vs. 1.606(3) A in 1). 

Interestingly, the S=O group is oriented in an equatorial environment and the S-F 

moiety is in a more axial environment with respect to the plane of the sulfur-nitrogen- 

phosphorus ring. This conformation is apparent from the side view of the molecular 

structure in figure 1, and the angles between the S=O bond and the vector joining N(2) and 

S in the ring is 30(1)", whereas the analogous angle the S-F group is 72(1)O. Similar 

structural characteristics were noted by van de Gfampel for the structure of 1, in which the 

S=O group was in an equatorial position and the S-Cl is in an axial position. 



Figure 1. Molecular structure of 2 (molecule 1) with thermal ellipsoids at the 30 % 
probability level. Selected bond lengths [Al and angies [O]: Molecule 1: S-N(1) 1.536(4), 
N( 1 )-P( 1 ) 1.597(5), P( 1 )-N(2) 1.560(4), N(2)-P(2) 1 .S68(4), P(2)-N(3) l.584(5), N(3)- 
S lS2O(S), S-O l.387(6). S-F 1.5 1 l(6); N(1)-S-N(3) 1 16.9(2), S-N(3)-P(2) l23.3(3), 
N(3)-P(2)-N(2) 1 16.6(2). P(2)-N(2)-P(l) 12 1.5(3), N(2)-P(1)-N(1) 1 16.8(2), P(1)-N(1)- 
S 122.5(3); Molecule 2: SI-N(1') 1 .!E3(S), N(1')-P(1') 1 .589(5). P( 1')-N(2') 1.557(4), 
N(2')-P(2') l.WO(4). P(2')-N(3') 1.577(5), N(3')-S' 1.5 16(5), s'-O' l.469(6), Su-F' 
1 -392(5); N( 1')-S'-NU') 1 16.7(3), S'-N(3')-P(2') 124.8(4), N(3')-P(2')-N(2') 1 16.2(2), 
P(2')-N(2')-P( 1') 12 1 S(2). N(2')-P(1')-N(1') 1 17.0(2). P(1')-N( l')-Sn l23.6(3). 



3.3.3 Attempted Synthesis of [6]+ with [OSOZCFJI- as Counterion 

Due to the reactivity of fluorinated counterions with the thionylphosphazene cation 

[6]+ generated by chioride abstraction with Ag+, the triflate anion was chosen as a 

potentially less reactive anion. Thus, addition of a solution of 1 in CH2Cl2 to a slurry of 

Ag[OS02CF3] in CH2CI2 resulted in the formation of a fme white precipitate of AgCl. 

Analysis of the reaction mixture by 31P NMR spectroscopy showed the quantitative 

formation of product with a new singlet resonance of 27.2 pprn shifted slightly downfield 

from that for 1 (6 = 27.1 ppm), and a single peak in the 1 9 ~  NMR spectrum at - 72.0 pprn 

(figure 2). This is consistent with the formation of 7, where the triflate anion is likely 

coordinated to the sulfur(VI) cation. It is uniikely that this is the hlly ionic species 

~ [ O S O ~ C F J ] ;  however, it is interesting to note that the 19F NMR spectrum shows a 

single resonance at -72.0 pprn, whereas covalent triflates generally resonate at ca. -78 

p ~ r n . [ ~ ~ ]  

After solvent removal, an uncrystallizable elastomeric material was isolated, for 

which the soluble fraction exhibited very broad 3 1 ~  NMR resonances between O and -15 

pprn in addition to 7 at 27.3 ppm. Diethyl ether was therefore chosen as a potential 

coordinating species from which to stabilize the cation and facilitate isolation as a crystalline 

solid. However, when a slight excess (ca. 25 %) of diethyl ether was added to 7 in 

CH2C12 a new singlet resonance in the 31P NMR spectrum was observed a< 24.7 ppm. 

Solvent removal in vacuo, resulted in a colorless air-stable crystalline solid, and after 

recrystallization and sublimation, no resonances wen observed in the 19F NMR spectrum, 

and IH and 13C NMR spectroscopy showed resonances attributed to an ethoxy group. 

Mass spectrometry was consistent with the formation of 8 and showed the molecular ion at 

m/z = 339 in the correct isotope pattern. 



Figure 2. *P NMR spectra in CH2CI2 of: (a) the initial reaction mixture containing 1 + 
Ag[OS02CF3], showing the formation of 7 dong with a small arnount of 1; (b) the 
product, 8, after the addition of Et20 to 7. 



Confirmation of the structure of the product 8 was provided by an X-ray 

crystallographic study of crystals grown from a hexanes solution. The structure (figure 3) 

confirms that diethyl ether had been cleaved and an ethoxy group had been transferred to 

sulfur, leading to the elimination of EtOSeCF3. It is intereshg to point out that reactions 

involving ether cleavage are potentially syntheticaiiy quite wfui. The structure of 8 is 

quite similar to that of 2, with a planar ring and the maximum deviation fiom planarity is at 

N(3), which is removed from the plane of the other five ruig atoms by 0.09(1) A. The S-N 

bond lengths (avg. 1.563(11) A) are siightly longer than in 2 (avg. 1.524(6) A) and similar 

to those in 1 (1.557(3) Also of particular note, and similar to the situation in 1 and 

2, is that the S=O bond is in an equatorial environment, and the angle to the vector joining 

S and N(2) is 44(1)". In contrast, the S-O bond is in a more axial environment with a 

similar angle of 58(1)". 



Figure 3. Molecular structure of 8 with thermal eiiipsoids at the 30 8 probability levei. 
Selected bond lengths [A] and angles [O]: S-N(1) 1.551(10), N(1)-P(1) 1.572(9), P(1)- 
N(2) 1.566(10), N(2)-P(2) lS42(l l), P(2)-N(3) lS72(lO), N(3)-S lS7S(lO), S-O(1) 
1.420(8), S-O(2) l.S57(lO); N(1)-S-N(3) 1 14.5(5), S-N(3)-P(2) l23.9(7), N(3)-P(2)- 
N(2) 1 17.3(5), P(2)-N(2)-P(l) 122.5(6), N(2)-P(1)-N(l) 1 16.6(5), P(1)-N(1)-S 
124.8(6). 

3.3.4 Attempted Synthesis of [6]+ with [AlCl& as Counterion 

Due to the dificuity in isoIation of a stable cation with Ag+ salts, haiide abstraction 

was attempted with AiCi3 as the Lewis acid. No immediate reaction was observed by 3 1 ~  

NMR when aluminum(DI) chloride was added to 1 equiv. of 1 at rom temperature in 

CHzC12. Thus, the reaction was attempted in 1.2-dichloroethane solution at reflux with 

two equiv. AlCl3 and analysis of the product obtained by 3 1 ~  NMR spectmscopy in CDCl3 

showed a single resonance at 6 = 21.2 ppm. Analysis of the crystalline product by 'H 

NMR specaoscopy showed only two resonances, a doublet of triplets at 6 = 4.0 ppm and a 



downfield triplet at 6.06 ppm. The coupling pattern and integration suggested that one 

proton at 6.06 ppm ( 3 ~ ~ ~  = 6.2 Hz) was coupled to two protons at at 4.0 ppm which were 

also coupled to phosphorus ( 3 ~ H H  = 6.2 Hz, 4JHp = 2.1 Hz). The 13C hihdR spectrum 

exhibited two resonances, a singlet at 64.2 ppm and a triplet at 67.9 ppm, and suggested 

coupling to phosphorus. The oniy structure which reasonably fit with the observed NMR 

data was 9, in which a migration of one chlorine atom in 1,2-dichloroethane had occurred. 

The composition of the postulated product was supported by elemental analysis and by 

mass spectrometry with a molecular ion at d z  = 392. 

Conclusive proof for the formation of 9 was provided by an X-ray diffraction study 

on crystals grown by vacuum sublimation. The molecular structure of 9 is shown in figure 

4 and the six-membered P2N3S ring has similar features to those observed for other 

thionylphosphazene rings, 1,2 and 8. The ring is essentiaily planar with the sulfur atom 

being slightly out of the plane of the other five ring-atoms by 0.14(1) A. Interestingly, 

unlike the situation in other thionylphosphazene rings, the S(0)R group does not adopt an 

equatorial/axial conformation. The angle between the S=O bond and the N(2)-S vector is 

52(1)" and the simiiar angle for the S-C(1) bond is 53(1)". 



Figure 4. Molecular structure of 9 with thermal ellipsoids at the 30 % probability level. 
Selected bond lengths [A] and angles [O]: S-N( 1) 1 .S67(3), N( L )-P( 1 ) 1 .S83(3), P(1)-N(2) 
1.567(3), N(2)-P(2) 1 57 1 (3), P(2)-N(3) l.582(3), N(3)-S 1.563(3), S-O 1.434(3), S- 
C( i )  1.784(3); N(1)-S-N(3) 1 14.5(1), S-N(3)-P(2) 124.4(2), N(3)-P(2)-N(2) 1 17.2(1), 
P(2)-N(2)-P( 1)  12 1.2(2), N(2)-P(1)-N(1) 1 17.9(1), P(1)-N(1)-S 123.5(2). 

3.3.5 Possible Mechanism of Formation of NSO(CH2CHC12)(NPCI2)2 (9) 

It is likely that 9 is formed via the ionic rnechanism proposed by van de Grampel 

for Friedel-Crafts reactions of 1. The reactive nucleophile, k i n g  derived from 1.2- 

dichloroethane, is possibly vinyl ~hloride.[*~l The fmt step likely involves chlonde 

abstraction from the sulfur atom in 1 by AlCl3 yielding the sulhir(VI) cation  AICL CL^][^^] 

which then selectively attacks the more electron rich carbon atom of vinyl chlonde (Le. the 



CH2 site) to form a carkation 10. This species then reacts with the [AiC4]- anion to 

yieId the 1,l -dichloroethyl-substituted thionylphosphazene 9. 

3.3.6 Discovery of the Ambient Temperature Oligomerization 

and Polymerization of 1 

As mentioned in the ïntroductory section, the crude polymerization mixture obtained 

after heating 1 for several hours ai 165 OC contains, in addition to 1 and 3, macrocycles 

identified as 12- (4), 18-, 24- (5) and 36- membered rings.l61 The structures of 

compounds 4 and 5 have been confmed by X-ray crystailography. A typical 3 1 ~  NMR 

spectrum of the crude polymerization mixture is shown in figure 5(a), and the resonances 

for 1 (6 = 27.1 ppm), cis and tram isomers of 4 (6 = - 7.77 and -8.00 ppm) and polymer 

3 (6 = - 9.78 ppm) are clearly observed. F i g w  5(b) shows the spectrum of the 



macrocyclic products after the removal of 1 and 3. and the higher membered macrocycles 

can be identified at Ca. -9.8 ppm. 

Figure 5. 3IP NMR spectra of: (a) the cmde polymerization mixture of 1 in CH2C12; (b) 
the macrocycles isoiated h m  the cmde polymerization mixture in CH2C12. 

The formation of boih rnacrocycles and ring-opened polymer in the polymerization 

mixture suggests that perhaps there is more than one mechanism in the polymerization of 1. 

The possibility of a second mechanism, in addition to the heterolytic dissociation of a P-CI 

bond has also been proposed for the polymerization of the cyclic phosphazene 

[ N P C I ~ ] ~ . I * ~ ~  This was based on the evidence that cyclic phosphazenes containhg aikyl or 

aryl groups do not undergo thermal ROP. but do undergo ring expansion reactions. 



3.3.6.1 Reaction with SbCls 

Due to the sluggishness of the reaction with AlCl3 at room temperature, and the 

reaction with solvent at elevated temperatures, we reacted 1 with other Lewis acids. In 

1979, Roesky and coworkers showed that antimony(V) chlonde is an effective halide 

acceptor for the synthesis of the thiophosphazene cation, W S ( N P C ~ ~ ) ~ ] + , ~ * ~ ]  and, as 

mentioned earlier, SbCls also promotes the cis/trans isomerization of (NSOC1)2NPC12. 

Thus we attempted the reaction of 1, wder similar conditions. with SbC15 in CC4 at room 

temperature in 1 :2, 1 : 1 and 2: 1 ratios of 1:SbCl~. The results are shown in table 1, and in 

al1 cases no reaction was observed initially; however, after several days, small amounts of 

macrocyclic species were detected by 31P NMR spectroscopy (figure 6 shows the 1: 1 

reaction in CC4). Clearly, the cis and fruns isomers of the 12-membered ring (4) (5 = -8.2 

and -8.5 ppm) and also 18-, 24- (5) and higher- membered rings (6 = -10.2, -10.3 and 

-10.5 ppm) were observed, and the chemical shifts were consistent with those isolated 

from the crude polymerization mixture (figure 5).f61 M e r  reaction for 29 days, 40-50 % 

conversion to macrocycles was observed in each case, however in a control expriment, a 

solution of 1 in CC4 exhibited no change over the same timeframe. Interestingly, whereas 

the 2: 1 and 1 : 1 reactions undergo a smooth increase in rnacmcycle formation over the time 

period, the quantity of macrocycle in the 1:2 reaction reaches a maximum between 12 and 

18 days, and then decreases. 



Figure 6. 3lP NMR spectra of the reaction between 1 and SbCl5 (ratio 1 : 1) in CC4 after: 
(a) 30 min; (b) 18 days; (c) 29 days. 
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Table 1. Composition of the reaction mixture between 1 and SbCls at time intervals over 
a 29 day reaction period? 

Ratio 1:SbCls 

Reaction Time 

Initial (ca. 30 min) 

5 days 

12 days 

18 days 

29 davs 

a) The composition of the reaction mixture was determined using the 31P NMR 
integration. b) Approximate quantity of higher membered rings formed (> 12-membered). 

3.3.6.2 Reaction with GaC13 

The reaction of 1 with one equiv. of GaCl3 was attempted in CH2C12, and 

irnmediately after the addition, the 3 1P NMR spectrum exhibited a singlet resonance at 26.2 

ppm, and small resonances at -6 ppm. After several hours, the 3lP NMR spectrum 

consisted of broad resonances between 25 and 27 ppm and between -6 and -10 ppm. This 

suggested that oligomerization or polymerization had taken place. Solyent removal from 

the reaction mixture resulted in the isolation of viscous gummy material, which would not 

reàissolve fully in dichloromethane solution. Thus, we studied the reaction of 1 with small 

quantities of GaCl3 in an attempt to control the suspected oligomerization behavior. The 

reaction of 1 with 10 % GaCl3 in CHzCl2 was monitored by 3lP NMR (figure 7), and 



initiaily, the reaction mixture consisted of peaks consistent with niacrocycles. After ca. 20 

h only 28 % of the cyclic species 1 remained, and the reaction &hue was 32 95 cis and 

trans 12-membered rings 4 (6 = -7.7 and -8.0 ppm) and 40 % higher oligomers. Of 

particular interest was the singlet resonance at -9.7 ppm, which was consistent with 

poly(thiony1phosphazene) 3 (X = Cl). The appearance of the spectra in figure 7(b and c) 

are remarkably similar to that for the crude polymerization mixture h m  thermal ROP of 1 

(figure 5). Thus, it was concIuded that GaC13 was initiathg the solution polymerization of 

1. After Ca. 80 h, only a small increase in the amount of 3 was detected, thus the reaction 

mixture was precipitated in hexanes to remove any unreacted 1 and macrocycles. 

Figure 7. 3lP NMR spectra of the reaction between 1 and GaC13 (ratio 10: 1) in CH2Cl2 
after: (a) I h; (b) 20 h; (c) 80 h. 



Redissolution of the hexanes-insoluble gummy elastomer in CH2C12, and 

subsequent analysis by 3lP NMR revealed only polymer 3 remained. The polymer was 

reacted with BuNH2 at O°C, and subsequent precipitation from THF into Hz0 gave 

poly [(butylamino)thionylphosphazene], 11. Andysis of 11 by gel permeation 

chromatography (GPC) gave a weight average molecular weight (MW) of 34,000 and 

polydispersity index (PDI) of 1.9. 

A similar reaction was attempted with a 10 % ratio of Ag[OS02CF3] to 1 in 

CH2C12 and after 9 days, only about a 40 8 conversion 12- and higher- membered rings 

was observed. This suggests that Ag[OS@CF3] is not as active a cataiyst as GaCl3 for the 

ROP of 1. 

3.3.7 Mechanistic Implications 

It appears that SbC15 selectively catalyzes the oligomerization of 1 whereas GaC13 

catalyzes both the oligomerization and polymerization of 1. However, it is not clear 

whether there are one or two mechanisms involved in this process or whether GaC13 is just 

a far more efficient initiator. Regardless of whether there are two mechanisms at work, 

two possible initial sites of coordination for the Lewis acid can be envisageci; to oxygen, or 

to chlorine (with subsequent abstraction). Gillespie has shown, from analysis of 1 9 ~  NMR 

spectra of several SbFs/RS02X mixtures, that the coordination of antimony(V) haiides 

occurs seiectively at oxygen.[281 Thus, we tentatively propose that SbCls reacts selectively 

at the S=O bond fonning 12, rather than abstracting of chloride. Jensen, Goldman and 

others have shown, from kinetic experiments that AlCl3 reacts with sulfonyl chlorides 



preferentiaily by abstraction of chloride to forrn the salt w q J [ A l C 1 4 ]  which is a key 

intermediate in the sulfoaylation of aromatic ~ornpounds.[~~1 Thus, we assume that a 

similar behavior is observed with 1 and GaCl3 resulting in the formation of 6[GaC4], 

possibly via 13. 

Ln the case of species 12 or 13, a possible next step involves the reaction with 

another molecuie of 1 (or 12 or 13) to form a cycloadduct (eg. 14) which can then open to 

form a 12-memkred ring. There is precedence for this type of cycloaddition reaction with 

a rhenium containing heterophosphazene which was observed to spontaneously dimerize in 

a [2+2]cycloaddition reaction.Pol Altematively, 6[GaC4] could initiate the ring-opening 

of 1 in what would be the fmt step of a ring-opening polymerization process. 



We therefore suggest that the reaction of 1 witb SM315 foms the coordination 

compound 12, which yields only oligomers by cycloaddition reactions. Whereas, GaC13 

may form both a complex similar to 12 (ie 13) and also 6[GaClq] which leads to the 

formation of both macmcycles and polymer. 

3.4 Summary and Future Work 

The cyclic thionylphosphazene cation [a+, and highly electronegative derivatives 

thereof (eg. 7). can be generated in situ and used as electrophilic reagents in the synthesis 

of various new sulfur substinited thionylphosphazenes. This resulted in improved routes 

to the sulfur-fluorinated thionylphosphazene 2 from treating 1 with AgPFd]. The reaction 

of Ag[OS02CF3] with 1 generated a highly electrophilic species 7 which reacts to cleave 

diethyl ether forming the sulhir~thoxy substituted derivative, 8. Remarkably, the teaction 

of 1 with AlCl3 in boiling 1,2-dichlorœthane results in the synthesis of the sulfur-2.2- 

dichloroethyl derivative 9, in which 12-dichloroethane undergoes a 1.2chlorine migration 

reaction. The cation can also be generated and used as an initiator in the selective 

oligomerization and ROP of the cyclic thionylphosphazene 1. Thus, treatment of 1 with 

SbCl5 results in the formation of rings only, whereas reaction with GaCI3 (10 46) yields 

rings and polymer. This represents the fmt time that a poly(heterophosphazene) (or any 

other polyphosphazene) has k e n  synthesized by ROP in solution and at room temperature. 



Attempts are currently underway aimed towards understanding more about the 

reactivity of the sulfur(VI) cation, which is apparently generated in situ, with the ultimate 

goal in isolating the cation as a stable species. Less coordinating anions such as 

p(C&)4]- may provide access to the 'naked' cation, however thus far the preparation of a 

suitable halide acceptor (eg. Agw(C&)4]) has been unsuccessful. Investigation into the 

nature of the polymerization reaction with GaC13 may provide insight as to whether the 

catalytic ROP is living. Further details of the rnechanism of polymerization may be attained 

from reactions of Lewis acids (SbClj and GaCI3) with a thionylphosphazene where ody 

coordination to oxygen is possible (eg. NSOR(NPCl2)2; R = alkyl group). This wouid be 

expected to provide additional evidence for the postdated mechanism of oligomerization to 

macrocycles and the possible existence of two mechanisms for the oligomerization and 

polymerization of 1. 

3.5 Experimental Section 

3.5.1 Materials and Equipment. 

Reagents: PC15 (Aldrich), S e c 1 2  (Aldrich), NH3 (Liquid Carbonic), were used as 

received. Reagents: GaCl3 (Aldrich) and AiCl3 (Aldrich) were sublimed before use. 

Silver(1) salts: AgPF4J (Aldrich), Ag[AsF6] (Strem or Aldrich), Ag[OS@CF3] (Aldrich) 

were dried in vacuo (ca. l2O0C, L X I O * ~  mmHg) for Ca. 24 h before use. The cyclic 

thionylphosphazene (NSOCI)NPCl2)2 was prepared following literature pr~cedures,[~ll 

and was purified by successive recrystallizations from hexanes and high vacuum 

sublimation (40 - 90 OC, 0.05 mmHg) prior to use. 

31 P NMR spectra (12 1.4 MHz) were referenced extemally to 85% H3PO4. 13C NMR 

spectra (75.4 MHz) were referenced to deuterated solvent. IH NMR spectra (300.0 MHz) 

were referenced to residuai protonated solvent. 19F NMR spectra (282.3 MHz) were 



referenced extemally to CFCI3ICDC13 and ail were recorded on a Varian Gemini 300 

spectrometer. Elemental Analysis were performed by Canadian Microanalytical, Delta, 

BC. or Quantitative Technologies Inc. Whitehouse NJ. AU manipulations were performed 

under nitrogen in an Innovative Technology glove box or using standard Schlenck 

techniques. 

3.5.2 Crystallographic Structural Determination 

Crystal, data coilection, and refinement parameters 2.8, and 9 are given in table 2. 

In aii cases a suitable crystal for single-crystal X-ray diffraction was selected and mounted 

in a nitrogen-flushed. thin-walled glass capillary and flame sealed. Ali crystal data was 

collected on a Siemens P4 diffractometer with graphite monoçhromator, MoKa (A = 

0.7 1073 A). 

For each structure no symmetry higher than triclinic was observed in either the 

photographic or diffraction data. The centrosymrnetric alternative was initially assumed; 

subsequent refmement indicated that the choice was appropriate. 

Ail structures were solved by direct methods and completed fiom difference Fourier 

syntheses. Al1 non-hydrogen atoms were refined with anisotropic thermal parameters and 

hydrogen atoms were treated as idealized isotropie contributions. Minor corrections for 

secondary extinction were applied to 2. Al1 soffware and sources of the scattering factors 

are contained in the SHELXTL (503) program library (G. Sheldrick, Siemens XRD, 

Madison, WI). 



Table 2. Structural Parameters for 2,8, and 9. 

emp. formula C m 3 0 P 2 S  C2H5Cw3%P2S C2H3C16N30P2S 

FW 3 12.8 338.9 39 1.8 

crystd class tnclinic ûiclinic triclinic 

space group PT PT PT 
color colorless colorless colorless 

a. A 6.104(1) 6.348(1) 6.392(2) 

b, A 1 1.239(5) 8.068(1) 9.332(3) 

c, A 14.848(7) 12.609(3) 1 0.983(4) 

a, O 95.25(3) 96.22(1) 86.14(3) 

PT O 95.72(3) 97.90(7) 82.74(3) 

Y9 O 96.39(3) 107.61(1) 85.50(2) 

z 4 2 2 

Temp (K) 298 296 296 

Ri [I>2fl(l)l 5 .O6 5.64 3.58 

wR2 (al1 data) 5.88 7.32 S. 10 

GOF 1.701 1.40 1.18 

3.5.3 Preparation of 2. 

( i )  A solution of 1 (2.10 g, 6.4 rnmol) in 20 mL of CH2C12 was added to a sluny of 

Ag[BF4] ( 1.46 g, 7.5 m o l )  in Ca. 20 mL of CH2Cl2 in a dark environment. Immediate 



copious white precipitate was observed accornpanied by a buildup of pressure in the vessel. 

This was then allowed to stir overnight, filtered, and the solvent was removed under 

vacuum yielding a yellow oil, which was sublimed (x2) under vacuum (1 x 10-3 mm Hg) 

yielding 2 as a white crystalline soiid. Yield = 1.58 g (79 8). 

( i i )  A slurry of 1 (3.05 g, 9.3 mmol), AlCl3 (1.2 g, 8.84 m o l )  and HgF2 (4,4 g, 

18.5 mmol) in Ca. 100 mL of 1-2-dichioroethane was heated to 75-80 OC for 20 h. After 

cooling the reaction mixture was filtered and the residue was washed with CH2C12 (2 x 100 

rnL). The solvents were removed by vacuum leaving a white solid, which was sublimed 

under vacuum (- 1x1 0-3 mm Hg) affording white crystals of 2. Yield = 2.79 g (96 8) 

2 was identified by cornparison of the 31P and I ~ F  NMR spectra with those of an authentic 

sample. 

For 2: 31P NMR (CHzC12) 6 = 26.8 ppm; ' 9 ~  NMR (CHzC12) 6 = 75.5 ppm; MS (EI, 70 

eV): m/z[%] 31 1, 313, 315, 317, 319 [46, 61, 37, 12, 1, M+], 292, 294, 296, 298 [12, 

16, 9, 2, M+-FI, 276, 278, 280, 282 1100, 99,49, 10, M+-Cl]. 

3.5.4 Preparation of 7 and 8. A solution of 1 (0.48 g, 1.5 mmol) in CH2C12 (ca. 

15 mL) was added to a stirred suspension of Ag[OS@CF3] (0.42 g, 1.6 m o l )  in CH2C12 

(ca 10 mL). The reaction mixture was stirred for 6-12 h and the soluble fraction was 

decanted from a white precipitate. 

For 7, 3 1 ~  NMR (CHzCl2) S = 27.2 ppm, 1 9 ~  NMR (CHzC12) 6 = - 72.0 ppm. 

To the solution of 7 in CH2C12 was added diethyl ether (0.20 mL, 1.9 mmol) via syringe 

and the reaction was stirred ovemight and the solvent removed in vacuo. The resulting 

colorless crystaiiine solid was sublimed (90 OC, 1x10-3 mmHg). Crystals suitable for X- 

ray analysis were grown by cooling s solution of the product 8 in hexanes (ca. 10 mL) to 

-30°C. Yield = 0.22 g (44 96) 
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For 8: 3 l ~  (CDC13) 6 = 24.7 ppm; lH NMR (CDCls) 6 = 1.41 (t, C H ~ , ~ J ~  = 7.1 Hz, 3 

H). 4.29 ppm (q, CHCl2, 3JHH = 7.1 k, 2 H); I3C NMR (CDCb) 6 = 14.5 (m), 68.3 

pprn (CHC12); M S  (EL 70 eV): m/z[%] 338, 340, 342, 344 [3, 4, 2, 0.5, M++H], 337, 

339, 341, 343 11, 1.6, 1, 0.2, M+], 322, 324, 326, 328 [4, 5, 3, 1, M+-CH31, 309, 311, 

3 13, 3 15, 3 17 182, 97, 59, 19, 2, M+-CzHd], 292, 294, 298, 300, 302 [8 1, 100, 6 1, 20, 

2, M+-OCH2CH31. Elemental Analysis: calcd for C2H502C14N3P2S: C 7.09, H 1.49, N 

12.40, found C 7.24, H 1.43, N 11.87. 

3.5.5 Preparation of 9. A slurry of 1 (2.00 g, 6.1 m o l )  and AiCl3 (1.62 g, 12.1 

rnmol) in 40 rnL of 1,2dichloroethane was heated at reflux for 17 h. The resulting purple 

sluny was filtered and pumped to dryness under vacuum. The residue was dissolved in 

CHC13 (50 mL), poured ont0 50 m .  of ice-water and stirred with a giass-rod for 5 

minutes. The water layer was extracted three times with CHC13 (3 x 20 mL). The 

combined CHC13 extracts were washed once with H20, dned over MgS04, fdtered, and 

pumped to dryness under vacuum. Recrystaliization of the pale yellow residue fkom 10 mL 

of hexanes (at -50°C) followed by sublimation under vacuum (90"C, 0.05 m d g )  gave 8 

as colorless crystals. Yield = 1.65 g (72 %) 

For 9: 3 IP NMR (CDC13) 6 = 2 1.2 (s) ppm; IH NMR (CDCl3) 6 = 6.06 (t, 3JHH = 6.2 

Hz, CHzCHCh), 4.0 ppm (d of t, 3 ~ H H  = 6.2 Hz, 4JHp = 2. L Hz, CHzCHC12); 1 3 ~  NMR 

6 = 67.9 (t. 3 J ~ p  = 5.3 Hz, CH~CHCIZ), 64.2 ppm (S. CH2CHClz); MS (EI, 70eV): mlz 

(%) = 392 (1, M+), 355 (3, M+-HCl-H), 294 (100, M+-CH2CHC12), 278 (17, 

(NPC12)2NS+), 10 1 (2 1, PC12+), 6 1 (24, C2H2Cl+). Elemental Analysis: calcd for 

C2H3Cl&OP2S: C 18.56, H 1 .56, N 6.49, found C 18.55, H 1.60, N 6.26. 



3.5.6 NMR Scaie Reactions: 1 and SbCls. 

Tube 1 : 1 (0.21 g, 0.64 mmol) and SbCls (0.19 g, 0.64 mmol) in CC4 (ca. 5 mi.). 

Tube 2: 1 (0.20 g, 0.61 m o l )  and SbCl5 (0.10 g, 0.33 mmol) in CC4 (ca. 5 mL). 

Tube 3: 1 (0.19 g, 0.58 mmol) and SbQ (0.35 g, 1.17 mmol) in CCb (ca. 5 mL). 

The reactions were foliowed by 31P NMR spectroscopy. For results see Table 1. 

3.5.7 Solution Polymerization of 1 using GaCI3 as Initiator 

3.5.7.1 10 % GaClj. In a typical reaction, GaC13 (8 mg, 0.05 rnrnol) was added to a 

stirred solution of 1 (150 mg, 0.46 -01) in CH2C12 (ca. 2 mL). The reaction was stirred 

for 1-3 days and a slight increase in viscosity was observeci in the amber colored solution. 

A further 2 mL of CHzClz was added, and an aliquot was taken for 3lP NMR analysis 

which showed a high conversion to polymer 3 (6 = - 9.7 ppm) and macrocycles 4 (cis and 

trans) (6 = - 7.7 and - 8.0 pprn). 

The solvent was removed almost to dryness in vacuo, and the polymer 3 (X = Cl) was 

separated from macrocycles by precipitation with hexanes (ca. 10 mL). 3 was then 

redissolved in CH2Clz (ca. 15 mL) and BuNH2 (0.7 mi,, 6.8 mmol) was added (O OC) to 

substitute the chlorine atorn~.[~l The solvent was removed in vacuo and the yellow 

elastomeric material was redissolved in a minimum of THF (< 1 mL) and precipitated Hz0 

(50 d). This process was repeated (x 2). The formation of 11 was confirmed by 

cornparison of the 3 1PNMR spectmm with that of a authentic sarnple. Yield = 0.16 g (68 

%) 

For 11: 31P NMR (CH2C.12) 6 = 1.61 and 1.91 ppm; GPC: MW = 3.4 x 104, Mn = 1.8 x 

104, PDI = 1.90. 



3.5.7.2 2 % and 5 % Ga@. Similar reactions were attempted with 2 9b and 5 95 

GaC13, however after 9 days no change was detected for the 2 % reaction, and only 4 was 

detected for the 5 % reaction by 3lP NMR. 

3.5.8 Attempt to use Ag[OS02CF3] as an initiatoi. Ag[OS02CF3] (12 mg, 

0.05 mmol) was added to a stirred solution of 1 (150 mg, 0.46 mmol) in CH2Cl2 (ca. 5 

mL). This was monitored by 3IP NMR for 9 days, at which point only ca. 40 % 

macrocycles were observed by 3 1 ~  NMR, and no polymer was o b s e ~ e d .  
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CHAPTER 4 

Regioselective Substitution Reactioas of Sulfur(M)-Nitrogen- 

Phos phor us Rings: Reactions of the Halogenated Cyclic 

Thionylphosphazenes [NSOX(NPC12)2] (X = Cl or F) with 

Oxygen-Based Nucleophiles 

4.1 Abstract 

The reactions of the cyclic thionylphosphazenes [NSOX(NPC12)2] (1, X = Cl; 2, 

X = F) with three oxygen-based nucleophiies of increasing basicity, sodium phenoxide 

(NaOPh), sodium trifluoroethoxide (NaOCH2CF3) and sodium butoxide (NaOBu) have 

been studied. The reaction of 1 and 2 with four equiv. of NaOPh at 25°C yielded the 

regioselectively tetrasubstituted species mSOX{NP(OPh)2}2] (Sd, X = Cl; 6d, X = F). 

Further reaction of Sd with an additional two equiv. of NaOPh over several days or at 

elevated temperatures gave the fully substituted compound WSO(0Ph) (NP(OPh)2)2] Se, 

whereas 6d did not react m e r .  The reaction of 1 and 2 with five equiv. of NaOCH2-3 

y ielded in bo th cases mSO(OCH2CF3) (NP(OCH2CF3)2 ) 21 7e and similarl y reaction w ith 

five equiv. of NaOBu yielded [NSO(OBu)(NP(OBu)2)2] 9e. In ali cases, the reactions 

were monitored by 31P NMR and (where applicable) 1 9 ~  NMR and were found to involve 

complete substitution at phosphoms via a predominantly vicinal pathway, followed by 

substitution at sulfur. Substitutional control of the reactions of NaOPh, NaOBu, with 1 

and 2 was found to conform to the following general order of reactivity, PCi2 > PCl(0R) > 

SOX (X = Cl, F). Although the reaction with NaOCH2CF3 followed the same order of 

reactivity, a significant enhancement of reaction rate was detected with each equivalent of 

trifluoroethoxide added. Reaction of 7e with excess NaOCH2CF3 led to elimination of 



(CF3CH2)20 and the formation of the salts N~[NSO(OCHZCF~)NP(OCH~CF~)~- 

NP(OCH2CF3)OI 11 and NaWS(0)O- (NP(OCH2CF3)2} 21 12. 

4.2 Introduction 

Inorganic heterocycles have attracted considerable attention because of their 

interesting structures, bonding and reactivity.la their applications as precursors to or 

components of solid state mate rial^,'-^ and their use as precursors to novel polymers via 

ring-opening polymerization (lXOp)?-lS Over the past two decades six-membered cyciic 

thionylphosphazenes such as 1 have been well-studied, and the skeleton present in these 

compounds, which consists of four-coordinate sulfur(VI), nitrogen and phosphorus atoms, 

has been shown to be robust and stable.I6*' We recently reponed that 1 and the 

fluorinated analogue 2 undergo thermal ROP to yield high molecular weight suifur(Vi)- 

nitrogen-phosphorus polymers, poly(thiony1phosphazenes) 3, and m a ~ r o c y c l e s . ~ ~ - ~ ~ - ~ ~  

Reaction of 3 with aryIoxide nucleophiles was found to yield moisture stable 

poly (ary loxythiony lphosphazenes) 4 in which the sulfur-halogen bonds remain intact. Ig in 

contrast, treatment of 3 with pnmary amines yielded poly(aminothionylphosphazenes) in 

which the halogen substituents at both phosphorus and at sulfur are r e p l a ~ e d . ~ ~  

Consequently. these sulfur(V1)-nitrogen-phosphorus polymers show interesting 

differences from classical polyphosphazenes?' in terms of substitution patterns, and the 

types of poly mer structures that are accessible. 15*19*20*22 
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Of particular interest is the possibility of utilizing regioselective nucleophilic 

substitution reactions on 3, by exploiting differences in the reactivity of the sulfur-halogen 

and phosphorus-halogen bonds towards nucleophiles. The stereochemistry of substitution 

can also influence polymer tacticity since the S(VI) atoms are s t e r e ~ e n t e r s . ~ ~  At the 

macromolecular level these types of reactions should lead to novel control of microstmcture 

and properties; however it is dficult to monitor substitution patterns on the polymer. The 

study of small molecule model compounds can provide an alternative method to gain 

valuable information on macromolecuIar substitution reactions? 

The cyclic thionylphosphazene 1 would therefore be expected to provide an 

excellent model to study such substitution pathways. Revious studies by van de Grampel 

and CO-workers have shown that there is some degree of regioselectivity in the reactions of 

1 and 2 with amine nuc~eo~h i l e s .*~  Interestingly. the same research group has also 

reported that selective arylation at sulfur c m  be achieved by electrophilic aromatic 

s ~ b s t i t u t i o n . ~  However, no systematic studies of the reactions of 1 and 2 with oxygen- 



based nucleophiles have been reported. In this paper we describe full details of our studies 

of the reactions of these species w ith several oxygen-based nucleophiles of different 

basicity which were initiateci in order to elucidate the regiochemistry of substitution. 

4.3 Experimental Section 

4.3.1 Materiais and Equipment 

Starting materials, phosphorus pentachloride ( 9 8 8 ) ,  sulfamide (99%). 

hexamethyldisilazane (98%). silver difluoride (98%~)~ sodium hydride (95%), trifïuoroethyl 

ether (99%) were obtained from Aldrich and were used as received. Reagents were 

puri fied as follow s, n-butanol ( ACP) was distilled from sodium, 2,2,2-trifluoroethanol 

(Aldrich) was distilled from CaSOflaHCO3 and phenol (Aldrich) was sublirned under 

high vacuum (ca. 0.05 mm.Hg)." The cyclic thionylphosphazenes (NSOX)(NPCIZ)~ (X = 

Cl. F) were prepared following literature p r ~ c e d u r e s ~ ~ * ~ *  and were purified by high 

vacuum sublimation (40-90°C, 0.05 mrnHg). The sodium salts were prepared by reaction 

of alcohol with sodium hydride in T H F . ~ ~  Ail manipulation of materials and synthetic 

experiments were performed under a nitrogen aünosphere in a Vacuum Atmospheres 

glovebox, Innovative Technology glovebox, or using standard Schlenk line techniques. 

Solvents were dried by standard methods. 

The 3 l P  { H} and 19F NMR spectra were recorded on a Varian XL-300 

spectrometer operating at 12 1.4 MHz and 282.3 MHz, respectively. The l H and I3C NMR 

spectra were obtained with a Varian XR-200 spectrometer operating at 200.0 MHz and 

50.3 MHz respectively, and the 1 3 ~  NMR spectrum of Se was obtained on a Varian XL- 

400 spectrometer operating at 10.6 MHz. Chemical shifts are reported relative to residual 

protonated solvent (IH or I ~ c ) ,  extemal H ~ P O ~ I D Z O  ( ~ I P ) ,  and extemal CFCl3 (19F). 

Mass spectra were obtained with the use of a VG 70-250s operating in Electron Impact 



(EI) mode. GCIMS was recorded on a HP5890 GC with a J&W Scientific DB-5 column 

(30m, 0.250mm i .de), and a Fisons 70-250s (double focussing) mass spectrometer 

operating in EIectron Impact (EI) mode. Elernental analyses were performed by Canadian 

Microanalytical Service Ltd., Delta, B.C. Canada. 

4.3.2.1 Preparation of [NSOCI(NP(OPh)2)2 J (5d) 

To a colorless solution of 1 (0.30 g, 0.91 mmol) in dioxane (ca. 20 ml), freshly 

prepared NaOPh (0.42 g, 3.6 mmol) in dioxane (ça. 10 mL) was added and an immediate 

white precipitate was formed. The mixture was stirred ovemight and the resulting pale 

yellow reaction mixture was filtered through Celite and solvent was removed fiom the 

filtrate leaving a pale yeilow oil. The oii was redissolved in a mixture of diethyl ether and 

hexanes (ca. 4: 1) and cooled (ca. 0°C) giving an air stable white cxystalline solid which was 

isolated and dried in vacuo. Yield, 0.29 g (57 %). 

For 5d: 3lP NMR (CDCIj) 6 2.6 ppm, 1H NMR (CDC13) 6 7.25 ppm [mult. P(OPh)2]. 

13C NMR (CDC13) 6 120.6, 121.2 (O-PhO-P), 126.1 (p-PhO-P). 129.8 (m-PhO-P), 

149.5, 149.6 ppm (i-PhO-P), MS (EI, 70 eV) d z  (%) 561 [4, M+(37Cl)], 559 111, 

M+(35~1)], 524 ( 100, M+-CI). 466 (5, M+-OPh). Anal. Calcd. for C ~ ~ H ~ O C ~ N ~ O ~ P ~ S :  

C, 51.48; H, 3.60; N, 7.50. Found: C, 51.70; H, 3.61; N, 7.46. 

4.3.2.2 Preparation of [NSO(OPh){NP(OPh)2)2] (Se) 

The same experimental procedure was followed as above with the exception that an 

additional two equivalents of NaOPh (1 -8 mmol) were required and the mixture was stirred 

vigorously for 7 days. The crude product was isolated as a yellow oil, which was 

redissolved in a mixture of diethyl ether and hexanes (4: 1) and cooled (ca. 0°C) giving an 

air stable white crystalline solid. Yield = 0.24 g (43 8). X-ray quality crystals were 



obtained by cooling (-55°C) a solution of Se dissolved in a mixture of hexanes and 

dichioromethane (20: 1 ). 

For Se: 3 1 ~  NMR (CDC13) 6 4.0 ppm, IH NMR (CDCls): 6 7.3 ppm [mult. P(OPh)z, 

S(0)-OPh], 13c NMR (CDC13): 6 120.7, 120.8 (O-PhO-P), 122.3 (O-PhO-S), 125.6 (m- 

PhO-P), 126.3 (m-PhO-S), 129.2 (p-PhO-S), 129.6 (p-PhO-P), 149.7, 150.0 (i-PhO-P), 

150.2 pprn (i-PhO-S), MS (EI, 70 eV) m/z (96) 617 (1, M+), 524 (100, M+-OPh). Anal. 

Calcd. for C ~ O H ~ J N ~ ~ ~ P ~ S :  C, 58.35; H, 4.08; N, 6.8 1, Found: C, 58.26; H, 4.15; 

6.83. 

4.3.2.3 Preparation of [NSOF{NP(OPh)2)2] (6d) 

To a colorless solution of 2 (0.40 g, 1.3 mmol) in THF (ca. 25 mL) was added a 

stirred solution of NaOPh (0.75 g, 6.4 mmol) in THF (ça. 15 mL) dropwise, and the 

formation of a white precipitate was observed. After stirring ovemight the solution was 

turbid and possessed a slightly orange color. The mother liquor was evaporated to dryness 

and the residue was redissolved in dichloromethane. The NaCl and excess NaOPh was 

removed by extraction into water, and the remaining dichloromethane solution was pumped 

to dryness Ieaving an oil, 6d. Yield = 0.42 g (60 5%). Crystals suitable for X-ray analysis 

were obtained by cooling (ca. O°C) a solution of 6d in a mixture of diethyl ether and 

hexanes (ca. 4: 1) giving air stable white crystals. 

For 6d: 3 ' ~  NMR (CDCl3) 6 4.0 ppm, ' 9 ~  NMR (CDCl3) 8 77.2 ppm, 'H NMR 

(CDC13): 6 7.2 ppm (mult. P(OPh)z, S(0)-OPh), 1 3 ~  NMR (CDC13): 6 120.7, 120.9 (o- 

PhO-p), 126.0 (p-PhO-P), 129.8 (m-PhO-p), 149.3, 149.5 ppm (i-PhO-p), MS (EI, 70 

eV) r d z  (%) 543 (100, M+), 524 (17, M+-F). 



4.3.3 Monitoring Reactions of 1 and 2 with Nucleophiles 

4.3.3.1 Reaction of NSOCI(NPC12)2 (1) with NaOPh 

To a stirred solution of 1 (0.40 g, 1.2 mmol) in THF (ca. 25 mL) was added via 

syringe a 0.30 M solution of NaOPh (4.0 mL, 1.2 rnrnol) in THE Upon addition the 

solution irnmediately became cloudy. The reaction mixture was allowed to stir for 

approximately 20 min and an aiiquot was taken for 3 ' ~  NMR analysis. Upon completion 

of the spectra, the sample was returned to the reaction vesse1 and an additionai equivalent of 

nucleophile was added to the reaction mixture. This was continued until a total of 6 

equivalents were added to the reaction mixture. After refluxing for several hours Se was 

formed quantitatively by 31P NMR. 31P NMR data for the products are compiled in Tables 

1 and 2 and are shown in Figure 5. 

4.3.3.2 Reaction of NSOF(NPCl2)2 (2) with NaOPh 

To a stirred solution of 2 (0.40 g, 1.3 mmol) in THF (ca. 25 mL) was added via 

syringe a 0.64 M solution of NaOPh (2.1 mL, 1.3 m o l )  in THF. The mixture was 

allowed to stir for 20 min. and an aliquot was taken for 3lP and 19F NMR analysis. The 

sarnple was returned to the reaction flask and the next equivdent of phenoxide was added. 

The procedure was repeated until a total of 6 equivalents of nucleophile was added. With 

each subsequent addition the reaction mixture became increasingly cloudy with the 

formation of white precipitate of sodium chloride. After the addition of the sixth equivalent 

the reaction mixture was allowed to stir ovemight, resulting in a slightly orange solution. 

After heating the reaction mixture for several hours no change was detected by 31P NMR. 

3lP and 19F NMR data for the products are compiled in Tables 1 and 3. 



4.3.3.3 Reaction of NSOCI(NPC12)2 (1) with NaOCH2C F 3 

To a stkred solution of 1 (0.37 g, 1.1 mmol) in THF (ca. 25 mL) was added a 0.64 

M solution of NaOCH2CF3 (1.8 mL, 1.1 mmol) in THF and the resulting mixture was 

allowed to stir for 20 min. A white precipitate formed immediately upon addition of the 

nucleophile. An aliquot was taken for NMR analysis, and subsequently the sample was 

returned to the reaction vessel, and the next equivalent of nucleophiie was then added to the 

reaction mixture. The above procedure was repeated until a sfight excess of 5 equivalents 

of trifluoroethoxide were added. This yielded predorninantly 7e as a yellow oïl, as well as 

traces of a second compound as the final products. 3lP NMR data for the products are 

compileci in Tables 1 and 4. 

For 7e: 1 9 ~  NMR (THF) 6 -74.0 (t, 6F. POCHzCF4, 3JHF = 8 Hz), -73.7 (t, 6F, 

POCH2CF3, 'JHF = 9 Hz), -72.7 ppm (t, 3F. SOCHzCF3, 3 ~ H F  = 9 Hz), 1H NMR 

(CDC13) 6 4.3 ppm (mult. CHZCF~), 1 3 ~  NMR (CDC13) 6 64.0 (q of m. P-OCH2CF3. 

*JCF = 39 Hz), 64.3 (q of m. P-OCH2CF3, 21CF = 39 Hz), 65.2 (q, S-0CH2CF3, 2~~~ = 

38 Hz), 122.3 (q of m, P-OCH2CF3. lJCF = 277 Hz). 122.5 ppm (q, S-0CH2CF3, 1 JcF 

= 276 Hz), and MS (El, 70 eV) d z  (%) 647 (7, M+), 628 (33, M-F), 548 (100, M+- 

0CH2CF3). 

4.3.3.4 Reaction of NSOF(NPCI2)2 (2) with NaOCH2CF3 

To a stirred solution of 2 (0.50 g, 1.5 mmol) in THF (ca. 15 mL) was added 

dropwise via synnge a 0.42 M solution of NaOCH2CF3 (3.6 mL, 1 .S mmol) in THF. The 

reaction mixture was ailowed to stir for 20 min, and an aiiquot was taken for NMR 

analysis. After 3 1 ~  and 1 9 ~  NMR spectra were recorded the sample was retumed to the 

reaction vessel. The next equivalent of NaOCH2CF3 was added and the volume of the 

reaction mixture was reduced in vacuo. The above procedure was repeated until a total of 6 

equivalents of NaOCH2CF3 was added and each addition monitored by P and 1 9 ~  NMR 



spectroscopy. The pentasubstituted product 7e was formed quantitatively 30 min after the 

addition of the sixth equivalent of NaOCH2CF3. Isolated as a pale yellow oil and 

characterized as 'le. 3 1 ~  NMR data for the products are compiled in Tables 1 and 5 and 

shown in Figure 6. Yield of 7e, 0.42 g (43 8). 

4.3.3.5 Reaction of NSOCI(NPCI2)2 (1) with NaOBu 

To a stirred solution of 1 (0.40 g, 1.2 m o l )  in THF was added a suspension of 

NaOBu (0.12 g, 1.2 mmol) in THF (ca. 10 mL). The reaction mixture was allowed to stir 

for 20 min after which an diquot was taken for NMR analysis. The NMR sarnple was 

returned to the stirred reaction mixture and a second equivaient of nucleophile was added. 

After a further 20 min. the volume was reduced in vacuo. The above procedure was 

repeated until a total of 5 equivalents of nucleophile had been added, with reduction in 

volume of the reaction mixture by solvent removal. After the addition of the fifth 

equivaient of nucleophile, quantitative formation of 9e was observed and this species was 

isolated as a yellow oil. 31P NMR data for the products are compiled in Tables 1 and 6 and 

shown in Figure 7. 

For 9e: lH NMR (CDCl3) 6 0.86 (t. OCHZCH~CH~CH~,  3JHH = 7.2 Hz), 1.34 (sextet, 

OCH2CH2CH2CH3, 3JHH = 7.6 HZ), 1.61 (quintet, 0CH2CH2CH2CH3, 3~~~ = 7.3 

Hz). 3.94 (m, P-OCH2CH2CH2CH3), 4.03 (1, S-OCH~CH~CH~CHJ.  3~~~ = 7.0 Hz) 

13c NMR (CDC13) 6 14.0 ppm (P-OCH2CH2CH2CH3. S-OCH2CH2CH2CH3), 19.1 (S- 

OCH2CH2CH2CH3), 19.2 (P-OCH2CH2CH2CH3), 3 1.4 (S-OCH2CH*CH*CH3), 32.4 

(m, P-OCH2CH 2C H z C H ~ ) ,  67.2 (m, P-OCH2CH2C H2CH3), 69.2 ( S- 

OCH2CH2CH2CH3). and MS (EI, 70 eV) m/z (96) 517 (22, M+), 488 (9, M+-CzHs), 462 

(43, M+-C4H7), 406 [37, (462)-C4Hg], 350 [28, (406)-CdHs], 294 [32, (350)-C4Hg], 

238 [ 10% (294)-C4H81T 220 [48, (238)-H20]. 



4.3.3.6 Reaction of NSOF(NPCI2)2 (2) with NaOBu 

To a stirred solution of 2 (0.50 g,l.S mmol) in THF (ca. 15 mL) was added a 

suspension of NaOBu (0.15 g,1.5 mmol) THF (ca. 10 mL). The reaction was alfowed to 

stir for 20 min and the reaction mixture was examined by 31P and 19F NMR spectroscopy. 

The NMR sample was retumed to the stirred reaction mixture and a second equivalent of 

nucleophile was added. After a further 20 min. the volume reduced in vacuo. This process 

was repeated for every equivalent until a total of 6 equivalents were added. 

Pentasubstituted product 9e was not formed quantitatively due to the difficulty in 

transfemng a stoichiometric amount of NaOBu. The product was isolated as a mixture of 

10d and 9e which formed a yellow oil. 31P and 1 9 ~  NMR data for the products are 

compiled in Tables 1 and 7. 

4.3.3.7 Reaction of NSOCI(NPCl2)2 (1) with excess NaOCHtC F 3 

To a stirred solution of 1 (0.40 g, 1.2 mmol) in THF (ca. 30 mi,) was added a 0.18 

M solution of NaOCH2CF3 (40 mL, 7.2 mmol) in THE An irnmediate white precipitate 

was observed, and the reaction mixture was left to stir for one day and was then refluxed 

for 15 h. 3 l P  NMR analysis showed the presence of two new sets of two doublet 

resonances assigned to major and minor isorners of 11, a new singlet resonance assigned 

to 12, and with unreacted 7e (ratio Ca. 58:5:37 96). The solvent was then removed in 

vacuo and analyzed by GUMS.  This showed the presence of the ether (-3CH2)20. 

For 11: 3 1 ~  NMR (THF) G major isomer: 2.7 p(OCH2CF3)0, 2~~~ = 90 Hz], 15.1 

[ ~ ( O C H ~ C F J ) ~ ,  2 ~ p p  = 90 HZ], minor isomer: 1.6 [P(OCH2CFs)0, 2~~~ = 90 Hz], 15.7 

ppm [P(OCH2CF3)2, 2 ~ p p  = 90 Hz], 1 9 ~  NMR VHF) 6 -74.1 [t, 6F, P(OCHZCF~)~, 

3~~~ = 8 HZ], -73.7 (1, 3F, P(OCHZCF~)O, 3 ~ H ~  = 8 Hz], -72.8 [t, 3F, SOCH2CF3, 

3 ~ H F  = 8 Hz]. 

For 12: P NMR (Tm 6 17.0 ppm. 



For (CF3CH2)20: MS (EI, 70 eV) 4'2 (%) 163 (9, M+-F), 113 (100, M+-CF3). 83 (90, 

M+-OCH2CF3), 69 (18, CF3+). This mass spectnim was found to be identical to that of an 

authentic sample of this compound. 



Table 1: NMR spectrai data? 

Compound lP NMR 6 (ppm) 2 J ~ ~  (-1 1% NMR 6 (ppm)b 

5a 29.6, 16.2 87 

Sb 18.1 

Sc 20.4, 1.6 101 

5d 3.2 

Se  4.8 

a. Al1 chemical shifts are reporteci using THF as solvent. b. The 19F shifts in the S(0)F 
region are given. 



Table 2: Composition of Reaction Mixture for reaction of 1 with Na0Ph:a 

Equivaients 1 a a 

The composition of the reaction mixture was determineci using the 'P NMR 
integration for the major isomer. 

The composition of the reaction mixture was deterrnined using the 3lP NMR 
integration for the major isomer. 

Table 3: Composition of Reaction Mixture for reaction of 2 with Na0Ph:a 

Equivalents 

a. The composition of the reaction mixture was detennined using the 3 1 ~  NMR 
integration for the major isomer. 

2 6a 6b 6 c  6d 

Table 4: Composition of Reaction Mixture for reaction of 1 with NaOCH2CFp 

Equivaients 1 7a 7b 7c 7d 7 e  



Table 5: Composition of Reaction Mixture for reaction of 2 with NaOCH2CF3:a 

Equivaients 2 8a 8b 8c 8d 7 e  

The composition of the reaction mixture was deteRnined using the 31P NMR 
integration for the major isomer. 

Table 6: Composition of Reaction Mixture for reaction of 1 with Na0Bu:a 

Equivalents 1 1 9a 9b 9c 9d 9e 

a. The composition of the reaction mixture was determined using the 3lP NMR 
integration for the major isomer. 

Table 7: Composition of Reaction Mixture for reaction of 2 with Na0Bu:a 

Equivaients 2 10a lob LOc 10d 9e 

The composition of the reaction mixture was determined using the 3 1 ~  NMR 
integration for the major isomer. 



4.3.4 X-ray Structure Determination Technique 

Crystd, data collection, and refmement parameters for Se and 6à are given in Table 

8. Suitable crystals for singlecrystal X-ray diffraction were sectioned and mounted in 

thin-walled glass capillaries flushed with nitrogen. The unit-cell parameters were obtained 

by the least-squares refmement of the angular settings of 24 reflections (20" I 20 I 25°C). 

The unit-cell parameters, photographic data, systernatic absences and occurrences 

of equivalent reflections for Se indicated a C-centered monoclinic crystal system. E- 

statistics indicated the centros ymmetric space group, CZc, and refinernent gave chemicall y 

reasonable and computationaly stable results. The unitxell parameters and photographic 

data for 66 reveded no symmeûy higher than triclinic and solution in the centrosymmetric 

space group provided chemicaily reasonable and cornputationaly stable results. 

The structures were solved by direct methods, completed by subsequent difference 

Fourier syntheses and refined by full-matrix least-squares procedures. No absorption 

corrections were applied due to low absorption coefficients. 

Al1 non-hydrogen atoms were refined with anisotropic displacement parameters and 

al1 hydrogen atorns were treated as idealized contributions. 

Al1 software and sources of the scattering factors are contained in several versions 

of SHELXTL programs (G. Sheldrick, Siemens XRD, Madison, WI). 



Tabie 8: Structurai Parameters for Se and 6d 

- - 

emp. formula C30&5N30@2S C2a20FN305P2S 

F W  617.53 529.4 

crystal class monoclinic monoclinic 

space group C2/c PT 
color colorless colorless 

a A  32.457(3) 9.789(3) 

b. A 10.7474(13) 1 1.393(4) 

c, A 1 8. 294(2) 12.079(5) 

a, deg 90 107.40(3) 

PY deg 1 t 0.367(11) 9 1.23(3) 

Y* deg 90 93.18(3) 

z 8 2 

temp, K 298 298 

RF), % 5.7 1 7.08 

R(wF), % 13.8 8.43 

GOF 1 .O25 1.823 

4.4 Results and Discussion 

Whereas the nucleophilic substitution behaviour of the cyclic phosphazene 

[ N  PC1213 has been studied ex tens ive~y,~~ similar studies of the reactivity of 

thionylphosphazenes are much more limited. The reactions of 1 and to a lesser extent 2 

with nitrogen-based nucleophiles have k e n  reported, and were found to be characterized 

by the following general order of reactivity: PC12 > PCI(NHR) > SOC1 for prirnary amines 



and PClz > SOC1 > PCI(NR2) for secondary In coatrast, no reactions of 

thionylphosphazenes with oxygen-based nucleophiles have been reported." We therefore 

examined the reaction of 1 and 2 with several oxygen-based nucleophiles of different 

basicity and nucIeophilicity. 

4.4.1 Reaction of  NSOX(NPC12)2 (1; X = CI, 2; X= F) With NaOPh 

The reaction of the c h l o ~ a t e d  cyclic thionylphosphazene 1 with four equivalents of 

sodium phenoxide in dioxane (25"C, 12h) yielded a single product by 3 1 ~  NMR, which 

exhibited a new singlet resonance at 3.4 pprn (in dioxane). M e r  workup, a colorless 

crystalline product was isolated which was subsequently characterized by 1 3 ~  and 1H 

NMR, mass spectrometry, and elemental analysis. The data obtained identified the product 

as the tetraphenoxy-substituted thionylphosphazene Sd in which the phosphorus-chlorine 

bonds had been regioselectively substituted by phenoxide groups and the suifur-chlonne 

bond was retained. Thus, an examination of the 13C NMR specvum revealed that there 

were only four types of carbon atoms present. However, the ipso and ortho carbon 

resonances appeared as two peaks k a u s e  of the inequivalence of the carbon nuclei in the 

phenoxy groups cis and trans to the oxygen on sulfur. The mass spsctnim of this species 

exhibited a molecular ion at m/z 559561 with a 3: 1 intensity ratio confinning the presence 

of one chlonne atom, and the base peak (m/z 524) correspondeci to the motecular ion minus 

a chlorine substituent which is typical for cyclic thionylphosphazenes (such as 1) with a 

halogen bound to sulfur. 

The reaction of the fluorinated cyclic thionylphosphazene 2 with sodium phenoxide 

under sirnilar conditions yielded 6d which was similarly characterized and was also studied 

by single crystal X-ray diffraction. In this case, the 19F NMR spectrum of the product 

showed a strong singlet resonance at 79.3 ppm which c o n f m e d  that the fluorine 

substituent at sulfur had not been replaced (cf. for 2: 6 = 78.3 ppm). The 31P NMR 

spectrum of 6d consisted of a singlet resonance at 4.6 ppm (in THF) and the 13C NMR 



spectrum showed a single set of resonances for the phenoxy carbon atoms with a similar 

pattern as that found for Sd. The mass spectrum exhibited a molecular ion at m/z 543 and 

the presence of a strong peak corresponding to the molecular ion minus fluorine. 

Interestingly, the molecular ion 6d was much more intense than in 5d with respect to the 

corresponding cation (m/z 524) which probably reflects the much stronger sulfur-fluorine 

bond in the former compound. 

In order to investigate whether substitution of the chlorine atom at sulfur could be 

achieved the reaction of Sd with excess sodium phenoxide at elevated temperatures was 

studied. When 5d was heated with two equivalents of NaOPh in dioxane at 65°C for 4 h, 

31P NMR analysis showed the formation of a new product Se with a singlet resonance at 

4.8 ppm. The same product was fonned when 1 was reacted with six equivalents of 

sodium phenoxide at 25°C but in this case 7 days were required for the quantitative 

formation of Se. The colorless crystalline product was identified as the pentasubstituted 

species Se by NMR, mass spectrometry, elemental analysis, and single crystal X-ray 

diffraction. In particular, the 13C NMR specûum of Se (Figure 1) showed the presence of 

three different sets of aryloxy resonances which is consistent with one group bonded to 

suifur and two bonded to phosphorus in environments cis and tram to the oxygen of the 

S=O group. The four resonances for the sulfur-bonded phenoxy group are singlets. In 

contrast, the ipso carbons (in and i") and ortho carbons (O' and O") of the phenoxy groups 

bonded to phosphorus show coupling to two magneticdy inequivalent phosphorus atorns, 

to give doublet of doublet patterns, which are observed as "pseudo" triplets. The meta (m' 

and mu) and para (pl and p") carbon atorns are separateci fiom phosphorus by four and five 

bonds respectively and are not coupled to this nucleus. The mass spectmm of Se exhibited 

a rnolecular ion at m/z 617 and a base peak at m/z 524 for the loss of phenoxide from the 

molecular ion. 





Interestingly, substitution of the fluorine atom at sulfur in 6d could not be achieved 

via reaction with aryloxide nucleophiles even at elevated temperatures. Thus, no new 

products were formed when 6d was heated with excess sodium phenoxide at 102°C in 

dioxane for 48 h. The lack of substitution of the f i u o ~ e  atom at the sulfure center can 

be attributed to the relative strength of a typical S-F bond (327 Wmol) compared to a 

typical S-Cl bond (27 1 k ~ / m o l ) . ~ ~  

4.4.2 X-Ray Crystal Structures of 6d and Se 

In order to completely characterize an example of a regioselectively substituted and 

a completely aryloxy-substituted cyclic thionylphosphazene, single crystal X-ray diffraction 

studies of 6d and Se were undertaken. Suitable crystals of 66 were grown from a mixture 

of ether and hexanes (4: l), whereas to obtain suitable crystais of Se, a mixture of hexanes 

and dichloromethane (20: 1) was used. Molecular structures of 6d and Se are s h o w  in 

Figures 2 and 3. Their ceil constants, data collection and refmement parameters are given 

in Table 8. There are no significant deviations from planarity in either thionylphosphazene 

ring with the maximum deviation of 0.061 A for 6d and 0.085 A for Se. The surn of the 

ring angles total 719(1)" for 6d and 7 18.5(1)" for Se, which are both close to the expected 

value of 720" for a planar hexagon. In both 6d and Se the S=O group is onented in a 

more equatorial position relative to the plane of the suifur-nitrogen-phosphorus ring 

skeleton than the other substituent on sulfiir (ie. F for 6d, O(2) for Se). Thus the angles of 

the S=O groups with respect to the vector between N(2) and S in the thionylphosphazene 

ring are 44(1)" and 46(1)" for 6d and Se, respectively. in contrast, the analogous angles 

for the S-F group of 6d and the S-O(Ph) group of Se are 62(1)" and 61(1)" respectively. 

This preference for an equatorial environment for the S=O group has been previously noted 

by van de Grampel and c o - ~ o r k e n . ~ ~  Within the S-N-P fragments, the mean N-P bond 

length in Se is 1.586(2) A which is slightly less than in 1 [1.606(4)  AI^^ reflecting 

increased x: character in the former cornpound. The analogous N-P bond length in 6d 



Figure 2. Molecular structure of 6d with thermal eiiipsoids at the 30 4b probability level. 

[ 1.595(6) A] lies in-between these two values. Within the P( 1)-N(2)-P(2) moiety, the 

mean N-P bond lengths in Se [1.569(2) AI. 1 [1.574(3) A], and 6d [1.560(4) A] are 

comparable. For cornparison, the N-P bond lengths in [NP(OPh)2]3 [avg. 1.575(2) A] 

and mPC12] 3 (avg. 1 S 8  l(3) A) are also ~ i m i l a r . ~ ~ ~ ~  Interestingl y. the mean S-N bond 

length in Se [1.549(2) Al is slightly less than in 1 [1.557(3) A] but is significantiy greater 



than in 6d [1.518(6) AI. The smaller value in the latter compound is probably a 

consequence of the eleçtron withdrawing effect of the fluorine bonded to sulfur. 

Figure 3. Molecular structure of 5e with thermal ellipsoids at the 30 % probability level. 



4.4.3 Substitution Reactions of 1 and 2 with NaOPh Monitoreà by 3 1 ~  and 

19F NMR 

In an attempt to gain more insight into the pattern of substitution in the reactions of 

1 and 2 with the different nucleophiles, the effeçts of the addition of each equivalent of 

nucleophile was monitored by 3lP NMR and (where appropnate) 1 9 ~  NMR spectroscopy. 

The products were characterized based on the observed coupling patterns and cornparison 

of the chernical shifts of their NMR resonances with those of 1,2, and the fully 

characterized phenoxy-substituted species Sd, dd, and Se. There are five possible 

substitution sites on each molecule of 1 and 2 and, depending on whether substitution is 

vicinal (vie) or geminal (gem), there are many possible substitution isomers. The possible 

isomers for substitution at phosphorus followed by substitution at sulfw are shown in 

Figure 4. The substitution isomers were labelleci as to whether the alkoxide or aryloxide is 

cis or tmns to the S=O bond. In the case of the disubstituted ring, the fmt label indicates 

the relative conformation of the OR groups followed by the relation between the OR groups 

and the S=O bond. The determination of the stereochemistry of substitution is very 

difficult to elucidate based on 31P NMR evidence alone and is beyond the scope of the 

work descnbed in this paper. 



Figure 4. Possible substitution isomers for the reaction of 1 and 2 with the oxygen- 
based nucleophiles NaOPh, NaOCHzCF3, and NaOBu. 



Examination of the reaction of the c h l o ~ a t e d  cyclic thionylphosphazene 1 with 

sodium phenoxide revealed controlled substitution occumng regioselectively at  

phosphoms, based on the estimated composition of products in the reaction mixture 

(Figure 5, Table 2). Upon addition of the first (n=l) equivalent of phenoxide, the 3lP 

NMR shows several different products. Of particular note, there was still a significant 

amount of starting material (1) present (28 %) and a sirnilar amount of disubstituted 

product (Sb) (24 %). This indicates that the ring is not deactivated towards further 

substitution after the initial replacement of chlorine at phosphorus by an aryloxy group. 

There appeared to be only a single mono-substituted isomer present (Sa) where two are 

possible. Studies by van de Grampel of reactions of 1 and 2 with amines suggest that the 

dominant monosubstituted isomer formed is most likely that with the aryloxy substituent 

cis to the oxygen of the S=O group (S%h).36 Af'ter addition of the second equivalent, one 

major disubstituted product (Sb) can be seen by 31P NMR with a singlet resonance at 18.1 

pprn. This is most likely Sbeispek or Sbcis,tmns37 as the tram substituted product 

Sbpa,, would possess two chernically inequivalent phosphorus environments which 

would give rise to two doublets.38 This revealed that substitution mainly occurs via a 

vicinal route and cis to the previously introduced aryloxy substituent. In addition, a small 

amount of geminal substitution occurs to give Sbge, which can be identified by two 

doublets, one at 30.3 ppm, slightly downfield from that o f  1, and the other at -0.7 ppm, 

slightly upfield from the 31P NMR resonance for the tetrasubstituted species 5d. Upon 

addition of the third equivalent of phenoxide, the dominant product was the trisubstituted 

species Sc (88%). After four equivalents of phenoxide had been added, the 

tetrasubstituted ring (5d) was formed quantitatively. Six equivalents of phenoxide 

converted 5d into the pentasubstituted product Se at elevated temperatures or after 7 d. at 

25°C. 



Figure 5. 31P NMR spectra of the reaction of 1 with n equiv. of NaOPh in THF (n = 0, 
1, 2, 3, 4, and 6). 



During the reaction of 2 with NaOPh, the 3 1 ~  and l9F NMR specüa suggested that 

the initial equivalent of phenoxide produced mainly the monosubstintted species 6a but also 

small amounts of the di- (6b), and tri-substituted (6c) cyclothionyIphosphazenes were 

detec ted (Table 3). The reaction with subsequent equivalents of NaOPh was also similar to 

the case of 1 and with four equivalents the tetrasubstituted species 6d was formed 

quantitatively . No further reaction with excess NaOPh was detected over extended reaction 

periods. 

4.4.4 Reaction of 1 and 2 with Sodium Alkoxides: Substitutions 

Monitored by 3iP and 19F NMR 

4.4.4.1 Reaction of 1 and 2 with NaOCH2CF3 

The reactions of 1 and 2 with trifluoroethoxide anion exhibited distinct differences 

to the analogous reactions with sodium phenoxide (Tables 4 and 5). Thus, after the 

addition of one equivalent of nucleophüe to a THF solution of 1, the formation of mono- 

(7a), di- (7b), tri- (7c), tetra- (7d) and penta- (7e) substituted products were ail observed 

by 3lP NMR. This suggested that the prexnce of trifluoroethoxy substituents appreciably 

activates the ring to further halogen replacement. The subsequent reactioas proceeded 

through stepwise vicinal substitution at the phosphoms centers with the formation of 

substituted rings analogous to those formed in the phenoxide reaction. However, in this 

case no geminal substitution was observed indicating increased regioselectivity with 

trifluoroethoxide as a nucleophile. Addition of the subsequent equivalents of nucleophile 

(n = 2 and 3) only increased the quantity of 7d and 7e in the reaction mixture and the 

relative quantities of 7b and 7c remained fairly constant. Upon addition of the fourth 

equivalent of trifluoroethoxide, only tetrasubstituted 7d and pentasubstituted 7e were 

present. With the addition of the fifth and sixth equivaient of nucleophile, a further reaction 

of 7e was apparent afier 12 h. This reaction is discussed further below. 



Figure 6. 31P NMR spectra of the reaction of 2 witb n equiv. of NaOCH2CF3 in THF (n 
=O, 1, 2, 3,4, 5,  and6). 



The reaction of trifluoroethoxide with 2 (Figure 6) was similar to that with 1 except 

that subsitution of the S-F bond was slower. Thus, in contrast to the reaction with 1, the 

pentasubstituted cornpound l e  was not formed afier addition of the first equivalent of 

tri fluoroethoxide. Furthemore, after the addition of four equivalents of nucleophile the 

tetrasubstituted species 8d (ô(3lP) = 12.9 ppm) was formed without the formation of 7e as 

a side product. The singlet 3 1 ~  NMR resonance for 8d was substantially downfield fiom 

that of phenoxy-substituted 6d (@P) = 4.6 ppm) which is consistent with the more 

electron withdrawing nature of the OCH2CF3 group. Upon addition of the fifth and sixth 

equivalents of trifluoroethoxide, the pentasubstituted produçt 7e was formed initially in 

quantitative yield. Over extended reaction periods further products were also formed and 

the nature of this further reaction is discussed below. 

4.4.4.2 Reaction of 1 and 2 with NaOBu 

The reaction of 1 with butoxide (Figure 7) was analogous to the reaction of 1 with 

phenoxide (Table 6). The substitution was again regioselective with preferential 

substitution occuring at phosphorus. It is interesthg to note that although sodium butoxide 

is more basic than sodium trifluoroethoxide, the formation of aii possible products was not 

observed upon the addition of a single equivalent of this nucleophile; rather the major 

product detected was the expected mono-substituted product (9a). The ring did not appear 

to be activated toward further substitution as in the case of NaOCH2CF3, thus the dominant 

product in the reaction mixture was the expected product afier each equivalent. Both the 

tetrasubstituted (9d) and pentasubstituted (9e) rings were formed after the addition of four 

equivalents of nucleophile. Unlike the case of phenoxide but sirnilar to the case of 

trifluoroethoxide, a further equivalent of butoxide resulted in the formation of the 

pentasubstituted ring under ambient conditions. Further addition of butoxide led to no 

further reaction with the hlly substituted product (9e), in contrast to the siniation with 

trifluoroethoxide. 



Figure 7. 3 1P NMR spectra of the reaction of 1 with n equiv. of NaOBu in THF (n = 0, 
1, 2, 3,4 ,  and 5).  



The reactivity of 2 to nucleophilic substitution by sodium butoxide was similar to 

that of 1 (Table 7). However, because of the stronger S-F bond in 2, complete 

substitution with butoxide occurred only with a two-fold excess of the nucleophile. 

4.4.4.3 Reactioa of 1 and 2 with excess NaOCH2CF3 

When 1 and 2 were reacted with an excess of N a m C F 3  (6 equiv.) in THF over 

24 h, the formation of 7e together with several new products was detected by 31P NMR. 

Thus &ter refluxing in THF for 15 h, ody ca 37 96 of the 7e rernained and two widely 

spaced sets of doublets (6 = 2.7 and 15.1 ppm) were observed together with a minor set of 

two doubIet resonances and a new singlet resonance (Figure 8). This is consistent with the 

formation of the anionic products cis and trans 11 and 12, respectiveiy, v i a  the 

trifluorethoxide-induced elimination of the ether (CF3CH2)20 which has previously been 

reported for cyclic and polymeric trifluoroethoxy-substituted phosphazenes by Ferras, 

Marshall and CO-workerd9 The formation of trifluoroethyl ether (bp 63OC) was confmed 

by G C M S  of the solvent (THF, bp 65°C) removed from the reaction mixture. Thus, the 

mass spectnim was found to be identical to that of an authentic sample of (CF3CH2)20 



11 

cis and tram isomers 

one major, one minor 

Figure 8. 31P NMR spectrum of the reaction of 1 with 6 equiv. of NaOCH2CFj in THF 
after reflux. 



4.4.5 Implications of the Results for Substitution Reactions on the High 

Polymeric Poly(thionylphosphazenes) 3 (X = CI o r  F) 

The regioselective substitution pattern observed in the reactions of the cyclic 

thionylphosphazenes 1 and 2 with sodium phenoxide is in agreement with that found for 

the high polymeric poly(thiony1phosphazene) 3, ~ S O X ( N P C 1 2 ) 2 ~  (X = CI or F). Thus, 

at room temperature exclusive substitution at phosphorus was detected for 3 (X = Ci or F) 

leaving the sulfur-chlorine or sulfur-fluorine bond intact.I9 However, on addition of 

excess phenoxide to 1 and the use of elevated temperatures or extended reaction times, 

substitution at the sulfur(V1) center was also observed. A similar reaction has not yet been 

observed with the high polymer 3 (X = Cl). However, based on the small molecule work 

further investigations in this area are warranted. 

The results of the substitution reactions of cyclic thionylphosphazenes 1 and 2 with 

sodium aikoxides suggest it should be possible to carry out analogous reactions on the high 

polymers 3 (X = Cl or F) to yield poLy(alkoxythiony1phosphazenes). Preliminary work 

has led to the synthesis of poly(thiony1phosphazenes) with rnixed alkoxy/aryloxy 

substitution.15 Funher work aimed at generating these completely alkoxy and aryloxy- 

substituted poly(thiony1phosphazenes) is underway. 

4.5 Surnmary 

The substitution reactions of three representative oxygen-based nucleophiles 

(phenoxide, trifluoroethoxide, and butoxide) with cyclic thionylphosphazenes 1 and 2, 

was found to proceed with regioselective substitution at the phosphoms centers, followed 

by subsequent substition at sulfur. Although the formation of various regio- and 



stereoisorners can be envisaged for the substitution reactions. 3 1 ~  NMR and (where 

applicable) "F NMR spectroscopy indicated the preferential (but aot exclusive) formation 

of single a isomer for the mono-, di-, and trisubstituted cyclothionylphosphazene products. 

The replacement of chlorine by aryloxy and alkoxy groups occurred primarily through a 

vicinal substitution pathway and the general order of reactivity was found to be PC12 > 

PCl(0R) > SOX (X = Cl, F). Some geminal substitution was observed in the reactions of 

1 and 2 with phenoxide and butoxide, however none was detected for the analogous 

reaction with trifluoroethoxide. Further reaction was observed with an excess of 

trifluoroethoxide nucleophile, resulting in the formation of the saits 11, 12 and 

(CF3CH2)20 as byproducts. The work described in this paper suggests that di of the three 

nucleophiles studied (phenoxide, trifluoroethoxide, and butoxide) offer the possibility of 

obtaining completely halogen-substituted poly(thiony1phosphazenes) via their reaction with 

3 (X = Cl). The diffkulties concerning the replacement fluorine substituent at sulfur in 2 

due to the higher strength of the S-F bond would be expected to lead to similar problems at 

the macromolecular level with 3 (X = F). in addition, trifluoroethoxy-substituted 

poly(thiony1phosphazenes) are likely to react with excess trifluoroethoxide nudeophile to 

afford polymeric analogues of 11: these species might prove to be synthetically useful 

intermediates, however. 
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CHAPTER 5 

Polymers with Sulfur(V1)-Nitrogen-Phosphorus Backbones: 

Synthesis, Characterization, and Properties of Aikoxy 

Substituted Poly(thionylphosphazenes) 

5.1 Abstract 

Reaction of the halogenated poly(thiony1phosphazene) [NSOCl(NPC12)2]n @a), 

which posesses a novel S(VI)-N-P backbone, with 2, 3, and 4 equiv of Na[OCH2CF3], 

followed by excess nBuNH2 afforded mixed-substituent poly[(alkoxy/amino)- 

thionylphosphazenes] [NSO(NHnBu)(NPR2)21n 6 (a, R = 5 1 % OCH2CF3, 49 % 

NHnBu; b, R = 76 % OCH2CF3,24 % NHnBu; c, R = 95 9% O C H L C F ~ , ~  % NHnBu) in 

which the polymers were regioselectively substituted trifluoroethoxy substituents only at 

phosphorus and not sulfw. The resulting moisture stable polymers were structurally 

charactenzed by 3 1 ~ ,  IH, 1 3 ~  and 1 9 ~  NMR spectroscopy. Molecular weights were in the 

range MW = 3 . 3 ~  104 to 1 . 4 ~  105, Mn = 1 . 9 ~  104 to 8.2x104 according to GPC analysis in 

THF versus polystyrene standards. Thermal transition behavior was investigated by DSC, 

and glas transition temperatures (Tg's) ranged from -30 to -14 OC, and no melt transitions 

were detected. Analysis of these new polymers by TGA, showed that they were stable to 

weight loss up to ca. 250 OC under nitrogen at a heating rate of 10 "Chin. A 

poly(thiony1phosphazene)-b-poly(tetrahydr0fwan) block copolymer was synthesized and 

found to be an effective matrix for pressure sensing applications using the phosphorescent 

dye, [Ru(4,7-diphenylphen)3]C12. The pressure sensing behavior of the copolymer 7 (R = 

95 % 0CH2CF3. 5 % NHnBu) was found to agree well with the Stem-Volmer equation, 

and a sensitivity (Il.&) of 3.1 was obtained. Wind-tunnel tests on the composite, 0.2 % 



[Ru(4,7-diphenylphen)3 ]Cl2 in 7, were successhtl at showing s m d  pressure changes over 

the surface of a mode1 aircraft wing. 

5.2 Introduction 

PoIyrners based on inorganic elements have attracted considerable attention because 

of their unique properties and potentid applications.['* 21 Aithough polyphosphazenes, 

[ N P C I ~ ] , , [ ~ ~  and polyoxothiazenes, [S(O)RN].,[~~ represent well-known examples of 

inorganic macromolecuies, sulfur-aitrogen-phosphorus polymers have only recently been 

rep~rted.[~l 

We have previously reported that cyclic thionylphosphazenes la and l b  undergo 

facile thermal ring-opening polymerization (ROP) to yield poly(thionylphosphazenes) 3, a 

new class of macromolecule with a sulfûr(W)-nitrogen-phosphorus backbone.r6* '1 These 

polymers can be regarded as hybrids of polyphosphazenes and poly(oxothiazenes). The 

perchlorinated polymers, 2a and 2b, are moisture sensitive, however substitution with 

sodium aryloxides, Na[OAr], or  primary amines, RNH2, yields air-stable 

poly (thionylphosphazenes) (3 and 4).18* 91 Interestingly, the reactions with aryloxides 

proceed regioselectively at the phosphorus centers, leaving the sulfur-hdogen bonds intact, 

whereas the reactions with amines substitute both the phosphoms- and sulfur-halogen 

bonds. 

ON , X 

N A,,, 

la: X=CI 
Ib: X = F  



$# fyI3 NHR I { 
S-N-PN-P-N 

I I I I 
OAr OAr 1, 1 NHR NHR NHR ] 

We have recently been exploring the properties of poly(thionylphosphazenes), and 

have found that polymet 4 (R = "Bu) represents an excellent rnatrix for pressure sensing 

composite mate rial^^*^* ''1 This is due, in part, to the low Tg of this materiai, and the high 

permeability to oxygen. This provided us with motivation to develop routes to 

poly(thiony1phosphazenes) with aikoxy side-gmups, which would be expected to fumish 

polymers with lower T ~ s .  In this chapter, the synthesis and charactenzation of the frst  

pol y [(aikoxy )thionylphosphazenes] wiil be described. 

5.3 Results and Discussion 

The reactions of cyclic model compounds with nucleophiies, have been invaluable 

in the elucidation of the substitution pathways for p~lyphosphazenes.[~~] We have recently 

reported that when cyclic thionylphosphazenes, la  and lb, are treated with sodium 

alkoxides or aryloxides, substitution proceeds regioselectively, initially at phosphorus and 

subsequently at sulfur.[' 3l  Previous studies have shown that reactions of 

poly(thiony1phosphazene) 2a with an excess of sodium dkoxide results in degradation of 

the polymer ba~kboneJ'~1 Our model studies suggest that isolation of alkoxy substituted 

poly(thiony1phosphazenes) should be possible, and this chapter reports the fmt examples 

of poly(thiony1phosphazenes) with large loadings of trifluoroethoxide. 



5.3.1 Synthesis and Characterization of 
Poly [(alkoxy/amino)thionylphosphazenes] 

Hydrolytically stable poly(thiony1phosphazenes) were prepared by the slow 

addition of Na[OCH2CF3] in a dioxane/CH2C12 mintue to 2s in the same solvent system 

at ca. -SO°C (Scheme 1). After warming to O°C and stirring for Ca. 1 h, excess nBuNH2 

was added to substitute any rernaining halide sites, and the reaction mixture was warmed to 

room temperature and stirred for Ca. 12 h. The light-yellow gummy materials, obtained 

afler purification by precipitation techniques, were soluble in polar organic solvents such as 

CH2C12, THF and dioxane. The NMR spectroscopic data for polymen 6s-e are presented 

in Table 1. Molecular weights were estimated by gel pemeation chromatography (GPC) 

using polystyrene standards for calibration, and are given in Table 3. 

Scheme 1. Synthesis of Poly[(alkoxy/amino)thionylphosphazenes] 



Polymer x R 

6a 2 OCH2CF3 (51 %) 

NHnBu (49 %) 

6 b  3 OCH2CF3 (76%) 
NHnBu (24 

6 c  4 OCH2CF3 (95 %) 

NHnBu (5 %) 

The 'H NMR spectrum of 6b is shown in Figure 1. and the relative amount of each 

side-group present in the polymer structure was deterrnined by integration of the methyl 

resonance (NHBu) at ca. 0.9 ppm, and the OCH2CF3 resonance at ca. 4.3 ppm. These 

peaks were chosen due to theû sepadon fiom the other often overlapping resonances, and 

the results were found to be in close agreement with those expected based on the 

equivalents of Na[OCH2CF3] (x) added to la. 

Figure 1. 'H NMR spectrum of 6b in CDCl3 



The 3 l P NMR spectra showed peaks consistent with P(OCH2CF3)z ( ca  -9.5 

ppm), P(OCH2CF3)(NHBu) (ca. -0.2) and P(NHBu)2 (ca. 1.7 ppm)(151 side-groups, and 

the ratio of these peaks was consistent with the trifluoroethoxy loading expected. In 

addition, elemental analysis on 6c (Table 2) was in good agreement with the assigned 

structure. The residual chlorine detected rnay be due to incomplete substitution, or more 

likely some polymeric ammonium salts forrned fiom the acid-base reaction of the - m u  

side-group with HCI formed as a result of arnino substitution. 

In order to gain more information about the polymer microstmcture in these mixeci- 

substituent polymen, ' 3 ~  NMR spectra were recorded. The spectmm of polymer 6c is 

shown in Figure 2, and the high degree of trifluoroethoxy loading is clearly reflected by the 

intense quartets, due to the CH2 (e) and CF3 groups at Ca. 63.5 and ca. 123 ppm 

respectively. Oniy one resonance for each is observed, where two would be expected if 

there were both S and P bonded [OCH2CF3] groups. This suggests that the substitution of 

2a with Na[OCH2CF3] proceeds regioselectively at phosphorus, and that no substitution at 

sulfur is observed. Further evidence for this cornes from comparison of the relative 

intensities of the sulfur-amino methylene resonances (a and b) and the phosphorus-amino 

methylene resonances (a' and b') which were assigned by comparison with 4 (R =  BU).[^] 

The resonances a and b are rnuch more intense, which is consistent with the high loading 

with trifluoroethoxide (R =. 95 % OCH2CF3) on phosphorus, thus only weak peaks are 

observed for a' and b'. The ratio of sulfur- and phosphorus-substituted butylamino peaks 

(a:a' and b:b') decreases as the loading of trifluoroethoxide is decreased in polymers 2b 

and 2a. 



Figure 2. 13C NMR spectrum of 6c in CDCl3. The structure shown is not the repeating 
unit, as a POiJHBu) group only occurs ca. 5 % of the tirne. * Unassigned. 

Table 1. NMR Spectral Data for Polymers 6a-c. 

6a -9.5 i?(tfe)21 -75 (br) 13.7 [SNHCH2CH2CH2CH3] 0.9 (br, s, CH3)  
-0.2 p(tfe)(NHBu) and PNHCH2CH2CH2CH31 1.3 (br, m, C H 2 C W H 3 )  

1.6 [P(NHBu)21 20.1 [SNHCH2CH2CH2CH3] 2.9 (br, s, PNHCH2) 
and PNHCH2CH2CH2CH31 3.0 (br, s, SNHCH2) 

3 1.3 [SNHCH2CH2CH2CH3] 3.7 (br, s, PNH) 
33.6 [PNHCH2CH2CH2CH3] 4.3 (br, s, POCH2CF3) 
40.5 [P(NHCH2CH2CH2CH3) 4.9 (br, s, SNH) 

(-2-3 11 
40.9 PCNH=2CH2CH2CH3)21 
43.5 [SNHCH2CH2CH2CH3] 
63.5 [br, m, POCH2CF3 J 
122 [br, m, POCH2CF31 



6b -9.3 [P(tfe)2] -76 (br) 13.4 [SNHCHZCH~CH~CH~ ] 0.9 (br, s, CH3) 
-0.2 [P(tfe) (NHBu) and IpNHCH2CH2CH2CH31 1.4 (br, m, CWH2CH3) 

1.8 [P(NHBu)21 20.0 [SNHCH2CH2CH2CH3 ] 2.9 (br, s, PNHCH2) 
and IpNHCH2CH2CH2CH3 ] 3.0 (br, s, SNHCH2) 

3 1 .O [SNHCH2CH2CH2CH3] 3.6 (br, s, PNH) 
33.4 [PNHCH2CH2CH2CH3 1 4.3 (br, s, P O a C F 3 )  
40.9 [PNHCH2CH2CH2CH3] 5.1 (br, s, SNH) 
43.5 [SNHCH2CH2CH2CH3] 
63.6 br,  m, POCH2CF31 
122.6 [q, POCH2CF3, 

lJcF = 280 Hz] 

6 c  -9.5 Ip(tfe)2] 

- 1 to 4 (br, PNHBu) 
-76 (br) 13.2 [SNHCH2CH2CH2CH3 ] 0.9 (br, s, C e )  

and mCH2CH2CH2CH31 1.5 (br, m, CH2CH2CH3) 
19.8 [SNHCH2CH2C&CH3] 3.0 (br, s, NHCH2) 

and [PNHCH2CH2CH2CH3] 4.3 (br, s, POCH2CF3) 
30.9 [SNHCH2CH2CH2CH3] 5.0 (br, s, SNH) 
33.4 PNHCH2CH2CH2CH31 
4 1 .O [PNHCH2CH2CH2CH3 ] 
43.6 [SNHCH2CH2CH2CH3] 
63.7 [q, POCH2CF3, 

2JcF = 37 Hz] 

122.4 [q, POCH2CF3, 
JCF = 278 Hz] 

Table 2. Elernental analysis for 6c. 

- 

Calcd. 24.17 3.20 9.54 0.00 

Found 24.62 3.25 10.35 0.43 



5.3.2 Thermal Transition Behavior of the 
Poly [(alkoxy/amino)thioaylphospbazenes] 

ln order to gain insight to the factors influencing the conformational flexibility of 

poly[alkoxy/amino)thionylphosphazenes] the thermal transition behavior of polymers 6a-c 

was studied by dflerential scanning calorimetry @SC). The glas transition temperatures 

(Tg's) are listed in Table 3, and consistent with al1 the poly(thiony1phosphazenes) 

synthesized to date, no melting transitions (Tm's) were detected, indicating an amorphous 

polymer. Upon increasing the loading of trifluoroethoxide from 6a-C, the Tg decreased 

from -14 to -30 OC. This is expected since the Tg for the butylamino polymer 4 (R = 

nBuNH) is -16 OC, and lower glass transition temperatures are observed for 

polyphosphazenes with trifluoroethoxy side-groups, [NP(OCH2CF3hJn (Tg = -66 

than with butylamino side-groups, (NP(NHnBu)& (Tg = 8  OC).^^'] 

Table 3. Molecular Weight and Thermal Analysis for polymers da-c. 

Polymer GPC Tg ( O C )  

MW; PD1 



5.3.3 Thermal Stability of Poly[(alkoxy/amino)thionylphosphazenes] 

The thermal stability of polymers 6a-c was determined by thermogravimetnc 

analysis (TGA), and traces are stiown in Figure 3. For each polymer a substantial weight 

loss took place at ca. 250 OC which is similar to that observed for polymers 4 with amine 

side-gr~ups.[~] As the loading of trifluoroethoxy side-groups was increased, from 6a - 
642, this weight loss was found to be pa t e r  with ceramic yields after this fmt step of Ca. 

40 % for 6a, 35 % for 6b and 15 8 for 6c. This larger weight loss as trifluoroethoxy 

Ioading is increased is partially attributed to the larger mass of the side-chah in the 

trifiuoroethoxy derivatives (for CH2CF3, FW = 84.0 @mol; for "Bu, FW = 57.1 ghol),  

as these are probably among the fmt fragments to be lost. A second weight loss followed 

at ca. 350 OC at which point a further 20 % was lost for da and 6b, and 5 % for 6c. At 

950 OC, only 5-10 % of the initial mass remained. 

Figure 3. Thermogravimetrk analyses of poly[(~oxy/amino)thionylphosphazenes] 



5.3.4 Application in Pressure Sensing Composites. 

A high degree of gas permeability is necessary for a polymer to be effective in 

pressure sensing applications. Excellent compatibility with the polar dye molecules is also 

required. Thus, polymers 6a-c, which were found to have lower Tg's than the related 

poly [(butylamino)thionylphosphazene], 4 (R = "Bu), were expected to possess an 

increased gas permeability because of the larger 6-ee volume present. We decided to study 

their potential use in pressure sensing composite matenals. However, we have found that 

the best results are obtained when a copolymer with THF is u~ed,['~- 191 therefore, the 

block copolymer 7 was prepared for use in these studies. This polyrner was synthesized 

with a high loading of trifluoroethoxy substituents at phosphorus, and IH NMR spectral 

analysis gave R = 95 96 [OCHtCF3]. Polymer 7 was also found to have a large ratio of 

poly(tetrahydrofuran) to poly(thiony1phosphazene) (n:m = 9: 1) which made it an ideal 

candidate for these applications. Analysis of 7 by 3'P NMR spectroscopy gave broad 

resonances at -9.5 ppm and -0.2 ppm, which is similar to that observed for 2c. This 

polymer was also found to be of high molecular weight by GPC analysis which gave MW = 

240,000 and PD1 = 1.7. 

For the pressure sensing studies, a 0.2 wt. 4b mixture of @tu(4,7-diphenyl- l,10- 

phenanthroiine)3]C12 in polyrner 7 was prepared in 1, 1,l-trichloroethane and spray coated 

on to an aluminum surface which had previously k e n  treated with an epoxy primer. The 

phosphorescent dye, mu(4,7-diphenyl- l,lO-phenanthroline)3]Cl2, has an excitation 



wavelength, Le, of 450 nm, and an emission wavelength, Lm of 610 nm. Emission 

intensity measurements were recorded at air pressures between 0.1 and 2.4 atm, and the 

emission intensity was found to decrease with increasing pressure as more oxygen reached 

the dye embedded in the polymer rnatrix and quenched the phosphorescence. The Stern- 

Volmer-like equation, I l . d I  = A + B(P/Pi.oo), was used to fit the intensity data (Figure 

4), and coefficients A and B were found to be 0.320 and 0.656 respectively with a 

correlation coefficient R2 of 0.999. These results indicate an impressive pressure respons 

for this matrix, and d s o  a fair1y high sensitivity (Il-& or 11 .&A) of 3.1 vs. 2.4 for the 

related poly[ (buty lamino)thionylphosphazene] -b-p)  copolymer. 

Figure 4. Air-quenching intensity data for Ru(4.7-phenyl- 1,lO-phenanthroline)3m2 in 
polymer 7. The data was fitted by the Stem-Volmer model. 

Thus, tests on this copoiymer were carried out on a model aircraft wing at the 

National Research Councii's high speed wind-tunnel. A solution of the dye and polyrner in 

the same concentration as above were spray coated ont0 the model which was mounted in 

the wind-tunnel. The results of these tests on 7 are shown in Figure 5, and show the 



Highest pressure Lowest Pressure 

Figure 5. Phosphorescent image of a section of a mode1 aircraft wing, coated with [Ru(1,4- 
diphenyI- 1, IO-phenanthr~line)~]Cl~ in 7, showing the surface pressure distribution dunng a wind 
tunnel expenment. The colors, whilst artificial, reflect the pressure at different points on the surface. 



practical use of this technology. The areas of high pressure are shown in red, and the areas 

of low pressure are shown in yellow. It is clear f?om this illustration that the polymer-dye 

matrix responds quite well to pressure changes, and provides a continuous pressure 

distribution mapping over the surface of the object of interest. This technology will be 

explorai in more detail in the future. 

5.4 Summary 

A senes of poly[(alkoxy)thionylphosphazenes] were prepared by reaction of the 

perhalogenated poly(thiony1phosphazene) 2 a  with Na[OCH2CF3] in various ratios 

followed by substitution with BuNH2 to ensure complete halogen substitution. The 

substitution was found to proceed regioselectively with reaction of the alkoxide only at 

phosphorus, and subsequent substitution of the remaining P-Cl and S(0)Cl bonds with 

butylamine. The polymers synthesized were found to have the Iowest Tg's yet determined 

for the known poly(thionylphosphazenes), and were thermaily stable to 250 OC. The use of 

the block copolyrners with THF as pressure sensing matrices for phosphorescent dyes was 

established, and tests carried out at the NRC high speed wind-tunnel were very successful, 

with continuous pressure mapping over the surface of an aircraft model. Further work is 

underway with the aim to synthesize poly(thionylphosphazenes) with even lower g l a s  

transition temperatures, and a higher permeability to oxygen. 

5.5 Experimental Section 

5.5.1 Materiaïs and Equipment. Reagents, n-butylamine (Aldrich), Ca& (95 %, 

Aldrich) were used without further purification, 2,2,2 -trifluoroethanol (Aldrich) was 

distilled from Cas04 prior to use. The cyclic thionylphosphazene, la, was prepared by 

literature p r ~ c e d u r e s ~ ~ ~ l  and was purified by recrystallization from hexanes and vacuum 

sublimation (40-60 OC, lx 10-3 m g ) .  Solvents were dried according to standard 



methods. Al1 manipulations of air sensitive reagents were performed under a nitrogen 

atmosphere in an Innovative Technologies glove box or using standard Schienck line 

techniques. Workup of the polymers was carried out in air using reagent grade solvents. 

31P NMR spectra (121.4 MHz) were referenced extemally to 85% H3PO4. 1% NMR 

spectra (75.4 MHz) were referenced to deuterated solvent, 1H NMR spectra ( 3 0 . 0  MHz) 

were referenced to residual protoaated solvent, 19F NMR spectra (282.3 MHz) were 

referenced extemally to CFC13KDC13 and ail were recorded on a Varian Gemini 300 

spectrometer. Molecular weights were estimated by gel penneation chromatography (GPC) 

using a Waters Associates liquid chromatograph equipped with a 5 10 HPLC pump, U6K 

injector, Ultrastyragel columns with a pore size of 103 and 105 A, and a Waters 410 

differential refractometer. A flow rate of 1.0 mUmin was used , and samples were 

dissolved in a solution of O. 1 % tetra-n-butylammonium bromide in THF. Polystyrene 

standards were used for calibration purposes. Thermal behavior was studied using a 

Perkin-Elmer DSC-7 differentid scanning calonmeter equipped with a TAC7 instrument 

controller. Thermograms were calibrated with the melting transitions of heptane and 

indium, and were obtained at a heating rate of 10 "Umin. Thermal stability was studied 

using a Perkin-Elmer TGA-7 thermal gravimetric analyzer equipped with a TAC-7 

instrument controller. Thermograms were calibrated with the magnetic transitions of 

Nicoseal and Perkalloy and were obtained at a heating rate of 10 OChin. Elemental 

anal ysis was performed by Quantitative Technologies Inc. Whitehouse, NJ. 

The luminescence measurements of the composite materials were obtained on a 0.2 

wt. % mixture of dye, @u(4,7-diphenyl- 1,lO-phenanthroline)3 ]Cl2 in polymer dissolved 

in 1,1,1 -tichloroethane. This was then spray coated ont0 a surface precoated with a Pratt 

& Lambert two part epoxy primer. An EG & G Electro-Optics MVS-2200 xenon light 

source with a 40 nm band pass fdter centered at 400 nm was used. Cut-off fdters (OG 590 

nm) were placed in front of a liquid-nitrogen cooled CCD detector (Mode1 LNKCD, 



Princeton Instruments, Inc.), with 578 x 384 pixels in a ceil size of 13.25 x 8.83 mm2, and 

luminescent Iight was collected through a Nikon, 55 mm lens. The pressure of the sample 

chamber was measured using a Waiiace & Tiernan, Fa 233 pressure gauge (& 0.1 psi). 

Measurements on aircraft models were done by McDome!i-DougIas Inc. and deHavilland 

Inc. in the high speed wind-tunnel, at the National Research Council, Ottawa. 

5.5.2 Synthesis of 2a. Monomer 1 (2.00 g, 6.1 mmol) was polymerized and the 

product isolated by precipitation from CH2C12 with hexanes following the standard 

procedure. A yield of about 75-90 % was obtained for polymer 2a. 

5.5.3 General Procedure for the Substitution of 2a: Synthesis of 6c. 

Na[OCH2CF3] was prepared from the reaction of HOCH2CF3 (1.7 mL, 23 mmol) with 

NaH (0.56 g, 23 mmol) in dioxane (ça. 150 mL) and CH2C12 (ca. 75 mL). The 

Na[OCH2CF3] solution was added dropwise over 7 h to a slush of 2a in dioxane (ca. 100 

mL) and CH2C12 (ca. 250 m . )  and the reaction temperature was maintained between -50 

and -70 OC. After the addition was complete, the ceaction mixture was warmed to O OC, and 

a fine white precipitate was observed. nBuNH2 (3.0 mL, 30 mmol) was then added and 

the reaction mixture was dlowed to warm to ambient temperature and stirred for an 

additional 12 h. The white precipitate was f'iltered, and the soivent was removed from the 

filtrate leaving a yellow gumrny material. The polymenc product was purified by 

redissolution in dioxane (ca. 10 mL) dropwise addition into water (three times), and 

redissolution in CH2C12 (ca. 10 ml,) and precipitation into hexanes (two times). For 6c; 

Yield = 0.99 g (26 %). For 6a; Yield = 0.90 g (26 %); For 6b; Yield = 0.59 g (16 %). 

5.5.4 Synthesis of block copolymer 7. Polymer 2a was synthesized and purified 

in the same way as above fiom 1.00 g of la. The polymer 2a was stirred in THF for ca. 

24 h at room temperature and an increase in viscosity of the solution was observed. The 

polymer was then substituted as above, and purified by precipitation into Hz0  (three 

times). Y ield = 1.75 g 



For 7, P NMR (CM3l3) 6 = - 9.5 Pr, P(OCHzCF3)t], - 1 to 3 pprn Pr, PNHBu]; 19F 

NMR (CDC13) 6 = - 76 pprn (br); 1H NMR ( C D Q )  6 = 0.9 (br, S. CHj), 1.4 @r, m, 

C&CH2CH3), 1.5 (s, poly-THF), 3.0 (br, s, PNHCHz), 3.4 (s, poly-THF), 4.3 ppm 

(br, s, OCH2CF3); GPC: MW = 240,000, Mn = 140,000, PD1 = 1.7. The amount of 

OCH2CF3 was detennined by a similar manner as for 6 and was found to be 3.8. The 

poly-(tetrahydrofuran):poly(thionylphosphene) ratio was determined by comparison of 

the integration for the O(CH2)z resonance for the poly(tetrahydrofuran) block (6 = 3.4 

ppm; i n t m  = 130) with the CH2CF3 resonance for the poly(thionylphosphazene) block (6 

= 4.3 pprn; intprp = 28). mus, dm = [int~~~/intm]x[2(3.8)/4]. 
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CHAPTER 6 

Highly Strained, Ring-Tilted [l]Ferrocenophanes Containing 

Group 16 Elements in the Bridge: Synthesis, Structures, and 

Ring-Opening Oligomerization and Polymerization of [l]Thia- 

and [l]Selenaferrocenophanes 

6.1 Abstract 

The first chalcogen-bridged [lJferrocenophanes F ~ ( ~ - C S H ~ R ) ~ E  (6, E = S, R = H; 

7, E = Se, R = H; 12, E = S, R = Me) have been synthesized and characterized both 

structurally and spectroscopically. Synthesis of sulfur- and selenium-bridged species, 6 

and 7 was achieved by the reaction of dilithioferrocene.TMEDA (TMEDA = 

tetrarnethylethylenediarnine) with bis(pheny1sulfonyl) sulfide S(02SPh)2 and selenium 

diet hyldi t hiocarbamate Se(S2CNEt2)2, respectively, in 20 - 30% yields. Structural 

characterization of both 6 and 7 revealed highly strained structures with tilt-angles between 

the cyclopentadienyl ligands of 3 1.05(10)0 and 26.4(2)O respectively. Compounds 6 and 7 

are purple and red-purple, respectively; cornparison of the structures of known 

[l]ferrocenophanes 1 showed that when traversing the second period (from group 14-16) 

there is a substantid increase in cyclopentadienyl ring tilting in main group element-bridged 

[l]ferrocenophanes, and the lowest energy W N i s  absorption peaks become increasingly 

red-shifted. Extended Hückel MO caiculations were perfonned and, consistent with this 

observation, predicted a decrease in the HOMO-LUMO gap as the ring-tilt increases. 

Thermai ROP of both 6 and 7 afforded the insoluble poly(ferrocenylsu1fide) [Fe(q- 

C5H4)2SIn 8 and poly(ferrocenylse1enide) [Fë(î1-C5H4)2Seln 9, respectively. DSC 



studies of the ROP process provided estimates of the strain energies of 6 and 7 which were 

ca 130 (k20) and 110 ( e 0 )  kJmol-1, respectively. Anionic ROP of 6 also yielded the 

insoluble poly(ferrocenylsulfide) 8. However, linear soluble dimeric and trimeric 

trime t h ylsil y 1-capped oligo(ferroceny1sulfides) l o b  and 1 1 b were synthesized by the 

reaction of 6 with dilithioferrocene.TMEDA foilowed by the addition of Me3SiCl and were 

characterized spectroscopically, electmchemically, and, in the case of l l b ,  by X-ray 

diffraction, and provide useful models for the analogous high polymer. The dimethylated 

sulfur-bridged species 12 was prepared as a mixture of isomers from the reaction between 

dilithiodimethylferrocene*TMEDA and S(%SPh)2 and X-ray structural characterization of 

a single isomer 12a  showed the presence of a large tilt angle of 3 1.46(8)". Thermai and 

anionic ROP of the isomer mixture 12  afforded the fust soluble poly(ferrocenylsu1fide) 

(Fe(q-CsH3Me)2SIn 13 which was characterized by 1H, 1% NMR, elemental anaiysis, 

TGA and by GPC. Cyclic voltammetrk studies of 13 showed the presence of two 

reversible oxidation waves with a redox coupling AE = ca 0.32 V which is consistent with 

the presence of significantly stronger M.--M interactions compared to those present in other 

ring-opened poly(ferrocenes) derived from [l]ferrocenophanes. 

6.2 Introduction 

Although the concept of bridging the cyclopentadienyl ligands of ferrocene with a 

single atom was at fmt  dismissed as it was predicted that the resulting species would be be 

too strained to exist,' the isolation of the fiai siiicon-bndged [l]ferrocenophane 1 (ER, = 

Siph;?) in 1975 by Osborne and coworkers revealed that the ferrocene moiety is capable of 

supporting a surprising degree of  train.^ X-ray structural studies of 1 (E = SiR2) and 

analogous species have revealed the presence of tilted cyclopentadienyl (Cp) ligands 

(interplanar tilt angle (a) = 16-21") as well as dramatic distortion at the ipso carbon atoms 



where the angle between the Cp ligands and the ipso carbon-silicon bond was 3 7 - 4 0 0 . ~ ~  

Strained silicon-bridged [lJferrocenophanes fmt  attracted attention in the late 1970's as 

surface derivitization agentsY7 but more recentiy interest has been generated by the 

discovery that these species function as effkient precursors to high molecular weight 

poly(ferrocenylsi1anes) 2 (ERx = SiR2) via therma.1~ a n i o n i ~ , ~ * l ~  or transition metal- 

catdyzed' l-I3 ring-opening polymerization (ROP) ra t ions .  

ROP Fe 

This ROP methodology has d s o  been extended to the synthesis of a range of other 

poly(metal1ocenes) 2 with germanium (E = ~ e , ' ~  phosphorus (E = p),15 tin (E = sn).16 or 

two carbon atoms (ERx = C2& or c ~ H ~ ) ~ ~ - ~ ~  in the bridge, and m e n t  attention has also 

focussed on the interesting properties of these and related r n a t e r i a l ~ . ~ @ ~ ~  In particular, the 

nature of the spacer group ERx has been found to control the metal-metal interactions 

present. For example, cyclic voltammetric studies have revealed that 

poly(ferrocenylsi1anes) 2 (ER, = SiR2) exhibit substantial redoxqoupling (AE = 0.21 - 

0.27 V) whereas for poly(ferroceny1ethylenes) 2 (ERx = C2H4). which possess a more 

insulating hydrocarbon bridge, the metal-metal interactions are small (AE = 0.08 v ) .=*~~  

Understanding and control of the metal-metal interactions in poly(metaü0cenes) 2 is likely 

to be an important factor for further exploitation of the interesting charge transport and 

cooperative magnetic properties which have been reported for these materials.18* 

To date, [l]ferrocenophanes 1 with Group 14 (E = Si, Ge, Sn), Group 15 (E = P, 

As), and Group 4 (E = Ti, Zr, Hf) bridging elements have been prepared and 



c h a ~ a c t e n z e d . ~ ~  The strain present in these species is apparent in the characteristic tilt 

angles of these species which range from 6" (E = Zr) to 27" (E = P). [l]Ferrocenophanes 

containing Group 16 elements such as sulfur in the bridge which possess small covalent 

radii would be expected to possess even more strained. ring-tilted structures than their 

Group 14 and 15 ana log^.^^ Prior to the initiation of the research described in this paper 

[ 1 ]chalcogenaferrocenophanes were unknown. However. trithia-bridged 

[3]ferrocenophanes such as 3a have been well-studied and have previously been prepared 

fiom the reactions of dilithiated ferrocenes with elemental suifur.*' Tnselena-, tritehua- 

and rnixed chalcogena-bridged [îJferrocenophanes have been synthesized by similar 

 route^.^^*^^ As these species are essentially unstrained (tilt angles < 4S0) they appear to be 

unsuitable monomers for ROP. Nevertheless. Rauchfuss and coworkers have shown that 

these compounds undergo novel sulfur atom abstraction-induced polymerization reactions 

with PBu3 to give poly(ferrocenylpersu1fides) 4 .30 Strained dithio-bridged 

[Zlferrocenophanes 5 have been proposed as possible intermediates in these 

polymerizations but have not been identified or isolated to date?@32 

Significantiy, cyclic voltammetric studies of poly(ferrocenylpersu1fide)s 4 have 

shown the presence of strong metal-metai interactions [AE = 0.29 - 0.3 1 V] despite the 

existence of a two atom spacer between the ferrocene  unit^.^'^^ This discovery provided 

further motivation for us to study ring-opened polymers derived from 



[ I ]chalcogenaferrocenophanes. In this paper, as a follow up to our c ~ m m u n i c a t i o n ~ ~  we 

report full details concerning both the synthesis of the first stable 

[ l]chalcogenaferrocenophanes and studies of the ROP behavior of these species. 

6.3 Results and Discussion 

6.3.1 Synthes is  and Charac te r i za t ion  of t h e  S u l f u r - B r i d g e d  
f 11Ferrocenophane Fe(q-CsH4)zS (6) 

Attempts to prepare a sulfur-bridged [l]ferrocenophane 6 via the low temperature 

reaction of dilithioferroceneeTMEDA [fcLiyTMEDA] with SC12 yielded oniy chiorinated 

ferrocenes and uncharacterized by-products. An alternative approach involved the low 

temperature reaction of fcLi2eTMEDA with S(02SPh)2 in THF. A critical step in the 

reaction was the removai of the partially THF soluble Li(02SPhI byproduct, which was 

found to induce decomposition of the product 6 presumably via ring-opening 

oligomerization r e a ~ t i o n s . ~ ~  This separation was acheived by addition of cold hexanes to 

the reaction mixture and subsequent low temperature (-78°C) filtration though alumina. A 

second filtration through alumina and column chromatography followed by sublimation of 

the product afforded a purple solid contaminated with a trace quantity of ferrocene (< 5 % 

by 'H NMR) in 56% yield. Recrystallization from hexanes at -40 OC followed by 

sublimation afforded 6, free of ferrocene, as a purple crystaliine material in 28% yield. 

Unexpectedl y, the reaction of fcLipTMEDA with S2(02SPh)2 also resulted in the isolation 

of 6 (ca. 20% yield) rather than the expected dithio-bndged [2]fenocenophane 5. 



Characterization of 6 by NMR spectroscopy confmed  the assigned structure. The 

'H NMR spectrurn (in Ca&) of 6 consists o d y  of a pair of widely separated pseudo 

triplets at 3.96 and 4.61 pprn. assigned to the a and Cp protons. The 13c NMR 

spectrum (Figure 1) shows three singlet resonances; at 82. I ppm and 76.9 ppm, assigned 

to the Cp-H carbons, and at 14.3 ppm, assigned to the Cp-S ipso carbon. The remarkably 

large upfield shift observed for the ipso carbon clearly refiects the structural distortion of 

this site and is charactenstic for highiy strained [l Jfemenophanes (see Table 1). Despite 

its strained structure, 6 is stable as a solid and in solution at room temperature in the 

absence of air or rnoisture. Analysis of 6 by cyclic voltammetry showed a quasi-reversible 

oxidation (I,d/Iox = 0.74) at 500 mV/s in contrast to siiicon-bridged [l]ferrocenophanes 

whic h, under identical conditions, exhibit reversible oxidationsO6 At scan rates 4 0 0  mVs- 

l the oxidation was irreversible indicatiag that the f e m e n i u m  derivative of 6 is unstable 

under the conditions of our study. At 500 LINS-' an El12 value of 0.22 V vs. the 

ferrocene/ferrocenium ion couple was found. This shift to higher potential relative to 

ferrocene is similar to that detected for the [3]trithiaferrocenophane 3s (El12 Ca. 0.3 1 V) 

and can be explained by the electron withdrawing nature of the sulhir substit~ent.'~ 



Figure 1. 13c NMR spectrum of 6 in C&5- 

A single crystal X-ray diffraction study of 6 (Tables 1 and 3) was undertaken in 

order to probe the structure of this novel species. A suitable crystai was obtained by 

cooling a hexanes solution of 6 to -40 OC. The molecular structure of 6 is shown in Figure 

2 and reveals an unprecedented tilt angle between the planes of the Cp rings of 3 1.05( 10)". 

Other large tilt angles have also recently been reported for a doubly strapped hydrocarbon- 

bndged [2]ferrocenophane Ee(q-CsH3)2(C2H&] ( 2 8 . 8 0 ) ~ ~  and [2Jmthenocenophanes 

[ R u ( ~ - C ~ H ~ C R ~ ) ~ ]  (R = H or Me) (ca. 29-3 1°).37~38 The Cp ring tilting in 6 is 

accompanied by a RC 1 -Fe-RC2 (RC = ring centroid) angle of 1 S6.9( 1)" compared to 180" 

in ferrocene and a 0.326(2) A displacement of the iron atom from the line joining the two 

ring centroids. The tilted Cp rings maintain an eclipsed conformation with a C 1-KI-RC2- 



C6 torsion angle of 0.4(3)". Additional structural distortions include angles of 29.1(1)" and 

28.8( 1)" between the Cp ring planes and the exocyciic C-S bonds. The C 1-S-C6 angle of 

89.03(9)" is smaller than the analogous angles in silicon-bridged [l]ferrocenophanes (ca 

96" - 99O) and is s i d a r  <O the angles found in phosphorus-bridged species (ca 9 1"). The S- 

C bond lengths (avg. 1.806(3) A) are typical of C-S single bonds although they are slightly 

elongated relative to analogous bonds in the trithia-bndged [3]femenophane 3a (ca 1.75 - 

1.76 A). The distance between Fe and the bridging S atom [2.7947(7) A] is slightly longer 

than that expected for a single bond (sum of covalent radii = 2.27 A)39 and is consistent 

w i th the type of weak interaction previousl y proposed for [ l ] f e ~ ~ c e n o ~ h a n e s . ~ ~ ~ ~  

n 

Figure 2. Molecular structure of 6 with thermal ellipsoids shown at the 30 % probability 
level. 



6.3.2 Synthesis and Structure of the Selenium-Bridged [lIFerrocenophane 
Fe(q°C5H4)2Se (7) 

Initial attempts to prepare the selenium-bndged species 7 by a procedure analogous 

to that for 6 via the low-temperature reaction of Se(@SPhh and fcLipTMEDA resulted in 

the formation of very low yields of the product. Substantially improved yields were 

obtained by a similar procedure using selenium bis(diethy1dithiocarbamate). 

Se(S2CNEt2)2, in place of Se(02SPh)z. In addition to the desired product 7, a quantity of 

yellow-brown insoluble material was produced, which can be attributed to the anionic ring- 

opening oligomerization of 7, initiated by the lithium salt of the Li[S2CNEt2], produced 

dunng the reaction. The challenge of isolation for 7 is more pronowiced than for 6, at least 

partly caused by the increased solubiiity of the [SsCNEt2]- anion in the reaction solvent. 

Thus, a similar low temperature filtration through alumina was required to remove 

Li[S2CNEt2] and aüow workup of 7 under arnbient conditions. The selenium-bndged 

[ l]ferrocenophane 7 was isolated by recrystallization from hexanes foiiowed by vacuum 

sublimation to a o r d  red-purple crystais, free liom ferrocene, in 23 % yield. Once isolated 

and free from impurities, 7 was found to be stable at room temperature in both the solid 

state and in solution in the absence of air and moisture. 

It is interesting to note that 7 can dso be prepared by the abstraction of selenium 

from the [3]ferrocenophane 3c by dilithioferrocene. If due caution is taken to reduce 

anionic oligomerization via the addition of Me3SiC1 to the reaction mixture, low yields of 7 

can be obtained via this methoci. 



Compound 7 was characterized by mass spectrometry and by lH, 13C and 7 7 ~ e  

NMR spectroscopy. The lH NMR spectrum of 7 in C6D6 showed two pseudotriplets 

which were less separated than for 6 (A6 = 0.61 VS. 0.65 ppm for 6). In the 13C NMR 

spectrum of 7, three resonances were observed for the Cp carbons, and in particular, the 

signai for the ipso carbon atom was found at 5.7 ppm, which is surprisingly further upfield 

than that of 6 (14.3 ppm). The NMR spectnim showed a singlet at 435 ppm, which 

is shifted slightly downfield from the resonance observed in diarylselenides such as Ph2Se 

(402 ppm)40 and dramatically shifted downfield with respect to the nSe resonance C s w e  

in 3b (303 ppm).32 Cyclic voltammetric analysis of 7 showed a reversible oxidation at 

scan rates above 50 mVIs, in contrast to that of 6 which was s h o w  to be reversible only at 

scan rates greater than 500 mV1s. The half wave oxidation potential for 7 was found to be 

- 0.02 V at a scan rate of 250 mVIs, which is typical for [l]silaferrocenophanes.6 

A single crystal suitable for an X-Ray diffraction study was obtained by slow 

solvent evaporation of a benzene solution of 7. The molecular structure is shown in Figure 

3, and reveals a ring tilt (a) of 26.4(2)" which reflects the strain present in 7,  and is 

substan tiall y greater than that found in the analogous 4th row element-containing arsenic 

(22.9") or germanium [ l9.O(9)O] bndged [ 1 ] ferrocenophanes (Table 1 ), although 

expectedly is significantiy less than in 6 [a = 31.05(10)~].~~ It is interesting to note that 

the p angles in 7 are slightly larger then those in 6 (avg. 30.0(2)" vs. 29.0(2)O 

respectively), and may be a factor in the upfield shift of the ipso carbon resonance in the 

'3C NMR spectnun (Table 1). Another soiking feanire in the molecular structure of 7 is 

the C(I)-Se-C(6) angle of 86.00(12)" which is approximately 3" less than the 

corresponding angle in 6 (89.03(9)"). As in the case of 6, the distance between Fe and the 

bridging atom (2.9058(6) A) is consistent with a weak interaction (sum of covalent radii = 

2.42 A). 



Figure 3. Molecular structure of 7 with thermal eliipsoids shown at the 30 % probability 
level. 

Now that the series is completed, a generai trend in the structural features of main 

group-containing [ 1 ] fernenophanes should be pointed out (see Table 1 ). Whereas the tilt 

angle (a) increases dramatically on traversing each period (a = 3 and 4) from group 14 - 
16, the other angles $, 6, and 0 undergo a smooth decrease. 



Table 1. Structural and Spectroscopic Data for Representative Main Group Element- 

Bridged [ 1 ]Ferrocenophanes 

PPh 26.9 32.3 159.8 90.7(2) 2.774(3) 498 18.7 6 1.62 

a) The ody structurai characterization is for the derivative with a dimethylarnino(ethy1) 
group in the 2-position of the cyclopentadienyl ligand. 
b) Ali UVNis reported in hexanes, except 1 (ERx = GeMe;? which is in THF). 
c) 1 3 ~  NMR shift in C6D6. 



6.3.3 The Electronic Structure of [l]Ferrocenophanes: 
UV-Visible Spectra and Extended Hückel MO Calculations 

in order to obtain information on the electronic structure of the chdcogen-bridged 

[llferrocenophanes, solution UVNis spectra in the 200 - 800 n m  range were collected for 

species 6 and 7. In hexanes, 6 exhibits W N i s  absorbances at 275, 322 and 504 nm 

(Figure 4), while 7 shows absorbances at 273, 328 and 500 nm. In cornparison to the 

UVNis spectnim of ferrocene, these bands are assigned the numbers N, III, and 11, 

respectively. The two highest energy bands IV and III occur at a sunilar energy to chose in 

fenocene w hereas the lowest energy band II is dramatically red-shified by ca 60 nm. In 

addition, both bands III and II are significantly more intense than the corresponding 

absorptions in ferrocene (see Figure 4, Table 1). An analogous but less significant red- 

shift (ca 40 nm) of the lowest energy band II has been detected for silicon-bridged 

ferrocenes which possess smailer tilt-angles (16 - 21°).6 These shifis of band II give rise to 

the characteristic amber color of ferrocene, the red color of silicon-bridged 

[l]ferrocenophanes and, as noted above, the remarkable purple color of the sulfur-bridged 

[ 1 ] ferrocenophane 6. 

6 -  
ferrocene - 

Wavelmgth (nm) 

Figure 4. UVIVis spectra of ferrocene and 6 (1 .O m M  solutions in hexanes). 



In order to probe the reasons for the dramatic red shift of the lowest energy band 

which leads to the striking purple color of 6 we have performed some Extended Hückel 

MO calculations on some representative structures using the CACAO program. 

First, the electronic structure for ferrocene in the eclipsed (Dsh) configuration was 

generated and was found to give satisfactory agreement with the accepted order of energy 

levels which give rise to a ground state arising from an el4a1'2 electronic configuratiod2 

Calculations were then performed on the silicon-bridged [l]femenophane 1 (R = K) (tilt- 

angle 1 9 . 1 0 ) ~ ~  and the sulfur-bridged species 6 (tilt-angle 31.0S0) using the X-ray 

crystallographic data to define the (eclipsed) molecular structures. A calculation on 

ferrocene with rings tilted by the same value as in 6 (3 1.05") in the absence of a bridging 

atom was also performed. Energy level diagrams showing the frontier molecular orbitals 

are iilustrated in Figure S. 

The highest energy W N i s  absorption in ferrocene (band IV) at 270 nm bas been 

assigned to a ligand to metai charge transfer transition whereas the weaker absorptions at 

325 and 440 nm (bands III and II) have been attributed to transitions between the filled e' 

and ai' HOMOs and the el' LUMO which are predominantly d-d in nature and which are 

Laporte forbidden. The absorption at 440 am has been assigned to two closely spaced 

absorptions (band IIa and IIb) of which the lowest energy component (IIa), ie the 

component that undergoes the dramatic redshift in [llferrocenophanes (see Figure 4), has 

been assigned to a one electron al' + e" transition. Inspection of Figure 6 shows that the 

HOMO-LUMO gap (correspondhg to the gap between the the al' level and the e" level in 

ferrocene) decreases significantly as the tilt-angle increases, ie. the al' HOMO is raised in 

energy whereas the LUMO energy is lowered. in addition, as the e' occupied MO (which 

becomes al and bl in the tilted structures) remains at relatively constant energy, the large 

percentage change in the HOMO (ai') - LüMO gap explains, at les t  qualitatively, why the 

lowest energy transition @a) is the one to redshift most dramatically with increasing ring 
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ferrocene 
(eclipsed) 

1 (ER, = SiH2) 
(a = 19.1") 

6 ferrocene 
(a = 31 .Os0) (a = 31.05') 

Figure 6. EHMO cornparison of fiontier orbitals of ferrocene (eclipsed), 1 (ER, = SiH2) 
(a = 19. 1°), 6 (a = 3 1.05O), ferrocene (a = 3 1 .OS0) (correct orbitai energies are given in 
the legend). 

tilt." The greater intensity of bands III and II can be explained by the relaxation of the 

Laporte selection mle as the symmetxy is lowered by increased tilting and the increased 

cyclopen tadieny 1 Ligand contribution to the LUMOs. 

Another interesting structural question conceming strained metailocenophanes 

concerns the possible existence of a weak dative bond between the iron atom and the 

bridging element. In all structurally characterized [ 1 Jferrocenophanes reported to date the 

distance between the iron atom and the bridging element is only slightly (typically ca 15 %) 

longer than for a single bond. Moreover, 5 7 ~ e  Mossbauer spectroscopie studies have also 

provided some apparently convincing support for the presence of such an interaction." As 

Figure 5 illustrates, we found that the program used in this work generates essentially the 



same MO diagram for ferrocene which is tïited by 3 1.05" as for the sulfur-bridged species 

6. This indicates that the presence of a bridging element does not significantly influence 

the bonding situation. However, we believe that higher level calculations than those 

reported here are required to address the issue of the possible existence of a iron-bridging 

element interaction in detail. 

6.3.4 Thermal ROP of F ~ ( I ~ - C S H ~ ) ~ S  (6) and Fe(q-C5Hq)tSe (7) 

Since 6 possesses a highiy strained structure, thermal ROP was expected to result 

in the formation of the poly(ferrocenylsu1fide) 8. DSC studies show an endotherm 

correspondhg to a rnelt at 80°C and a sharp exotherm at ca. 1400C comsponding to a ring- 

opening process. An estimation of the enthdpy for the ROP process was made based on 

the integration of the exotherm and was found to be Ca. 130 ( S 0 )  Wmot. This is 

substantially higher than the values found for siiicon-bndged [l]ferrocenophanes 1 (ERx = 

SiR2) (70-80 ~ / r n o l ) . ~ ~  An attempt to polymerize 6 on a preparative scale was carried 

out by heating the sulfur-bndged [l]ferrocenophane at 150 OC for 30 minutes after which 

time a beige solid product was obtained. This product was found to be insoluble in 

common solvents, and no useful NMR spectroscopie or molecular weight data could be 

obtained. However, pyrolysis mass spectrometry of this solid provided evidence for the 

expected structures and showed peaks assigned to oligo(ferrocenylsu1fides) of up to 4 

repeat units. The IR spectrum of this materiai was similar to that of the bnefly reported 

pol y ( fe rroceny lsul fide) 8 prepared by condensation methods from f c L i ~  and  SC^^.^' 



A DSC study of 7 (Figure 7) revealed a slight melt endotherm (observed in I of 3 

identical samples) followed immediately by a very sharp exotherm at Ca. 130°C 

corresponding to a ring-opening process. Integration of the DSC exotherm gave an 

enthalpy of the ROP process of 110 (kî0) kJImol which is expectediy less than that of 6. 

An attempt to polymerize 7 was carried out by heating the selenium-bridged 

[l]ferrocenophane in vacuo at 150 OC for 45 minutes. A beige-brown solid product, 9, 

was isolated and found to be similarly insoluble in common solvenis. Pyrolysis mass 

spectrometry of this materiai showed peaks assigned to oligo(ferrocenyIselenides) of up to 

3 repeat units. in addition, the IR spectmm of this matenal was very similar to that of the 

insoluble poly(ferrocenylsu1fide) 8. 
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Figure 7. DSC trace of selenium-bridged [ 1 ] ferrocenophane 7 ( 10 *C/min). 

6.3.5 Anionic Oligomerization and Attempted Anionic Polymerization of 
Sulfur-Bridged [l]Ferrocenophane Fe(q-CsEI4)zS (6) 

Anionic ROP of silicon-bridged [lJferrocenophanes provides a convenient and 

well-established route to poly(ferrocenylsilanes) (2: ER, = SIR2) with controlled 

structures.'* In an attempt to synthesize poly(ferrocenylsu1fides) under mild conditions 

and in solution, the reaction of 6 with the anionic initiators butyllithium and 

dilithioferrocene*TMEDA were studied. With smaii amounts of BuLi in THF, an insoluble 

orange precipitate of the poly(ferrocenylsu1fide) 8 formed over 12 h. This insoluble 

material is similar to that fonned by the thermal treatment of 6, and that reported from the 

polycondensation of dilithioferroceneeTMEDA and  SC^^.^' In an attempt to prepare 

oligomers which might prove to be more soluble, the reaction of a 1:l mixture of 

dilithioferroceneeTMEDA with 6 was studied. A rapid color change from deep red to amber 



was observed and, after the addition of MesSiCl, soluble trimethylsilyl end capped 

oligo(ferrocenylsulfides) lob and l l b  were isolated by column chromatography. These 

species were characterized by NMR spectroscopy, mass spectrometry and cyclic 

voltammetry. 

Cyclic voltammetry (Figure 8) found slightly larger AEln values for lob and l l b  

(ca. 0.33 V and 0.52 V) than were previously reported for the analogous molecules 10a 

and l l a  (ca. 0.29 V and 0.48 v ) ~ ~ - ~ ~  and which were consistent with the presence of 

strong M---M interactions (Table 2). This is supported by comparison with analogous 

oligo- and poIy(ferrocenylsi1anes) 2 (ERx = SiMe2) which exhibit smaller A.E1/2 values 

(ca. 0.24 V).8*24 In addition, a clear splitting (AE = 0.10 V) was observed for the first 

oxidation wave for the trimer l l b  (Figure 8) which is indicative of interactions between 

non-nearest neighbor iron centers.t4 For the oligo(ferrocenylsi1ane) analog such effects are 

almost undetectable.2451 



Table 2. Half-wave potentials Eln  (CH2CI2, vs. F ~ ( ~ - C ~ H ~ ) ~ + / O )  and redox coupling, 

AE, for 10a, lob, lla, and llb.b 

10a 0.08 0.37 0.29 48 

10b 0.0 1 0.33 - 0.33 This work 

l l a  -0.04 -0.05 0.44 0.48 50 

llb -0.0 1 0.09 0.5 1 0.52 This work 

a) AE = E1/2(2)-E1/2(1) for 10a and lob; AE = El/2(3)-Ein(l) for 118 and llb 

b) Al1 values are given in volts vs. [Fe(q-C5Hs)2]+"? 

Single crystals of llb were obtained by recrystallization from hexanes and the 

molecular structure of llb was determined by single crystal X-Ray diffraction (Figure 9). 

An interesting feature of the molecular structure of llb is that the triferrocenylsulfide unit 

adopts a tram-planar zigzag conformation in which the iron atoms are 6.608(1) A apart. 

This compares with the analogous triferrocenylsiiaue in which the iron atoms are Ca. 6.2 A 
apart.5'*s2 The orientation of the molecules relative to one another is interesting; 

intermolecular close contacts between Cp ligands and the iron atoms make the 

intermolecular Fe(1)-Fe(2) distance [5.638(1) A] significantly shorter than the 

intramolecular Fe(1)--Fe(2) distance [6.608(1) AI. Similar packing effects may also be 

present in crystalline regions of poly(fex~ocenylsu1fide) 9 which could help to explain the 

insolubility of this materiai. Similar interactions have been predicted in oligo- and 

poly(ferrocenyIsi1anes) using molecular mechanics calculations and in some cases have 

been verified e~perirnentally.*~* 53 
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Figure 8. Cyclic voltammograms of lob (top) and llb (bottom). 



Figure 9. Molecular structure of l l b  with thermal eihpsoids shown at the 50 95 
probabiiity level. 

6.3.6 Synthesis and Characterization of the Cp-Methyïated Sulfur-Bridged 
[l]Ferrocenophane Fe(q -CsH3Me)zS (12) 

The insolubility of the poly(ferroceny1chalcogenides) 8 and 9 is not surprising as 

poly(ferrocenes) without flexible substituents or structural inegularity (e-g. lack of 

substituents on the bridging atom) tend to be insoluble in organic solvents. This effect is 

observed for polymer 4 (R = H) with a disuifide spacer whereas derivatives with the akyl  

group attached to the Cp- Ligands [e.g. 4 (R = n-Bu)] are soluble?0 In order to obtain a 

ROP precursor that would be likely to form a more soluble poly(ferrocenylsulfide), the 

synthesis of an isomeric mixture of the dimethyl-substituted sulfur-bridged 

[llferrocenophanes 12 was also undertaken. Due to the fact that both 

diiithiodimethyKe~wene*TMEDA and S(@SPh)2 are fully soluble in THF (fcLiyTMEDA 

is only siightly soluble in THF at -100 OC), the reaction to form 12 in THF was found to 

proceed too rapidly at -lOO°C, and significantly lower yields were observed. Thus. diethyl 

ether was used as a solvent for this reaction, since S(OzSPh)2 is only slightly soluble in 

this solvent, and these conditions dowed  the successful isolation of the isomer mixture 12 

as a purple oil in 33 95 yield. 



The enantiomer pair 12a was separated from the mixture of isomen 12 by 

recrystallization from hexanes. Purple, single crystals of 12a were obtained by slow 

solvent evaporation from a solution in hexane. Noteworthy, is the fact that the analogous 

procedure for the Cp-methylated dimethylsilyl-bridged [l]fem>cenophane results in the 

isolation of the crystailine analog of diastereomer 12bm6 The molecular structure of 12a 

(Figure 10) is very similar to that of 6, and has a ring-tilt (a) of 3 1.46(8)" which is 0.4(1)' 

larger than that of 6. Interestingly, this is opposite to the trend for the tilt-angles of silicon- 

bndged [ 1 ]ferrocenophanes which decrease upon ~p-methylatiod The P angles 

[28.9(1)"] are comparable to those in 6. ln addition, for this species a small staggenng 

angle of 0.8(3)" is aiso observed between the cyciopentadienyl ligands, implying an 

eclipsed conformation similar to that of the unmethylated species. 



Figure 10. Molecular structure of 12a with thermal ellipsoids shown at the 30 76 
probability level. 

6.3.7 Thermal ROP of Fe(q-CsH3Me)2S (12): Synthesis and Properties of 

the Soluble Poly(ferrocenylsulfiâe) 13 

In an attempt to obtain a soluble poly(ferrocenylsulfide), 12 was heated for 2 min. 

at 160°C and the formation of a brown solid was observed accornpanied by the formation 

of a brown cloud of smoke. Extraction of the soluble fraction into toluene, followed by 

filtration and precipitation into methanol resulted in the isolation of the beige powdery 

poly(ferroceny1sulfide) 13 in 50% isolated yield. The polymer was found to be soluble in 

benzene. toluene and in THF, but surprisingly, not in CH2C12. Analysis of 13 by IH 

NMR revealed the existence of two broad overlapping resonances in the Cp region (4.0 and 



4.2 ppm), and two broad resonances in the methyl region (1.8 - 2.2 ppm). GPC anaiysis 

found the poly(ferroceny1sulfide) to be of very moderate molecular weight (MW = 1 1,500, 

PD1 = 1.95) @P, = 47).54 An alternative synthesis involved the thermal treatment of 8 in 

xylenes solution, however in this case a lower yield and molecular weight was observed 

(MW = ca. 9,000, PD1 = 2.57). The 1H and 13C NMR of this material was consistent with 

that of the polymer obtained by thermal ROP in the absence of solvent and elemental 

analysis was consistent with the proposed structure 13. The IR spectnim of 13 exhibited 

bands similar to those of 8 and 9. The W N i s  spectrum of 13 in hexanes showed a Lu 
of 430 nm which is blue shifted with respect to dimethylferrocene (Amax = 438 nm) which 

is opposite to the situation for Cp-methylated poly(ferroceny1silanes) which exhibit a red 

shift from dirnethylferro~ene.~~ 

The formation of a soluble poly(ferroceny1sulfide) allowed us to probe the metal- 

metal interactions present in these materials by cyclic voltammetry. Studies in THF showed 

two reversible oxidation waves at ca -0.07 V and ca 0.24 V relative to ferrocene (Figure 

1 1). The redox coupling of ca 0.32 V (average) is considerably larger than that of 2 (M = 

Fe, ER, = SiMe2) for which a value of 0.24 V has been established, but is sirnilar to that of 

a substituted poly(ferrocenylpersu1fides) 4 (R = n-Bu, t-Bu), for which a redox coupling 

of 0.29-0.3 1 V was found in CH2Cl2. The thermal stability of 13 was aiso investigated by 

TGA. Studies showed a weight loss of about 20% between 300°C and 400°C and a second 

weight loss beginning at 480°C giving a ceramic yield of 35% at 600°C. 



Figure 11. Cyclic Voltammograrn of poly(dùnethy1ferrocenylsuifide) 

Anionic polymerization of 12 was also attempted. For anionic ROP to be 

successful, pure samples of monomer are vital. For this reason, samples of compound 12 

were repeatedly subject to purification by column chrornatography to remove 

dimethylferrocene. However traces of this species (and other impurities) couid not be 

completely removed and were still detectable by lH NMR. Nevertheless, when BuLi was 

added as initiator, after 2 d no trace of monomer was left and the resulting beige polymer 

was shown to be identical with the thermally ring-opened polyrner 13 by 1H NMR. 

However, as expected in view of the impure nature of 12, analysis by GPC showed the 

material to be of low molecular weight (MW = 4,300, PD1 = 1.23). 

Thermal ROP of sulfur-bndged [ 11 ferrocenophanes such as 12 appears to be a less 

convenient route to high molecular weight poly(ferrocenes) than for group 14 element- 



bndged [ 1 Jferrocenophanes which readily f i o r d  polymers with MW > 106, Mn > 105.~ 

The more strained nature of the sulfur-bridged species appears to lead to rather uncontrolled 

therrnai ROP processes with more facile chah  termination and which, based on the 

isolation of some insoluble material in the case of 12, may also lead to some crosslinking. 

Future work will therefore target the preparation of high molecular weight 

poIy(ferrocenylsulfides) using synthetic routes such as the anionic ROP of analogs of 12 

with different substituents on the Cp rings which permit more facile monomer purification. 

This would permit detaiJed studies of the physical properties of these interesthg materials. 

6.4 Summary 

The first sulfur- and selenium-bridged [IJferrocenophanes have been synthesized 

and these remarkable species have k e n  shown to possess tilt-angles of ca 3 1 O and 26", 

respectively. Further evidence for the presence of high degree of ring-strain was provided 

by the high field I3C chernical shifts of the ipso-carbon atoms of these 

[l]chalcogenaferrocenophanes. DSC andysis indicted that the strain energy for the sulfur- 

bndged species 6 was c.a. 130 (120) kJmol-1 whereas for the selenium analog 7 the value 

was c.a. 110 ( e 0 )  kJmol-1. The red-shifi detected for the lowest energy electronic 

transition by UV/vis spectroscopy for tilted [l]ferrocenophanes relative to ferrocene was 

expiained by EHMO calculations which predicted a decreased HOMO-LUMO gap as the 

pIanes of the Cp ligands become more tilted. Attempts to synthesize 

poly(ferroceny1sulfides) or poly(ferrocenylse1enides) by thermal or anionic ROP of 

unsubstituted [l]chalcogenafernxienophanes resulted only in insoluble polymeric materials. 

However, soluble oligomers were obtained from 1: 1 reactions of 6 with fcLi20TMEDA 

followed by reactions with MesSiCl. The first soluble poly(ferrocenylsu1fide) 13 was 

synthesized by ROP of the Cp-methylated [l]thiaferrocenophane 12 and was found to be 

of moderate molecular weight by GPC. Cyclic voltammetric studies on 



oligo(ferrocenylsUlfi&s) and on the Cpmethy lated poly(ferrocenylsulfide) 13 s howed that 

the Fe---Fe interactions in these materials are significantly stronger than for the 

corresponding oligo- or poly(ferrocenylsi1anes) 2 (ER, = SiMe2). As thermal ROP 

appears to be a less efficient route for the formation of poly(ferrcxenylchalcogenides) than 

for other poly(metal1ocenes) future work wilI focus on (e.g. anionic) ROP of more readily 

purifiable analogs of 12 under rnild conditions which should yield higher molecular weight 

matenals. At that stage detailed studies of the physical properties of these rnatenals wili be 

made. 



6.5 Experimental Section 

6.5.1 Materials and Equipment 

Reagents: Na[02SPh], Na[S2CNEt2], SeO2, Se(O)C12, were purchased from 

Aldrich and used as received; Me3SiC1, SC12 (BO%), TMEDA, were purchased from 

Aldrich and distilled before use. Dimethylferrocene (Aldrich) was sublimed prior to use. 

Starting materials: S(O,SPh),, S2(0,SPh)2, Se(O,SPh),, S e ( s ~ c N E t ~ ) ~ ,  

[3]ferrocenophane 3c, and fcLi2eTMEDA were prepared according to the 

l i t e r a t ~ r e . ~ ' * ~ * ~ ~ - ~ ~  A l h a  used was purchased from BDH (activated, neutral, 100-200 

mesh) or from Aldrich (activated, weakiy basic, Brockmann I., 150-200 mesh). Solvents 

were dried by standard methods and freshly distilled under nitrogen prior to use. Ail 

reactions were carried out under an atmosphere of prepurified nitrogen (99.999% Canox) 

using standard Schlenck techniques or in an inert atmosphere glovebox (Innovative 

Technology Inc. or Vacuum Atrnospheres Co.). 

NMR spectra were recorded on Varian Gemini 200 or Varian Gemini 300 

instruments. IH NMR spectra were referenced to residual protonated C6D6 at 7.15 ppm, 

and l 3 ~  NMR spectra were referenced the C6D6 signal at 128.0 ppm. Nh'IiX spectra 

(57.2 MHz) were recorded on a Varian Gemini 3 0  instrument and referenced extemdy to 

Me2Se. UVNis spectra were obtained using a Perkin Elmer Larnda 900 UVNis/NIR 

spectrophotorneter in hexanes at concentrations of 1 .O mmoVL. Infrared spectra were 

obtained using KBr pellets on a Nicolet 205 instrument . Mass spectra were obtained with 

the a VG 70-250s rnass spectrometer operating in electron impact (EI) mode. Pyrolysis 

mass spectra were carried out by heating the sample probe up to 600°C. The molecular 

weight of the polymer 13 was estimated by gel permeation chromatography (GPC) using a 

Waters Associates liquid chromatograph equipped with a 510 HPLC pump, U6K injecter, 

ultrastyragel columns with a pore size between 103-l@ A, and a Waters 410 differential 



refractometer. A flow rate of 1.0 &min was used and the sample was dissolved in a 

solution of 0.1 % tetra-n-butylammonium brornide in THF. Polystyrene standards were 

used for calibration purposes. DSC analyses were performed using a Perkin-Eimer DSC-7 

or Dupont DSC 29 10 differentid scanning calorimeters under nitrogen at a heating rate of 

IO°C/rnin. TGA of 13 was perfonned using a Perkin-Eher TGA-7 thermogravirnetric 

analyzer under nitrogen at a heating rate of 10°C/min. Elemental analyses were performed 

by Quantitative Technologies Inc. Whitehouse, NJ. 

Electrochernicai experiments were carried out at room temperature with a Maiel 273 

Potentiostat/Galvanostat (EG&G Princeton Applied Research) on 1 rnmoVL solutions in 

CH2C12 (for 6 and 7), 1.0 mg/mL solutions in CHzCl2 (for 10a and l lb)  or a 0.5 mg/mL 

solution in THF (for 13) which were 0.10 M in [NBu4] [PF6]. A sample ce11 with Pt 

working- and counter electrodes and an Ag reference electrode were used. 

Decamethylferrocene (or ferrocene) was added as an intemal standard at the end of each 

experiment. Potentiais are referenced to the femocene/ferrocenium couple (O V) which is 

0.500 V anodic relative to decamethyiferrocene. 

6.5.2 X-ray Structural Characterization 

A summary of selected crystallographic data is given in Table 1. Crystal, data 

collection, and refinement parameters are given in Table 3. Data for a l l  compounds were 

collected on a Siemens P4 diffractometer using graphite monochromated MoKa radiation 

(k = 0.il1073A). 

The structures were solved and refined using the SHELXTLW package? 

Refinernent was by fuil-matrix least-squares on F~ using al1 data (negative intensities 

included). For each compound the non-hydrogen atoms were refmed with anisotropic 

thermal parameters and the hydrogen atoms were refined with isotropie thermal parameters. 



Molecular structures are presented with eliipsoids at a 30% probability level (for 6,7 and 

12a) and 50% probability level (for llb). 

Table 3. Summary of Crystal Data and Least-Squares Refmement Parameters 

compound 6 7 l l b  12a 

empirical formula 

space group 

wR2 (al1 data) 

goodness of fit 

C loHgFeS 

2 16.07 

monoclinic 

P2 1 /c 

purele 

10.429(2) 

7.334(1) 

1 l.l2S(2) 

lO6.67( 1) 

4 

0.0286 

0.0788 

1.101 

C 1 oHgFeSe 

262.97 

monoclinic 

P2 1 /c 

red-purple 

1 O.U8(2) 

7.372 l(5) 

1 1.402(1) 

108.30(1) 

4 

0.03 16 

0.0690 

0.88 

c36H42Fe3s2si2 

762.55 

monoclinic 

P2 1 /c 

orange 

2 1.1 M(4) 

1 1.289(2) 

7.42 l(1) 

92.02(1) 

2 

0.0457 

O. 1266 

1 .O2 1 

C12H12FeS 

244.13 

orthorhombic 

Pbcn 

pucple 

1 l.5242(8) 

12.076 l(5) 

7.1952(4) 

- 

4 

0.0269 

0.0775 

1 .O5 1 

2 2 IR Definition of R indices: R =Z(Fo-Fe)/ Z(Fo); wR2 = [X[W(F,'-FS)~]/Z[W(F~ ) 11 



6.5.3 EHMO Calculations 

The Extended Hückel MO calculations were performed using the CACAO software 

package of Meali and Proserpio (PC Version 3.0, July 1 9 9 2 ) . ~ ~  Standard Atomic 

Parameters were utilized for carbon, hydrogen, sulfur and silicon. The values used for 

iron were optimized through a cornparison of the calculated EHMO energies with the 

generally accepted molecular orbitai diagram for the eclipsed (DgJ structure of ferrocene, 

which gives rise to a ground state arisiag from an el4 alg2 electronic configuration. These 

sarne parameters were then used throughout the entire set of calculations. 

CAUTION= Extreme caution musi be exerrcized when adding solvent (THF) to the solid 

maure in the preparation of monomers 6 and 7. On rare occasions highly exothennic 

reactions accompanied by rapid pressure buildups have been observed upon addition of the 

first drop of solvent even at -196OC. 

6.5.4.1 Synthesis of Fe(q -CsH&S (6) 

A soiid mixture of fcLi2mTMEDA (2.01 g, 6.40 mmol) and (PhS02)2S (2.45 g, 7.80 

mmol) was cooled to -196°C. and tetrahydrofuran (ca. 75 mL) was slowly added and 

frozen. This was slowly melted by wanning to -lOO°C in a EtOWliquid N2 bath. The 

resulting orangehed reaction mixture was then kept at -80°C (&lO°C) for 90 min. during 

which time the reaction mixture turned a deep blood red color. Hexanes (ca- 50 rnL) was 

added at -80°C and precipitation of a dark solid was observed. This was allowed to settle 

and the supernatant solution filtered through a precooled (-78OC) g las  frit containing a 4 

cm pad of alumina, which was subsequently washed several times with hexanes (ca. 150 

mL). The resulting deep red filtrate was concentrated in vacuo to 100 mL and filtered 

through a second alumina containing frit and pumped to dryness leaving a purple solid. 

This solid was redissolved in hexanes (ca 5 mL) and chromatographed on an alumina 

column (ca, 30 cm). Cnide Yield = 0.78 g (56 %). Recrystallization h m  hexanes (-40°C) 



and sublimation (25'C. 0.01 rnmHg) yielded 6 free from ferrocene as a dark purple 

crystalline solid. Yield = 0.39 g (28 %). 

For 6: mp 80°C; 'H NMR (Ca&), 6 (ppm) = 4.61 (t, J = 2 Hz. 4H), 3.96 (t. J = 2 Hz, 

4H): 13c NMR (CgDs), 6 (ppm) = 82.1 (Cp). 76.9 (Cp), 14.3 (Cp-S); W N i s  (hexanes), 

hm,, ( E )  = 504 nm (540 L cm-' mol-'), 322 nm (578 L cm-' mol-'); MS (EI, 70 eV): 

mlzf%] 2 16 [100; M+], 182 [9.6; M+-H2S], 160 111; M+-Fe], 128 [55; M+-FeSJ, 56 [36; 

Fe+]; HRMS calcd for c ~ ~ H ~ ~ ~ F ~ s  2 15.9696. found 2 15.9689; Anal. Calcd. for 

CloHgFeS: C .  55.59; H, 3.73; Found: C. 54.50; H, 3.67. 

Alternatively 6 can be synthesised in equal yield of the cmde product by the reaction of 

fcLiyTMEDA with Sz(O2SPh)2 by following the same reaction procedure as described 

above. Thus. frorn a reaction of 1.57 g fcLi2eTMEDA (5.00 mmol) with 1.85 g 

S2(02SPh)2 (5.34 mmol) 0.25 g crude 6 (20%) was isolated. 

6.5.4.2 Synthesis of Fe(q -CgH4)2Se (7)  

A mixture of fcLiyTMEDA (0.57g, 1.8 mmol) in ether (100 mL) was cooled to 

-78°C in a diy ice/acetone bath. A solution of Se(S2CNEt212 (0.78 g. 2.1 mmol) ether (50 

mL) was cooled to -78°C and was slowly added to the stirred suspension. When the 

addition was cornplete, the mixture was aliowed to warm to -40°C (k 10°C) stirred for 1 h. 

during which the color of the reaction mixture became reddish-brown. The solvent was 

quickly removed in vacuo and the red-brown residue taken up in hexanes (ca. 35 mL). 

This was immediately filtered through a 1 cm layer of d q  alumùia and the solvent removed 

in vacuo to yield a red residue, which was redissolved in hexanes (ca. 10 mL) and colurnn 

chromatographed on alurnina. Cnide yield = 0.14g (29 %). Recrystallization from 

hexanes (-40°C) and sublimation (2S°C, 0.01 mm Hg) yielded analytically pure 7 as red- 

purple crystals. Yield = 0.1 1 g (23%). 



For 7: mp = 143 OC (polym.); IH NMR (C&), 6 (ppm) = 4.56 (ps t, J=2 Hz. 4H). 3.94 

(ps t, J=2 Hz, 4H); I3C hMR (Cs&), 6 (ppm) = 82.8 (Cp), 77.2 (Cp), 5.6 (ipso-Cp); 

"Se NMR (C6D6), 6 (ppm) = 435 ppm; W N i s  (hexanes): bu (&)= 500 nm (325 Lcm- 

Irnol- I ) ;  MS (EI. 70 eV): mlz[%] 264 [100; M+]. 182 [12; M+-Se], 136 [44; M+-Cp2], 

128 [98; M+-FeSe]; HRMS calcd. for cioH856FeSe 263.9 140 found 263.9 138; Anal. 

calcd for CloH8FeSe: Cl 45.67; H, 3.07. Found: C, 45.56; H, 2.8 1. 

Alternatively 7 can be synthesized in very low yield of the cmde product by the reaction of 

dilithioferrocene*TMEDA with Se(%SPh)2 by foliowing the sarne reaction procedure as 

for 6. Thus, from a reaction of fcLiyTMEDA (2.5 g, 8.0 mmol) with Se(@SPh)2 (3.0 g, 

8.3 mrnol) 0.01 g crude 7 (0.4%) was isolated. 

Low yields of 7 were also obtained by the reaction of diiithioferrocene*TMEDA and the 

[3]ferrocenophane 3c. fcLipTMEDA (0.46 g, 1.5 mmol) was slurried in ether ( l m )  

and frozen at -196 OC. A solution of 3c (0.52 g, 1.59 mmol) in ether (40 mL) was slowly 

added and upon completion, the mixture was dlowed to melt at -1 10°C. Once the mixture 

had melted, the temperature was increased and was held at -85°C (k 5°C) for 2h, during 

which both a red solid and a fluw yellow precipitate formed. Me3SiCI (0.405 mL, 3.19 

mrnol) was added and the mixture ailowed to warm to 25°C. The reaction mixture was 

filtered and the solvent removed in vacuo to yield a yellow-red solid. This was then 

redissolved in hexanes (50 mL) and filtered to remove the insoluble yellow precipitate. 

Removal of the solvent resulted in the isolation of crude 7 (20 mg, 5%). 

6.5.4.3 Thermal ROP of 6 and 7. A Pyrex poiymerization tube was charged with 6 

(0.10 g, 0.46 mmol), sealed under vacuum, and heated in a polymerization oven (150°C, 

30 min). This resulted in the formation of a beige insoluble powder, 

poly(ferrocenylsulfide) 8. A sirnilar experiment with 7 yielded the beige insoluble polymer 

9. 



Solubility tests on 8 and 9 were undertaken in the following solvents: THF, hexanes, 

acetone, ethanol, methanol, isopropanol, benzene, toluene, xylene, DMF, DMSO, 

chl oro form, dichloromethane, carbon tetrachloride, CS,, and chlorobenzene. No evidence 

of significant solubility was observed even at elevated temperatures. 

For 8: ïR (cm-') 3087 (vw), 1413 (w), 1385 (w), 1354 (w), 1167 (w), 1021 (m), 885 

(m), 821 (m), 512 (s), 491 (s); Pyrolysis MS [fc = Fe(q-CsH4)2, Fc = Fe(q-CsHg)(q- 

C5H4)1 @, 70 eV): m/z[%] ca. 52S°C, 864 [2; (fcS)4+], 832 [25; (~cS)~+-S], 186 [100, 

Fe(q-C5H~)2]; Ca. 450°C, 618 [70, H(fcS),Fc+], 434 [22; FcSfcSH+], 402 [70; Fc2S+], 

2 18 [76; FcSH+], 186 [100; Fe(q-C5H5)2+]. 

For 9: IR (cm-') 3088 (vw), 1408 (w), 1382 (w), 1348 (w), 1149 (w), 1017 (rn), 875 

(w), 8 19 (m), 483 (m); Pyrolysis MS [fc = Fe(q-Cs&)z, Fc = Fe(q-CsHs)(q-CsH4)] (EI, 

70 eV): m/z[%] Ca. 350°C, 790 (0.5, (fcSe)3+], 712 (49, H(fcSe)2Fc+], 528 [IO, 

(fcSe)2+]; 450 [ 100, H(fcSe)Fc+]. 

6.5.4.4 Anionic ROP of 6. To a rapidly stirred solution of 6 (0.075 g, 0.35 mmol) 

in THF (2 mL) was added n-BuLi (0.014 mmol, 1:25 ratio). Aher 1 h, the red solution 

had become cloudy and had developed an orange color. The reaction mixture was stirred at 

room temperature for three days, after which it had changed to an orange color with the 

formation of an orange precipitate. The reaction was quenched by the addition of t h e  

drops of water and the THF-insoluble material collected to give 8 as an orange, insoluble 

solid. Yield = 0.01 1 g (148). 

6.5.4.5 Anionic Oligomerization of 6. With stirring, a suspension of 

fcLi2*TMEDA (0.070 g, 0.22 mmol) in THF (3 mL) was added to 6 (0.050 g, 0.23 

rnmol). Over a period of several minutes, a color change was noted from red to orange 

with the formation of a small amount of light colored precipitate. After stimng for 5 

minutes, Me3SiCl (100 pL, 0.79 mmol) was added to the reaction mixture. The solvent 



and excess MegSiCl were removed in vacuo, and the product was extracted with hexanes 

(3 x 10 mL). After filtration the solvent was removed in vacuo and the residue column 

chromatographed on alumina (85: 15 cyclohexanes:CH2C12). Three bands were isolated 

and collected. The Fust band was identifieci as Fe(C~H&iMe3)2 by TLC cornparison with 

an authentic sample. After removal of solvents in vacuo and recrystallization from 

hexanes, amber crystalline lob and l l b  were isolated from the second and third band, 

respectiveiy . 

For lob: Yield = 20 mg (14%). Rf (15:85 CH2C12:cyclohexane) 0.27; NMR (Ca&), 

6 (ppm) = 4.3 1 (ml 8H, Cp), 4.06 (t, J 2 Hz, 4H. Cp), 3.92 (t, 3 2 HZ, 4H, Cp), 0.26 

(s, 18H, Me); 13c NMR (C6D6) Ô (ppm) = 83.8 (ipso-Cp-S), 74.7 (Cp-K), 73.3 (ipso- 

Cp-SiMW, 73.1 (Cp-H), 73.0 (Cp-H), 69.2 (Cp-H), 0.1 (Si(CH3)3); MS (El, 70 eV): 

m/z[%] 546 [100, M+J; 73 124, SiMe3 J. 

For l lb: Yield = 10 mg (7%). Rr (1 5:85 CHzC12:cyclohexane) 0.10; NMR (Cg&) 6 

(ppm) = 4.32 (m, 12H. Cp), 4.06 (t, J 2 Hz, 4H, Cp), 4.01 (t, J 2 Hz, 4H, Cp), 3.93 (t, 

J 2 Hz, 4H, Cp); 0.26 (s, 18H, Me); MS (EI, 70 eV): m/z[%] 762 [ I O ,  M+]. 

6.5.4.6 Synthesis of F e ( ~ p C s H g M e ) 2 S  (12) 

Butyllithium in hexanes (20.2 mL, 1.49 M, 30.1 mmol) was added to a solution of 

dimethylferrocene (3.23 g, 15.1 mmol) in hexanes (ca. 150 mL) and TMEDA (2.7 mL, 18 

rnrnol). After stirring for 3 days the deep red solution was evaporated to dryness in vacuo 

leaving a red gummy material. 

The dilithiodimethylferrocene was dissolveci in diethyl ether (ca. 50 mL) and the resulting 

solution slowly added to a frozen suspension of S(02SPh)2 (5.74 g, 18.2 mmol) in ether 

(ca. 50 mL) at - 196°C. This was slowly allowed to warm to -78OC in a dry ice/acetone 

bath. The orangdred reaction mixture was kept at this temperature for 3 h after which it 

had turned a deep red color. Hexanes (100 mL) was added to the red solution and was 



filtered (-78 OC) through a 3 cm bed of alumina which was then washed repeatedly with 

hexanes (ca. 200mL) until only a light pi& color was observed in the filtrate. Tbe 

resulting filtrate was collected and the solvent removed in vacuo to give a red-purple oïl. 

This solid was redissolved in hexanes (ca. 50 mL) and fütered again through a 3 cm plug 

of alumina which was subsequently washed with hexanes. After removal of the solvent in 

vacuo, 12 was isolated as a purple oil. Yield = 1.23 g (33 %). 

For 12: lH NMR (CgDg), 6 (ppm) = 4.5-4.7 (mult. Cp) and 3.7-4.1 (m, Cp) (total, 6H), 

1.5-2.2 (mult. Me, 6H); I3C NMR (Ca&), 6 (ppm) = 93.1, 92.3, 91.8 (ipso-Cp-Me), 

numerous peaks in the region from 89.0-68.2 (Cp-H), 14.9, 14.8, 14.5, 14.0, 13.7 (Me), 

12.7, 1 1.6 (ipso-Cp-S). 

0.35 g of 12 was dissolved in hexanes (ca. 4 rnL) and cooled at -40°C ovemight, resulting 

in the precipitation of the enantiomer mixture 12a. Yield = 0.05 g (ca. 5 % overall). 

For 12a: 'H NMR (200 MHz, CsDg) 6 4.63 (d-d J 1.2 Hz, 2H), 4.53 (t, J 1.5 Hz, ZH), 

3.88 (t, / 1.9 Hz, 2H), 1.65 (s, 6H); "C NMR (75.4 MHz, C@6) 6 93.2 (ipso-Cp-Me), 

82.2 (Cp-H), 8 1.6 (Cp-H), 78.2 (Cp-H), 14.8 (Me), 1 1.7 (ipso-Cp-S); MS (EL, 70 eV): 

m/z [%] 244 [3 8, M+], 1 88 [ lm,  M+-Fe], 156 j54, M+-FeS] . 

6.5.4.7 Thermal ROP of 12. A Pyrex tube was charged with 12 (20 mg) and heated 

to 160°C in an oil bath under nitrogen. An immediate reaction was obsewed and a brown 

cloud of smoke formed in the flask. The heat source was removed and the cloud was 

removed in vacuo. The remaining brown solid was extracted with 3 rnL of toluene and 

subsequently filtered and precipitated into methanol. After drying, 10 mg (50%) of beige 

poly(ferrocenylsulfide) 13 was isolated. This material was found to be soluble in toluene 

and THF, but not in CH2Cl2. 

For 13: 'H NMR (300 MHz, CsDg) 6 4.2 (br. Cp) and 4.0 (br. Cp) (total, 6H), 2.2(br. 

Me) and 1.8 (br., Me) (total, 6H); 13c Nh4R (75.4 MHz. 6 75.5, 74.5. 73.3, 72.0, 



69.1, 67.8 (Cp), 14.0, 12.8 (Me); MW = 11,500, Mn = 5,900; Cyclic Voltammetry (O. 1 M 

Bu4N][PF6] in THF): = 0.33 V. 

Aiternatively, heating a solution of 12 (0.41 g, 1.7 m o l )  in xylenes (ca 2 mL) in a sealed 

evacuated Pyrex tube at 140°C for 2 h. resulted in the formation a dark brown colored 

solution containing an insoluble solid. After cooling, the mixture was filtered and 

precipitated into methanol(200 d). The dark beigdorange solid was then redissolved in a 

minimum amount of THF (ca 2 mL) and reprecipitated into methano1 (200 mL). Yield = 

0.064 g (16 %). 

For 13: NMR and 13c NMR spectra of the product are identical to those of the melt 

derived product. GPC: MW = ca. 9,000; Mn = Ca. 3500; IR (cm-1) 3075 (w) 2965 (w), 

2946 (w), 2917 (m), 2885 (w), 2865 (w), 1471 (w), 1453 (m), 1373 (m), 1031 (s), 895 

(w), 824 (s), 494 (s); M i s  (THF) hm= (&)= 430 nm (390 L mol-l cm-'); Anal. Calcd. 

for [Cl 2H12FeSJn: C, 59.04; H, 4.95. Found: C, 59.64; H, 4.9 1; Cyclic Voltammetry 

(0.1 M ~ L @ ] [ P F ~ ]  inTtiF): E:,, = -0.07 V, E:, =0.24 V, hE=0.31 V. 

6.5.4.8 Anionic ROP of 12. A sample of 1 2  was purified by column 

chromatography on alumina to remove Me2fc. To a vigorously stimd solution of 12 (0.62 

g, 2.5 mmol) in THF (ca. 10 mL), 3.2 pL of butyllithium (1.6 M) was added by microliter 

synnge. This was stirred for two days over which time the solution was observed to form 

a deep amber color and the reaction was quenched by precipitation into MeOH. Yield = 

0.17 g (27 %). The beige solid fonned was analyzed by IH NMR which was found to be 

consistent with the formation of 13. GPC: MW = Ca. 4,300, Mn = Ca. 3,500; Cyclic 

Voltammetry (0.1 M puqN]pF6] inTHF): E:,, = -0.09 V, E:, = 0.22 V, AE = 0.31 V. 
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CHAPTER 7 

Incorporation of a First Row Element hto  the Bridge of a Strained 

Metallocenophane: Synthesis of a Boron-Bridged [IlFerrocenophane 

7.1 Abstract 

The first [IJferrocenophane containing a first row element in the bridge is 

presented. The boron-bridged [l]ferrocenophane, Fe(~-CjH4)2BN(SiMe3)2 (4) was 

synthesized and characterized structurally and spectroscopically frorn the reaction of 

dilithioferroceneaTMEDA (TMEDA = tetramethylethylenediamine) with 

C12BN(SiMe3)2. Crystallographic analysis revealed a record tilt-angle [32.4(2)"] 

between the planes of the cyclopentadienyl (Cp) ligands in 4. Analysis of 4 by DSC 

provided an estimate of the strain energy (ca. 95 kJ/mol), however the 

poly(boraferrocene) 5 obtained from a thermal ring-opening polymerization (ROP) study 

of 4 at 180 OC was found to be insoluble in cornmon organic solvents. 

7.2 Introduction 

[IlFerrocenophanes 1 are unusual, strained organometallic species which have 

attracted considerable interest with respect to their structures, reactivity, and, more 

recently, their propensity to undergo ring-opening polymerization (ROP) reactions.[l-51 

The latter provide access to novel, high molecular weight poly(ferrocenes) 2.[31 The first 

[ 1 ]ferrocenophane, the silicon-bridged species 1 (ER, = SiPh2), was prepared in 1975 via 

the reac tion of dilithioferrocene-TMEDA (TMEDA = tetramethy lethy lenediamine) with 

Ph2SiC12 and was shown to possess a strained structure in which the tilt-angle between 



the planes of the cyclopentadienyl ligands is ca 19'.[61 The range of [1 ] ferrocenophanes 

has subsequently been extended to include bridges containing other main group elements 

of the second period and below from Group 14 (Ge and Sn; tilt-angles 14 - L9'),[7 Group 

15 (P and As; tilt-angles 23 - 27")181 and also Group 4 transition metals (Ti, Zr. Hf; tilt- 

angles = ca 6 O ) . I 9 1  La general, the smailer the covalent radius of the atom in the bridge, 

the larger the tilt angle, and the higher the ring strain present. With this in mind, one of 

our groups recently reported the preparation of a sulfur-bridged [ l]ferrocenophane 3, the 

first with a Group 16 element in the bridge.[lol This species possessed the highest tilt 

angle recorded to date for a strained [ l] ferrocenophane (3 1 .05(10))0.[l 11 As the covalent 

radii of first row elements are even srnailer than that of sulfur their incorporation into the 

bridged structure would be expected to provide access to even more highly strained 

species. However, to date, such species have not been reported. We have investigated 

the preparation of such compounds because of Our interests concerning the use of ROP to 

access new metal-based polymers,[3] possible interactions between the iron and the 

bridging element,[l*] and the oppominity of accessing novel species with transition metal 

- main group bonds via insertion reactions.[13J41 In the case of a bndging boranediyl 

moiety, insertion processes might provide a new synthetic route to transition metal boryl 

complexes, which, to date, are mainly restricted to the use of the 1,2-dioxobenzo group as 

the boron bound ligand.[151 With this in mind, we report here the fiat exarnple of a 

[llferrocenophane containing a first row element in the bridge, a boron-bridged 

[ 1 ] ferrocenophane. [ l61 



7.3 Results and Discussion 

Reaction of a suspension of dilithioferrocene-TMEDA with (Me3Si)2NBC12[171 in 

benzene or toluene at 25°C followed by recrystaiiization from hexanes at - 30°C afforded 

dark red crystals. NMR spectroscopie data were consistent with the formation of the 

highly strained [ 1 ]boraferrocenophane 4. For example, a characteristically large 

separation (0.5 1 pprn) of the a and protons of the cyclopentadienyl groups was detected 

by 1H NMR and the 1% NMR (dg-toluene, - 30°C) ipso resonance was detected at 45.0 

ppm and is upfield shifted compared to unstrained systems (for ferrocene, 6 = 68.0 pprn). 

Surprisingly though, it is shifted much further downfield with respect to 3 (6 = 14.3 ppm) 

and other less strained [I]fermcenophanes.[l~~ 11B NMR confirmed the presence of 

planar three-coordinate boron (6 = 48.2 ppm). In hexanes, 4 exhibits a UVNis 

absorbance at 479 nm which is considerably red-shified with respect to ferrocene (h, = 

440 nm) however, interestingly. not as low energy as that of 3 (b, = 504 MI). 

In order to completely characterize and probe the strain present in 4 a single 

crystal X-ray diffraction study was undertaken.['gl This indicated that molecules of 4 are 

highly strained with a tilt-angle of 32.4(2)", the largest reported to date for a 

[n]metallocenophane. The large ring tilting in 4 is accompanied by a RCI-Fe-RC2 angle 

(RC = ring centroid) of 155.2(2)" cornpared to 180' for femene  which is smaller than to 

that in 3 [156.9(1)"]. The cyclopentadienyl rings are in an eclipsed conformation with a 

C 10-RC 1 -RC2-C20 torsion angle of 1.0(2)O. Additional structural distortions include 

angles of 33.7(2)" and 34.0(2)" between the cyclopentadienyl ring planes and the 



exocyclic C-B bonds. The B-N bond length is 1.399(2) A, which is typical for a B-N 

double bond (1.41 The Fe(1) and B(1) atoms do not appear to show a significant 

interaction with their distance apart k i n g  2.590(2) A which is significantiy longer than 

for a single bond [in CpFe(C0)2BPhz, Fe-B = 2.034(3) A][I~c] and longer than the sum of 

the covalent radii (2.15 A).[211 

Figure 1. Molecular structure of 4 with thermal eliipsoids shown at the 30 % probability 
level. 

In order to explore the polymerization behavior of 4 a differential scanning 

calorimetry (DSC) investigation was undertaken. A DSC thermogram of 4 (Figure 2) 

showed a melt endotherm at ca. 115°C followed by a ROP exotherm at ca. 190°C. 

Similar behavior has been detected by DSC for strained silicon-bridged 

[lJferrocenophanes. In the case of 4 the AH for the ROP was 95 Idmol-1 which is 

significantly greater than for silicon-bndged [LJferrocenphanes (70 - 80 Idmol-1) (tilt- 

angles 16 - 2 1 ').[22] 



Temperature (OC) 

Figure 2. DSC thennogram of 4 (10 "Umin). 

The product 5 fomed from heating 4 at 180°C for 2 h was found to be mainly 

insoluble in organic solvents. However, analysis of a soluble extract in C6D6 showed the 

presence of oligomers. In addition, analysis of 5 by pyrolysis mass spectrometry 

confirmed the presence of the ferrocenyiborane repeat unit with the observation of peaks 

assigned to cyclic oligomers 5 (n=2) and 5 (n=3). 

7.4 Summary 

The synthesis and structural characterization of the first boron-bridged 

[l]ferrocenophane (4) is presented. The highiy strained compound possesses a 

remarkable tilt-angle between the planes of the Cp ligands of 32.4(2)", and a 

characteristically large separation between the a and f3 Cp protons in the 'H NMR 

spectrum of 0.51 ppm. Analysis of the thermal ROP behavior of 4 by DSC gave a AH of 

polymerization of Ca. 95 W/mol. The poly(boraferrocene) 5 was found to be insoIuble in 



common organic solvents, however, analysis by pyrolysis mass spectrometry showed the 

presence of oligorners. 

7.5 Experimental Procedure: 

7.5.1 Preparation of boron-bridged [ l ] f e ~ ~ ~ ~ e n o p h ~ e  4. F ~ ( ~ ~ - c ~ H & ~ ) ~ T M E D A  

(1.20 g, 2.79 rnmol) was suspended in 70 mL benzene at room temperature and 

[(Me3Si)2NJBC12 (0.67 g, 2.79 mmol) was added dropwise by a syringe. After stirring 

for 6 b al1 volatile components were removed in high vacuum (25 "U0.001 Torr) and the 

residue was taken up in hexane (30 mL). After filtration, and solvent removal in vacuo, 4 

was obtained as a dark red crystalline material. Yield = 0.35 g (35%). Recrystallization 

from hexanes yielded crystals suitable for X-ray diffraction. 

IH NMR (500 MHz, CfjD6): 6 (ppm) = 0.37 (S. 18H, OSiMes), 3.91.4.41 (2 m. 8H, 2 

Cs&); l lB NMR (160 MHz, E40-BF,): 6 (ppm) = 48.3; 1% NMR (126 MHz, C a ) :  6 

(ppm) = 5.1 (2 SiMe3). 45.0 (2 ipso C), 72.4.77.1 (2 C5H4); W N i s  (hexanes): km= (e) 

= 479 nm (593 Lmol-km-1); MS (70 eV): m/z (%): 355 (100) m+], 340 (80) LM+- 

CH3 ], 299 (70) [M+-Fe], 73 (30) [SiMe3] (The cdculated isotopic distribution for each 

ion was in agreement with experimentd values); Elem. and.: C16H26BFeNSi2: calcd. C 

54.10, H 3.94, N 7.38, found C 53.43, H 4.13, N 7.79. 

7.5.2 Preparation of Poly(boraferrocene) 5. 80 mg of 4a was heated at 180°C in a 

sealed, evacuated Pyrex tube. After Ca. 15 min. the contents of the tube melted and 

became increasingly viscous, becoming immobile after 2 h. The red glassy material 

obtained was found to be essentially insoluble in common organic solvents. A small 

amount was extracted with C&. 1H NMR (400 MHz): 6 = 0.25 (s, SiMes), 0.33 (s, 

SiMe3), 0.46 (s, SiMe3), 4.19 (t, CsH& 4.26 (t, Cs&), 4.38 (t, CS&), 4.53 (t, Cs&), 

4.66 (t, C s b ) ,  4.94 (t, Cs&). Pyrolysis MS of the crude product 5 (70 eV, 450°C): m/z 



(%): 1065 (45) [n=3], 710 (100) [n=2], 355 (78) [n=l], 73 (80) [SiMe31 (The calcdated 

isotopic distribution for each ion was in agreement with experimental values) 
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