
5%

Th¢?Preparation and Study of Alkylated Phosphazenes I

by «

Logan A.‘JacksonV °

Dissertation submitted to the Faculty of the
U

Virginia Polytechnic Institute and State University

in partial fullillment of the requirements for the degree of

Doctor of Philosophy
l

in

Chemistry

APPROVED:

vPaulJ. Harris, Chairman

,>
’

A
^ I/

ä
I John GT Mason Brian üanson

,/ ,.

ymond E. Dessy
1

Harold M. Bell

‘ ° June, 1986

Blacksburg, Virginia



g The Preparation and Study of Alkylated Phosphazenes

Ü by
Logan A. Jackson

Paul J. Harris, Chairman

Chemistry

(ABSTRACT)

The reaction of the model compound hexachlorocyclotriphosphazene (N,P,Cl6) with various

organometallic reagents have been studied in some° detail. These reactions are quite complex

yielding substitution products as well as degradation products. The reaction of alkyl Grignard re-

agents, in the presence of a copper complex ((n-Bu,PCuI).,), have been studied and produce good

yields of mono- and di·alkylated chlorocyclotriphosphazenes. This method is limited in that higher

substitution products can not be obtained. ‘

The reaction of trimethylaluminum (TMA) with (N,P,Cl,) was examined and found to yield the

fully substituted hexamethylcyclotriphosphazene (N,P,(CH,)„) in modest yield (40 %). The study

of this reaction, with respect to time allowed for the determination of the substitution pathway and

the preparation of two new methylated chlorocyclotriphosphazenes. It was then possible to prepare
J

a nearly complete set of methylated chlorocyclotriphosphazenes (N,P,(Cl·l,)„Cl6-,,) using this „

method and the Grignard route. The reactions of other alkylaluminum reagents were also examined

and are discussed. The effects of the complexation of TMA with the homologous series was next

examined using
‘H,

and
“P

NMR. The results for these investigations indicate that the overall

electron donating ablity of the phosphazene ring increased with increasing methyl substitution.

Variable temperature NMR studies allowed for the determination of the sites of complexation and

their relative strenghs with respect to the number of methyl groups on the phosphazcne ring.
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Introduction

Historical °

The cyclic and polyphosphazenes, generally called phosphonitriles in the earlier literature, are
i

probably the best known and most intensively studied phosphorus-nitrogen compounds. They arc

valence unsaturated cyclic or open·chain molecules which consist of altemating trivalent nitrogcn

and disubstituted pentavalent phosphorus atoms. Typical structures are the cyclic trimer (I), the

cyclic tetramer (2), and the high polymer (3) shown. The substituents R can be halogen,
”

pseudohalogen, arnino, azido, or a wide variety of organic groups such as alkoxy·, aryloxy-, alkyl-,

or aryl·amino·, alkyl· or aryl·thio-, alkyl or aryI.‘

Cl Cl
— - — — Cl

C>P/C]
61 ;—u ; Cl«/ \„ 1 u 1-

61-; ii -61 ii T
F-

cl cl (n = V5,000)

1 2 3
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The earliest phosphazenes to be synthesized were the chloro dexivatives, (NPCl,),, , which were

formed in the reaction of NH, and PCI,. This reaction was first studied by Liebig and Wohlerz and

by Rose} in 1834. The principle reaction product was an intractable material called phospharn,

but Liebig and Wohler also isolated a small amount of a white crystalline solid that we now know

to have been N,P,Cl,. By 1850 Gerhardt‘·‘ and Laurent° had shown that the empirical formula

was NPC1,. Vapor density measurements were used in the l860’s by Gladstone and Ho1mes"° and

later by Wichelhaus‘° to determine that the molecular formula was N;,P,Cl, . By the end of the
V

ninteenth century, pioneering work had been done on the substitution, hydrolysis, and

polymerization reactions of the chlorophosphazencs. Perhaps the most important of this early

work was performed by Stokes“'
"’

who, among other things, described the thermal polymerization

of phosphazenes to inorganic rubber, and suggested the cyclic structure for the trimer N,P,Cl6.

Schenk and Romer" developed an improved synthesis of chlorophosphazencs in 1924 and this

method, which utilized NH,C1 rather than NH,, remains the basis for the commerical production

of these materials to this day. Modifications of this method led to the direct synthesis of several

organophosphazenes""-’ in the l950’s. and the fluoro-“ and bromophosphazenes“’ had been re-

ported by 1960.
i

Phosphazemz Polymcrs

A number of macromolecules with inorganic elements in the polymcr backbone have been prepared

and characterized. Most notable are the silicone polymers", however, since the 1950’s there has

been an almost explosive increase in research based on the phosphazcne system, much of it spurrcd

by interest in the inorganic phosphazcne polymcr. The phosphazcne system is characterized by a

backbone of repeating phosphorus and nitrogen units with pendant organic groups attached to the

phosphorus atoms. This class of polymcrs can vary from fluids to fiber-forrning thermoplastics and

high technology vulcanizable elastomcrs2’ . Polyphosphazenes are unique in the world of polymcrs
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in that the various end products are derived form a single polymer precursor. The starting polymer

is the p0ly(dichloro)phosphazene which is prepared by heating the trimer N,P,Cl, in a sealed

evacuated tube at 250 °C. The reaction is allowed to proceed to about 75 % conversion to avoid

crosslinking of the material formed. The unreacted trimer is then removed by sublimation to give

the soluble polymer.- This polymer has hydrolytically unstable PCI, groups, however, these can be

substituted with various organic groups to yield usable polymers. Traditionally, reactions of

phosphazenes have involved nitrogen or oxygen bases, leading to the appropriate amino, alkoxy,

or aryloxy derivativesw. ·

CI\ /C'|
P

u/ \u 260 · c El
N=PCl\i E/Cl

(E101/ \N/ \ci n
·

RONa

~ NR"; 0 RZNH R

OR NHR NRu n u ZN=|? N=|? N:I?
OR n h

NHR n NR2 n
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Commerical Phosphazene Polymers

If po1y(dichloro)phosphazene 3 is reacted with the sodium salts of mixed fluoroalcohols, a

poly(fIuoroaIkoxy)phosphazene elastomer 4 is obtained that has a unique set of propertiesm. These

include a wide service temperature range, fuel and oil resistance, low temperature flexiblity, high

temperature stability and excellent flex fatigue and damping characteristics. Elastomers of 4 have

shown significant property advantages over other fluoro-polymer elastomers and iluorosilicones in ·

manyapplications, particulary at low temperatures.

$1 ?CH2CF3 ?C6Hs
P=N]—· p=rü— * . «Ep: {-—

{1
n {

1 n 1
N

n
CI 0CH2(CF2)xCF2H OGG!-|4·p•C2H5

3 4 5

The poly(aryloxy)phosphazene elastomers 5 are prepared by the reaction with the corresponding

sodium salts. These polymers offer excellent fire resistance without the incorporation of halogen
4

additives to the polymer. In a buming situtation, 5 produces low levels of smoke and olfgases

which have very low toxicity and corrosivity. These polymers are being developed for use as cable

and wire insulation materials. The prime consumers of these polymers are the armed forces for use

in battle equipment where fire retardant characteristics are essential.

Alkylated Phosphazene Polymers

One class of organophosphazcnes which has eluded preparation until recently are phosphazene

polymers bearing alkyl and aryl groups with direct P-C bonds. The preparation of alkylatcd

polyphosphazenes is attractive for a variety of reasons. It is thought that replacing the chlorine
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1
atoms of the polyphosphazene with a carbon nucleophiles will produce organophosphazenes which

are expected to exhibit superior thermal stablity compared to the arnino and alkoxy (or aryloxy)

derivatives”‘°‘ . This enhanced stablity can be related, in part, to the absence of the

cross·linking
°‘

and rearrangement reactions°‘ which are available to the nitrogen and oxygen de-

rivatives. Two different approaches to the synthesis of alkylated phosphazenes have been taken.

The first involves a condensation reaction of the of various N-sily-p-

trifluoroethoxyphosphoraxiimiries and the second the substitution of the chlorine atoms of the

poly(dichloro)phosphazene with alkyl of aryl groups.

Condensation of N-siIy—p-trifluorocthoxyphosphoranimines: A number of polyphosphazenes bear-

ing only P·C bonded substituents are accessible via the thermal decomposition reaction of the ap-

propriate N-sily-p·trifluoroethoxyphosphoranimines.“ The physical properties of these polymers

vary

_'i A _F_ }_
CH3S'lN—-P —·0CH2CF3;'> P—N + CH3S'l0CH2CF3

' R' R' n

· R Me Ef Ph Ph Ph

R' I Me Et Me Et CH2Ph

considerably as the substituents at phosphorus are changed. The poly(dimethyl)phosphazene

(NP(CH,),)„, formed by this reaction, was a film forming polymer with a weight average molecular

weight (Mw) of 50,000. It had a melting point of 158 °C, a glass transition temperature of -42 °C

and it was soluble in methylene chloride, chloroform, ethanol, and a mixture of tetrahydrofuran and

water. However, the poly(diethyl)phospha.zcne (NP(CH,CH,),)„ was not soluble in any solvent

and could only be characterized by elemental analysis. The polymers bearing a phenyl and an alkyl

groups were found to be brittle materials which could be plasticized by trace amounts of TI·lF.

The copolymers of the type shown were found to be more elastomeric and rubber·like. Typically,

the polymers and copolymers, prepared by this condcnsation process, have molecular weights in the
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range of 50,000 to 200,000 (Mw/Mn = 2). All of these polymers decompose between 350 and

400 °C with the higher molecular weight materials being slightly more stable.

Pl: Tt::N . T=N
. R x R .v ‘

· R • Me, Et

Substitution by Organometallic Reagents: The altemate method of preparation of alkylated

phosphazenes involves the reaction of halophosphazenes with a carbon nucleophile. The obvious

compounds for these type substitution reactions are organometallic reagents such as RLi or RMgX. .

Unfortunately these reaction are complex a.nd a variety of products are formed. These type re-

actions have been found to proceed by three different pathways. These are metal-halogen exchange,

ring/chain cleavage and substitution. The pathway followed depends upon both the nature of the

phosphazene and the organometallic reagent as well and the reaction conditions. Some examples

of these are discussed in the following sections.
U

The Rcactions ofPhosphazenes with Organometallic

Rcagents

An understanding of the reactions of organophosphazenes with organometallic reagents is impor-

tant for various reasons. First, the substitution reactions of halophosphazenes with organometallic

reagents would provide a means for preparation of alkylated phosphazene polymers. Unfortu-

nately, the study of the rcactions of polyphosphazenes with carbon nucleophiles have proved toIntroduction 6



be very difiicult. Reactions carried out on macromolecular substrates have been found to involve

side reactions that lead to chain cleavage or crosslinking,” with little substitution‘° and mechanistic

studies with macromolecules are difficult to carry out because of solution viscosity effects, distrib~

ution in chain length, and the problems of product characterization. However, studies of the re-

actions of cyclic trimers and tetrarners, have successfully modeled the polymer reactions in a variety

of cases?. Secondly the nature of the distribution of electron density in the phosphazene system

could be better described by the preparation and study ofpreviously unobtainable cyclic molecules.

Reactions of Fluorophosphazenes with Lithium and Grignard Reagents

The reactions of halophosphazenes with several organometallic reagents have been studied in some

detail. The most successful and most thoroughly studied have been the reactions of

hexafluorocyclotriphosphazene N;P;F, and octaf]uorocyclotetraphosphazene N„P,F,, with alkyl and
’

aryl lithium reagents;""’ the most extensive series of organofluorophosphazenes are the aryl-fluoro

derivatives which are conveniently prepared from the appropriate organometallic reagent. These

reactions proceed according to tl1e following equation.

N3P3F6 + nArLt -——-> N3P3F(6_n)Arn + nLiF

Ar • CSHS
•

CGF6
· p-CGH4-X X • F, Cl • OCH3

CH3

Typically, only partial substitution occured, however, in some cases complw · substitution was

achicved under forcing conditions. These reactions generally proceed in modest yield via both

geminal and non~gcminal substitution pathways. For instance the reaction of 2.0 molcs of
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phenyllithium with N,P,F, proceeds predominantly via a non-geminal substitution pathway to yield

the three diphenylated derivatives shown‘° . The isomer distribution of the products in the aryl-

phosphazenes N,P,Ar,F, can be significantly modified by changes in the metal and the aryl function

used" as listed in Table I.

C]
\N

x C1 C1 V Ph gq 1 IIp p/ \p p/ xp ,C1C1/ *u’ \C1 61/ §u/ \C1 C1/ *11/P ‘p1„

9¢"' ¢'|S trans

The reactions of alkyl lithium reagents with organofluorophosphazenes have proved to be more

complex, although a variety of alkyllithium reagents have been used to effect substitution of the

phosphazene ring.

N3P3F6 + nRL'l *1* N3P3F(6_n)Rn + nL1F.

R = CH3
u

' "°°¢"11
' °'°4“11‘

c6H11

The yields of these reactions are generally low and complete substitution is difficult to achieve due

to degradation of the phosphazene skeleton. The facile deprotonation of alkyl groups cz to a
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Table I
Synthesis of disubstituted organofluoro-cyc1otriphosphazenes, N,P,F,R,.

i
lsomer Distribution

cis- trans

Reagent 1, 1 1,3 1,3 ref.

C,}-I,Li 6 70 24
I

43 ·

o·tolyl Li - 75 25 43

C,1—I,MgBr 100 - - 45

p-(CH,)zNC„H4Li - 50 50 45

p·(C1—I,),NC„I—I,MgBr - 50 50 45

CH,Li 100 ~ - 45

(CH,),C Li · - 100 41

Introduction 9



heteroatom by anionic bases (such as lithium reagents) is observed in permethylated phosphazenes

and has been shown to lead to ring degradation.”‘“ lt is reasonable to suppose that this effect is

at least paxtially responsible for the low yields observed in the synthesis of many

alkylfluorophosphazenes. This supposition is supported by the formation of high yields of cyclic

products in the reactions of tert-butyllithium with N,P,F§} In the tert-butyl derivitives there are no

hydrogens atoms a to the phosphorus atoms that can be abstracted.

The reactions of methyllithium with N,P,F„ and N,P,F, have been studied in detail. The com-

pound N,P,F, reacts with methyllithium to yield the mono-, di-, tri-, tetra- and octamethyl deriv-

atives in relatively good yield.“"’ Although five dirnethyl derivatives were isolated, the geminally

substituted product was the most abundant (40 % of the dimethylated derivatives); no non

geminally substituted tri- or tetramethylated derivatives were isolated. The tri- and tetramethylated

derivatives arose from a novel antipodal substitution of the phosphazene ring. The penta-, hexa—,

° and heptamethylated derivatives were not observed. The fully substituted

octamethylcyclotetraphosphazene N,P„(CH,)„ was obtained in 62 % yield. Methyllithium reacts

with N,P,F, to form a geminal N,P,(CH,),F, derivative, but further reaction resulted in addition

of the reagent to the phosphazene ring to yield unidentifiable products.‘°

Reactions of Chlorophosphazenes with Lithium and Grignard Reagents

The preponderance of organofluorophosphazenes over the chloro analogues results from the limited

number of routes available for the sythesis of organochlorophosphazenes. The reactons of

hexachlorocylcotriphosphazene (N,P,Cl„) with phenyllithium, benzyllithium, of methyllithium,

showed that decomposition products were formed rather than organocyclotriphosphazenes.“‘”

Early investigators of the reactions of Grignard rcagents with hexachlorocyclotriphosphazenes rc-

ported mostly degradation of the phosphazene ring. The interaction of trimer with phenyl
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magnesium bromide appeared to yield the fully substituted hexaphenylcyclotriphosphazene in small

quanitities.°°'°' The major product of the reactions appeared to be a linear molecule of the type

shown. It has been suggested by Shaw that the fully substituted molecule formed as the result of

a re-cyclization reaction of the phenylated linear species." The linear products derived from the

ring·opening reactions of the phosphazene will be discussed in detail later.

I I I .
R — |:=N—P=N-P=N—MgX

R R R

R • Ph
X • C1

Early investigations into the reactions of chlorophosphazenes with alkyl Grignard reagents (ethyl,

methyl, n-propyl, n·amyl“) indicated that similar ring cleavage reactions occured. However a re-

investigation into the reactions of alkyl and aryl Grignard reagents with chlorophosphazenes, under

controlled conditions, revealed that the reactions proceed via a metal-halogen exchange pathway to °

produce bicyclophosphazenesß The same investigators have also shown that alkyl Grignard rea-

gents react with hexachlorocyclotriphosphazene, in the presence of a copper-phosphine complex,

via the metal halogen exchange pathway and this reaction provides a route to a wide variety of

mono and gem dialkyl substituted organocl1lorophosphazenes.“j" Unfortunately the reaction is ·

limited in its synthetic utility and preparation of higher substituted alkylphosphazenes by this route

has proved impossible.

Reactions of Chlorophosphazenes with Organoaluminum Reagents

In this dissertation a discussion of the reaction of organoaluminum reagents with cyclic

chlorotriphosphazenes is presented. The aluminum reagents were studied for their potential as

IntroductionII



alkylating agents. These studies allowed for the preparation of a series new alkylated cyclic

phosphazenes. A ring-opening reaction was also found to compete with the substitution reaction

resulting in a well characterized linear molecule. The study of the complexation of a series of

methylated cyclotriphosphazene with trimethylaluminum (TMA) provided information regarding

the changes in electron density in the phospbazene ring produced by alkylation. The results of these

studies are discussed in the following sections.

Introduction
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Reactions of Chlorophosphazenes with

Organoaluminum Reagents

Introduction

The reactions of trirnethylaluminurn (TMA), triethylaluminum (TEA), triisobutylaluminum

(TIBA), and diisobutylaluminum hydride (DIBAH) with various chlorocyclotriphosphazenes were

examined. These reagents were investigated for their potential use as alkylating agents. lt was an- °

ticipated that the electron deticient nature of alkylaluminum reagents would allow for the exchange

of the chlorines of the phosphazene ring with alkyl groups. The substitutions of

chlorophosphazenes with Grignard reagents have been shown to be lirnited to only dialkylation of

the hexachlorocyclotriphosphazene (I), and the reactions with the polymers cause cleavage of the

phosphazene backbone. Alkylaluminum reagents have been successfully used in the alkylations of

o.~chloro ethers, acyl chlorides, sulfonyl chlorides, and cz-chloro amines yielding defmcd products in

good yields.“ The corresponding Grignard reagents either fail to effect these reactions altogether,

or give substantially lower yields, or mixturcs of products.
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The reactions ofTMA and TEA with hexachlorocyelotriphosphazene yielded both cyclic and linear

molecules, uf the type shown below, as the major products. The cyclic products which rt·¤n§::i„

R\P/R

.. 7/ ‘7
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R>P\R/P<u
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from substitution of the chlorines of the phosphazene were readily isolated and characterized using

a combination of
‘H,

"C, "P NMR spectroscopy, infrared spectroscopy and mass spectrometry.

The linear products which resulted from cleavage of the phosphazene ring were more difficult to

isolatc and identify. However, the reaction of TMA with I,I·diphenyl—3,3,5,5-tetrachloro-

cyclotriphosphazene produced a linear molecule which was isolated and well characterized, and this

provided some insight to the nature of the mechanism involved in these reactions. The complete

characterization of the linear molecule from the reaction aided in identifying the linear products of

the other reactions and provided for a better understanding of the chemistry involved.

The reaction with TIBA produced mixtures of ring-degradation products which could not bc iso-

lated or separated. The degradation of the phosphazene skeleton resulted from reaction with

DIBAH which forms when TIBA is heatcd. This was confirmed by the examination of the reaction

of DIBAH with N,P,Cl,, The results of these studies will be discussed fully in the following sections.

Rcactions of Chlorophosphazenes with Organoaluminum Reagcnts I4



The Synthesis of a Homologous Series of

Methyl-chlorophosphazenes

The first type of reaction to be considered will be the substitution reaction. In particular the reaction

of hexacl1lorocyclotriphosphazene(1) and the methyl derivatives 1-methyl-1,3,3,5,5-penta-

chlorocyclotriphosphazene (6), I,1·dirnethyl-3,3,5,5-tetrachlorocyclotriphosphazene (7), l,l,3-tri-

methyl·3,3,5,5-trichlorocyclotriphosphazene (8), and 1,1,3,3-tetramethyl·5,5—dichlorocyc1otri·

phosphazene (9) with TMA. The studies of these reactions allowed for the preparation of three

new methylated phosphazenes, 8, 9, and 1,1,3,3,5-penta.methyl·5-chlorocyclotriphosphazene (l0),

along with a new synthetic route to the fully substituted hexamethylcyclotriphosphazene ll. The

_ products were obtained in modest yield and were well characterized. Further, it was possible to

determine the substitution pathway followed in these reactions by the use capillary gas

chromotography, augumented with "P NMR spectroscopy. ·

Intially the reaction of hexachlorocyclotriphosphazene 1 with trimethylaluminum (TMA) was ex-

amined under a wide variety of conditions. In all cases the final product of the reaction was the

fully substituted hexamethylcyclotriphosphazene ll. It was apparent, in the reaction, that only one

methyl group of the TMA was active toward alkylation; this behavior is typical of alkylaluminum

reagents" and therefore, it was necessary to use an excess of aluminum reagent to drive the reaction

to completion. One equivalent of TMA was needed for substitution of a chlorine atom of the

phosphazene ring, therefore, 4 to 6 equivalent excess of TMA was used to compensate for the

competing ring-opening reaction. It was necessary to perform the reactions under forcing condi-

tions (i.e. neat TMA at 130 C); decreasing the concentration of the TMA, by dilution with a sol-

vent, or decreasing the reaction temperature, produced dramatic changes in the time necessary to

complete the reaction.
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Synthesis of Hexamethylcyclotriphosphazene (ll)

Initially, the reaction of compound l with TMA was studied in neat liquid TMA at 130 °C. Upon

reaching completion, methylene chloride was added to dilute the alkylaluminum reagent to safe

concentrations. The reaction mixture was then quenched with 1.0 M sodium hydroxide. The

aqueous solution was saturated with sodium chloride then extracted with methylene chloride

toyieldthe fma.l product ll, which was obtained in about 40 % yield. The other products resulting

from the reaction could not be extracted from the aqueous solution, but could be observed in the

"P NMR spectrum of the reaction mixture before the aqueous workup. These compounds will

be considered in detail in a later section of this dissertation.

Compound ll was charactexized by
‘H, "’C,

"P NMR spectroscopy, infrared spectroscopy and

mass spectrometry. The infrared spectrum of compound ll was typical of other alkylated

phosphazenes. The P= N stretching vibration was found at 1170 cm" . The CH, stretching bands
‘

were found at 2900 and 2980 cm". The
‘H

NMR spectrum for compound ll consisted of a

doublet (1,.,;,, = 12.37 Hz) found at 1.49 ppm for the six equivalent methyl groups of the

P(CH,), unit. The proton decoupled carbon, (‘H)"C NMR spectrum consisted of a resonance

found at 23.23 ppm as a doublet (Jpc = 94.35 Hz) for the six equivalent carbon atoms of the

P(CH,), groups. The proton decoupled phosphorus, (‘H)"P, NMR spectrum consisted of a single

resonance for the three equivalent phosphorus atoms of the P(CH,), groups found at 26.39 ppm.

The mass spectrum showed the molecular ion at m/z 225.
h

The other methyl-chlorocyclotriphosphazenes, compounds 8 and 9, were isolated from partially

complete reactions of compound 7 with TMA. Compound 7 was prepared by known

proccdures.“
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Synthesis of Tetramethyldichlorocyclotriphosphazene (9)

Compound 9 was prepared by the reaction of compound 7 with 10.0 equivalents TMA, as a 2.0

M solution in toluene, for 12.0 hours. After reaction, the mixture was diluted with methylene

chloride and quenched with 1.0 M NaOH. The organic layer was separated and the aqueous layer

was extracted again with methylene chlonde. The organic layers were combined and dried with

anhydrous magnesium sulfate, filtered, and the solvent was removed to give 42 % yield of com-

. pound 9. The remaining aqueous layer was saturated with sodium chloride and extracted with

methylene chloride. The organic layer was dried with anhydrous magnesium sulfate. The solution

was filtered and the solvent removed to give a 19 % yield of compound 11.

”
Compound 9 was characterized by infrared spectroscopy,

‘H,
"C, "P NMR spectroscopy, and

mass spectrometry. The infrared spectrum for compound 9 included of two bands for the P= N

stretching vibration found at 1160 and 1205 cm", a.nd two bands found at 2910 and 2980 cm" for

the CH, stretch. The
‘H

NMR spectrum of compound 9 appeared to be that of an AXY, spin

system. The resonances for the four equivalent methyl groups of compound 9 were found at 1.58

ppm as a complex doublet (JpC„ = 12.96 Hz). The (‘H)"C NMR spectrum for the carbon atoms

of compound 9 also approximated an AXY, spin system. The resonance for the carbon atoms of

the P(CH,), groups was found at 21.76 ppm as a complex doublet (JPC = 94.60 Hz).

The (‘H)"P NMR spectrum of molecule 9 was again typical of an AB, spin system. The reso-
1

nances for the phosphorus atoms of the P(Cl1,), group and the PC1, unit were found at 31.98 and

17.54 ppm respectively, as an unresolved triplet and doublet (JPN, = < 2.0 Hz). The mass spec-

trum showed the molecular ion at m/z 265. l
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Synthesis of Trimethyltetrachlorocyclotriphosphazene (8) .

By stopping the above reaction of compound 7 with 10.0 equivalents of TMA at 1.5 hours it was

possible to isolate compound 8. After 1.5 hours, the reaction rnixture was diluted with methylene

chloride and again quenched with 1.0 M NaOH. The organic layer was separated and the aqueous

layer was extracted again with methylene chloride. The organic layers were combined and dried

with anhydrous magnesium sulfate; the solvent was removed to yield a mixture of compounds 7,

8 and 9. The rnixture was separated on a silica gel column to yield compound 8 in 32 % yield.

The starting material, compound 7, was recovered in 56 % yield. A 7 % yield of compound 9 was

also obtained.
1

Compound 8 was characterized by infrared spectroscopy,
‘H,

"C, "P NMR spectroscopy, and

mass spectrometry. The infrared spectrum for compound 8 contained of two bands for the P= N

stretching vibration found at 1165 and 1202 cm" and two bands found at 2910 and 2980 cm" for

the CH; stretch.
i

The
‘H

NMR spectrum of compound 8 consisted of three separate A,XYZ spin systems. The

resonances for the three uonequivalent methyl groups of compound 8 were assigned as follows.

The resonance for the protons of the PCH,Cl group was found at 2.04 ppm as a doublet of doublets

of doublets (J„;„ = 17.54 Hz, J,„C„ = 2.04 Hz) as expected due to coupling to the three non—

equivalent phosphorus atoms of the ring. The resonance for the methyl group of the P(CH,), unit

which was on the same side of the plane of the phosphazene ring as the chlorine of the PCH,Cl

unit and a chlorine of the PC1, unit was found at 1.70 ppm as a complex doublet (J,C„ = 14.25

Hz, J„„„C„ = 2.52 Hz). This assignment was made by the comparison with the
‘H

NMR data for

compound 7. The resonance for the methyl group of the P(CH,), which was on the same side of

the ring plane as the methyl group of the PCH,Cl was found at 1.62 ppm also as a doublct (JPCH

= 14.42 Hz); the secondary phosphorus couplings were not resolved. This assignment was made

by comparison with the NMR data for compound 9.
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l

The (‘H)‘°C NMR spectrum for compound 8 approximated three overlapping A,XYZ spin sys-

tems. The resonance for the carbon of the PCH,Cl group was found at 26.59 ppm as a doublet

of multiplets (Jpc = 135.00, JMPC = 5.61 l·lz). The resonances for the carbons of the P(CH,),

group were found at 20.91 ppm as a poorly resolved set of overlapping doublets (Jpc = 91.41 Hz).

The (‘H)"P NMR spectrum for compound 8 was typical of an AMX spin system and gave three

independent phosphorus resonance signals. The assignments of these resonances was confirmed

by proton coupling experiments. The resonance for the phosphorus of the P(CH,), group was

found at 35.68 ppm as a broadened peak (Jpyp = < 2.0 Hz); the phosphorus-phosphorus couplings

were small and were not well resolved. The phosphorus resonance of the PCH,CI group was found

at 39.40 ppm and appeared to be a poorly resolved four line pattem (J,„, = < 2.0 Hz). This res-

onance was shifted slightly upfield of the phosphorus resonance of the P(Cl—I,), group phosphorus

of compound 7 and was in the same region as the PCH,CI group ofcompound 2 indicating similar

chemical environments. The resonance for the phosphorus atom of the PCI, group was seen at

‘ 19.75 ppm as a broadened single peak (Jpyp = < 2.0) The mass spectrum showed the molecular

ion at m/z 285.

‘ Synthesis of Pentamethylchlorocyclotriphosphazene (10)

Compound 10 was isolated by a independent synthetic pathway which involved amination /

deamination of the phosphazene ring. During the studies of the reaction of TMA with the methyl

phosphazenes described in this work, it was not possible to identify, or isolate the

1,1,3,3,5-pentamethyl-5-chlorocyclotriphosphazene 10. lt was possible however, to prepare com-

pound 10 via an altemate route shown below.
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It has been shown that deaminolysis er aminocyclotriphosphazenes is possible, and that the re-

actions of arnino-alkyl cyclotriphosphazenes with hydrogen chloride yields the corresponding

alkylhalophosphazene in reasonably good yie1ds.°' This method was used by other investigators to

prepare a number of non-geminally substituted methylated phosphazenes.‘°

Compound 6, prepared by published procedures,“ was reacted with 1.0 equivalents of diethylamine,

in the presence of triethylamine as a HC1 acceptor, to yield 1·methy1-1—diethy1a.mino-3,3,5,5

tetrachlorocyclotriphosphazene in 95 % yield. Compound 12 was again characterized by a com-

bination of infrared spectroscopy, nuclear magnctic resonance spectroscopy (*11, "P, ‘3C,), and

mass spectrometry. The infrared spectrum of compound 12 consisted of two major features. The

bands at 2980, 2860, and 2923
cm·‘

were assigned to the methyl substituent and the ethyl groups

of the diethylamino- substituent. There were also two bands near 1200 cm" which were assigned

to the P= N vibration and were found at 1175 and 1240 cm". The molecular ion for the molecule

was found at m/z 362.
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The
‘H

NMR spectrum for compound 12 consisted of four separate resonance signals. The reso-

nance for the protons of the methyl group attached directly to the phosphorus atom of the ring ·

was found at 1.89 ppm as a doublet of triplets (JPG, = 16.01 Hz, JPNPG, = < 2.0 Hz). The reso-

nance for the methylene protons of the diethylamino- substituent was found at 3.49 ppm as a

doublet of quartets (JPNCH = 11.10 Hz, JHCCH = 7.03 Hz). This pattem results from the large pri-

mary coupling to the phosphorus atom of the ring through the nitrogen of the amine substituent

along with the prot0n·proton coupling with the protons of the methyl groups. The resonance for

the protons of the methyl groups of the diethylamino- substituent was found at 1.29 ppm as a

triplet (JHCCH = 7.03 Hz).

The (‘H)"C NMR spectrum consisted of three separate resonance signals. The carbon of the

methyl group attached directly to the phosphorus atom of the ring was found to resonate at 18.83

ppm as a doublet of triplets due to the primary and secondary phosphorus-carbon couplings (JPC

= 119.31 Hz, JPNPC = 5.8 Hz). The carbon atoms of the methyl groups of the diethylamino-

. substituent were found at 14.02 ppm as a doublet (JP„G_~ = 2.9 Hz). The resonance for the

methylene protons of the diethyla.mino· substituent was found at 39.10 ppm also as a doublet

(JP„C = 4.0 Hz).

The (‘H)”P NMR spectrum of compound 12 consisted of an AX, spin system. The resonance

· for the phosphorus atom of the PCH,((CH,CH,),) was found at 27.17 ppm as a triplet (JP„P =

17.18 Hz). The resonance for the two phosphorus atoms of the PCI, was found at 18.88 ppm as

a doublet (JP„P = 17.18 Hz).

Compound 12 was then reacted with TMA under four different sets of conditions. There were two

products from the reaction, the desired product, 1,1,3,3,5-pentamethy1-5-diethyl-

aminocyclotriphosphazene (13), and compound ll, which was apparently produced via a ligand

exchange between a methyl group of the TMA and the amine function, probably by coordination

with the nitrogen lone pairs of the diethylamino- substituent to the TMA. The ratio of these two

products again was altered by changing the reaction conditions as seen in Table II. It was found
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that the more drastic the reaction conditions employed the greater the amount of compound ll

present at the completion of the reaction.

Compound I3 was again characterized by a combination of infrared spectroscopy, nuclear magnetic

resonance spectroscopy (‘H, "P, "C,), and mass spectrometry. The infrared spectrum of com-

pound 13 consisted of two major features. Bands at 2970, 2920, and 2860 cm" were assigned to the

methyl groups of the ring. The band at 1190 cm" was assigned to the P = N vibration. The mass

spectrum for compound I3 showed the molecular ion at m/z 282.
l

The
‘H

NMR spectrum for compound I3 consisted of four separate resonance signals. The reso-

nance for the protons of the methyl group directly attached to the phosphorus of the

PCH,(N(CH,CH,),) group was found at 1.70 ppm as a doublet (Jpc„ = 7.73 Hz); the secondary

phosphorus couplings were to small too be observed. The resonances for the protons of the methyl

groups of the P(CH,), were found at 1.67 ppm also as an overlapping set of doublets (Jpcp, = 6.92

Hz); again the secondary phosphorus couplings were too small to be observed. The resonance for

the methylene protons of the diethylamino- substituent was found centered at 3.49 ppm as a

doublet of quartets (Jp„c„ = 10.99 Hz, J„cc„ = 7.26 Hz). This pattem results from the large pri-

mary coupling to the phosphorus atom of the ring through the nitrogen of the amine substituent

along with the proton-proton coupling with the protons of the methyl groups. The resonance for

the protons of the methyl groups of the diethylamino- substituent was found at 1.24 ppm as a

triplet (J„cc„ = 7.26 Hz).

The (‘H)"C NMR spectrum consisted of four separate resonance signals. The carbon of the

methyl group attached directly to the phosphorus atom of the PCH,(N(CH,Cl{,),) group was

found to resonate at 20.29 ppm as a doublet due to the primary phosphorus·carbon coupling (Jpc

= 128.68 Hz). There were two sets of resonances for the carbon atoms of the two P(CH,),. groups.

These resonances arise from the two different type carbon atoms, the two carbons of the methyl

groups positioned on the same side of the ring as the diethylamino- substituent and the two carbons

of the methyl groups positioned on the same side of the ring as the methyl group of the
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Table II
” l

Reaction of 1-methy1-1·diethy1amino-3,3,5,5-tetrachlorocyclotriphosphazene with TMA. .

Conditions Percent Yield (%)

Equivalents Temp .
TMA °C Conc 13 ll

10.0 130 neat 33 14

8.0 130 neat 35 11

10.0 110 2.0 79 10 ‘

8.0 110 2.0 85 1.5
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PCH,(N(CH,CH,),) . These two resonances were found centered at 22.97 ppm and 22.69 ppm as

an overlapping set of doublets (Jpc = 94.61 Hz, Jpc = 93.80 Hz); these two resonances could not

be completely assigned due to the overlapping of the proton resonances of these methyl groups in
l

the
‘H

NMR spectrum, which prevented selective proton decoupling experirnents. The carbon

atoms of the methyl groups of the diethylamino- substituent were found to resonate at 14.22 ppm

_ as a single peak. The resonance for the methylene protons of the diethylamino- substituent was

found at 38.53 ppm also as a single peak.
1

The (‘H)"P NMR spectrum of compound 13 consisted of an AX, spin system. The resonance

for the phosphorus atom of the PCH,(N(CH,CH,),) was found at 24.69 ppm as a single peak; the

phosphorus-phosphorus coupling constants were small and the coupling were not resolved. The

resonance for the two phosphorus atoms of the P(CH,), was found at 18.88 ppm again as a single
i

peak.

Compound 13 was then dissolved in toluene. Hydrogen chloride gas was bubbled through the re-

tluxing mixture for 6.0 hours; the solvent was then removed and the resulting oil was dissolved in

methylene chloride. the organic layer was then washed with 1.0 M NaOH to remove the

triethylarnine hydrochoride produced as the result of the reaction. This yielded only a very small

amount of the desired product, compound 10 (10 %).

Compound 10 was characterized by
‘H

and (‘H)"P NMR spectroscopy. The
‘H

NMR spectrum

of compound 10 appeared to consiste of three separate A,XYZ spin systems. The resonance for

the protons of the PCH,Cl group was found at 1.87 ppm as an unresolved doublct (J,„C„ = 17.32

Hz). The resonance for the two methyl groups of the P(CH,), unit that were cis to the chlorine

of the PCH,Cl were found at 1.50 ppm as an unresolved doublet (J,C„ = 11.89 Hz ). The reso-

nance for the two methyl groups of the P(Cl·l,), unit cis to the methyl group of the PCH,C1 was

found at 1.42 ppm, also as an unresolved doublet (l’(CH,), = 11.53 Hz).
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The (‘H)"P NMR spectrum of compound 10 consisted of an AB, spin system. The resonance

for the phosphorus atom of the PCI·I,C1 was found at 40.30 ppm as an unresolved triplet (J,„, =

< 3.0 Hz). The phosphorus atom of the P(CH,), unit was found at 30.02 ppm as an unresolved

doublet (JPNP = < 3.0 Hz).

Substitution Pathway ~

If the reaction of compound I with TMA was stopped at intermediate stages and the above

aqueous workup was used, it was possible, under varying conditions, to isolate and identify the

cyclic intennediates of the substitution reaction. The substitution pathway was then determined

by the examination of the reaction of TMA with the various cyclic methylated intermediates which

could be isolated or prepared in the required amounts. The substitution pathway followed, for the
h

reaction of compound l with TMA, is outlined in Figure 1. The percent compostition pf each

cyclic intennediate, (determined as a function of the total amount of material recovered) with re-

spect to time, was determined using capillary gas chromotography and the presence of each inter-

mediate was confxrmed by "P NMR spectroscopy. The ring-open products which resulted from

the reaction could not be extracted from the aqueous base. The reactions were considered complete

only when the final product, compound 7 was obtained after the work·up. A plot of the percent

composition of cyclic products versus the reaction time allowed the substitution pathway to be

determined, and gave some insight to the relative reactivities of the other methylated cyclic products

with the TMA.

The reaction of compounds I, 2, 3, 4, and 5 with TMA were carefully examined using capillary gas

chromotography and "P NMR spectroscopy. The reactions were carried out in neat TMA at

110 °C and 130 °C and as a 2.0 M solution in toluene at reflux with an exccss of TMA. Individual

reactions were assembled, or aliquots were taken from larger reactions, with respect to time, and
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Figure I. Substitution Pathway for thc Reaction of Hexachlorocyclotriphosphazene with 'I'\I.\
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prepared for GC analysis using the quenching method described above. The aqueous solution was

saturated with sodium chloride and extracted with methylene chloride to yield the sample mixtures

which were then analyzed by gas chromatography. The precent composition for each intermcdiate

was deterrnined and plotted with respect to time. The fmal product in all cases was the fully sub-

stituted hexamethylcyclotriphosphazene which was obtained in modest yield (40%-85%).

Reaction of Tetramethyldichlorocyclotriphosphazene (9) with TMA

Compound 8 was reacted with 8.0 equivalents (6.0 equivalent excess) of TMA as a 2.0 M solution
i

in toluene at reflux. Aliquots of the reaction were taken from the reaction mixture, with respect to

time, diluted with methylene chloride and then quenched with 1.0 M NaOH. The aqueous layer

was then saturated with NaC1 and the organic layer was separated. The aqueous layer was again '

extracted with methylene chloride and the organic layers were combined and dried with magnesium

sulfate and liltered. The solvent was removed and the resulting material was analyzed by gas

chromatography. The precent composition of the intermediates present for each sample, with re-

spect to time are listed in Table III. A plot of the percent composition of cyclic products versus

the reaction time is shown in Figure 2. In this experiment the starting material, compound 9 was

observed to disappear from the reaction mixture as the final product, compound 7, was fomied;

The "P NMR spectra of the sample mixtures confirmed that there were no other cyclic substi-

tution products produced in the reaction. The assumed interrnediate, compound 10, was not ob-

served which suggests that once it formed it reacted rapidly to give the fully substituted molccule.

The reaction was found to reach completion in 55.0 hours and the final product was obtained in

85 % yield.
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Table III

Percent composition of cyclic products with respect to time for the reaction of N,P,(CH,).,C1, with8.0 equivalents of TMA (2.0 M solution in toluene at reflux).

Percent Composition(%)

time(hrs) N,P„(CH,),C1, N,P,(CH,)6
i

1.0 97 3

6.0 89 ll

10.0 77 23

16.0 61 39
. 23.0 45 55

28.0 38 62

34.0 . 28
t

72

43.0
i

14 86

50.0 4 96

55.0 - 100
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Figure 2. Reaction of compound 9 with 8.0 eq of TMA (2.0 M) at IIO °C : Plot of Lhe percent
composition of recovered cyclic products verses time.
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Reaction of Trimethyltrichlorocyclotriphosphazene (8) with TMA

Compound 8 was reacted with 9.0 equivalents of TMA (again a 6.0 equivalent excess) as a 2.0 M

solution in refluxing toluene. Again aliquots were removed from the reaction mixture, with respect

to time, and analyzed by gas chromotography. The precent composition, listed in Table IV. of

each compound was plotted versus the reaction time, shown in Figure 3. The starting material

(4) reacted rapidly to produce compound 5 which reached a high percent composition very early

in the reaction and mades up over 80% of the products at 10.0 hours. This intermediate, 5, then

reacted slowly to give the final product, compound 7, as in the previous experiment. Again there

were no other cyclic products observed, eonfirmed by "P NMR spectroscopy, and the yield of the

final product is was 72 %.

Reaction of Dimethyltetrachlorocyclotriphosphazene (7) with TMA

The reaction of TMA with compound 7 was examined under three different sets of reaction con-

ditions, first at 110 °C in a 2.0 M solution of TMA in toluene at reflux, then in neat TMA at

110 and 130 °C. This series of reactions were preformed in order to better define the effect of the

concentration of the TMA and temperature on the reaction. It was found that as the concentration

of the TMA, or the reaction temperature was inereased, the reaction proceeded at a faster rate (i.e.

reached completion sooner). In this particular study changing the conditions did not significantly

change the yield of the final product. The reactions were monitored with respect to time and the

percent composition of cyclic products present at each time were obtained as previously described.

The reaction of compound 7 with 10.0 equivalents of TMA was first examined in a 2.0 M solution

of TMA in toluene at reflux. Aliquots were taken at the desired times and quenched in the same

manner as the reactions of compounds 8 and 9 with TMA. The percent composition of each

intermediate was deterrnined for each sample and is listed in Table V. The plot of the percent
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l
Table IV

Percent composition of cyc1ic products with respect to time for the reaction of N,P,(C1—1,),C1, with
9.0 equivalents of TMA (2.0 M solution in toluene at reflux).

Percent Composition(%)

time (hrs) N,P,(CH;)„C1, N,P,(CH,)‘C1, N,P,(CI—l,)6

2.0 78 22 -
3.0 66 34 -
5.0 16 _ 74 10

7.0 - 84 16

l 10.0 - 72 28 «

15.0 - 56 44

22.0 - 52 48

31.0 ~ - 31 69

41.0 - 8 92

50.0 ~ 4 96

55.0 ~ - 100
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Figure 3. Reaction of compound 8 with 9.0 eq of TMA (2.0 M) at 110 °C : Plot of the percent
composiüon of rccovered cyclic products verscs time.
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Table V

Percent composition of cyclic products with respect to time for the reaction of N,P,(CH,),C1„ with
10.0 equivalents of TMA (2.0 M solution in toluene at retlux).

Percent Composition (%)

time (hrs) N,P,(CI·l,),C1„ N,P,(CH,),Cl, N,P;(CH,),C1, N,P,(CH„),

1.0 70 _ 24 6 -
3.0 30 28 34 8

5.0 13 12 63 12

7.0 6 5 68 21

9.0 2 ~ 74 24

12.0 - - 69 31

16.0 - - . 59 41i
24.0 - - 33 67

32.0 · - 21 79 .

48.0 - · 8 92
n

60.0 — —
- 5 95

72.0 · - 1 99

80.0 - - — 100
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composition of each intermediate versus the reaction time is shown in Figure 4. The reaction was

found to be complete in 80.0 hours and the final product compound ll was obtained in 63 % yield.

In this case the starting material, compound 7, was observed to disappear early in the reaction and

had completely disappeared by 9.0 hours. Compound 8 reached a high precent composition (28

%) at 3.0 hours into the reaction, and disappeared rapidly to give compound 9 Compound 9

reached the highest percent composition (74 %) in the reaction at 9.0 hours. After I2 hours only

compound 9 and the final product, compound 7, were found to be present. This was confirmed .

by "P NMR spectroscopy.
l

‘ Next the reaction of compound 7 was examined in 10.0 equivalents (a 6.0 equivalent excess) of neat

TMA at 130 °C. Individual reactions were prepared for this experiment to allow for the analysis

of larger quanities of material to assure that there were no trace amounts of other cyclic products

produced in the reaction. Each individual reaction heated an stopped at each time shown in Table

6. The reactions were diluted with methylene chloride and worked up as described for the previous

reactions. The samples obtained were then analyzed by gas chromatograpy and the percent com-

position of each compound present was detemiined. The percent composition of each cyclic

compound present is listed in Table VI and was plotted versus the reaction time, shown in Figure

5. The reaction was found to reach completion in about 3.0 hours; a considerably shorter time than

in toluene solution. In this experiment only four methylated phosphazenes were observed (com—

pounds 7, 8, 9, 11). The starting material, compound 7 disappeared as it reacted to form compound

8 which reached its greatest percent composition (ll %) at 0.25 hours in the reaction. Again

compound 9 was observed to reach the highest percent composition (47 %) at 0.50 hours and once

formed, proceeded to the final product, compound 11, which was obtained in 62 % yield.
n

Finally the reaction of compound 7 was studied in 10.0 equivalents (a 6.0 equivalent excess) of neat

TMA at 110 °C. Again individual reactions were prepared and then were allowed to react for the

required times and quenched as described above. The percent composition of each compound

present, as determined by gas chromatograhy, are listed in Table VII. The plot of the percent
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Table VI

Percent composition of cyclic products with respect to time for the reactiorx of N,P,(CH,),C1,, with
10.0 equivalents of TMA (heat 130 °C ).

Percent Composition (%)

time(hrs) N,P,(CH,),C1‘ N,P,(CH,),C1, N,P,(CH,),,Cl, N,P,(CH„)6

0.10 80 8 12 -

0.25 57 11 29 3

0.50 31 5 47 17
l

0.75 22 - 45 33

1.00 6
V
· 25 69

1.50 4 - 12 84

2.00 - — 2 e 98
3.00 -

— - 100
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Figure 5. Reaction of compound 7 with I0.0 eq ol' TMA (neat) at l3O °C : Plot of the percent
composition of recovcred cyclic products vcrses time.
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Table VII

Percent composition of cyclic products with respect to time for the reaction of N,P,(Cll,),Cl,, with
10.0 equivalents of TMA (neat 110 °C ).

Percent Compositiori (%)

time(hrs) N,P,(CH3),CL N,P,(CH,),C1, N,P,(CH,)„C1, N,P,(ClI,),

0.50 75 21 4
i

-
‘

1.00 57 16 23 4

1.50 27 4 57 12

2.00 23 - 57 20

3.00 13 - 53 34

4.00 5 - 38 57
’

5.50 1 - 7 92

7.00 - - 1 99

9.00 · - · 100
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omposition verse the reaction time is shown in Figure 6. The lowering of the reaction temperature

to 110 °C caused an increase in the time necessary to reach completion as compared to the same

reaction at 130 °C . In this case the reaction was found to be complete in 9.0 hours whereas at

130 °C the reaction was complete in 3.0 hours. Here again, compound 8 reached its highest percent

composition (16 %) early in the reaction, at 1.0 hours, and disappeared as compound 9 was formed.

Compound 9, again reached the highest percent composition (S7 %) in the reaction and reacted

slowly to yield 61 % of compound 7.
n

Reaction of Monomethylpentachlorocyclotriphosphazene (6) with TMA

It was found that compound 6 reacted with the TMA via both geminal and non~gemina1 reaction

pathways to produce the geminally substituted compound 7 as well as the nongeminally substituted

molecules cis- 1,3-dimethyl-1,3,5,5·tetrachlorocyclotriphosphazene (7a), and

trans-l,3·dimethyl-l,3,5,5-tetrachlorocyclotriphosphazene (7b). The three dimethylated molecules

(compounds 7, 7a, and 7b) then substituted geminally, via the intermediates 8 and 9 to yield the

final product, compound ll.

The presence of compounds 7a and 7b was confirmed by
‘H,

"P NMR spectroscopy and gas

chromatography. The sample mixtures which contained compounds 7a and 7b, obtained in the °

reaction of compound 6 with ll.0 equivalents of TMA as a 2.0 M solution at reflux, described

below, were combined and separated on a column of silca gel. This allowed for the removal of

compounds 8, 9 a.nd ll and the isolation of compounds 7a and Tu as a mixture with compounds

6 and 7. The preceding mixture was again columned on silica gel; this allowed for the isolation

of a very small amount of 7a ( < 2.0 %) and assignment of the molecules in the gas chromatogram.

Compound 7b was isolated as a mixture with compound 7. This allowed for the characterization

of these molecules.
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The
‘H

NMR spectrum of compound 7a consisted of a doublet of doublets ( .1,,C,, = 14.29 Hz,

.1,.,,,,,,;,, = 3.10 I—1z) found at 2.08 ppm for the protons of the methyl group of the two PCH,C1

groups. This assignment agreed well with the published values for this compound ( 5 = 2.09 ppm,

.1,„,;,, = 14.4 Hz, J,•„,,,;,, = 3.1 Hz). The (‘H)"P NMR spectrum consisted of two resonances.

The resonance for the two phosphorus atoms of the PCH,C1 groups were found at 40.31ppm as a

single unresolved peak. The resonance for the phosphorus atom of the PCI, unit was found at

22.81 ppm also as a single unresolved peak. These values also agree well with the reported values
(u

PCH,C1 = 39.7 ppm, PCH,Cl = 22.1 ppm).

The
‘H

NMR spectrum of compound 7b consisted of a doublet of doublets of doublets ( .1,.C,, =
1

17.52 Hz, .1,.„,»C,, = 3.36 Hz) found at 2.12 ppm for the protons of the methyl group of the two

PCH,C1 groups. This assignment agreed well with the published values for this compound ( 5 =

2.12 ppm, .1,,,;,, = 17.5 Hz, .1,,,,,,;,, = 3.1 Hz). The (‘H)"P NMR spectrum consisted of two

resonances. The resonance for the two phosphorus atoms of the PCH,Cl groups were found at

41.77 ppm as a single unresolved peak. The resonance for the phosphorus atom of the PCi, unit

was found at 22.61 ppm also as a single unresolved peak. These values also agree well with the

reported values ( 5 PCH,C1 = 41.1 ppm, 5 PCH,C1 = 22.0 ppm ).

The reaction was examined under two different set of conditions. It was first examined in neat

TMA at 130 °C and then as a 2.0 M solution of TMA in toluene at retlux. It was not possible to

isolate sufficient quantities of compounds 7a and 7b to calibrate the gas chromatograph, therefore

the calibration curves for the gerninally substituted dirnethylated molecule, compound 7, was used

to estimate the precent composition of the non·geminal1y substituted compounds. (This was con-

sidered to be resonable due to the fact that the detector response of the gas chromatograph to each

compound appeared to increase in an approximatcly linear fashion with increasing methylation of

the phosphazene ring).

Compound 6 was reacted with 11.0 equivalents of neat TMA (a 6.0 equivalent excess) at 130 °C.

The reaction was aliquoted at the times shown in Table Vlll and the percent composition for each
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compound present was determined by gas chromatograhy and these values are listed in Table VIII.

The plot of the percent composition for each compound versus the reaction time is shown in Figure

7. In this experiment, the non·gemir1a1 dimethylated molecules ( 7a, 7b ) were observed in very low

precent compositions and were diflicult to detect. The compound 8 was also found in very small

amounts (13 %), at 1.00 hours, early in the reaction. The compound 9 again reached the highest

precent composition ( 37 % ) at 1.50 hours as seen in Figure 7. This intermcdiate, compound 9,

again reacted through the intermediate 10, which was not observed, to yield the fina.l product,

compound ll. There were no other cyclic products observed in this experiment, confumed by "P

NMR spectroscopy. The reaction was complete in 5 hours and the yield of the final product,

compound 7 was found to be 48 %. ·

Next the reaction of 2 was examined with 11.0 equivalents (a 6.0 equivalent excess) of TMA as a _

2.0 M solution in toluene at reflux. Again aliquots were removed from the reaction mixture and

worked up as described above. The values for the percent composition were determined and are

recorded in Table IX. These values were plotted versus the reaction time, shown in Figure 8. The

starting material, 6, again reacted, geminally and nongeminally, to form the three dimethylated

molecules, compounds 7, 7a, and 7b. The three dimethylated compounds then reacted gerninally

to give compound 8 which reached a high percent composition (10 %) at 7.0 hours. Compound

8 reacted geminally to produce compound 5 which again reached the highest percent composition

(45 % ) at 19.0 hours. The reaction was complete in 80.0 hours and the final product, compound

ll, was obtained in S2 % yield.

Reaction of Hexachlorocyclotriphospliazene (1) with TMA

Finally the reaction of hexachlorocyclotriphosphazene (1) with TMA 12.0 equivalents (a 6.0

equivalent excess) ofTMA was examined in neat TMA at 130 °C and in a 2.0 M solution in toluene
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_ Table VIII
Perccnt composition of cyclic products with respect to time for the reaction of N,P,CH,Cl, with
11.0 cquivalcnts of TMA (ncat 130 °C ).

PercentCompositiontime

(hrs) 6 7 7a 7b 8 9 11

0.25 94 4 - - - 2 -

0.50 70 11 3 5 4 4 3

0.75 64 8 2 4 5 13 4

1.00 49 3 - - 13 27 7

1.25 34 16 · - - 34 16

1.50 20 17 - - - 37 26

2.00 - 12 - ~ - 19 69

2.50 - 4 - - - 6 90

3.00-·-·-1 99

4.00---·--100

6 - N,P,Cl·l;,C1, 7 - N,P,(CH,);Cl4 (Bem)

7a - N;P,(CH,),Cl4 (cis) 7b · N,P,(C1·I,)2CL, (trans)

8 - N,P,(CH,),C1, 9 - N;,P„(C1—l,),Cl,

ll - N,P,(Cl~l,)6
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Figure 7. Reaction of compound 6 with ll.0 cq of TMA (neat) at 130 °C : Plot of the perccnt
composiüon of recovcred cyclic products verscs time.
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. Table IX

Percent composition of cyclic products with respect to time for the reaction of N,P,CH,C1, with
11.0 equivalents of TMA (2.0 M solution in toluene at reflux).

Percent Composition (%)

time (hrs) 6 7 7a 7b 8 9 11

1.0 98
V

~ 1 1 1 · - —

2.0 89 4 - 6 - - -
3.0 78 4 5 8 5 1 ~

4.0 70 4 6 9 6 4 2

7.0 58 7 10 7 10 4

10.0 48 4 5 8 6 22 7

13.0 36 3 3 5 · 4 35 13

16.0 26 3 1 3 3 45 19

19.0 23 3 1 2 2 45 24

24.0 12 3 1 1 1 45 37

32.0 4 1 - - - 32 63

48.0·-·--10 90

60.0-·---5 95

75.0-----1 99

82.0 ·-·——-~100 _

6 - N,P,CI·l,C1, 7 · N,P,(CIl,),C1,, (gem)

7a - N,P,(CH,),C1,, (cis) 7b · N,P,(CI·I,),Cl,, (trans)

8 - N,P,(CH,),C1, 9 - N,P,(CH,),Cl,

11 - N,P,(Cll,)6
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at reflux. The values for the percent composition of the cyclic intermediates could not be accurately .

V detennined due to an inability to quantitate the amount of compound I present by gas

chromotography (a phosphorus - nitrogen detector was not available and I gave a very low re-

sponse to the standard flame ionization detector). Individual reactions were run, which made it

possible to obtain large amounts of material for analysis, to the desired times and then quenched

and analyzed using gas chromotography and
"‘P

NMR spectroscopy. In these experiments only

the interrnediates described above were found to be present. Again compound 9 was observed to
I

reach the largest percent composition in both reaction studies. The reaction in neat TMA was

complete in about I2 hours, while the reaction in toluene solution was finished in 150 hours. There

were no other products present which was confirmed by the fact that there were no unidentilied

peaks present in either the gas chromatograrns or the "P NMR spectra of various reaction mix-

tures. .

Ring-Opening Reactions of Chlorophosphazemzs with

Trimethylalumirzum (TMA)

Reaction of Diphenyltetrachlorocyclotriphosphazene (14) with TMA

The reaction of I,I·diphenyl·3,3,5,5-tetrachlorocyclotriphsphazene I4, prepared by known

methods,°° with TMA was examined in order to investigate the possiblity of improving the yield

of the substitution reaction by the presence of other substituents on the phosphazene ring. The

reaction of I4 with excess TMA was expected to yield the fully substituted product

I,l·diphenyl-3,3,5,5~tetrarnethylcyclotriphosphazene, (I5). This reaction did yield this compound,

i however, it was accompanied by a fully alkylated linear phosphazene salt,
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I,I,l,5,5-pentamethyl-3,3-diphenyltriphosphazene hydrochloride (I6) shown below. It was found

that the presence of the phenyl groups on the phosphazene ring allowed for the isolation ar1d

characterization of over 95% of the reaction products formed, both cyclic and linear, and the ratio

Ph\P/Ph
· :4/ \::

, max}, jl/ws 4‘ °"a/ \r4/ \°"3
"*\P/" ¤¤
:4/ \:4 WC°I\L 2/C1 -—) 4.c1’ \„/ \Cl

I
u

CH Ph cx-:

cl in cal
-°‘ H

3 3
· 18

of these two major products could be altered by changes in the reaction conditions. By increasing

either the reaction temperature, or the concentration of the TMA, the formation of the linear

product was favored. Small amounts (< 5%) of other products were observed at higher temper-

atures and/or higher concentration of TMA. These thermally unstable oils proved to be mixtures

which eluded characterization, although they are thought to be other linear phosphazene salts. The

structure of the major products, and the overall nature of this reaction provided some insight into

the mechanism of ring-opening. This will be discussed in more detail later.

The reactions of compound I4 with TMA were carried out in rieat reagent or as a 2.0 M solution

of TMA in toluene. The reaction mixtures, after completion, were diluted with methylene chloride

and quenched with aqueous sodium hydroxide. The fully alkylated

I,1-diphenyl·3,3,5,5-tetrarnethyl-cyclotriphosphazene (I5) was extracted with methylene chloricle
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Table X
Reaction of 1,1-dipheny1tetrach1orocyclotriphosphazene with TMA.

Percent Yield (%)

Equivalents Temp Percent (%)
TMA °C Conc 18 16 Recovery

8.0
t

130 neat 51 44 95 ’

. 5.0 130 neat 56 38 94

8.0 110 2.0 54 46 100

5.0 110 2.0 75 19 94
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and isolated in yields between 50-80%. Saturation of the aqueous layer with sodium chloride and

subsequent extraction with methylene chloride led to the isolation of the new linear phopsphazene

compound 16. Total recovery of material from the reaction based on the quantity of starting ma-

terial, 14, was over 94% in all cases The reaction conditions, as well as the yields of compounds

15 and 16 are listed ir1 Table X.
l

Characterization of the Reaction Products
1

The cyclic product from the reaction, compound 15 was identilied by a combination of infrared

spectroscopy, nuclear magnetic resonance, (‘H, "C, "P), mass spectrometry and elemental anal-

ysis data. The presence of the cyclic phosphazene ring was confrrmed by the
(‘

1·I)"P NMR spec-

trum and infrared spectrum. The infrared spectrum showed the P= N strech at 1200 cm", typical

of a cyclic phosphazene.’° The (‘H)"P NMR spectrum was identified as a standard AX, type spin

system. The resonance for the P(C,H,), group appeared a 13.53 ppm as a triplet (J,„„,. < 2.0 Hz)

while the resonance for the P·(CH,), groups appeared at 26.70 ppm as a doublet (.1,.,,,,, < 2.0 1·Iz).

This type of pattem has been observed for many alkylated cyclic cyclotriphosphazene

compounds."' The
‘H

NMR spectrum showed the resonances for the aryl protons at 7.41 and 7.79

ppm, while the resonance for the methyl groups were found at 1.54 ppm as a doublet (J,C„ = 13.61

Hz). The mass spectrum of the compound showed the expected molccular ion at m/z 349.

The new linear molecule, 1,1,1,5,5-pentamethyl-3,3~dipheny1-triphosphazene hydrochloride (16),

was isolated as a white, high.1y crystalline compound, stable to both air and moisture and initially

was found to crystallize in a 1 2 1 ratio with water. The water could removed by drying the com-

pound at 130 °C in vacuum for several hours. The water-free compound was obtained as a white

crystalline solid (m.p.= 168-169 °C).
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Compound I6 was characteiized by a combination of infrared spectroscopy, nuclear magnetic res-

onance spectroscopy
(‘H,

"P, "C,), electrolysis/conduction experiments, and elemental analysis.

The infrared spectrum of compound l6 showed two key features. Two intense bands at 3150 and

3200 cm·‘ were assigned to the NH, group stretch, while the P= N vibration was observed as a

strong, broad band, centered at 1275 cm·‘.

The deterrnination of the sequencing of the phosphorus atoms in the chain was aecomplished by

the analysis of all the NMR spectra. The
‘H

NMR Spectrum of the water adduct showed six

separate resonance signals. The aromatic proton resonances were found at 7.44 and 7.72 ppm.

The three terminal methyl groups were found to resonate at 1.64 ppm; this peak was split into a

doublet (J„„ = 13.24 Hz) due to coupling to the phosphorus atom. The two methyl groups

bound to phosphorus·5 were found at 1.58 ppm, and the signal was again found to be a doublet

(JPC-„ = 14.17 Hz) due to the phosphorus coupling. The NH, protons were found to resonate at

4.26 ppm; this peak was somewhat broadened and dissappeared completely when the sample was

shaken with D,0 coniirrning the NH, function of the molecule. Finally, the water protons were

observed at 2.07 ppm. (All the chemical shift values were found to vary slightly with the concen-

tration of the sample.) The assigments were confirmed by intergration of the peaks, where a ratio

of 10:9:6:2:2 was observed. If the compound was dried in vacuum the peak at 2.07 ppm

dissappeared and the methyl proton ICSOHHIICCS were shifted downfield 0.02 ppm.

The (‘H)"P NMR spectrum showed three resonances, as expected. The P(CH,), resonance was

found at 24.45 ppm as a doublet (1,.,,,,, = 2.50 Hz), the P(C,,H,), resonance occurred at 5.50 ppm

as a doublet (1,,,, = 2.5 Hz) and the resonance for the P(CI-1,),NH, group occurred at 31.95 ppm

as a singlet. These resonance positions were again found to be dependent on the sample concen-

tration and were shifted downiield slightly (0.03 ppm) upon removal of the 1-1,0 from the sample.

Initial confumation of the chain sequence by the use of "P NMR coupling constants was diiiicult

due to their small magnitude. However, the sequence of phosphorus atoms in the chain was ob-

tained by a detailed inspection of the (‘1·I)"C NMR spectrum of the compound at both 20 and
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67.5 MHz. The two different field strengths allowed for positive assignment of the carbon reso-

narrce signals. The carbons of the aromatic ring were observed in the region between 128 and 140

ppm. The carbon atoms of the phenyl rings attached directly to phosphorus were observed at

135.81 ppm as a doublet of triplets. The primary couplings from the phosphorus directly attached

to this carbon atom was 134.28 Hz; this coupling split the signal into a doublet. Each line of the

doublet was observed to be further split into a triplet by coupling to the two other phosphorus at-

oms of the chain (JPNP; = 6.10 Hz). The ortho carbon of the phenyl ring was found to resonate

at 130.87 ppm as a doublet (JPCC = 11.22 Hz) while the meta carbon atoms resonated at 128.28

ppm, again as a doublet- (JPCG-C = 13.93 Hz). The para carbon of the aromatic ring was observed

at 131.26 ppm as a singlet. The carbon atoms of the methyl groups were found to resonate between

15 and 20 ppm. The resonance for the P(CH,), group was observed at 17.56 ppm as a doublet of

doublets. The major doublet (JPC = 70.54 Hz) was due to coupling to the primary phosphorus

atom while the minor doublet (.1PNPC = 4.21 Hz) was due to coupling to one other phosphorus

atom. The P(CH,)P group resonated at 18.69 ppm, again as a doublet of doublets (JPC = 87.66

Hz, JPNPC = 3.41 Hz). These coupling pattems are similar to those observed for the P(CH,), group

V and are thought to be due to the same type of phosphorus-carbon coupling.

These coupling pattems could only arise if the phenyl bearing phosphorus atom were in the center

of the phosphazene chain and attached to two other phosphorus atoms in a linear arrangement as

indicated in structure 16.

Final confumation of the phosphazene chain sequence came from analysis of the "P NMR spec-

trum obtained on a sample dissolved in water with one drop of concentrated sulfuric acid added.

This treatment caused a downlicld shift in the phosphorus resonances and an increase in the cou-

pling constants of the phosphorus nuclei (presumably due to protonation of the phosphazene

chain). In this case the P(CH,), group resonated at 33.40 ppm as a doublet (1pNp = 7.93 Hz); the

P(C,H,), group resonated at 17.08 ppm as a doublet of doublcts, due to coupling with both of the

other phosphorus atoms (JPNP
=4

7.93 Ilz, JPNP = 13.23 Ilz); and the P(CI·l,)2NH2 group was

found to resonate at 47.90 ppm as a doublet (JPNP = 13.23 Hz). After the spectrum was obtained,
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the compound could recovered, unchanged, from the acid/water mixture using the isolation

techniques previouly described. This confrrmed that no reaction had occured between compound

16 and the dilute acid.

Finally, the fact that the compound 16 was a hydrochloxide salt was confrrmed by electrolysis of

an aqueous solution. The solution conducted electricity, and chlorine gas was liberated at one of

the electrodes. This confrrmed the presence of the chloride counter ion.
Ii

I
Treatment of the linear compound, 16 with concentrated sulfuric acid yielded another new linear

compound 17. This neutral complex was forrned by the replacement of the terminal NH, group

with a phosphine oxide linkage and was isolated as a white, crystalline material,

(m.p. 166-168 °C), stable to both air and moisture. The compound was characterized in the same

marmer as the
l

°l3 T" 1*3
I gg-|3—|s•:N——1i;N——:°—;O

CH3 Ph CH3
17

other compounds synthesized in this study. The infrared spectrum, nwhen compared to that of

compound 16, showed an absense of the NH, group stretch at 3150 cm" and 3200 cm". This was

replaced by a band at 1160 cm" , identified as the P= O stretch, The P= N vibration was observed

as a strong, broad band centered at 1240 cm·‘. The mass spectrum showed the presence of the

molcular ion at m/z 366. The sequence of phosphorus atoms in the backbonc was again obtained

by inspection of the nuclear magnetic resonance data(‘H, "C, "P). The proton NMR spectrum

showed four separate resonance signals. The aromatic proton resonances were centered at 7.35 and

7.83 ppm. The three methyl groups resonated at 1.69 ppm as a doublet (.1,.C„ = 13.28 Ilz). The

two methyl groups attached to the phosphorus atom bearing the oxygen atom were found to res-

Rcactions of Chlorophosphazencs with Organoaluminum Rcagcnts 53



onate at 1.25 ppm as a doublet of doublets, (1,,;,, = 14.36 Hz, 1,,,,,;,, = 0.08 Hz) due to primary

and secondary phosphorus couplings.

The (‘H)"P NMR spectrum ofcompound 17 dissolved in CDC11, showed three resonance signals.

The resonance position for the P(CH,)1 was only slighty shifted from that observed for the com-

pound 16 and occurred at 22.89 ppm as a single peak. However, the resonances for the P(C,H,)1

_ and the P(CH1)1 groups were shifted upfield considerably in the oxide 17. The P(C,H,)1 resonance

was observed at 1.62 ppm, while that for the P(CH„)1 group resonatedat 24.09 ppm. The

phosphorus·phosphorus coupling constants observed for the sample dissolved in CDCI, were small

and not fully resolved, however if the (‘H)"P NMR spectrum was obtained using D10 as the

solvent, the phosphorus ·phosphorus coupling constants were resolved and could be used to obtain

information about the sequencing of the phosphazene chain. In D10 the P(CH,), resonance oc-

curred at 29.42 ppm as a doublet (1,„, = 8.11 Hz) due to coupling to the P(C,H,)1 group. The

P(CH3)2 group was found to resonate at 33.74 ppm, again as a doublet due to coupling to the

P(C,H,)1 group, (1,1,-, = 3.13 Hz). The resonance for the P(C,H,)1 phosphorus atom was observed

as the expected four line pattem, centered at 8.87 ppm (1,,,,, = 8.11 Hz, 1,,,,, = 3.13 Hz), thus
’

confirming the chain sequence shown in structure 11.

Further confumation of the chain sequence was again obtained from inspection of the (‘H)"C

NMR spectrum of the compound at 20 and 67.5 MHz. The carbon atoms of the aromatic rings

were observed in the region between 128 and 140 ppm. The carbon atoms of the phenyl rings at-

tached directly to phosphorus are observed at 138.58 ppm, again as a doublet of triplets, (1,C =
4

133.05 Hz, J,1,,,,- = 4.88 Hz). The ortho carbon atom of the phenyl ring was found to resonate at

131.34 ppm as a doublet (1,,;,; = 10.98 Hz) while the meta carbon atoms resonated at 127.88 ppm,

again as a doublet (1,,;,;,; = 12.20 Hz). The para carbon of the aromatic ring was observed at

130.17 ppm as a doublet (1,,;,;,;,; = 2.44 Hz) The carbon atoms of the methyl groups were found

to resonate between 17 and 21 ppm. The resonance for the P(CH,)1 group was observed at 17.78

ppm as a doublet of doublets, (1,,; = 69.58 Hz, 1,,,,,- = 3.67 Ilz), while the P(C11,)1 group reso-

nated at 20.65 ppm, again as a doublet ot doublets (1,,; = 92.78 Hz, .1,,,,,,; = 4.9 Ilz). These
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· coupling pattems again confirmed the assignment of the phenyl bearing phosphorus atom in the

center of the phosphazene chain, structure 17. _

Reaction of diphenyldimethyldichlorocyclotriphosphazene (18) with TMA —

The reaction of 1,1-diphenyl-3,3-dimethyl-5,S-dichlorocyclotri-phosphazene, 18, with TMA was

also examined. This reaction was studied to determine whether the presence of the two methyl

groupson the phosphazene ring would effect the ratio of the final products obtained, compounds

15, and I6. It was anticipated that this study would yield information about when the ring opening

reaction occurs, in particular, does increasing methylation increase or decrease the degree of ring-

opening observed. This compound was synthesized by partial reaction of compound 14 with 4.0

equivalents of TMA in toluene at reflux. The reaction mixture was heated for 24 hours and then l
diluted with methylene chloride. Neutral alumina powder was added to the resulting solution until

effervesence had ceased. The solution was filtered and the solvent was removed to yield compound

18. Compound 18 was characterized by
‘H

and "P NMR spectrocopy, infrared spectroscopy, and

mass spectrometry. The presence of the cyclic phosphazene ring was confirmed by the (‘H)"P

NMR spectrum and infrared spectrum. The infrared spectrum showed the P= N strech at 1200

cm", typical of a cyclic phosphazene."°. The mass spectrum of the compound showed the expected

molecular ion at m/z 389.

The
‘H

NMR spectrum showed the resonances for the aryl protons at 7.45 and 7.74 ppm, while

the resonance for the methyl groups were found at 1.64 ppm as a doublet (JPCH = 14.24 1-1z). The

(‘H)"P NMR spectrum was identified as an AMX type spin system. The resonance for the

P(C6H,), group appeared a 17.37 ppm as a doublet (JPN, = 10 Hz ). The resonance for the

P(CH,), group appeared at 33.27 ppm also as a single peak. The resonance for the PCI, group

appeared at 16.68 ppm as a single peak. The assignrnents for the phosphorus atoms of the
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P(CH,) , and PCI, were conlirmed by examination of the proton coupled spectrum where the

P(C„H,), and P(CH,), groups were both found to broaden due to coupling.

The reaction of compound 18 with TMA was studied under three different sets of reaction condi~

tions. Again the major products were the same cyclic and the linear molecules, 15 and I6, obtained

in the previous reactions of compound 14 with TMA. The degree of ring-opening observed in this

reaction was reduced, apparently due to the increased number of substiutuents on the phosphazene

ring. The results obtained for these experirnents are listed in Table XI and it can be seen that higher

yields of the cyclic products were obtained. Even in 6.0 equivalents of neat TMA‘at 130 °C the

cyclic product was obtained in 75 % yield while the linear was obtained in only 24 %yield.conditions

for the reaction of compound 14 with 6.0 equivalents of TMA yield only 50 % of

compound 15 and 34 % of compound I6 (reported in Table 10). This evidence indicated that the

ring·opening reaction occured during the early stages of the halogen substitution of compound I4.

This is also supported by the previous results of the simple methyl phosphazene series which show

that increasing methylation improved the yields of the fully substituted compound ll (Table XII).

It was found that the reaction of the TMA with compound I5 under forcing conditions did result

in a small. degree of ring-opening. This reaction was run at 130 °C for 7 hours in 10 equivalents

of TMA. The starting material was recovered in 95% yield with about 5% of the linear product,

compound I6, was present. The linear product, compound I6, forrned was the same in all the re-

actions studied, which confrrmed that the position of ring opening remained constant and

independant of the degree of alkylation.

Finally the products in the reaction mixture, for the reaction of TMA with I4, was monitored by

by
(‘

H)"P NMR spectroscopy. lt was possible, using this technique, to observe the intermediates

of the reaction and identifiy the major products in the reaction mixture. Compound 14 was reacted

with 10.0 equivalents of TMA (a 6 equivalent excess) in a 10 mm NMR tube with toluene as the

solvent(the concentration of the TMA was adjusted to approximately 2.0 M). The NMR tube
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Table XI .
Reaction of 1,I—diphenyl~3,3-dimethyl-S,5-dichlorocyclotriphosphazene with TMA. ~

Percent Yield (%)

Equivalents Temp Percent (%)TMA °C Conc 18 16 Recovery

' 2.5 130 neat 82 18 V 100
6.0 130 neat 69 28 97
6.0 110 2.0 75 24 99
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Figure 9. MP NMR study of the reaction of compound 14 with TMA: (‘H)°‘P NMR spectra of the
rcaction mixture verses the reaction time.
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containing the reaction mixture was heated in an oil bath at 100 °C and (‘I·I)3‘ P NMR spectra were

obtained with respect to time.

A stack plot of the spectra obtained for this experiment is shown in Figure 9. The resonance signal

for the two phosphorus atoms of the PCI, goups for the starting material, compound I4, were

found at 20.0 ppm as a broadened, single resonance lileal (apparently the presence of the

alkylaluminum reagent induced the broadening). The resonance for the phosphorus atom of the

P(C,H,), group was found at about 22.0 ppm, also as a single broadened resonance. As the reaction

proceeded, compound 14 was seen to dissappear and a number of resonance signals appeared. The

only resonances which could be clearly assigned were those for the cyclic compound 15 and the

linear molecule I6. The resonances for the phosphorus atoms of the P(CH,),, for compound I5,

were found at 52 ppm as a broadened peak. The phosphorus atom of the P(C,H,), was found at

29 ppm.

The
(‘H)3‘P

NMR spectra of the reaction rnixture also show that the linear molecule is present

early in the reaction. Although the exact structure of the molecule is unclear, a structure can be

postulated from the results of the various experiments that have been performed. It is considered

that opening of the phosphazene ring occurs via and addition of a molecule of Al(CH,), across the

P-N single bond. 'l’E;E~. wvould yield a linear molecule (16:1) with the end goups shown.

°1'= T" **13
C1-1 —P=ll—P=Ü-P=Ü3 1 | 1 \Al—- CH, l6°

6113 Ph CH3 \
_ -6113

A1 (61·13)3

611
\ 3 CH

6113 Ph 6113 _ 111< 3 3I_.. I__.. |_ CH; mbCHS- P—-N-—P-N—P-N\
C; | I 111-CH,‘ 2 Ph 6113 \Cl':
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Although further coordination of the TMA I6b or DMAC (dimethylaluminum chloride formed

as a result of the substitution) cannot be ruled out.

The three resonances for the linear compound were observed at 9 hours and found at 27.3 ppm,

38.0 ppm, and 44.5 ppm. The resonance at 27.3 ppm was assumed to be the for the central

phosphorus atom bearing the phenyl groups as this same phosphorus atom in compound I6 was

also found upfield from the resonances for the other two phosphorus atoms of the chain. The

resonance at 38.0 ppm was assigned to the phosphorus atom of the P(CH,), and is shifted downiield

by about 14.0 ppm compared to the P(CH,), phosphorus atom of compound I6. The resonance

at 44.5 ppm was assigned to the phosphorus atom next to the metalated nitrogen atom; this reso-

nance is also downfield of the phoshorus atom of compound 16 by 13.0 ppm. The downiield shift W

observed for these nuclei is expected due to electron withdrawal by the aluminum end group, and

by the aluminum reagent present which is associated with the nitrogen atoms of the phosphazene

backbone.
’

All of the (‘H)"P NMR resonances shifted downfield as the reaction proceeded, and a signilicant

change in the positions of several of the chemical shifts was observed after heating for 31 hours as

shown in Figure 9. The two resonance signals for compound I5 were shifted downfield and

broadened, presumably due to the electron withdrawal by the stronger lewis acid,

dimethylaluminum chloride which is formed during the reaction. However, the positions of the

resonances, for the linear molecule, structure I9, remained relatively constant throughout the re-

action. At 69 hours the two major products, compounds I5 and I9, were observed in Figure 9.

There was also some starting material I4 present as well as small amounts of other unidentifiable

products.
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Ring Opening Reaction of Hexachlorocyclotriphosphazene (1) with TMA

The isolation and characterization of the linear product from the reaction of compound I4 and

TMA suggested that a further investigation of the reaction of compound I with TMA was required

in order to account for the lack of mass balance after work·up. (The frnal substitution product,

compound II, was only obtained in about 40 % yield). Compound I was reacted with a 12.0

„ equivalents of TMA (a 6.0 equivalent excess) but instead of the usual base work·up, the reaction

mixture was diluted with methylene chloride and then quenched with dry mcthanol. The aluminum

alkoxide which precipitated was frltered, and the solvent was removed to give a white oily material.

The material was then dissolved in methylene chloride and hexane was added to precipitate a clear

oil. The
(‘

H)“P NMR spectrum of the mother liquor showed the presence of the fully substituted

hexamethylcyclotriphosphazene, compound I1, at 25.5 ppm. The (‘H)"P NMR spectra of the

oil indicated it to be the fully substituted linear methyl phosphazene salt,

1,l,1,3,3,5,5-heptamethylphosphazene hydrochloride, 20. This assignment is based on the structure

found for the linear molecule, compound I6, however, the presence of the chloride ion was not

confrrmed. This compound was very unstable and decomposed even during analysis. The struc-

tural assignment of this molecule was made from (‘I—I)"P NMR spectroscopy and it was possible

to assigrr the resonances for all of the nuclei by comparison to the linear phosphazene salt I6 which

had previously been characterized. The (‘H)"P NMR spectrum of cmpound 20 consisited of three

resonance signals. The resonance at 26.44 ppm appeared as a doublet (.1,,,,, = 7.17 Hz ) and was

assigned to the terminal phoshoms atom bearing the three methyl groups. The similar groups in

compound I6 resonated at 24.45 ppm. The resonance at 31.85 ppm, a doublet (J,„, = 8.76 Hz)

was assigned to the phosphorus atom of the P(CH,)zNH, group; the same phosphorus atom in

compound I6 resonated at 31.95 ppm. Finally the resonance at 17.76 ppm was assigned to the

central P(CH,), group; this resonance appeared as a pseudo triplet (J,„, = 8.76 Hz, .1,„, = 7.17

Hz).
”
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Finally, the reaction mixture from the reaction of TMA with compound 1 was examined by

. (‘H)"P NMR spectroseopy. Compound I was reacted with 12.0 equivalents of neat TMA (a 6.0

equivalent excess) at 130 °C , aliquots were taken, dissolved into CDCI, and (‘H)“P NMR spectra

were obtained. A stacked plot of the spectra obtained is shown in Figure 10.

In this reaction, before heating, only the resonance for compound I was seen. This resonance was

found at 20.97 ppm as a singlet. As the reaction proceeded the appearance and disappearance of

the cyclic products was apparent. After 2.0 hours the cyclic as well as the linear products could

be distinguished and several of the cyclic compounds present were be identified from the spectra.
4

The resonances for the cyclic products were all shifted downfield due to the complexation. The

resonance signals for the AX, spin system of molecule 6 was seen at 45.15 ppm and 23.41 ppm for

the phosphorus atoms of the PCH,Cl and PCl, groups respectively. The downfield shift apparent

is due to the presense of the alkylaluminum reagent as will be discussed latter in this dissertation.

As deterrnined in the earlier studies of the substitution reaction, compounds 7, 7a, 7b and 8, were

only present in low concentrations and their presence in the reaction mixture could not be con-

firmed from the "P NMR spectra. The compounds 9 and 11 were identified in the spectra and

are both seen in Figure 10 at three hours. The two broad overlapping resonance signals at about

55 ppm, in Figure 10, were assigned to the phosphorus atoms of the P(C1-1,), units of compounds

9 and II. The broad resonance at 23 ppm was assigned to the PCI, group of compound I1. The

upfield resonance of this pattem was assigned to compound II since it was seen to steadily increase

in the reaction and reached its highest precent composition at about 4.0 hrs. Finally, compound

Il was then seen to disappear as reaction was continued for extended periods and only trace

arnounts were observed after 72 hours (only a small amount was recovered after the aqueous

work-up, 10 %). The linear phosphazene, discussed above, was found to appear early in the re-

l action and is apparent after 2 hours. Again the NMR spectrum for this molecule consisted of three

resonance signals. The assignments of these resonances is only tenative. These resonances were

found at 27.68 ppm, 44.39 ppm and 59.06 ppm. The resonance at 27.68 ppm was assigned to the

central phosphorus atom of the linear chain, upfield of the other resonance as in the previous cases.
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There were two resonances present in the spectra throughout the reaction which remaincd in

roughly equal proportion, indicating another product. These resonances were found at 39.99 ppm

and 19.92 ppm in approximately a 2:1 ratio. However, this product was not apparent after the

aqueous base workup or the dry methanol quench and no structure has been assigned to it.
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Additional Reactions of Chlorophosphazenes with 1

Organoaluminam Roagents

The reaction of TEA (triethylaluminum), TIBA(triisobuty1aluminum), and DIBAH

. (diisobutylalurninum hydride) with hexaxchlorocyclotxiphosphazene (1 ) were also examined as well

as the reaction ofTEA with 1,l·dipheny1-3,3,5,5-tetraehlorocyclotriphosphazene (I4). The reaction

of TEA with compounds I and I4 yielded both linear and cyclic products. The reaction of TEA

with compound I produced a high yield (80 %) of another new linear product,

1,1,1,3,3,5,5-heptaethyltriphosphazcne hydrochloride (21) analogous to the linear moleculcs, 20 and

16, obtained from the reactions of TMA with compounds 1 and I4. The reaction of TEA with

compound I4, however, produced a good yield (40 %) of the cyclic new product,

l,I-diphenyl-3,3,5,5-tetraethylcyclotriphoshazene (22) along with degradation products which could

not be characterized.

The reaction of TIBA with compound 1 resulted in a complex mixture of products which could

not be separated or isolated. The use of TIBA as an alkylating agent was complicated by the re-

action of the phosphazene with the dialkylaluminum hydride (DIBAH) which is produced upon

heating TIBA. Both TEA and TIBA are well known to undergo beta hydride elimination of alkene

to produce the corresponding aluminum hydride" and this occurs at temperatures as low as 50 °C

for solutions of TIBA. The reaction of compound I with DIBAH at room temperature produced

only intractable oils. This reaction was very exothermic and voilently liberated a gas which was not

identilied. The high yield of the linear molecule 21 in the reaction of TEA with compound I may

be due to the presence of the diethylaluminum hydride. The results of these experiments are dis-

cussed in the following.
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Reaction of TEA with Hexachlorocyclotriphosphazene

The reaction of TEA with compound 1 produced the analogous cyclic and linear products as were

described in the preceding sections for the reactions of TMA with compounds I and I4. Com-

pound 1 was reacted, neat, with 10.0 equivalents of TEA (a 4.0 equivalent excess). Before the re-

action mixture was heated an aliquot was removed from the reaction, dissolved in CDCI,. and a

.(‘H)"P NMR spectrum was obtained; this spectrum is shown in Figure lla. The phosphorus

resonance for compound 1 was seen at 20.83 ppm as a single peak. The reaction mixture was then

heated in an oil bath at 130 °C fer 7 hrs. At the end of this time another aliquot was taken, dis-

solved in CDCI, and a (‘H)"P NMR spectrum was obtained, shown ir1 Figure llb. There were

three major resonances in this spectrum ef the reaction mixture before the aqueous workup, found

at 71.28, 58.11 ppm and 41.27 ppm and they are associated with the final linear product, 21. The

fully substituted molecule 23 was not observed in this spectrum, due to the small amount present,

however it was obtained after the final workup. The resonance for the phosphorus atoms of

compound 23 would be expected te be found in the regen between 50-70 ppm due to electron

withdrawal by the TEA; the resonance for compound 11 in the study of the reaction rnixture for

the reaction of TMA with compound 1 was found at 55.0 ppm also due to the association with the

aluminum reagent. It was noted throughout these studies that the signals for the fully substituted

molecules broadened as the reaction proceeded. Expansion of this spectrum showed a small broad

resonance at about 64 ppm; this is barely visble in the spectrum shown in Figure 11b.

The remainder of the reaction mixture was diluted with methylene chloride and quenched with 1.0

M aqueous NaOH. The organic layer was separated and the aqueous layer was extracted again

with methylene chloride. The organic solutions were combined and dried over anhydrous

magnesium sulfate and filtered; the solvent was removed te yield an oil (30 %). The
(‘

I—l)" P NMR

spectrum of this oil is shown in Figure llc. This spectrum consisted of four major resonances

found at 35.84, 35.02, 34.02, and 28.12 ppm. The resonance at 35.84 ppm was assigned to the fully

substituted molecule 23. The other three resonances, at 35.02, 34.02, and 28.12 ppm, were assigned
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reaction of compound 1 with TEA (2.0 M toluene) at reflux. a) spectra ofa sample before
heating, b). spectra ofa sample after heating for 7 h, c). spectra of a sample of the recov-
ered oil, d). spectra of the final product 2l.

Reactions of Chlorophosphazenes with Organoaluminum Reagcnts 67



to the linear molecule (21). This assignment was confirmed from a spectrum of the nearly pure

linear molecule 21 which was obtained by saturation of the aqueous solution with sodium chloride

followed by further extraction with methylene chloride. The ogranic layer obtained was dried with

anhydrous magnesium sulfate a.nd filtered; the solvent was removed to yield and oil (70 %). The

spectrum of this oil is shown in Figure 11d. Compound 21 was further purified by dissolving in

methylene chloride and washing with 1.0 M NaOH. The organic layer was removed and discarded

and the remaining aqueous solution was saturated with NaC1 and extracted with methylene chloride

to jvc compound 21 of better than 95 % purity (estirnated by "P NMR).
J

Compound 21 was characterized by a combination of infrared spectroscopy, nuclear magnetic res-

onance spectroscopy
(‘H,

"P, "C,), and electrolysis/conduction experiments. The infrared spec—
J

trum of compound 21 showed two key features. Two intense bands at 3160 and 3064
cm·‘

were

assigned to the NH, group stretch. There two strong bands were found in the region for the P = N

vibration at 1275 cm" and 1304 cm". The compound, dissolvcd in H,O, conducted electricity with

liberation of chlorine gas. A

The
‘H

NMR spectrum for compound 21 consisted of three scparated resonance signals. The

resonance of the protons of the NH, group were found a 4.38 ppm as a singlct which intergated

as two protons (this resonance disappeared when the sample was shaken with D,O). The protons

of the ethyl groups of the P(CH,CH,), and P(CH,CH,), units appeared as complex pattems at 1.17

ppm and 1.88 ppm respectively.

The (‘H)"P NMR spectrum for compound 21 consisted of three resonance signals. The resonance

for the phosphorus atom of the P(CH,CH,), group positioned in the center of the linear chain was

found at 28.34 ppm as a doublet of doublets (JPNP = 11.79 Hz, J,N, = 4.40Hz ). The resonance

of the phosphorus atom of the P(CH,CIl,), group was found at 35.19 ppm as a doublet (JPN, =

11.79 Hz ) and the resonance for the phosphorus of the P(CH,CH,),NH, group was found at 33.78

ppm also as a doublet (JPNP = 4.40 Ilz ). The assignment of the P(CII,CII,), and
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P(CH,CH,),NH, was done by selectively decoupling of the methyl and methylene protons of the

ethyl substitutuents.

The (‘H)‘
’C

NMR spectrum consisted of six separate resonances for each set of equivalent methyl

and methylene carbons. The methyl carbons for the P(CH,CH,), group resonated at 5.60 ppm

as a doublet (Jpcc = 4.55 Hz ). This assignment was made by comparing the relative intensities of

the three methyl resonances; the ratio was about 2:2:3 supporting the above assignment. The

resonances for the methyl carbons of the P(CH,CH,), and P(CH,CH,), groups were found at 6.02

and 6.62 ppm as doublets (JPC = 4.70 Hz, and JPC = 5.95 Hz). These resonancescould not be

assigned as overlap of the of the proton resonances in the
‘H

NMR spectrum prevented selective

proton decoupling experiments.

The resonance for the methylene carbons of the P(CH,CH,), group was assigned by comparison

of the relative intensities of the three sets of methylene resonances; again the ratio was roughly

2:2:3. The methylene carbons of the P(CH,CH,), were found to resonate at 19.16 ppm as a doublet

of doublets (Jpc = 67.24 Hz, J„,-„_· = 2.55 Hz). The other two sets of methylene carbon reso-

nances were found at 22.87 ppm as a doublet of doublets (Jpc 89.72 Hz, J,„„- = Hz ) and at 25.55

ppm as a doublet (Jpc = 90.24 Hz ). Again selective proton decoupling experiments could not be

perforrned due to the overlapping of the methylene proton resonances in the
‘H

NMR spectrum.

Reaction of TEA with Diphenyltetrachlorocyclotriphosphazene (14)

The reaction of compound 8 with 8.0 equivalents of TMA (a 4.0 equivalent excess) as a neat mix-

ture was also examined. The reaction mixture was heated for 14 hr at 130 °C, cooled, dilutcd with

methylene chloride and quenched in aqueous 1.0 M NaOH. Saturation of the aqueous solution

with NaCl followed by extraction with methylene chloride yieldcd a complex mixture of products.

The mixture was dissolved in methylene chloride and plug filtered on a column of silica gel to re-
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move the linear salts. This gave the fully substituted cyclic molecule

1,1-diphenyl-3,3,5,5-tetraethylcyclotriphosphazene 22 in 40 % yield.

Compound 22 was characterized by a combination of infrared spectroscopy,
‘H,

"C, "P NMR

spectroscopy, and mass spectrometry. The infrared spectrum of compound 22 consisted of three

major bands. The band at 3056 cm" was assigned to the phenyl rings of the P(C,H,), group. The

band at 2920 cm" was assigned to the ·CH- stretch of the ethyl substituents of the ring. The band

for the P= N vibration was found at 1176 cm". The inolecular ion was found at m/z 405.

The
‘H

NMR spectrum for compound 22 consisted of four separate signals. The resonance of the

protons of the the aromatic ring were found at 7.31 and 7.73 ppm. The protons of the mcthyl

groups of the P(CH,CH,), units were found at 1.02 ppm as a doublet of triplets (Jpcc-„ = 18.48

Hz, Jc„c„ = 7.60 Hz). The resonance for the methylene protons of the P(CH,CH,), was found

at 1.69 ppm as a doublet of quartets (JPCH = 7.68 Hz, JCHCH = 7.60 Hz).

The (‘H)"P NMR spectrum of compound 22 consisted of two resonance signals. The resonance
i

for the phosphorus atom of the P(C„H,), was found at 15.03 ppm as a single peak. The resonance

for the two phosphorus atoms of the P(CH,CH,), was found at 39.03 ppm also as a single peak.

The phosphorus-phosphorus coupling constants for this molecule were apparently very small and

could not be resolved.

The (‘H)"C NMR spectrum consisted of resonances between 128 and 140 ppm and for the carbon

atoms of the aromatic rings. The carbon atoms of the phenyl rings attached directly to phosphorus

were observed at 138.49 pppm as a doublet of triplets. The primary couplings from the phosphorus

directly attached to this carbon atom was 133.11 Hz. (JPNPC = 6.10 Hz). The ortho carbon of the

phenyl ring was found to resonate at 130.51 ppm as a doublet (Jpcc = 10.24 Hz) while the meta

carbon atoms resonated at 127.90 ppm, again as a doublet (JPCCC = 12.13 Hz). The para carbon

of the aromatic ring was observed at 130.39 ppm as a singlet. The resonance for the carbon atoms

of the mcthyl groups of the P(CH,CH,), group was observed at 5.95 ppm as a doublet (Jpc = < 1.0
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Hz) due to coupling to the primary phosphorus atom. The resonance for the methylene carbons

of the P(CH,CH,), group resonated at 26.10 ppm, also as a doublet (Jpc = 91.61 Hz).

Reaction of TIBA with HexachlorocycIotriphosphazene (1)

The reaction of compound l with 6.0 equivalents of TIBA as a 2.0 M solution in toluene at reilux,

for 24 hours, resulted in degradation of the phosphazene skeleton. Again the reaction rnixture was

diluted with methylene chloride and quenched with 1.0 M aqueous sodium hydroxide. The

aqueous layer was saturated with NaCl and the organic layer was separated, dried with anhydrous

magnesium sulfate, frltered, then the solvent was removed. The resulting material was a complex

mixture as was apparent from the "P NMR which contained over twenty resonance peaks. The

degradation is thought to result from the formation of the diisobutylalurninum hydride at the ele-

vated reaction temperature.

Reaction of DIBAH with Hexachlorocyclotriphosphazene (1)

For this reaction the starting material, compound l, was dissolved in hexane and 6.0 equivalents

of DIBAH were added via syringe at room temperature. The reaction was quite violent and a gas

was evolved which was not characterized. The removal of the solvent after the degassing had ceased

yielded an oil which upon examination by "P NMR spectroscopy also proved to be a complex

mixture of products which could not be separated or identified.
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Discussion of tlze Results

Reactions of Chlorocyclotriphosphazenes with Alkylaluminum Reagents

F
The reactions of the chlorocyclotriphosphazenes with alkylaluminum reagent_s were found to pro-

ceed by two different reaction modes yielding both cyclic and linear products. The cyclic products

resulted from substitution of the chlorine atoms of the phosphazene ring. The utilizing the reagent

TMA it was possible to prepare a series of homologously substituted methyl-

chlorocyclotriphosphazenes. The linear products which resulted from the apparent addition of the

alkyaluminum reagent across the phosphorus·nitrogen bond resulted in the opening of the

phosphazene ring and made it possible to Suggest a mechanism which accounts for both the sub-

stitution and the ring-opening reactions found. A discussion of these results along with a more

complete discussion of the
‘H, *3C, and "P NMR spectroscopy data obtained for the series of _

methylated chlorocyclotriphosphazenes is presented in the following.

The study of the substitution reaction of compound l with TMA was shown to proceed by both

geminal and non~geminal substitution pathways. The substitution pathway followed is shown in

Figure l. The TMA reacted with compound l to produce the monomethylatcd compound 2 which

then reacted both geminally and non-geminally to yield the substituted dimethylated molecule 7 and

' the cis and trans nongeminally substituted molecules 7a and 7b. From this point on the substi-

tution pathway followed, in these reactions, was geminal as confirmed by the reactions of TMA

with compounds 7 8, and 9 in which no other nongeminal substitution products were observed.

The three dimethylated molecules, 7, 7a, and 7b, then reacted geminally to give the trimethylated

molecule 8 which substituted to give the tetramethylated molecule 9. Compound 9 reacted through

the pentamethylated dcrivative l0, which was not observed, to finally give the fully substituted

molecule ll.
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· The fact that compound 9 reaches a very high concentration in all of the reactions studied is not

clear, however, compound, 5, was found to complex strongly with the TMA. The apparent _

strength of this complex may be resonsible for the poorer reactivity observed for compound 5.

Electron withdrawal through the lone pair of the ring nitrogen reduces the ablity to lose -Cl, thus

the molecule is less reactive. This will be discussed further ir1 the chapter dealing with the

complexation of the methyl series of phosphazenes with TMA.

The ring~opening reaction which was observed gave a good deal of insight to the overall behavior

of alkylaluminum reagents with chlorocyclotriphosphazenes. The ring opening reaction was found

to occur concurrently with the substitution reaction. This was clearly seen in the studies of the

reaction mixtures for the the reactions of compounds I and I4 with TMA. The linear compounds

I6 and 20 were observed very early in the reactions of compound I and I4. The degree of ring-

opening which occurred appeared to be related to the number of methyl groups present on the

phosphazene ring. The study of the reaction of TMA with the partially methylated molecules, 6,

7, 8, and 9 not only further confrrmed the substitution pathway followed, but also showed the effect

of the number ofmethyl group on the ring with respect to the yield of the final substitution product

7. The yield of the final product, compound Il, for the reactions of compounds, 6, 7, 8 and 9, with

TMA is shown in Table XII. The increasing number of methyl groups on the phosphazene ring

provide for irnproved yields of the final substitution product, compound ll. The reaction of I with

TMA produced only about 40 % yield of compound Il while reaction with 9 produced 85 % yield.

It was found that changes in the temperature of the reaction and the concentration of the TMA

produced changes in the time necessary for the reaction to reach completion. This effect was ex-

amined for the reaction of compound 7 with TMA. The change in reaction conditions with TMA

in each case did not significantly effect the yield of the final product, however the rate of reaction

was significantly affected. increasing the concentration of the TMA or the reaction temperature

caused a significant decrease in the time necessary for the reaction to reach completion. The re-

action in neat TMA at l30°C reached completion (only the final product, 7, was isolated after
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Table XII
Increasing reaction yield with increasing methylation of the phosphazene ring.

Temp equiv/conc M
Compound °C TMA % N,P,(CH,)„

N,P,C1, 130 neat 43
110 10.0/neat 40
110 10.0/2.0 ° 42 .

N;,P,CH3C1, 130 neat 45
110 11.0/2.0 48

N,P,(CH,),CL, 130 10/neat 61
110 10/neat 63
110 10/2.0 61

N,P,(CH,),C1, 1 10 9.0/2.0 70
N,P,(CH,),,C1, 110 8.0/2.0 85
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the aqueous base work-up) in 3 hrs, while the same reaction as a 2.0 m solution ofTMA in toluene

reached completion in 80 hrs.

The reaction of compound 8 with TMA provided the best overall description of the reaction

yielding both the cyclic compound I5 and the linear compound I6 as stable molecules which were

well characterized. The reactions of TBA with compounds I and I4 yielded similar results , how-

ever, for the reaction with I4 only the cyclic product 22 was determined to be present along with
_ apparent degradation products. The nature of the linear products formed in these reactions made

it possible to propose a mechanism for the overall reaction of alkylaluminum reagents in general.

The formation of the well characterized linear molecule I6 from the reaction of TMA with com-

pound I4 suggested the addition of the alkylaluminum across the phosphoms-nitrogen bond as

shown. This addition would yicld an intermcdiate which can do one of two things. ii can either
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lose Cl to give the subtitution product, and Al(CI—I,),Cl, or it can ring-open to yield an linear

intermediate which substitutes further to yield the fully substituted linear molecule.

In the case of the reaction of compound I4 with TMA the ratio of the products was controlled by

varying the reaction conditions. It was found that the higher the temperature or concentration of

the TMA the higher the yield of the ring-opened product I6. This suggests that these varibles may

alter the reaction mechanism in some fashion. The reaction temperatures and concentrations ap-

pear to favor the opening of the phoshazene ring. .
I

The above mechanism, however, is not the only one which accounts for the observed substitution

reaction. It is possible that there may be more than one mechanism operating in these reactions.

The substition reaction observed could result form a simple exchange of a chlorine of the

phosphazene ring with an alkyl group of the aluminum reagent.

The question of when the ring-opening reaction occurs in these reaction and the cause is not

completely clear. It was found, however, that if the reaction of compound I with*TMA was ex-

tended for prolonged periods (3 days), the compound II was seen to disappear and a number of

other unideniiiable products became apparent. This suggest that the presence of Al(CH,),Cl, which

is forrned in the reaction, may be responsible for some of the ring-opening observed. This idea is

supported by the 3* P NMR study of the reaction mixture of neat TMA, at l30°C, with compound ·

II. In this reaction there was no indication of ring-opening even after 72 hrs. Further support

comes from the fact that in the reactions of compounds 6, 7, 8, 9, and I4 with TMA the increased

number of methyl groups on the phosphazene caused a decrease in the amount of the ring-open

product obtained. In each case the amount of TMA neccessary for completion of the reaction

(usually a 6.0 equivalent excess for each molecule) was decreased with incrcasing methylation,

therefore the concentration of the Al(CH,),Cl would also be reduced further suggesting that the

Al(C}I;)2Cl may be responsible for the ring-opening observed.
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Distribution of Electron Density in Phosphazenes

A more thorough examination of the ‘I·I, "P and "C NMR spectroscopy data for the series of

methylated phosphazenes revealed several interesting trends for the values of the chemical shifts

obtained for each nucleus. The values for the chemical shift of each nucleus were tabulated and

compared and are shown in Table XIII. The analysis of this data suggested some interesting things

about the effect of the methylation on the phosphazene system with respect to electron distribution.

These observations are discussed in detail in the following. ‘

The values obtained for the
‘H

NMR chemical shifts for the series of methylated phosphazenes,

6, 7, 8 , 9, 10 and ll, reported in Table XIII, were examined first and compared. The resonance

for the protons of the methyl group of the PCH,Cl of compound 6 was found centered at 2.15 ppm.

The resonar1ces for the protons of the methyl groups of the P(Cl—I,), of compound 7 were found

at 1.70 ppm, 0.45 ppm upfield of the chemical shift for compound 6.

The position of the proton resonances for the methyl groups of compound 8 indicated some iso-

lation of the effect of methylation on the phosphazene ring when compared to compounds 6, and

7. The resonance for the methyl group of the PCH,Cl of compound 8 was found at 2.04 ppm,

downfield near the resonance of the PCH,C1 of compound 6(2.15 ppm). The resonance for the

protons of the methyl group of the P(CH,), which were cis to the two chlorine atoms of the two

PCI, groups was found at 1.70 ppm, the same value as seen for compound 7. The resonance for

the protons of the methyl group which is cis to the methyl group of the PCI—I,Cl and a chlorine

atom of the PCI, was found at 1.62 ppm. These assignment suggest the similarities of the

enviomments of the methyl groups of the P(CIl,), with that found for compounds 7 and 9. The

resonance for the protons of the methyl groups of compound 9 was found at 1.58 ppm. This res-
”

onance was found upficld of the resonances of compounds 6, 7, and 8, due to addition of the fourth

electron donating methyl group to the phosphazene ring.
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Table XIII

*1-1,
*’C,

and MP chemical shitt values for the homologous series of methylated
chlorocyclotriphosphazenes.

Chemical Shift (öppm)

compound PCI, PCH,Cl P(CH,),

N,P,C1, MP 20.62 - -

N,P,CH,C1, *H - 2.15 -"C - 26.11 -MP 21.90 39.71 -

A N,P,(CH,),CI„ *1-1 - - 1.70
"C — · 20.95
MP 18.70 - 36.32

N,P,(Cl-1,),CI, *H · 2.04 1.70
'*’C ‘

- 26.59 20.;. °MP 19.95 39.40 35.68

N,P,(C1-1,),,Cl, *H ~ - 1.58*3C — - 21.76
MP 17.54 - 31.98

N,P,(CH,),C1 *H · 1.87 1.57 Al.~;-'
MP 30.02 - 40.30

N,P,(C1-1,), *H - · 1.49*“C
- - 23.23

MP - - 26.23

a). values for the protons of the methyl group cis to the two chlorines atoms. b). value for the
portons cis to a chlorine atom and a methyl group. c). the two different methyl groups overlappcd
closely and could not be resolved at 270 M1-lz. d). value for the protons cis to the chlorinc atom.
cu value for the protons cis to two methyl groups.
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The resonances for the three different type methyl groups found in compound 10 also again sug-

gested some isolation of the changes in the electron distribution in the phosphazene ring. In this

molecule the resonance for the methyl group of the PCH,Cl group was found at 1.87 ppm, down-

üeld in the same region as the methyl group of the PCH,Cl in compounds 6 and 8. The resonance

for the two methyl groups of the P(CH,), that were cis to the chlorine atom of the PCH,Cl group

was found at 1.50 ppm and the resonance of the methyl group of the P(CI—I,), cis to the methyl

group of the PCl—I,CI unit was found at 1.42 ppm. The resonance for compound 11 was found

at 1.49 ppm, again shifted upfield of resonances of compounds 6, 7, 8 , and 9.

The values for the
‘H

NMR chemical shift for the compounds 6, 7, 8 , 9, 10, and 11, listed in Table

XIII, were plotted verses the number of methyl groups on the phosphzene ring, this is shown in

Figure I lt can be seen in this plot that as the number of methyl groups on the phosphazene ring

increased, the resonances for the protons of the methyl groups were found successively upfield in

a resonably linear fashion. This suggest that as the number of electron donating methyl groups is

increased the overall electron density in the ring is increased.

The values obtained for the
“P

NMR chemical shifts for the series of methylated phosphazene,

1, 6, 7, 8 , 9, 10 and Il, reported in Table XIII, were next examined and compared. The resonances

of the phosphorus atoms of the PCI, units for compounds 1, 6, 7, and 8 were compared as a group

as as were the phosphorus atoms of the PCH,Cl units of compounds 6, 8, and 10 and the

P(CH,), units of compounds 7, 8, 9, 10 and 11.

The value of the chemical shift for the resonance of the three equivalent phosphorus atoms of the

unsubstituted compound 1 was 20.62 ppm. The resonance for the phosphorus atoms of the PCI,

and PCH,CI of compound 6 were found at 21.90 and 39.71 ppm. The shift for the partially sub-

stituted phosphorus atom, PCH,Cl, indicates a change in the chemical enviomment around this

phoshorus atom upon initial substitution with the first methyl group. The phosphorus atom of the .

PCI·I,CI is found downfield of the resonances for the PCI, of compound I by more than
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18.0 ppm. The unsubstituted phosphorus atom of compound 6 is also found downfield of the

. resonance for 1, but only slightly (1.28 ppm).

The resonance for the substituted phosphorus atom, P(CH,),, of compound 7 was found downfield

of the resonance of compound I, but upiield of the resonance for the PCH,CI of compound 6.

The resonance for the phosphorus atom of the PCI, of compound 7 was found at 18.70 ppm, up·

field of the resonances for the PCI, groups of compounds I, and 6. For compound 8 the resonance

for the phosphorus atom of the PCH,CI group was found at 39.40 ppm in the same region as the

resonance for the phosphorus of the PCH,CI of compound 6 (39.71 ppm). The resonance for the
I

phosphorus atom of the P(CH,), group for this molecule was found at 35.68 ppm, slightly upfield

(0.68 ppm ) of the resonance of the P(CH,), group of compound 7. The resonance for the

phosphorus atom of the PCI, group was found at 19.95 ppm, downfield of the resonance for the

phosphorus atom of the PCI, of compound 7.

The resonances of the two phosphorus atoms of compound 9 are both found upfield of the reso~

nances for the corresponding groups of compounds I, 6, 7, and 8. The phosphorus atom of the

PCI, is found at 17.54 ppm. The resonances for the phosphorus atom of compound I0 also in-

dicate isolation of the changes caused by methylation of the phosphazene ring. The resonance for

the PCH,Cl group was found at 40.30 ppm also in the same region as the resonances of the

PCH,CI groups of compounds 6 and 8. The resonance for the phosphorus atom of the P(CH,),

was found at 30.02 ppm, upiicld of the same phosphorus atoms in compounds 7, 8, and 9. The

resonance for compound II is found at 26.23 ppm, again upfield of the other alklated phosphorus

atoms.The

values for the "P NMR chernical shifts obtained were plotted verses the number of methyl

groups on the phosphazene; this plot is shown in Figure 13. It can be seen in this plot that as the

number methyl groups on the phosphazene ring is increased the
“P

NMR chemical shift values

for both the PCI, phosphorus atoms and the P(CH,), phosphorus atoms of the molecules I, 6,
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7, 8 , 9, 10, and 11, were found sucessively upfield with this plots being nearly linear. The chemical

_ shifts for the phosphorus atoms of the PCHJCI of compounds 6, 8, and 10, were found to remain

relatively constant. This suggest that the effect of the electron donating methyl groups is somewhat

isolated. The downfield position of the phosphrous atoms of the PCH,Cl suggests that there is a

shift in electron density away from the phosphorus atom.

The values for the "'C NMR chemical shift values for the molecules 6, 7, 8 , 9, and 11, are also

' shown in Table XIII. These values were also plotted verses the number of methyl groups on the

phosphazene ring; this plot is shown ir1 Figure 14. The resonance for the carbon atoms of the

methyl group of the PCH,C1 of compound 6 was observed at 26.11 ppm. The resonance for the

carbon atoms of the methyl groups of the P(CH,), of compound 7 was found at 20.85 ppm, upfield

from the carbon atom of the PCH,C1 of compound 6. The resonances for the carbon atoms of the

PCI·I,Cl, and P(CII3), groups of compound 8 were found at 26.59 ppm, and 20.91 ppm respec-

tively. The resonance for the carbon atom of the PCH,Cl of compound 8 was in the same region

as that found for compound 6 while the resonance for the carbon atoms of the P(CH,), was found.

in the same region as the same carbon atoms of compound 7. The resonance for the carbon atoms

of compound 9 was found at 21.76 ppm, downiield of the resonance for the carbon atoms of the

P(CI·I,), groups of compounds 7 and 8. The resonance for the carbon atoms of the P(CH,), groups

of compound 11 was found at 23.23 ppm, again downfield of the resonance for compound 9 as

well as for the carbons atoms of the P(CH,), of compounds 7 and 8 . The direction of thc change

in chemical shift with successive alkylation is downfield instead of upfield as found for the proton

and phosphorus NMR data.
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Complexation Study Of The Series Of Methylated

y Phosphazenes With Trimethylaluminum (TMA)

Introduction

The nature of the distribution of the electron density in phosphazenes has attracted considerable

attention. Its importance with regard to the polyphosphazenes is obvious, as distribution of the

electron density in the phosphazcne ring or chain effects the physical characteristics of the material

produced. The properties of the polymers have been found to depend markedly on the nature of

the substituent. For example, trends in the chain flexibility of poly(organo)phosphazenes have been

atributed to the dimensions, polarity, and hydrogen bonding characteristics of the substituentsfz

Past studies, with model cyclic phosphazcne systems, have indicated that variation of electron do-

nating or withdrawing character of the substituents on the phosphazcne backbone causcs significant

changes in the basicty of the lone pairs of the nitrogen atoms of the phosphazcne ring. Few ex-

perimental results have provided insight into the nature of the distribution of electron density in the

phosphazcne system due to an inablity to prepare many of the necessary model compounds for a

complete study. Most of the information obtained has been from studies of the ability of the ni-
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trogen lone pairs of the trimeric phosphazene ring to act as electron donors. These studies have

involved examination of the ability of various organo- phosphazenes to protonate or to form

complexes with various acceptor molecules. In general electron donating substituents increase the

basicity of the lone pair electrons of the nitrogen atoms of the phosphazene backbone while electron

withdrawing substituents tend to decrease· the basieity.’2"’

The ability of a variety of phosphazene molecules to form coordination complexes, and saltlike

adducts has been examined. This behavior can be attributed to the fact that the lone-pair electrons

of the skeletal nitrogen atoms can be donated to acceptor molecules to form coordination com-

plexes. The complete nature of coordination of phosphazenes with acceptor molecules, however,

is not well understood. The simple salt of N,P1Cl, with HCIO1 *° , as well as the Lewis Acid

adducts of N1P,Cl,, with Al1Cl,
‘°

and AlBr1 *2 have been known for many years, however the

structures of these complexes have not been unambiguously elucidated. There is no evidence for

the formation of adducts of N,P1Cl, with BBr,, CH,I, SnCL, , TiCl,,, or SbCl,. The cyclic

methylphosphazenes (NP(CI—I1)1),-, have been shown to be very electron rich, fotming complexes

with TiCl„, SnCl, *2 , CuCl1 ** ,and metal carbonyls. Molybdenum hexacarbonyl, for example,

reacts almost quantitatively with octamethylcyclotriphosphazene, (NPCH1)„, to yield a yellow solid

with the composition The infrared spectrum of this compound is consistent

with a C1, structure in which the coordination to the molybdenum octahedron involves two nitro-

I gen atoms at opposite ends of the molecule.

A great deal of the information about the nature of the electron distribution in phosphazenes has

come from the measurement of the pK„ of a various phosphazenes. Some of these measurements

have been perforrned ir1 water, or water with 3% methanol", but most phosphazenes are insoluble

in these media. Feakins, Last, and Shaw, have developed a technique for the potentiometric

titration of these compounds with perchloric acid in nitrobenzene solution,” and most of the

basicity values which have been obtained have been for these solutions. The pK„ values for a large

number of homogeneously substituted phosphazenes have been measured, as well as for a variety

of mixed substitucnt cyclotriphosphazenes. Examples of the pK„ for a few organophosphazene are
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listed in Table XIV; the values obtained in water are labeled pK,, ar1d those obtained in

nitrobenzene are labeled pK,’. It should be noted that these values are actually for the acidity of

the protonated form, so a small pK, refers to a strongly acidic conjugate acid, and thus a weakly

basic phosphazene. It has been found that phosphazenes containing amino and alkyl phosphazenes

are the strongest bases with respect to protonation, whereas halogenated and alkoxy- and

aryloxyphosphazenes are the weakest.

The studies on the changes in electron distribution in the phosphazene system for partially substi-

tuted molecules have been restricted mainly to basicity studies of

aminophenylcyclotriphosphazenes. This is due partly to the poor solubility of partially substituted

halophosphazenes in the media used for titration with acid, and the inablity to prepare many of the

necessary model compounds for study. Ideally an examinantion of the ability of a (homologous)

series of sequentially substituted (model) cyclic phosphazenes to undergo protonation or to form

complexes would be desired. This would allow for examination Qf the sequential changes in

electron density at the nitrogen atoms of the phosphazene ring with increasing substitution. The

ideal series ofmodel compound for an examination of the successive increase of the donating ability

of the phosphazene molecules would be a methylated series of cyclic molecules. The lack of

available lone pairs on the methyl group would make the interpretation much easier, eliminating

the possibility of association which could occur with the lone pairs of the alkoxy- and amino-

substituents. Further the methyl group is a good electron donator and would enhance the overall

basicity of the phosphazene. In following sections a discussion of the complexation of the

homologus series of methylated cyclotriphoshazenes with TMA, studied using ‘I·I, and
“P

NMR

spectroscopy techniques is presented.
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Table XIV
Basicity values for selectedphosphazenes.Compound

pK,, pK,,' Reference

N;,P,Cl,
- < -6.00 86

N,P,(CF,)„ - . < -6.00 86

N,P,(OPh), · · -5.80 73, 86

N;P,(O1\/le), - -1.90 73,86
i

N,P,(OEt), - 0.20 73

N,P,(OBu)„ - 0.10 73, 86

N,P,Ph6 - 1.50 73, 86

N3P,Et6 5.85 6.40 73, 86

N,P,(HNMe), 7.80 8.80 76
_ N,P,(HNEt), 8.65 8.20 76

‘
N,P,(HNPr), - 7.90 76
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Complexation ofMethylated Phosphazenes with TMA

In order to better understand the nature of the reaction of alkylaluminum reagents with

halophosphazenes, an examination of the complexation behavior of a series of methylated

cyclotriphosphazenes with trimethylaluminum (TMA) was performed. The complexation

behaviour of the molecules l, 6, 7, 8, 9, and ll, with TMA was studied, using 1H and "P NMR

spectroscopy, by evaluating changes in the chernical shift values for the proton, and phosphorus

nuclei present with increasing TMA concentration. The lewis acid TMA was chosen for the

complexation studied for two reasons. First it was used to synthesize the homologous methyl series

of cyclotriphosphazenes and the synthetic results of this study indicated the importance of the

complexation of TMA with the cyclotriphosphazenes. Secondly, TMA it is known to undergo

complexation with a variety of donor bases such as amines." ethers,“·" phosphines,’°

phosphine oxides," pyridines,”·” and sulfides." These complexes exist as solids or liquids(oils)

which can be crystallized or distilled.

In solution, many of the complexes of alkyaluminum reagents are known to undergo rapid ex-

change with donor molecules. Most of the evidence for the rapid exchange comes primarily from
‘H

and "Al NMR studies.°‘-” In past studies
‘H.

NMR spectroscopy has been used to

qualitatively assign the strength of complexation of alkylaluminums by examining the changes in

the chemical shifts of the aluminum and donor molecules upon complexation. The major change

in the
‘H

NMR spectra of simple alkylaluminums upon complexation is a marked upfield shift in

the methyl or methylene protons of the carbon atoms directly attached to the alurninum.

Preliminary results, obtained from time averaged 1H and "P NMR spectroscopy, revealed that

complexation of the Lewis Acid TMA with the molecules l, 6, 7, 8, 9, and ll, caused the chemical

shifts for the protons of the methyl groups and the phosphorus atoms of the ring to move downiield

as the concentration of the aluminum reagent was increased. The magnitude of the downfield shift
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which occured was dependant on the number of methyl substituents present on a given phosphorus

atom of the ring. Thus, the protons of the methyl groups and the phosphorus atom of a P(CH,),

group was found to experience the largest downfield shift. The protons of the methyl group and

the phosphorus atom of a PCH,Cl unit experienced the next largest downfield shift and the

phosphorus atom of the PCI, unit was found to experience the smallest downfield shift. The shifts

observed are assumed to be caused by the electron withdrawal through the lone pairs of the nitrogen

· atom of the ring by the Lewis Acid, TMA. Consequently, the time averaged resonances for the

protons of the methyl groups of the TMA were seen to shift upfield in the
-‘H

and "Al NMR

spectra as expected due to the electron donation by the phosphazene lone pairs.

The study of the complexation of the series ofmethylated phosphazenes I, 6, 7, 8, 9, and 11 allowed

for a qualitative description of the strength of the complexation of the phosphazenes with TMA

as well the deterrnination of the relative strength of each complexation site with increasing

methylation. The magnitude of these downfield shifts were found to depend on the number of

methyl groups present on the phosphazene ring. The effects described above were carefully studied

by a controlled series of experiments.
i

Results and Discusion

”
The experimcnts were perforrned in dry CDCI, under inert conditions. The phosphazene was

dissolved in CDCI, and an intial aliquot was taken before addition of the TMA. ln each experiment

the TMA concentration was increased successively by 0.2 equivalent increments and after each ad-

dition an aliquot was taken and a (‘H) "P and
‘H

NMR spectrum were obtained for each sample

mixture. Using this technique the concentration of the phosphazene decreased due to the addition

of the TMA volume. The phosphazene concentration was calculatcd to drop from 0.36 M to 0.31

M. The concentration of the solution was calculatcd according to the volume of the intial solvent
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· used and does not include the volume of the phosphazene, however, the molar amount of the

phoshazene use at the start was maintained constant for each experiment to reduce the experimental .

error and allow for comparison of the results obtained.

Studies performed under the above conditions for the molecules l, 6, 7 and 8, showed that the ex-

change rate with the phosphazene was fast on the NMR time scale and only time averaged spectra

were observed. Since the frequency of the radiation used in NMR spectroscopy is relatively low,

typically in the range (2 · 100) x 10° Hz as compared to infrared (10‘ - l0" Hz) and U. V.-visible

(l0" · 10" Hz) spectrocopy, it is possible for a system to change significantly during the time

needed to acquire an NMR spectrum. If the donor and the acceptor molecules are exchanging

more rapidly than the NMR frequency, only a single time~averaged resonance is observed. The rate

of the exchange depends primarily on the strength of the donor base and the lewis acidity of the

aluminum species. Therefore, the stronger the complex the slower the exchange rate and the more

likely it is to see both complexed and uncomplexed species in the NMR spectrum.

The (‘H)"P and
‘H

NMR chernical shift values obtained for compounds 1, 6, and 7 were plotted

verses the number of equivalents of TMA present. The amount of downfield shift produced the

protons and phosphorus atoms upon complexation increased with the increasing number ofmethyl

groups on the phosphazene ring. The proton resonances for the TMA! were found to shift upfield

due the complexation. Examination of the complexation of the TMA with compounds 9 and ll,

further indicated that the overall electron donating ablility of this series of molecules increased with

increasing methylation. In these cases it was possible to observe the presence of the complexed and

uncomplexed phosphazene species, due to the dccrease in the exchange rate between the

phosphazene and the TMA. This is discussed further in the following sections.
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Complexation of Hexachlorocyclotriphosphazene with TMA

The first molecule studied was the hexachlorocyclotriphosphazene, (1) which was dissolved in

CDCI ,. TMA was added in 0.2 equivalent increments from 0.0 to 4.0 equivalents, aliquots were

remove after each addition and a (‘H)”P spectnxm was obtained. The chemical shift values for

each spectrum are listed in Table XV and these were plotted verses the number of equivalents of

TMA present as shown in Figure 16.

In this molecule there are three (possible) equivalent sites for complexation with the TMA, these —

are shown in Figure 15 labeled a, a', and a". Since the basicity studies performed on compound

1 revealed that it is a poor base towards protonantion,*‘ the magnitude of the downfield shift caused

the presence of the TMA was not expected to be large. The addition of the TMA caused only a

slight downfield shift for the resonance of three equivalent phosphorus atoms of compound 1. The

greatest downfield shift (A5 = 0.17 ppm) was observed between 0.0 and 1.0 equivalents of TMA,

for the time averaged resonance, due to exchange at all three sites, a, a", and a"'. The downfield

shift observed between 1.0 and 2.0 equivalents (A5 = 0.09 ppm), was found to be smaller than was

observed between 0.0 and 1.0 equivalent, indicating that the electron withdrawal from the first site

reduces the ability of the phosphazene toward association with a second molecule of TMA. The

downfield shift observed between 2.0 and 3.0 equivalents of TMA (A5 = 0.05 ppm) was again

decreased, indicating that a third association is very weak. The addition of the fourth equivalent

of TMA shifted the resonances downlield another 0.09 ppm. The reason for this increase in the

downfield shift from 3.0 to 4.0 is not clear, however, this continual downfield shift is suspected to

be due to the overall increase in the concentration of the TMA. This effectively incrcases the

amount of time the TMA spends associated with the phoshazene and thus causes the continual

downiield shift.
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Table XV
"P NMR chemical shift values for the study of the complexation of N,P,C1,, N,P,Cl·1,C1,, and
N,P,(CH,),C1„, (0.3 M, CDC1,) with increasing TMA concentration.

Chemical Shift (öppm)

Equivalents N,P,C1„ N,P,CH,C1, N,P,(CH,),C1,

TMA PCI, PC1, PCH,C1 PC1, P(CH,),

0.0 20§58 21.76 39.63 18.56 36.40
0.2 20.62 21.72 39.63 18.52 36.45
0.4 20.66 22.05 40.58 19.26 39.14
0.6 20.71 22.37 41.62 19.57 40.27
0.8 20.71 22.53 42.15 19.74 41.84
1.0 20.75 22.77 42.87 20.85 45.07
1.2 20.71 22.78 42.90 21.04 45.91
1.4 20.78 22.93 43.38 21.51 47.52
1.6 20.81 22.95 43.43 21.54 47.66
1.8 20.77 23.03 43.67 21.62 47.98
2.0 20.84 23.08 43.86 21.69 48.22
2.2 20.81 23.13 44.01 21.75 48.37
2.4 20.84 23.17 44.13 21.77 48.48
2.6 20.89 23.20 44.21 21.80 48.57
2.8 20.89 23.29 44.29 21.87 48.78
3.0 20.89 23.23 44.31 21.88 48.83
3.2 20.89 23.25 44.40 21.89 48.90
3.4 20.92 23.28 44.49 21.93 48.99
3.6 20.92 23.31 44.57 21.94 49.09
3.8 20.98 23.33 44.64 21.97 49.17
4.0 20.98 23.35 44.69 21.93 49.15
4.2 · 23.36 44.72 22.01 49.31
4.4 - 23.37 44.79 22.01 49.34
4.6 - 23.39 44.82 22.04 49.42
4.8 - 23.39 44.84 22.04 49.45
5.0 - 23.41 44.90 22.07 49.57
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Complexation of Monomethylpentachlorocycotriphosphazene with TMA

The next molecule exarnined was compound 6. The compound was again dissolved in CDC1, and

0.2 increments of TMA were added, and aliquots were taken. In this case both the (‘H)‘"P and
‘H

NMR spectra were obtained after each 0.2 equivalent increment of TMA. The (‘H)"P NMR

chernical shift values obtained are listed in Table XV and a plot of these values is shown in Figure

16. In this molecule there are different, non-equivalent sites, for the complexation, labeled a, a',

and b (Figure 15). The sites a and a' adjacent to the PCH,C1 group, are equivalent towards ex-

change with the TMA. The first site of complexation in this molecule is assumed to be either a,

or a'. It can be seen in Figure 16 that the phosphorus atom of the PCHSCI unit was effected to a

much greater extent by the complexation with the TMA than the phosphorus atoms of the PCI,

groups. This suggests a change in the distribution of the electron density around the phosphorus

atom caused by the substitution with the methyl group. The electron density donated by the

methyl group is found at the lone pairs of the nitrogen atoms adjacent to the PCH,C1 group. This

is apparent by the increased downiield shifts found for coumpound 6 as compared to 1.

The complextion with the first molecule of TMA was the strongest, since the phosphorus atom of

the PCH,C1 group was shifted downfield 1.01 ppm between 0.0 and 1.0 equivalents of TMA. the

downfield shift observed between 1.0 and 2.0 equivalents, (A6 = 0.31 ppm). The smaller magni—

tude of the downfield shift between 1.0 and 2.0 equivalents of TMA indicates the weaker strength

of the complexation with the second site a". The downfield shift observed for the same phosphorus

atoms between 2.0 and 3.0 equivalents of TMA was A6 = 0.15 ppm. From 3.0 to 5.0 equivalents

of TMA the resonance continued to shift downtield, A6 = 0.18 ppm, showing the leveling of the

downfield shift caused by further addition of the TMA. The continual downfield shift which was

observed pass 3.0 equivalents of TMA is thought to be due to the overall increase in the concen-

tration of the TMA which would shift the equilibrium present toward the complexed species. The

effect of the methyl group present on compound 6 caused the phosphorus atom of the PCI, group

to be shifted downfield by 1.01 ppm between 0.0 and 1.0 equivalents of TMA. This is larger than
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the downfield shift observed for tha.n the phosphorus atom of the PCI, group ofcompound 1 which

was 0.17 ppm between 0.0 and 1.0 equivalcnts of TMA. This downfield shift results from the

greater ablity of the phosphazene to complex with the TMA causing increased electron withdrawal

from the phosphorus atoms adjacent to sites a and a". This can be rationalized by the fact that sites

a, and a' are equally available for complexation with the TMA and the apparent increase of the

electron donating ability of the phosphazene.

The resonance for the phosphorus atom of the PCH,Cl group was observed to shift downfield by _

a much greater extent than for the unsubstituted phosphorus atom of the PC1, groups.

Complexation at site a caused the resonance to shift downfield by 3.24 ppm between 0.0 and 1.0

equivalcnts of TMA, and an association at site a' shifted the resonance downfield an additional 0.99

ppm between 1.0 and 2.0 equivalcnts of TMA. Between 2.0 and 3.0 equivalent of TMA the reso-

nance only shifted downfield an additional 0.45 ppm, due to a very weak assocation at site b. The

downfield shift between 4.0 and 5.0 equivalcnts of TMA was 0.21 ppm; this again is probably due

to the increase in the overall concentration of the TMA. The magnitude of the downfield shift of

the phosphorus atoms of the PCH,C1 group indicates that it is more sensitive to the complexation; —

the TMA is able to withdraw more electron density from the phosphorus atom due to an increase

in the electron density at the lone pairs of the nitrogen atoms at sites a, and a".

The chemical shift va1ues.obtained for the *1-1 NMR spectra for compound 6 are listed in Table

XVI. The plot of these values is shown in Figure 17. The behavior observed here is similar to that

of the (‘H)"P NMR spectra above. The resonance for the methyl protons of the PC1—1,C1 group

were also seen to shift downfield. Between 0.0 and 1.0 equivalcnts the protons of the methyl group

were shifted downfield 0.11 ppm while the between 1.0 and 2.0 the downfield shift was only 0.04

ppm. The further addition of the TMA from 3.0 to 5.0 equivalcnts produced an additional down-

field shift of 0.04 ppm, due the the increased concentration of the TMA. This again indicates that

the first association of the phosphazene with the TMA is the strongest with the second being much

weaker.
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V Table XVI
‘H

NMR chemical shift values for the study of the complexation of N,P,CH,C1,, and
N,P,(C1{,),C1.,, (0.3 M, CDC1; ) with increasing concentration of TMA. -

. Chemical Shift (öppm)

Equivalents N,P,CH,C1, N,P,(C1·I,),C1„

TMA PCH,C1 P(CH,),

0.0 2.14 1.66 °
0.2 2.12 1.66
0.4 2.16 1.73
0.6 2.21 1.77
0.8 2.23 1.81
1.0 2.25 1.88
1.2 2.26 1.91
1.4 2.27 1.94

’
1.6 2.28 1.95
1.8 2.28 1.95
2.0 2.29 1.96
2.2 2.29 1.96
2.4 2.30 1.96
2.6 2.31 1.97
2.8 - 1.97
3.0 2.31 1.97
3.2 - 1.97
3.4 2.32 -3.6 - 1.98
3.8 2.33 -4.0 - 1.98
4.2 2.33 -4.4 - 1.99
4.6 2.34 -4.8 · 1.99
5.0 2.34 -
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Complexation of Dimethyltetrachlorocyclotriphosphazene with TMA

An examination of the complexation of compound 7 with TMA revealed similar behaviour.

Compound 7 was dissolved in CDCI, and 0.2 equivalent increments of TMA were added, from 0.0

to 5.0 equivalents, and alquots were obtained after each addition. Again both the
(‘

H)"P and *11

NMR spectra were obtained on each sample. The values for the chemical shifts obtained for the I

(‘H)"P NMR spectra are listed in Table XV. These values were plotted verses the number of

equivalents of TMA; this plot is shown in Figure 16. Again in this molecule there are two different

types of non·equivalent sites; these are Iabeled in the same manner as for compound 6 (Figure 15).

In this case the resonance for the phosphorus atom of the P(CH,), group was found to be shifted

downfield by a greater amount than for the PCH,Cl group compound 6. The electron density

donated by the second methyl group appears to increase the electron density of the nitrogen Ione

pairs adjacent to the P(CH,), which allows for stronger association with the TMA. The resonance

for the phosphorus atom of the PCI, was also found to be effected to a greater extent than the

phosphorus atoms of the PCI, of compounds l and 6. This again shows the increased ability of

the phosphazene to complex with the TMA. y

The greatest downfield change in chemical shift between 0.0 and 1.0 equivalents ofTMA due to the

complexation at sites a and a’.. The resonance for the phosphorus atoms of the PCI, were ob-

served to shift downfield 2.29 ppm between 0.0 and 1.0 eciuivalents of TMA. Between 1.0 and 2.0

l the resonance shifted downfield an additional 0.84 ppm. Both of these downficld shifts are larger

than observed for compound 6 where the downlield shifts were 1.01 and 0.31 ppm, for 0.0 to 1.0

and 1.0 to 2.0 equivalents respectively. The downfield shift from 2.0 to 3.0 equvalents of TMA

was 0.18 ppm, which is similar to that found for compound 6 and suggests that complexation at a

third site is of about the same strength as in compound 6. This indicates that there is some isolation

of the changes in the distribution of the electron density at the lone pairs of site b caused by the

introduction of the methyl group onto the phosphazene ring.
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The downfield shift between 3.0 and 4.0 equivalent of TMA was 0.05 ppm; this shift is smaller than

was observed between 4.0 and 5.0 equivalents which was 0.14 ppm. The reason for the downfield

shift between 4.0 and 5.0 equivalents being larger than found between 3.0 and 4.0 equivalents is not

clear.

The overall magnitude of the downfield chemical shift for the phosphorus atom of the P(C}1,), was

greater than that found for the phosphorus atom of the PCH,CI of compound 6. The downfield

shift for this phosphorus atom between 0.0 and 1.0 equivalents ofTMA was 8.67 ppm as compared

to 3.24 ppm for compound 6. This suggests that the TMA is able to withdraw more electron

density from the P(CH,), group due to an increase in the electron density at the lone pairs of sites

a and a". The increased ability of the TMA to withdraw electron density from the phosphorus

atom of the P(CH,), group is probably because of the addition of the second electron donating

methyl group to the ring. The second complexation was again shown to be weaker, as apparent

from the amount of the downiield shift which was observed between 1.0 and 2.0 equivalents of

TMA; the magnitude of the downfield shift was 3.15 ppm. The effect of the third complexation

was found to be small, 0.61 ppm, which compa.res well with that obtained for compound 6 of 0.45

ppm again indicating some isolation of the changes in the electron donating ability of the lone pair

electrons at sites a and a" caused by the addition of a methyl group to the phosphazene ring.

The
‘H

NMR spectra obtained were next exarnined. The chemical shift values for the methyl

protons of the two methyl groups are listed in Table XVI and are plotted verse the number of

equivalents ofTMA, shown in Figure 17. The magnitude of the downfield shift for the protons

of the methyl group of the P(CI1,), unit was found to be greater than for the protons of the

PCH,Cl unit of compound 6. The downficld shift observed for the protons from 0.0 to 1.0

equivalents of TMA was 0.22 ppm as compared to 0.11 ppm for compound 6. The second

· complexation was again weaker with the magnitude of the downiield shift being 0.08 ppm between

1.0 and 2.0 equivalents of TMA as compared to 0.04 ppm for compound 6. Past 2.0 equivalent

the values for the downfield shift were small, (A5 = 0.03 ppm), between 2.0 and 5.0 equivalents.

1
Complcxation Study Of The Series Of Methylated Phosphazencs With Trimethylaluminum (TMA) 101



The value for the downfield shift for compound 6 was 0.04 ppm between 2.0 and 5.0 equivalent

suggesting that the strength of the third association of the with these two molecules is very similar.

The increased magnitude of the downfield shifts for compounds 7 verses compound 6 Suggest an

increased ability of the phosphazcne to complex with the TMA due to the second electron donating

methyl group on compound 7. This indicates that the density at the lone pairs of the nitrogen at-

oms of sites a and a" has increased which allows for better assocation with the TMA and greater

electron withdrawal.

The results obtained in the above experiment again shows that as the number of methyl groups on

the phosphazcne ring is increased, the ability of the phosphazcne as an electron donor also in-

creases. For compound 7 the first complexation was again much stronger than the second with the

third complexation being the weakest. By comparison of the downfield shift which occured be-

tween 2.0 and 3.0 equivalents of TMA for compounds 7 and 6 with the downfield shift obtained
— for compound l between 0.0 and 1.0 equivalents of TMA it is clear that some isolation of the

changes produce by the methylation occurs.

Complexation of Trimethyltrichloroeyelotriphosphazene with TMA

It was found in the above studies of the complexation of TMA with I, 6 and 7 that the chemical

shifts observed were an average of the complexed and uncomplexed phosphazcne due to the very

fast exchange taking place with the TMA. The increasing magnitude of the chemical shifts for the

phosphorus atoms caused by the successive addition of the TMA for compounds I, 6, and 7 and

for the protons of compounds 6 and 7 suggested that increasing methylation of the phosphazcne

ring improved the electron donating ability of the lone pairs of the nitrogen atoms of the ring. The

increase in the electron donating ability, caused by the increasing methylation, became clear in the

study of the complexation of compound 8 with TMA.
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The complexation of compound 8 was examined using the teclmique described above. Compound

8 was dissolved ir1 CDCl,, 0.2 equivalent increments of TMA were added, from 0.0 to 5.0 equiv-

alents, and aliquots were obtained after each addition. The (’H)"P NMR and
‘H

NMR spectra

were obtained for each sample. The stacked plots of the "P and
‘H

NMR spectra, between 0.0

and 3.0 equivalents of TMA are shown in Figure 18 and 19 respectively. In this molecule there are

three non-equivalent sites available for the complexation; these are labeled a, b, and c in Figure 15.

The results obtained for the (‘H)"P NMR study, plotted in Figure 18, can be described as follows.

The first site of complexation of TMA with this molecule was assumed to be site a. The spectrum '

of compound 8 obtained before the addition of the TMA, consisted of three reasonably sharp

nonequivalent phosphorus resonances (linewidth was about 70 Hz due to the quadrapolar nature

of the aluminum nucleus). These resonances were found at 39.34 ppm, 35.66 ppm and 19.88 ppm

for the phosphorus atoms of the PCH,Cl, P(CH,)z, and PCI, groups respectively. An increase in

the amount of the TMA from 0.0 to 1.0 equivalents caused the resonances of the phosphorus atoms

of the PCH,Cl and P(CH,), groups to broaden and shift downfield as seen in Figure 18. The

downfield shift observed was due to the withdrawal of electron density from the phosphazene ring

by the TMA. The broadening observed was due to the decreased the exchange rate between the

phoshazene and the TMA caused by an increased electron donating ability of compound 8 due to

the introduction a third methyl group onto the ring.

The downfield shift for the resonance of the phosphorus atom of the P(CH,), group

(Aö= 6.69 ppm), was slightly larger than for the phosphorus atom of the PCIIBCI group

(Aö= 5.28 ppm) in the presence of 1.0 equivalents of TMA. However, for compound 8, the shift

for the PCH,Cl group was larger than that observed for the same phosphorus atom of compound

6, (Aö= 3.24 ppm). This can be explained by the fact that the phosphazene has become a better

electron donor and the TMA spends more time complexed with the phosphazene at site a; the lone

pairs of the nitrogen atom located between the PCH,C1 and P(CH,),. Therefore a larger downfield

shift would be expected.
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Figure l8. MP NMR spectra for the complexation of compound 8 with TMA
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Figure 19.
‘H

NMR spcctra for the complcxation of compound 8 with TMA
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The downfield shift for the phosphoms atom of the P(CH,), group of compound 8 (A8 = 6.69

ppm), is smaller than found for the phosphorus atom of the P(CH,), group of compound 7, (A8

= 8.67 ppm). Since site a is assumed to be the strongest site for complexation the TMA spends

less time at the other two sites, b and c. Therefore the phosphorus atom of the P(CH,), experiences

the greatest amount of withdrawal from only one site below 1.0 equivalents of TMA. In compound

7 the sites a and b are equivalent and complexation can occur at both these sites which increases

the amount of electron withdrawal for the phosphorus atom of the P(CH,), group and may be the

reason for the larger downfield shift observed for this phosphorus atom. -

There was an upfield shift for the phosphorus atom of the PCI, group (A8 = 0.47 ppm) between

0.0 and 1.0 equivalents of TMA. The reason for this uplield shift cannot clearly be explained, but

it could indicate that complexation at sites b and c is very weak or non existent below 1.0 equiv-

alents of TMA.

The second site of complexation became evident as the concentration of TMA was increased from

1.0 to 2.0 equivalents. The resonance of the phosphorus atom of the P(CH,), group was found to

shift downfield of the resonance for the phosphorus atom of the PCH,C1 group as can be seen in

Figure 18. At 1.0 equivalents of TMA the resonances for the phosphorus atom of the PCH,Cl and

P(CH,), groups were found at 43.0 and 45.0 ppm respectively. As the concentration of TMA was

increased from 1.0 to 2.0 cquivalents the signals were observed to sharpcn and the resonance for the

P(Cl·l,), was found to shift downfield past the resonance for the phosphorus atom of the PCl·I,Cl.

At 1.4 equivalents of TMA the resonances were found to be overlapping at 47.20 ppm as shown

in Figure 18. At 1.8 equivalents the resonance for the phosphorus atom of the P(Cll,), was found

downfield of the of the resonance for the PCl1,C1 at 59.23 ppm. The resonance for the phosphorus

atom of the PCH,C1 was found at 57.54 ppm. The resonance for the phosphorus atom of the

PCI, group was also observed to shift downfield 1.91 ppm as the TMA was increased from 1.0 to

2.0 equivalents.
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Increasing the concentration of TMA from 2.0 to 5.0 equivalents caused a further shift downiield

for all three resonances.

l
The

‘H
NMR spectra for this study are shown in the Figure 19. The behavior here is similar to

that seen for the "P NMR study. The resonance signals were found to broaden and shift downfielcl

between 0.0 and 1.0 equivalents of TMA. Before addition of the TMA, the resonance for the

protons of the methyl group of the PCH,C1 was found at 1.97 ppm, as a doublet. The resonance

for the methyl protons of the P(CH,), group cis to a chlorine atom of the PCI, and the methyl

group of the PCH,C1 unit was found centered at 1.63 ppm also as doublet. The resonance for the

protons of methyl group cis to the chlorine atoms of the PCH,C1 and P(C1·1,), units was found at

1.56 ppm overlapping with the resonance at 1.63 ppm. The addition of the TMA caused the res-

onance at 1.63 ppm to shift downlield by 0.19 ppm for the protons of the methyl group cis to a

methyl group and a chlorine. The resonance at 1.56 ppm, for the methyl group cis to the two

chlorines, shifted downfield 0.26 ppm. This resulted in a overlapping doublet at 1.82 ppm. The

resonance for the protons of the methyl group of the PCH,Cl shifted downtield 0.31 ppm and was

found centered at 2.28 ppm.

Further addition of TMA from 1.0 to 3.0 caused a continual downfield shift for all three resonances

with the resonance for the protons of the PCH,CI found at 2.35 ppm and the resonance for the

protons of the two methyl groups of the P(CH,), were found at 1.96 ppm as an overlapping

doublet. Again from 3.0 to 5.0 equivalents the resonances continued to shift downlield due to the

increased concentration of the TMA.

The increased donating ability of the phosphazene is again apparent in that the amount of down-

field shift experienced by the protons and phosphorus atoms was larger than found for compounds

1, 6, and 7.
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Complexation Tetramethyldichlorocyclotriphosphazene with TMA

The complexation of compound 9 was next examined using the technique described above.

Compound 9 was dissolved in CDCl,, 0.2 equivalent increments of TMA were added, from 0.0 to

5.0 equivalents, and aliquots were obtained after each addition. The
(‘

H)"P NMR and
‘H

NMR ‘

i
spectra were obtained for each sample. The stacked plots of the (‘H)"P and

‘H
NMR spectra,

i
between 0.0 and 3.0 equivalents of TMA are shown in Figure 20 and 21 respectively. ln this

molecule there are again two different non-equivalent sites for complexation. These are labeled a,

b, and b' shown in Figure 15. The site of the first complexation is expected to be site a due to the

methyl groups present on the phosphorus atom of the P(CH,), unit. The examination of the

complexation behaviour of compound 9 again shows the increased basicity of the phosphazene

caused by the introduction of a fourth methyl group onto the phosphazene ring.

The exchange of compound 9 with the TMA was again slower on the NMR time scale than for

compounds 1, 6, 8, and 7. ln the spectra of t11is experiment the uncomplexed and complexed

species could be observed. As the TMA was added, between 0.0 and 1.0 equivalents, added the

uncomplexed compound 9 was observed to dissappear as the 1:1 complex with TMA was formed

as shown in Figure 20. The phosphorus resonances for the uncomplexed species are seen at 32.20

ppm for the phosphorus atoms of the P(CI·I„), group and at 17.48 ppm for the phosphorus atom

of the PCI, unit. The phosphorus resonances for the 1:1 complex are seen at 44.25 ppm for the two

phosphorus atoms of the P(Cl~l,), group and at 16.22 ppm for the phosphorus atom of the PC1,

unit. This identifies the first site of complexation as site a since the large magnitude of the down-

field shift for the phosphorus resonances of the two P(CH,), groups. lt is interesting to note that

the phosphorus of the PC1, in the 1:1 complex was found upfield, instead of downfield. This be-

havior is the same as was observed for the phosphorus atom of the PC1, of compound 8 an is again

assumed to be due to a very weak or non existent association at sites b and b'.
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NMR spcctra for the complcxation of compound 9 with TMA
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NMR spectra for the complexation of compound 9 with TMA
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The increase in the concentration of the TMA from 1.0 to 3.0 equivalents caused a continual

downfield shift. The resonances for the phosphorus atoms of the P(CH,), group were found to shift

downiield 6.41 ppm between 1.0 and 2.0 equivalents of TMA. The resonances for the phosphorus

atoms of the PCI, were also found to shift downiield about 5.56 ppm between 1.0 and 2.0 equiv-

alents of TMA. The increase in the concentration of TMA from 2.0 to 3.0 equivalents caused a

smaller downfield shift for the phosphorus resonances. The magnitude of these shifts were 0.53

ppm, and 1.57 ppm for the phosphorus atoms of the PCI, and P(CH,), respectively. The presence

of the 1:1 complex between 0.0 and 1.0 equivalents of TMA clearly shows- the first site of

_ complexation and the decreased magnitude of the downiield shift between 2.0 and 3.0 verses 1.0

and 2.0 indicates the second site of complexation to the lone pairs of sites b or b'.

The downiield shifts for both resonances, between 1.0 and 2.0 equivalents of TMA, of compound

9 are larger than was found. for compound 1, 6, and 7 between 1.0 and 2.0 equivalents of TMA

indication the further increase in the electron donation ability ofcompound 9. The downtield shifts

observed here are again larger than was found for compounds 1, 6, and 7 between 2.0 and 3.0

equivalents of TMA. The complexation at b' was again weaker, but appears to be stronger than

for compounds 1, 6, and 7.

The
‘H

NMR spectra obtained for the above experiment, shown in Figure 21, also indicate similar

results as obtained for the
”P

NMR study. In this case, overlapping of the proton reonances

prevented the observation of the uncomplexed and complexed species, however the nature of the
‘H

NMR spectra obtained did indicate the slower exchange rate between the phosphazene and the

TMA. This is seen in Figure 21 for the spectra obtained between 0.0 and 1.0 equivalents of TMA.

The resonance of the protons of the P(CI·I,), was found at 1.53 ppm as a doublet before the addi-

tion of the TMA. The addition of the TMA, between 0.0 and 1.0 equivalents, caused the signals

to broaden and shift downiield. The shift in the center of the peaks for the spcctra obtained be-

tween 0.6 and 0.8 equivalents of TMA indicates the disappearance of the uncomplexed V

phosphazene and the formation of the 1:1 phosphazene / TMA complex. The resonance signals

were found to begin to sharpen at 1.0 equivalents of TMA and the magnitude of the downlicld shift
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between 0.0 and 1.0 equivalents was 0.32 ppm. The addition TMA of 1.0 to 3.0 equivalents caused

the signals to sharpen and shift further downlield. The magnitude of the shift between 1.0 and 2.0

equivalents of TMA was 3.0 ppm while the for 2.0 to 3.0 equivalents was 0.52 ppm. Again the

increased downfield shifts shown for compound 9 and. the presence of the observed 1:1 complex

indicate the increased electron donating ability of the phosphazene.

Complexation Hexamethylcyclotriphosphazene with TMA

The final molecule studied was compound ll. Compound I1 was dissolved in CDC1,, 0.2 equiv-

alent increments of TMA were added, from 0.0 to 5.0 equivalents, and aliquots were obtained after

each addition. The (‘H)"P NMR and
‘H

NMR spectra were obtained for each sample. The

stacked plots of the (‘H)"P and
‘H

NMR spectra, between 0.0 and 3.0 equivalents of TMA are

shown in Figure 22 and 23 respcctively. The results of this experiment clearly indicate the further

increase in basicity of the phosphazene upon the introduction of two additional methyl groups to

the phosphazene ring. In this molecule the three sites for complexation are again all equivalent

before the addition of the TMA. These are labeled a, a', and a" shown in Figure 15. In this ex-

periment it was possible to confrrm a sequerrtial decrease in the donating ablity of the phosphazene

ring with increasing complexation.

ln the experiment, as the number of equivalents of TMA was increased from 0.0 to 1.0 equivalents,

the resonances for compound 11, found at 26.12 ppm, disappeared, while the resonances for the

1:1 complex were observed to appear at 36.62 and 27.23 ppm. This resonance for the two

phosphorus atoms of the P(CH,), adjacent to the complexation site, a, was found at 36.62 ppm.

The remaining phosphorus atom not adjacent to the first site of the complexation were found at

27.23 ppm. The two phosphorus atoms adjacent to the site of complexation were found to be

l shifted downlield by a large amount (Aö = 10.50 ppm) as expected due to the electron withdrawal

caused by the Lewis Acid.
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As the concentration of TMA was increased from 1.0 to 2.0 equivalents the resonances for the 1:1

complex disappeared and a new set of resonances appeared. These resonances were assigned to

the 1:2 complex of compound 11 with the TMA. The resonance for the phosphorus atom which

was adjacent to the two exchanging nitrogen lone pairs, a and a', was found at 53.23 ppm. The

resonances for the two phosphorus atoms which are adjacent to the complexed and uncomplexed

sites a' and a" were found at 38.73 ppm. The weaker electron donating ablity of the phosphazene

with a second equivalent of TMA was evident by the broadened resonance signals observed due to

the increased exchange rate of the phosphazene with the TMA. At 3.2 equivalents of TMA only '

one broadened resonance was observed at 45.0 ppm. Further addition of TMA caused this reso-

nance to sharpen and shift downfield due to the sharing of the electron density of the phosphazene

at all three exchange sites. The resonance for the phosphorus atoms of compound 11 at 3.0

equivalents of TMA was found at about 52.0 ppm. Further addition of the TMA from 3.0 to 5.0

equivalents of TMA again caused further downfield shift.

The results obtained above for the "P NMR data were confirmed by examinantion of the
‘H

NMR spectra for the experiment. In the
‘H

NMR spectra it was also possible to see the 1:1
l

phosphazene / TMA complex as the number ofequivalents ofTMA was increased from 0.0 to 1.0.

This is shown in Figure 23. These resonances were found as doublets due to the primary proton-

phosphorus coupling to the phosphorus atom directly attached to the methyl group. The resonance

for the protons of the methyl groups of the two phosphorus atoms of the P(C1—l,), unit adjacent to

the site of the first complexation, a, were found at about 1.66 ppm. The resonances for the protons

of the P(CH,), group adjacent to the complexation sites, a' and a" were found at 1.45 ppm upon

the addition of 1.0 equivalent of TMA. Again this shows the first site of complexation of the TMA

with compound 11. The weaker ability of the phosphazene to complex with the TMA is evident

in these spectra as the number of equivalents ofTMA was increased from 1.0 to 2.0. It can be seen

in Figure 23 that the signals broadcn and shift downfield as the concentration of TMA was in-

creased to 2.0 equivalents, due to the faster exchange rate which resulted from the decrcased ability

of the phosphazene to complex with the TMA. The resonances for the 1:1 and 1:2 complex of the
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phosphazene with the TMA are seen in Figure 23 seen as overlapping, broad resonances which at

2.0 equivalents of TMA became a doublet. As the number of equivalents of TMA was increased

of 3.0 this resonance was observed to shift further downfield and was found at 2.03 ppm at 3.0

equivalents of TMA.
I

Overall Electron Donating Ability Of Methylated Phosphazenes

The results for the complexation study of the compounds I, 6, 7, 8, 9, and II, indicated a number

of important features about the distribution of electron density in the phosphazene system. First

it was found that as the number of methyl group on the phosphazene ring was increased the ablity

of the phosphazene ring to donate electron density to the Lewis Acid TMA also increased. This

was appanent from the increased amount of downfield shift observed for the resonances of the

protons and phosphorus of compounds I, 6, 7, 8, 9, and II in the presence of the TMA. Secondly

it was found that as the phosphazene system was complexed with one TMA molecule the ablity

to complex with a second and third molecule of TMA deereased. This was indicated by the suc-

cessive decrease in the downfield shift produced for each methylated phosphazene as the number

of equivalents of TMA was increased.

Closer examination of the results obtained for the
‘H

and "P NMR study of the complexation

of the series of methylated phosphazenes with TMA indicated that the overall electron donating

ability of the phosphazene ring increased with increasing methylation. The change in the chemical

shift (A5) for the protons and phosphorus atoms ofmolecules, I, 6, 7, 8, 9, and I I, were determined

between 0.0 and 3.0 equivalents of TMA. These values ( A5 ) were then plotted verses the number

· of methyl groups present on the phosphazene ring. The plots revealed that as the number of methyl

groups on the ring was increased the magnitude of A5 increased in a linear fashion. These obser-

vations are discussed in the following.
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JIP NMR

The values of the "P NMR chemical shifts at 3.0 equivalents of TMA were obtained from the

above complexation study of compounds 1, 6, 7, 8, 9, and 11 and are listed in Table XVII. The

values for the "P NMR chemical shifts of these molecules, in the absence of TMA, were

substracted from the values listed in Table XVII to give the overall change in chemical, A5, caused

by the complexation of the phoshazene with the TMA. The values for A5, listed in Table XVIII,

were plotted verses the number ofmethyl groups on the phosphazene ring. The A5 values for each
i

type of substituted phosphorus atom were compared.

The values of A5 for the unsubstituted phosphorus, PCl,, of compounds 1 (0.25 ppm), 6 (1.33

ppm), 7 (3.11 ppm), 8 (2.00 ppm), and 9 (4.65 ppm). were seen to increase only a very small

amount with increasing methylation suggesting that it is difficult to remove electron density from

the PCI, by the complexation with the TMA. This also suggests that the effects caused by the in-
‘ creasing methylation is somewhat isolated in the phosphazene ring and most of the electron density

donated by the methyl groups of the phosphazene ring is found at the nitrogen lone pairs adjacent

to the site of the substitution.

The values of A5 for the partially substituted phosphorus atoms, PCIl,Cl, of compounds 6 (4.60

ppm) and 8 (8.32 ppm), were found to shift downfield by a greater amount than the phosphorus

atoms of the PCI, at 3.0 equivalents ofTMA. This shows the increased ability to withdraw electron

density from the phosphorus atoms of the PCH,C1 groups. The value for A5 for the fully substi-

tuted phosphorus atoms of compounds 7 (12.51 ppm), 8 (14.95 ppm), 9 (19.27 ppm), and 11

(25.48 ppm) were found to shift downfield the most with increasing methylation. Lines have been

. drawn in Figure 24 represent the trends described. It can be seen that as the number of methyl

groups on the phosphazene ring is increased the values for the downfield shift experienced for each

type phosphorus atom increased Iinearly.
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Table XVII
‘H, UC, and "P chemical shift values for the homologous series of methylated
chlorocyclotriphosphazenes(.032 M) with 3.0 equivalents of TMA.

Chemical Shift (öppm)

compound PCI, PCH,C1 P(CH,),

N,P,C1,
°‘P

20.87 —
-

N,P,CH,Cl,
‘H

- 2.31 -nc _ , _

°'P 23.23 44.31 -
N,P,(CH,),C1,

‘H
- - 2.36nc _ _ _

MP 21.81 · 48.83

N,P,(C1·1,),C1,
‘H

~ 2.36 2.00
nc _ _ _
MP 21.95 47.63 50.63 3

N,P,(CH,),Cl, 1H
- - 2.01 ~

nc _ _ _
"P 22.19 · 51.25

N;P;(CH;)6
‘-H

· - 2.07nc _ _ _
*“P °

· - 51.71
i

a). the two methyl resonances were found to be overlaping.
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Table XVIII

The values for A5 for the *H, HC, and
’*P

chemical shifts of the homologous series of methylated
chlorocyclotriphosphazenes between 0.0 and 3.0 equivalents of TMA.

Chemical Shift (5ppm)

compound PCI, PCH,CI P(CH,),

N,P,CI, "P 0.25 - -

N,P,C1*1,C15 *H _
· 0.16 -

'
13C _ _ . _
3*P 1.33 4.60 -

N,P,(CH,),C1, *11 - - 0.27nc _ _ _
‘*P

3.11 - 12.5 I

N,P,(C1*1,),C1, *H - 0.32 · 0.305
0.3s**

1:C ,, _ _
’*P

2.00 8.23 14.95

N,P,(CH,),C1, *1*1 - · 0.43nac _ _ _
’*P

4.65 - 19.27

N,P,(C1*1,)6 *H - - 0.58
nc _ _ _
3*P - · 25.48

:1). protons cis to a chlorine and a methyl group. b). protons cis to two chlorine atoms.
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’
H NMR

The
‘H

NMR chemical shift values for the protons of the methyl groups on the phosphorus atoms

of each of the phosphazene molecules, 6, 7, 8, 9, ar1d ll, studied at 3.0 equivalents of TMA were

tabulated and are shown ir1 Table XVII. The chemical shift values for the molecules, in the absence

of TMA, were subtracted from the values obtained at 3.0 equivalents of TMA to yield the change

lin chemical shift, A5, caused by complexation with TMA. These values (A5) are listed in Table

XVIII. The values obtained for A5 was plotted verses the number of methyl groups on the mole-

cule and is shown in Figure 25. It was found that as the number of methyl substituents on the

phosphazene ring was increased the magnitude of the downiield shift, A5, increased with increasing

methylation.

The change in chemical shift, A5, for the methyl protons of the P(CI—I,), of compound 6 was 0.16

ppm as compared to the 0.58 ppm for compound II. The values of A5 for the protons of the

PCI—I;,Cl groups for compounds 7, and 9 were 0.27 and 0.43 ppm respectively. It can be seen in

Figure 25 that these values are found nearly on the line with the values for 6 and ll. The values
‘

for the three different methyl groups of compound 8 were found somewhat scattered around the line

drawn in Figure 25. The value for the change in chemical shift, A5, for the protons of the methyl

group of the PCH,Cl unit was 0.32 ppm. The value of A5 for the protons of the methyl group of

the P(CH,), unit cis to a methyl group and a chlorine of the P(CI·I,), unit was 0.38 ppm while the

values for the protons of the methyl group cis to two chlorines was 0.30 ppm. Comparison of the

values determined for the protons of the P(CH;,), with the chemical shift for this molecule in the

absence of TMA shows that the methyl group of the P(CH„), cis to a methyl group and a chlorine

is effected slightly more than the methyl group cis to the two chlorines. The reason for this is un-

clear, however, this difference may be due to steric effects or the changes in the distribution of the

electron density in the phosphazene ring.

Complexation Study Of The Series Of Methylated Phosphazenes With Trimethylaluminum (TMA) I2!



0.50 6
/

A pcusci /
0.50 / /

0,
•

P(CH3)2
/

• /

0.40 /
’

Aö¤pM/
A l

0..30 , •

O / ·
/

/
/0.20 /1

A .
/

/
0.10

O 1 2 3 4 5 6
Ho. of Methyl Substituents

Figure- ZF-. l’lot of ‘ll NMR A5 valucs : The valucs obtaincd fb A5 vrses the numbcr
o‘

- V;
groups on the phosphazcnc ring for compounds 6, 7, 8, 9, 11.

Complexation Study Of Thc Scrics Of Mcthylatcd Phosphazcncs With Trimcthylaluminum (TMA) lZ2



The complexation of the phosphazenes molecules 6, 7, 8, 9, and ll with TMA produced upfield

shifts for the resonances of the methyl protons of the TMA. As the TMA was added to the

phosphazene the resonances for the protons of the methyl groups of the TMA were seen to shift

downfield due to sharing of the phosphazene nitrogen base sites with the TMA present. Again the

values for the upfield change in chemical shift induced by the each phosphazene at 3.0 equivalents

of TMA were obtained and are listed in Table XIX. Since at 3.0 equivalents ofTMA there is or1ly

one type of proton present the chemical shift value obtained was plotted verse the number of

methyl groups on the phosphazene ring. This plot is seen in Figure 26 and shows that as the

number of methyl substituents on the phosphazene ring was increased (6 A6 = -0.39 ppm, 7 A6 A
= -0.47 ppm, 8 A6 = -0.54 ppm, 9 A6 = -0.61 ppm, ll A6 = -0.76 ppm) the value of the uptield

chemical shift experienced by the methyl protons of the TMA increased linearly. This indicates that

as the methyl groups are introduced onto the phosphazene ring there is an overall ur1ifor·m increase

in the donating ablity of the phosphazene molecule toward the TMA.
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Table XIX 4
Chemical shift values for the methyl protons of TMA (at 3.0 eq. TMA in CDC1, ) with eachmethylated phosphazene (1.0 eq).

Complex Chemical Shift (ö ppm)

TMA -0.32
· N,P,CH,Cl,/TMA -0.39

N,P,(CH;)zCl«/TMA -0.47

N,P,(CH,),Cl,/TMA -0.54

N,P,(CH;)«Clz/TMA -0.61
N,P,(CH;)6/TMA -0.76
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Variable Temperature "P NMR Study

To further exarnine the complexation behaviour variable temperature (‘H)"P NMR studies of the

complexation of the compounds 6, 7, 8, 9, and ll, with TMA were carried out. By careful analysis

of the (‘H)"P NMR data obtained in the following it was possible to assign, qualitatively, the

position and strength of the sucessive associations of the phosphazene molecules with the TMA.

The experiments were carried out in toluene rather than CDCl;, as in the previous study, due to its

high boiling (110 °C) and freezing points (-95 °C). The solutiorrconcentation was approximately

0.30 M in phosphazene, similar to the previous study. The TMA was added neat via syringe and

the (‘l~l)"P NMR spectra were obtained at temperature intervals between -95 ° and 100 °C.

Hexamcthylcyclotrqrhosphazcne / TMA

Compound ll was first studied due to the slow rate of exchange with the TMA observed in the

previous study which resulted in the observation of the uncomplexed and complexed phosphazene

species. The complexation of the ll with 0.5, 1.5,and 2.5 equivalents of TMA was studied at var-

ious temperatures between -95 ° and 100 °C to further identify, qualitatively, the sites of

complexation of the TMA with the phosphazene.

The first experiment with compound ll was performed by preparing a mixture of 0.5 equivalents

of TMA and 1.0 equivalents of compound ll in toluene. The(‘H) " P NMR spectra were obtained

at temperatue intervals between 0 °C to 100 °C . A stacked plot of the "P NMR spectra obtained

are shown in Figure 27. The possible sites of complexation for compound ll are shown Figure

15 and are labeled a, a', and a". At 0 °C there are two different species present as was observed in ·

previous room temperature study in CDC}, . The uncomplexed compound ll was seen as a single

sharp resonance at 22.83 ppm; this value comparcd well with the value obtained for compound
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Figure 27. Variable temperature (‘H)°‘P NMR spectra: Plot of the spectra for 1.0 equivalent of
compound 11 (0.3 M) with 0.5 equivalcms ofTMA in tolucne.
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11 in the absence of TMA. The 1:1 phosphazene / TMA complex consisted of two resonances

as expected. The resonance of the two P(CH„), phosphorus atoms adjacent to the complexation

site a was found downfield at 35.43 ppm. The remaining phosphorus atom, adjacent to sites a'

and a", was found at 24.94 ppm also as a single peak. The intensity of these peaks was roughly

2:1 confirming the above assignment.

As the temperature was increased to 25 °C the signals were observed to broaden as shown. At this

temperature the resonance for the uncomplexed compound 11 was observed as a small broad hump

centered at 22.83 ppm. lncreasing the temperature to 65 °C caused the resonances for both species

to broaden further. The broadening observed was due to the increase in the temperature which

resulted in an increased averaging of the resonance signals for the uncomplexed ar1d complexed

species. At. 100 °C the signals were broadened further due to the increased exchange rate induced

by the increase in temperature. The resonance for the uncomplexed compound I1 was not ob-

served due to the averaging. Even at this temperature the 1:1 phosphazene / TMA complex is

observed giving an idea as to the relative strength of this complex suggesting that exchange with the

TMA was slow even at this temperature.

To the same tube 1.0 equivalents of TMA was added to adjust the ratio of phosphazene to TMA

to 1:1.5. The variable temperature (‘H)"P NMR spectra were again obtained; this time at intervals

between the temperatures of -75 °and 100 °C . The "P NMR spectra obtained for this experiment

are shown in Figure 28. At -25 °C both the 1:1 and 1:2 complexes were observed. The 1:2 complex

was observed with both resonances found downiield of the 1:1 complex. The resonance signals for

the phosphorus atom of the two P(CH,), units adjacent to the complexation site, a, in the 1:1

complex were again found at 35.43 ppm. The resonance for the remaining P(C1{,), phosphorus

atoms was found at 24.94 ppm. The resonance signals for the 1:2 complex were found at 53.39 ppm

for the phosphorus atom of the P(CH,), adjacent to the two complexation sites a and a'. The

resonances for the two phoshorus atoms of the P(Cl1,), adjacent to the complexed sites, a and
‘

a", and uncomplexed site, a"' were found at 38.11 ppm. As the temperature was increascd to

25 °C the resonance signals for both species present were observed to broaden as shown in Figure
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Figure 28. Varible temperature (‘H)°‘P NMR spcctra: Plot of the spectra for 1.0 equivalerit of
compound 11 (0.3 M) with 1.5 equivalcnts of TMA in toluene.
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28. The broadening observed is due to the increased exachange rate between the phosphazene and

, the TMA. lncreasing in the temperature to 50 °C caused the resonances to broaden further with

the disappearance of the 1:1 complex as shown in Figure 28, due to the increased exchange rate

caused by the increase in the temperature. At 75 °C the peaks for the 1:1 and the 1:2 complexes

were observed to coalesce into a broad single resonance at 42.45 ppm. At 100 °C this resonance

sharpened further due to the increased exchange rate which made all of the possible complexation

site equivalent on the NMR time scale. The coalescence at l00° C in this case indicates that the

second complexation is weaker than the first; in the first experiment, 1:0.5 phosphazene / TMA,

the resonance signals for the 1:1 complex did not average a 100 °C .

An additional equivalent of TMA was added to increase the the ratio of phosphazene / TMA to

1:2.5 equivalents. Here the (‘H)°‘P NMR spectra were obtained at intervals between -95 ° and

50 °C and are shown in Figure 29. At -95 °C the 1:2 and the 1:3 complexes can be distinguishcd.

The resonances for the 1:2 complex were found at 53.20 ppm and 38.49 ppm, slightly different than

what was found in the above experiment probably due to the changes in chemical shift caused by

the change in the overall concentraion· of the TMA. This assignment was made due to the relative

intensities of the two peak which was roughly 1:2 as would be expected. The lower temperature,

-95 °C, necessary to freeze out the two complexed species than for the 1:1 and the 1:2 complexes

shows the the complexation of the phosphazene with a third TMA molecule is weaker than for the

first two molecules of TMA. The 1:3 complex was a singlet observed at 53.96 ppm with all of the

complexation sites, a, a', and
a"’,

associated with a TMA molecule. As the temperature was in-

creased the resonances broaden and at -50 °C only the resonances for the 1:2 complex was observed

due to coalescence caused by the increased exchange rate. This indicates an averaging of the sites ’

a' and a" at this temperature. Increasing the temperature to 0 °C resulted in a broad single reso-

nance at about 48.00 ppm. This was due to the increased exchange rate between the phosphazene

and the TMA as a result of the increased temperature, which caused averaging ofall three exchange

sites. As the temperature was increased to 50 °C the resonance signa.l sharpened due to the further

increase in the exchange rate.
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Figure 29. Varible temperature (‘ll)°'P NMR spectra: Plot of the spectra for 1.0 equivalent ot
compound ll (0.3 M) with 2.5 equivalcuts of TMA in tolucne.

Complcxation Study ()f'1'hc Scrics Of Mcthylatcd Phosphazcncs \\'ith Trimcthylaluminum ('l‘\l„\) l3l



This experiment clearly shows the sucessive sites of the complexation. The first association was

observed to be the strongest as was shown by the inablity to cause averaging of the resonances even

at 100 ° for the uncomplexed and complexed species at a ratio of 1:0.5 phosphazene / TMA. The

second association is weaker than for the first as was apparent by the lower tempeature necessary

to produce averaging at all three exchange sites. For the experiment with a ratio of 1:1.5

phosphazene / TMA the resonances coalesced at 75 °C into a single broad resonance signal. the

third association was the weakest since the resonances for the experiment with a ratio 1:2.5

phosphazene / TMA averaged at 0 °C.
l

Tctramethyldichlorocyclotrüahosphazcnc / TMA

Compound 9 was exarnined next with 0.5, 1.5, and 2.5 equivalents of TMA. The(‘H) "P NMR

spectra were obtained at intervals between -25 °to 100 °C . Unfortunately the poor solublity of

compound 9 in toluene made it impossible to cbserved both the complexed and uncomplexed

species with less than 1.0 equivalents of TMA. Addition of the TMA caused the dissolution of an

equivalent amount of phosphazene allowing for only the 1:1 complex to be observed. The possible

sites for complexation of compound 9 with TMA are shown in Figure 15 and are labeled as a, b,

and b'. The 1:1 phosphazene / TMA complex was the only species observed at less than 1.0

equivalents of TMA due to the complexation of the TMA at site a of compound 9. The 1:1

phosphazene / TMA complex and the uncomplexed 9 was observed however in the previous study

performed in CDCI, where the solublity of compound 9 was better. The resonances for the 1:1

complex of compound 9 with TMA were found at 43.73 ppm and 16.54 ppm as shown in Figure
”

30. The resonance for the phosphorus atoms of the P(CH,), groups, found at 43.73 ppm, were

shifted downiield due to complexation at site a. The resonance for the phosphorus atom of the

PCl, group adjacent to the uncomplexed sites b and b' was found at 16.45 ppm. lncreasing the

temperature to 100 °C caused only a slight broadening of the phosphorus resonance signals.
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Figure 30. Variable temperature ('1·l)°‘P NMR spcctra: Plot of the spectra for 1.0 equivalent of
_ compound 9 (0.3 M) with 0.5 equivalcnts ofTMA in tolucnc.
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The addition of 1.0 equivalents of TMA to the above experiment made it possible by a variable
I

temperature "P NMR to identify both the 1:1 and the 1:2 complexed species. The(‘H) "P NMR

spectra were obtained at temperatues between -80 to 75 °C as shown in Figure 31. Upon addition
l

of the 1.0 equivalent of TMA all of the phosphazene present dissolved into solution. At -80 °C

both the 1:1 and 1:2 phosphazene/TMA complexed species were observed; the resonances for the

1:1 complex were found at 43.80 ppm and at 13.63 ppm for the phosphorus atoms of the P(CH,),
I

and PCI, respectively. The downfield position of the two phosphorus atoms of the P(CH,), again

is due to the complexation at site a. There were three nonequivalent phosphorus atoms for the 1:2

complex as expected. The resonances for the phosphorus atom adjacent to the complexation sites

a, and b was found at 59.54 ppm. The resonance for the phosphorus atom of the P(CH,), adjacent

to complexation sites a and b' was found at 46.00 ppm. The resonance for the phosphorus atom

of the PCI, group adjacent to sites b and b' was found at 21.80 ppm. This assignrnent was made .

due to the relative intensities of the peaks which was approximately 1:1:1.

Increasing the temperature to -50 °C caused a coalsence of the resonances for the 1:1 and 1:2

_ complexes into three broadened resonances as shown in Figure 31. Heating to -25 °C caused fur-

ther coalasence of the of the two downfield resonances at 58.50 ppm and 46.00 ppm into a broad-

ened peak at 49.50 ppm. The resonance was found at 19.70 ppm and was observed to sharpen.

Increasing the temperature further to 75 °C caused both both resonances to sharpen due to the in-

creased exchange rate which caused the averaging of the signals. At 75 °C there were only two

phosphorus resonance signals seen. These signals were seen at 19.8 ppm for the phosphorus atom

of the PCI, and at 47.8 ppm for the two phosphorus of the P(C1—I,),.

Another equivalent of TMA was added to adjust the ratio of compound 11 to TMA to 1:2.5. The

(‘H) "P NMR spectra were obtained at intervals between -90 °to 25 °C as shown in Figure 32.

In this experiment it was not possible to freeze out the 1:2 and 1:3 phosphazene / TMA complexes.

At -90 °C there were three broad resonances present. These resonances were observed centered at

58.90 ppm, 48.60 ppm, and 23.44 ppm for the phosphorus atoms of the P(C1·1,),,
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f. ’PCH’ sub 3 ’C1' , and PCI, respectively. lncreasing the temperature to -75 °C caused the

downfield resonances at 58.90 ppm and 48.60 ppm to coalese into a broad single peak centered at

54.42 ppm while the resonance for the phosphorus atom of the PCI, sharpened due to the increased

exchange rate.

The further increase in the temperature caused both resonance signals the sharpen, due to the in-

creased exchange rate between compound ll and the TMA, and shift upfield. At 25 °C the reso-

nance for the phosphorus atoms of the P(CH,), was found at 51.32 ppm and the phosphorus atom

of the PCI, was found at 22.17 ppm. The upiield shift whichwas observed was caused also by the

increased phosphazene / TMA exchange rate.
I I °

Trimethyltrichlorocyclotriphosp/zazene / TMA

The complexation of the 8 with 0.5, 1.5,and 2.5 equivalents was examined. The (‘H)“P NMR

spectra, for this experiment were obtained at intervals between -90 ° and 100 °C . There are three

possible, non equivalent , sites available for complexation in compound 8 shown in Figure 15 and

Iabeled a, b, and c. The complexation site, a, which is positioned between the PCl·I,Cl and

. P(CH,), groups of the phosphorus ring was found to be the first site of complexation. The second

site of complexation, b, was at the lone pairs of the nitrogen atom located between the PC1, and

P(CH,), groups of the phosphazene ring. The third site of complexation, c, was found to be at the

lone pairs of the nitrogen atom located between the PCI, and PCH,CI groups and is Iabeled c.

The variable temperature
”P

NMR study of the complexation of compound 8 with TMA was also

performed first with 0.5 equivalents of TMA. The (‘H)"P NMR spectra were obtained at tem-

perature intervals between -75 ° and lO0 °C and are shown in Figure 33. This experiment allowed

for the determination of the first site of complexation. There were six resonance signals found in

the "P NMR spectrum of the rnixture at -75 °C. The resonances for the uncomplexed

phosphazene were seen at 39.17, 35.22, and 18.50 ppm for the phosphorus atoms of the PC1I,Cl,
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P(CH,), , and PCI, groups respectively. The resonances for the complexed phosphazene were

found at 48.36, 45.83, and 16.87 ppm for the phosphorus atoms of the PCH,Cl, P(CH,), , and

PCI, groups respectively. The resonance furthest downlield at 48.36 ppm was assigned to the

PCH,C1 and the resonance at 45.83 ppm was assigned to the P(CH,), since ir1 the previous study

the resonance of the P(CH,), was found upfield of the resonance for the PCH,CI.

lncreasing the temperature to -25 °C caused the resonances for the phosphorus atoms of the PCI,

to coalesce into a single broad resonance signal at 18.71 ppm. The resonances for the phosphorus

atoms of the PC1—1,C1 and P(CH,), broaden due to the increased exchange rate between the

phosphazene and the TMA. At 0 °C the resonance for the phosphorus atoms of the PCI, had

sharpened while the resonances for the partially and fully substituted phosphorus atoms broaden

further. At 25 °C there were three resonances present. The resonances for the phosphorus atoms

of the PCH,Cl and P(CH,), were observed as two broad resonances at 42.79 and 38.21 ppm, the

averaged signals for the complexed and uncomplexed phosphazene due to the increased exchange

rate caused by increase in temperature. The phosphorus resonance of the PCI, was observed as a

sharper peak at 18.91 ppm. As the temperature was ir1creased all of the resonance signals were seen _

to sharpen due to the increased exchange rate with the TMA. At 100 °C the resonances of the

phosphorus atoms of the P(CH,),, PCH,C1, and PCI, were seen at 38.39 ppm, 42.06 ppm, and

20.02 ppm.

The same tube was used in the next experiment and an additional 1.0 equivalents of TMA was
V

added to increase the ratio of compound 8 to TMA to 1:1.5. Again the (‘H)"P NMR spectra

were obtained at temperature intervals between -90 and 100 °C. and are shown in Figure 34. At

-90 °C there were two resonances present as shown in Figure 34. The averaged resonances for the

1:1 and 1:2 phosphazene / TMA complexes were found centercd at 48.27 ppm for the phosphorus

atoms of the PCH,Cl and P(CH,), groups; the resonance for the phosphorus atom of the PCI, was

found at 17.74 ppm. In this experiment the 1:1 and 1:2 complexes could not be frozen out indi-

eating the weaker donating ability of the complexation site b.

Complexation Study Of The Series Of Mcthylatcd Phosphazenes With Trimethylaluminum (TMA) 139



5100° G

J

75

~
50

J J
• 25

J J•5070

60 50 40 30 20
PPM

1·i·;¤r¤·c ”34. Variablc tempcrature (‘11)°‘P NMR spcctra: Plot of the spectra for 1.0 cquivalcnt of
compound 8 (0.3 M) with 1.5 equivalcnts ofTMA in tolucne.

Complexation Stud}; Of The Scries Of Mcthylatcd Phosphazcncs With Trimcthylaluminum (TMA) 140



Increasing the temperature to -75 °C caused these resonances to sharpen slighty due to the increased

exchange rate caused by the increase in the temperature. At -50 °C there were three resonances

observed. The downfield resonance had separated into two signals for the 1:1 and 1:2 phosphazene

/ TMA complexes. These resonance signals were found at 49.48 and 47.64 ppm. The resonance

at 49.48 ppm was assigned to the phosphorus atom of the P(CH,), since the second site of

complexation is site b and the resonance would be expected downfield of the resonance for the

phosphorus atom of the PCH,C1 as was observed in the initial complexation study in CDCI,. This

assignment supported by the remaining discussion.

As the temperature was increased further to 50 °C the resonances for the phosphorus atoms of the

PCH,CI, P(CH,), were observed to shift upiield due to the increased exchange rate between the

phosphazene and the TMA, while the resonances for the phosphorus atom of the PCI, were ob-

served to shift downfield. The resonance for the phosphorus atom of the P(CH,), was observed to

shift upfield by the largest amount and is found overlapping with the resonance for the phosphorus

atom of the PCH,Cl at 50 °C shown in Figure 34. This overlapping resonance was found at 47.49

ppm while the resonance for the PCI, was found at 20.19 ppm.

The spectrum of the mixture at 75 °C, shown in Figure 34, again shows three resonance signals.

The phosphorus atom of the P(CH,), was found shifting upfield of the resonance for the

phosphorus atom of the PCH,CI . At 100 °C the resonance for the phoshorus atom of the .

P(CH,), observed shifted further upfield due the the increased exchange rate and was found at 46.37

ppm. The resonance for the PCH,CI was found at 47.22 ppm as shown in Figure 34. The reso-

nance signals for the phosphorus atoms of the P(CI·I,), , PCH,CI and PCI, groups were found at

46.37 ppm, 47.22 ppm and 20.43 ppm respectively.

With the addition of another equivalent of TMA to adjust the ratio of phosphazene / TMA to I.0

/ 2.5 the (‘I·I)"P NMR spectra were again obtained at temperature intervals between -90 ° and

50 °C. The spectra obtained for this experiment are shown in Figure 35. At -90 °C there were three

broad resonance signals observed. The time averaged resonance for the phosphorus atoms of
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the P(CH,), and PCH,Cl groups for the 1:2 and 1:3 phosphazene / TMA complexes, were found

at 60.90 ppm and 46.60 ppm. The time averaged resonance for the phosphorus atom of the

PCH,C1 group was found at 24.95 ppm. It was not possible in this experiment to freeze out the

1:2 and 1:3 complexes due to the weaker ability of the phosphazene to complex with the second

and third equivalent of TMA. This is apparent by the broad averaged signals observed at -90 °C.

As the temperature was increased the resonance signals for the phosphorus atoms of the PCI, and

P(CH,), were observed to shift upfield. The resonance for the phosphorus atom of the P(CH,),

was seen to shift upfield the largest amount, (13.50 ppm), at 100 °C and was found to overlap with

the resonance of the phosphorus atom of the PCH,Cl unit. The resonance for the phosphorus

atom of the PCI, unit was observed to shift upfield by the next largest amount, (4.01 ppm). This

can be explained by the increase in the exchange rate caused by the increase in the temperature.

Since sites b and c be exchanging more rapidly than the strongest complexation site a. The increase

in the exchange rate would mean that the TMA would spend less time at the weakest sites and the
i

resonances would be shifted upfield due to less electron withdrawal. The resonance for the

phosphorus atom of the PCH,Cl group was observed to shift downfield intiallyfrom -90 °C to ~

0 °C by 1.76 ppm then the resonance shifted uplield sligthly, (0.84 ppm) as the temperature was

increased to 100

°C.Thiseffect is explained by the fact the weakest site of complexation is site c therefore the resonances

for the phosphorus atoms of the PCI, unit would be expected to shift upfield the most since the sites

c would begin exchanging first as the temperature is increased. It was shown in the initial

complexation study for this molecule in CDCI, that the resonance for a phosphorus atom bearing

two chlorines is effect the least by complexation with the TMA. The fact that the resonance for

the PCI, group shifts upfield by a larger amount than the PCH,CI confrms that site e is the weakest

site for complexation. The large magnitude of the shift for the resonance for the phosphorus atom

of the P(CH,), indicates that the site b is the next weakest. This is further supported by the above

experiment at a ratio of 1:1.5 phosphazene to TMA where it was not possible to freeze out the 1:1

and 1:2 complexes. Finally, the small magnitude of the upfield shift, (0.84 ppm), for the resonance
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of the phoshorus atom of the PCH,Cl group between 0° to 100 °C indicates that site a is the

strongest site for complexation with the TMA. This was also supported by the above experiment

at a ratio of 1:1.5 where the resonance for the phosphorus atom of the PCHSCI group shifted upfield

only slightly.

Dimethyltetrachlorocycloträzhosphazcnc / TMA _

The complexation of the compound 7 with 0.5 and 1.5 equivalents of TMA was next examined

by variable temperature (‘I—I)“P NMR. In the first experiment 0.5 equivalents of TMA was added

to compound 7 in toluene and (‘H)"P NMR spectra were obtained at iritervals between -90 ° and

50 °C . For compound 11 three different sites for complexation are available as shown in Figure

15 below labeled a, a', and b; sites a and a' are equivalent. The spectra obtained for this experiment

are shown in Figure 36.

In the spectrum obtained at -90 °C it was possible to distinguish the uncomplexed as well as the

complexed phosphazene. The resonances for the uncomplexed phosphazene were found at 36.97

ppm for the phosphorus atom of the P(CH,), and at 17.08 ppm for the two phosphorus atoms of

the PC],. The relative intensity of the resonances was 1:2 further support this assignment.

The 1:1 phosphazene TMA complex shows three non equivalent phosphorus resonances as ex-

pected. The first site of complexation is assumed to be site a which would produce the spectrum

. obtained for the 1:1 phosphazene / TMA complex. The resonance for the phosphorus atom of the

P(CI·I,), group which was adjacent the site of complexation, a, was foundlat 48.90 ppm. The res-

onance for the phosphorus atom of the PC1, group which was adjacent to the complexation site,

a, was found at 26.18 ppm. This resonance was found downfield due to the electron withdrawal

through the lone pairs of the nitrogen at complexation site a. The resonance for the phosphorus

atom of the PCI, group which was adjacent to the complexation sites b and c, was found at
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14.76 ppm. The signal were observed to broaden as the temperature was increased to -50 °C and

coalesced into two broad resonances centered at 43.96 ppm and 16.81 ppm. The time averaged

spectrum at -25 °C showed that the increase in temperture caused the resonances to sharpen. In-

creasing the temperature further to 25 °C caused the two resonances present to sharpen further.

The resonance for the phosphorus atoms of the P(CH,), and the PCI, are seen at 41.94 ppm and

19.85 ppm. Increasing the temperature to 50 °C caused the phosphorus resonance of the P(CI·I,),

to shift slightly upfield. This resonance was found at 41.64 ppm. The resonance of the phosphorus

atoms of the two PC1, were seen to shift sligthly downfield. These resonances were found at 20.07

ppm.

The concentration of the TMA was increased so that the ratio of phosphazene to TMA was 1:1.5.

The "P NMR spectra were obtained attemperature intervals between -90 ° and 100 °C. In this

experiment it was not possible to freeze out the individual complexes due to the weaker ablility of

the phosphazene to complex with a second equivalent of TMA. The spectrum obtained for this

experiment are shown in Figure 37. As the temperature was increased the- phosphorus resonances

were seen to shift upfield due to the increase in the exchange rate of the TMA with the

phosphazene.

Since it was not possible to freeze out the 1:2 complex of TMA an examination of a 1:2.5 ratio of

phosphazene / TMA was not carried out. This inablity to freeze out the higher complex of 7 again

shows that the complexation sites adjacent to phosphorus atoms bearing alkyl groups are the

strongest electron donors. The lone pairs of the nitrogens of the ring adjacent to the phosphorus

atoms of the ring bearing methyl groups are the most basic.
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Monomcthybzentachlorocyclotrip/zosphazenc / TMA

The final molecule studied was compound 2. The molecule was studied with only 0.5 equivalents

of TMA, at temperature intervals between -90 and 50 °C , due to the weaker donating ablity of

compound 2. The (‘H)"P NMR spectra obtained for this experiment are shown in Figure 38.

It was not possible in this study to freeze out the 1:1 phosphazene / TMA complex due to the

„ weaker donating ability of this molecule. At -90 °C there were two time averaged resonance signals

observed for compound 2.; the resonance for the phosphorus of the PCH,C1 were observed at 42.67

ppm. These signals were broadened due to the rapid exchange which was occuring even at -90 °C

indicating the weaker ability of the phosphazene to complex with the TMA. Increasing the tem-

perature caused the resonance for the phosphorus atom of the PCI—1,Cl to sharpen and shift upfield

1.84 ppm; this was due to the increased exchange rate which caused a further averaging of the res-

onance signals. The resonance for the phosphorus atoms of the PCI, were observed to shift

downfield 0.58 ppm; the reasons for this behaviour is not clear. At -90 °C the resonance for the

phosphorus atoms of the PCH,CI were observed at 43.99 ppm and the resonance for the

phosphorus atom of the PCI, was found at 22.08 ppm. The resonances were found at 42.15 ppm

and 22.66 ppm for the phosphorus atoms of the PCH,CI and PCI, respectively. _

Since the effect found for compound 2 were small a varible temperature study of compound 1 was

not carried out.
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Conclusions

The reactions of organoalurninum reagents with chlorophosphazenes described in this text allowed

for the preparation of a number of new highly _alkylated phosphazenes. Unfortunately, it appears

that the use of these type reagents as alkylating agents for the phosphazene polymer would not be

successful. Like the reactions of other organometailic reagents with chlorophosphazenes the re-

actions with organoaluminurn reagents also resulted in cleavage of the phosphazene backbone.

This was clearly described by the reactions of TMA and TEA with hexachlorocyclotriphosphazene

(l) and 1,l-diphenyl-3,3,5,5-tetrachlorocyclotriphosphazene (I4) which allowed for substitution of

the chlorine atoms of the ring along with a large degree of cleavage of the phosphazene skelcton

yielding the linear products described. These studies did allow for a better understanding of the

nature of the ring opening reaction which has been reported by other workers in that the linear

products could be well characterized. The reactions of Lithium and Grignard reagents with

hexachlorocyclotriphosphazene have also been shown to produce cleavage of the phosphazene
4

skeleton and attempts at substitution of the phosphazene polymer have produced only very low

molecular weight materials.

The complexation study performed lends further support to nature of ring cleavage indicating the

role of the lone pairs of nitrogen atoms of the phosphazene ring in the reactions with organometallic

reagents. The study of the complexation of compounds l, 6, 7, 8, 9, and ll with TMA described
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the increased electron donating ability of the phosphazene system with increasing alkylation. The

study of the complexation of the series ofmethylated molecules with TMA allowed for a qualitative

description of the changes in the distribution of the electron density in the phosphazene ring which

occur upon suceessive alkylations. The complexation of the TMA with the above molecules was

found to occur at lone pairs of the nitrogen atoms of the phosphazene ring and the relative strengths

of the complexation sites in each methylated phosphazene were exarnined and compared. The

electron donating ability of the lone pairs at a particular complexation site was found to be directly

dependant on the number of methyl substituents on the phosphorus atom adjacent to the site. The

association of the organometallic reagent at the lone pair nitrogen atoms of the phosphazene ring

accounts for the apparent addition of the TMA accross the phosphorus nitrogen bond. This also

appears to be true for the other organometallic reagents and would account for the ring and chain

cleavage observed in reactions with other reagents. .

Unfortunately these study did not allow for a correlation with the reactivities of these molecules.

It was apparent that increasing the number of methyl substituents on the phosphazene ring reduced
i

the degree of ring-opening which occurred. The reactions of hexachlorocyclotriphosphazene with

TMA yielded only a 40 % yield of the fully substituted hexamethylcyclotriphosphazene, while the

reaction of tetrarnethyldichlorocyclotriphosphazene resulted in an 85 % yield of the final product.

The increased yield of the cyclic product with increasing methylation may be a result of the changes

in the distribution of the electron density in the phosphazene system.

The examination of the past reports in the literature indicated that the ring-opening or chain

cleavage produced by the Lithium and Grignard reagents is very similar to that found for the re-

actions with organoaluminum reagents. It appears that addition across the phosphorus nitrogen

bond is common to all of the organometallic reagents which have been exarnined. The reactions

of organoalurninum reagents did allow for the preparation of a variety of new alkylated

phosphazenes particularly a complete series of methylated cyclic ehlorophosphazenes. The ring—

opening reaction which was found to occur yielded a several new well characterized linear mole-

cules. The complexation study did clearly identify the position and relative strengths of the sites

Conclusions l5l



fo; complcxation in mcthyl phosphazcncs. The use of organoaluminum rcagcnts docs not sccm a

viablc routc to thc prcparation of alkylatcd polyphosphazcncs.
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Synthesis ofAlkylphosphazerzes

Materials:
_

Hexachorocyclotriphosphazene was purchased from Aldrich Company and was purified by vacuum

sublimation followed by recrystallization from hexane. The trialkylaluminum reagents were ob-

tairred from Ethyl Corporation as neat liquids. The toluene and benzene were dried over sodium

metal and calcium hydride respectively for several days then distilled before use. The alkyl and aryl

phosphazenes were prepared by known methods. All joints in the apparatus were routinely sealcd

with teflon tape. The alkylaluminums were handled as neat Iiquids via syringe techniques.

The 1H, "C, and
“P

NMR spectra for all of the compounds are discussed in detail in the text.

The ‘HNMR spectra were obtained on a 270MHz Bruker FT NMR Spectrometer. The intcmal

reference was tetramethylsilzme. The HC NMR spectra wcre obtained on either a 200Mllz,

270MI·Iz, Bruker FT Spectrometer or a 80 MHz IBM FT NMR Spectrometer. The
°‘P

NMR
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spectra were obtained from a 200 MHz Bruker FT NMR Spectrometer. The extemal standard in

each case was 85% phosphoric acid sealed in a capillary tube. .

The reaction of TMA with the methyl phosphazenes was monitored with respect to time by

capillary gas chromotography. The instrument used was a Hewlett-Packard 5790A Series capillary

Gas chromatograph equiped with a flame ionization detector and a 3390A reporting integrator.

The capillary column use was fused silica coated with crosslinked dimethyl silieone. The sampling

was done isotherrnally at 125 °C. The injector and detector port temperatures were maintained at

200 °C and 350 °C respectively. The gas flow to the column was 0.75mL/min. The septum purge

was adjusted to 6mL/min.

The standards for the calibration curves were prepared from a stock solution of each component.

The working calibration curve was adjusted for concentrations between 0.00019 M to 0.0028 M.

Standard solutions were prepared and each was injected five times. The area of the peaks for each

component were averaged to determine the error in the sample injection. In all cases the error was

less than 10%.

It was found that as the number of methyl groups on the phosphazene ring were increased the re-

sponse to the flame ionization detector increased also. This increase is roughly linear with in-

creasing methylation. Compound 1 could not be calibrated this fashion due to its very poor

detector response(a phosphorus-nitrogen detector was not available for this study ). The molecules, .

7a and 7b, could not be isolated and puriiied in significant quantities to prepare calibration curves.

Since the detector response increased in a linear fashion, the calibration curve forcompound 7 was

used to obtain the percent composition of compounds 7a and 7b.
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Synthesis of the Homologus Series of Methylated Phosphazenes

Synthesis of compound I1: Compound 1 (1.00g, 3.0 mmol) was placed in a round bottomed flask

(25 mL) equipped with a ground glass joint (19/22) and a stopcock. The flask was sealed with a

septum then evacuated and relilled with dry nitrogen. The TMA (2.8 mL, 29.0 mmol) was added

carefully via syringe. The septum was removed and a rellux condenser was quickly attached with

a stream of dry nitrogen passing over the reaction mixture. The reaction mixture was heated for 8

h at 130 °C in an oil bath then cooled to ambienttemperature. Methylene chloride (20 mL) was

intoduced through the reflux condenser to dilute the reaction mixture. The icondenser was carefully '

removed and the solution was added to additional methylene chloride (75 mL) cooled to 0 °C. The

solution was then carefully added to 1.0m NaOH (125 mL) at 0 °C and transferred to a separatory

flunnel and NaC1 (50g) was added slowly with vigorous shaking until the aqueous layer was satu-
·

rated. The organic layer was separated. The aqueous layer was extracted again with methylene

chloride (100 mL). The orga.nic layers were combined and dried over anhydrous magnesium

sulfate. The solvent was removed by vacuum to yield a pale white powder (0.28g, 43%, mp =

193 · 196 °C, Iiz.= 195-196
°C°‘

). Elemental: N,P,(CH,), Calc. m/z = 225.071, Found m/z =

225.055.

Synthesis of compound 8: Compound 7 (2.0g, 6.5 mmol), prepared by published procedures,“ was

dissolved in toluene (66.0 mL) in a 200 mL round bottomed flask. The flask was sealed with a

septum and flushed with dry nitrogen vented through a syringe needle. The TMA (6.4 mL, 66.0
E

mmol) was added slowly via syringe; the reaction mixture was heated at rellux for 1.5 h then cooled

to 0 °C in an ice bath. This solution, after cooling, was diluted with methylene chloride (200 mL)

also cooled to 0 °C. This solution was the added slowly to a 1.0 M solution of NaO1l (200 mL)

cooled to 0 °C. This mixture was then transferred to a 2.01 separatory fumiel and shaken vigorously

with venting and then allowed to warm to room temperature with occasional shaking. The organic

layer was separated and the aqueous layer was washed with methylene chloride (2 x 200 mL). The

organic layers were combined, dried over anhydrous magnesium sulfate and filtered. The solvent
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was removed by rotary evaporator to yield a white powder (1.66 g). The white powder was found

to be a rnixture of compounds 7, 8, and 9. This mixture was chromatographcd on silica gel (100

g). Compound 7 eluted first with a 90/10 rnixture (500 mL) of hexane and methylene chloride

Compound 8 (0.45 g, 32 %) was eluted with methylene chloride (700 mL). The resulting material

was sublimed (100 C, 2mm) to jve the pure product, compound 8. Compound 8 was recrystallized

from hexane/methylene chloride to jvc white crystals (mp = 189.5-192.0 °C). Elemental:

N,P,(CH,),C1, Calc. m/z = 284.907, Found m/z = 284.867.

Synthesis of compound 9 : Compound 7 (2.00g, 6.5 mmol), preparcd by known procedures,

procedures,“ , was dissolved in toluene (26.0 mL) in a round bottom flask(l00 mL) and TMA (6.4

mL, 66.0 mmol) was carefully added and the reaction rnixture was heated at reflux for 12 h, cooled

to 0 C and worked up as descibed above. This yielded compound 9 (0.72 g, 42 %) which was

further purified by sublirnation (100 °C 1.0 mm ). Recrystallization from hexane/methylene

° chloride yielded white cyrstals (240- 242 °C). Elemental: N,P,(CH;,),,C1, Calc. m/z = 264.962,

Found m/z = 264.957.

Sodium chloride (25 g) was added to the aqueous layer until it was saturated and this layer was

extracted with methylene chloride (2 x 200 mL). The organic layers were combined, dried with

anhydrous magnesium sulfate, and the solvent was removed to yield compound 11 (0.28 g, 19 %).

Synthesis of compound 12: Compound 6 ( 1.00 g, 3.0 mmol), preparcd by published procedures“,

was dissolved in dry methylene chloride ( 75.0 mL) and triethylamine (0.43 mL, 3.0 rnrnol) was

added as a hydrogen chloride acceptor. Diethylamine (0.32 mL, 3.0 mmol) was dissolved in

methylene chloride (15.0 mL) and added, via addition flunnel, slowly to the rnixture over about 20

minutes and then the reaction mixture was stirred for an additional time (2.0 h). The solvent was

then removed by rotary evaporator and the resultant reside was extracted twice with hot hexane (2

x 100 mL). The hexane extracts were combined and the solvent removed by rotary evaporator to

yield compound 12 (1.02 g, 92 %) as a light yellow oil. This compound was pure enough to use

as obtained, in the following expcrirnent.
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Synthesis of compound 13: A series of reactions was performed according to the following general

procedure. Compound 12 (0.100 - 0.300 g, 0.28 - 0.38 mmol) was placed in a small, specially de-

signed reactor; the condenser and reaction pot were a one piece unit to avoid loss of material at

the usual glass joints. The reactor was sealed with a septum then ilushed with dry nitrogen through

a stainless steel needle; the nitrogen was vented through stainless steel needle. Toluene was added,

if a solvent was used, in the required amount to adjust the concentration of the TMA to 2.0 M.

The TMA (8.0 to 10.0 equivalents; a 4.0 to 6.0 equivalent excess) was added nvia syringe. The re-

action was heated for an amount of time necessary for completion of the reaction. The reaction

mixture was then diluted by addition of methylene chloride (2.0 mL) via syiinge to the reactor.

The septum was removed and the resultant solution was transfered to additional methylene chloride

(15 mL) at 0 °C. The reaction mixture was then poured into a solution of 1.0 M NaOH (20.0 mL)

and shaken vigorously. The aqueous layer was saturated with sodium chloride ( 3.0 g) and the

organic layer was separated. The aqueous layer was again extracted with methylene chloride (2 x

50 mL) to yield a mixture of compounds 13 and ll as an oil. The precent composition of the

products present was determined by capillary gas chromotograpy. Compound 13 was obtained in ·

pure form by by dissolving the above mixtures of compound 13 and ll in methylene chloride and

washing with 1.0 M NaOH. The organic layer was separated and dried with anhydrous magnesium

sulfate and the solvent was removed by rotary evaporator to yield compound 13, as an oil, of better

than 95 % purity as determined by gas chromatography. ~
”

Synthesis of compound 10: Compound 13 (0.200 g, 0.71 mmol) was dissolved in toluene (75 mL)

in a 200 mL round bottomed ilask. Anhydrous hydrogen chloride was then bubbled through the

relluxing solution for 6 h. At the end of this time, the solution was allowed to cool to room tem-

perature and the solvent was removed by rotary evaporator to yield a oily residue. This residue

was dissolved in methylene chloride (50 mL) and washed with 1.0 M NaOH ( 20 mL). The organic

layer was separated and dried over anhydrous magnesium sulfate and the solvent was removed by

rotary evaporator to yield compound 10 (0.018 g, 10 %) as a white solid.
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Determination of the Subutition Pathway

Reaction of compounds 8 and 9 with TMA

The examinantion of the substitution pathway for compounds 9 and 8 was performed according

to the following experimental procedure. Compounds 8 and 9 (0.75 mmol) were placed in a round

bottomed flask (10 mL) and the flask was sealed with a septum. The flask was then flushed with

dry nitrogen through a stainless steel needle , venting through an outlet needle. Toluene ( 2.4 mL)

and the TMA (0.58 mL, 6.0 mmol) were added via syringe. The reaction mixture was then heated

to reflux and aliquots (0.10 mL) were taken from the reaction mixture with respect to time and were

prepared for GC analysis in the following manncr. The aliquots were taken by syringe from the

reaction mixture and diluted with methylcne chloride (20.0 mL) at 0 °C . This solution was- then

poured into a separatory funnel containing 1.0M NaOH (10 mL). The reaction mixture was shaken

vigorously and saturated with NaCl (0.5 g). The organic layer was removed and the aqueous layer

was extracted again with methylcne chloride (30 mL). T11e organic layers were combined and dried

with anhydrous magnesium sulfate, the solvent was removed by rotary evaporatory to yield a white

powder. The resultant material was dissolved in methylcne chloride (10.00 mL) in a 10 mL

volumetric flask. The sample was then examined by GC and the present composition of cyclic

products was detemiined. The percent composition of the product for the reaction of compound

9 and 8 were determined by gas chromatography and are listed in Tables 3 and 4 in the text. The

yield of the final product, 11, was determined by gas chromatography to be 85 and -72 % for the

reactions of compounds 9 and 8.
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Reaction ofCompound 7 with TMA

The reaction of compound 7 with TMA was studied under three different sets of reaction condi-

tions. The reaction of compound 7 was studied with 10.0 equivalents of TMA (a 6.0 equivalent

excess) as a neat mixture at 110 and 130 °C and as a 2.0 M solution in toluene at reflux.

Reaction of compound 7 with 2.0 M TMA in toluene at rcflux: The reaction was assembled as fol-

lows. Compound 7 (5.00 g, 0.016 M) was placed in a round bottomed flask (200 mL) and flushed

with dry nitrogen as described above. The toluene (66.0 mL) and the TMA (16.0 mL, 0.166 M)

were added via syringe. An aliquot (2.0 ml.,) was taken and a reflux condenser was attached then

the reaction was heated to reflux. Aliquots were taken with respect to time and prepared for anal-

ysis in the following manrner.

Initially each aliquot was diluted with methylene chloride (30.0 mL) at 0 °C and the resultant sol-

ution was poured carefully into 1.0 M NaOH (50.0 mL), and transferred to a separatory furmel.

The mixture was shaken and NaCl (25 g) was added until the aqueous layer was saturated. The

organic layer was separtated and the aqueous layer was extracted with methylene chloride (2 x

50mL). The organic layers were combirned and dried with anhydrous magnesium sulfate, and then

filtered. The solvent was removed by rotary evaporator to yield the mixture of cyclic products.

The sample obtained were then arnalyzed using capillary gas chromotogaphy. The yield of the final

product, compound 11, was 63 %. The precent compositions of the cyclic products are shown in

Table V with respect to time.

Reaction of Compound 7 with Neat TMA

The reaction of compound 7 with 10.0 equivalents of neat TMA was studied at 110 and 130 °C.

An individual reaction was pcrfomed for each time shown in Tables V and Vll. Each reaction was

assembled as follows. Compound 7 (0.500 g, 0.0016 m) was placed in a flask (25 mL) and the flask
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was sealed with a septum. The reaction flask was tlushed with dry nitrogen as described previously

and TMA (1.6 ml., 0.0166 M) was added via syringe. The septum was removed and a reilux

condenser, with a steady llow of of dry nitrogen passing though it, was quickly attached and each

mixture was heated at 130 and 110 °C for the times listed in Tables V1 and VII. The reaction were

then prepared for analysis in the following manner. Each reaction was cooled to 0 °C and diluted

with methylene chloride (20.0 mL). This solution was then poured into additional methylene

chloride (80 mL) and cooled to 0 °C then poured into an aqueous solution of 1.0 M NaO1—{ (75

mL) at 0 °C, shaken vigorously and NaC1 (25 g) was added until the aqueous layer was saturated.
·

The organic layer was separated and the aqueous layer was extracted with methylene chloride (2 x

100 mL). The organic layers were combined and dried with anhydrous magnesium sulfate, filtered,

_ then the solvent was removed by rotary evaporator to yield a white powder. Each sample was

analyzed by capillary gas chromotograpy and the precent composition of each cyclic product pres-

ent was then calculated. The yield of the final product, compound 11, was 62 and 61 % for the

reaction at 130 and 110 °C. The values obtained at each time are shown Tables 6 and 7.

Reaction ofCompound 6 with TMA

The reaction of compound 6 was studied with 11.0 equivalents of TMA (a 6.0 equivalent excess)

in neat TMA at 130 °C and as a 2.0 M solution of TMA in toluene at reflux.

Reaction of compound 6 with Neat TMA : Compound 6 (2.50 g, 7.7 mmol) was placed in a round

bottomed flask (25 mL); the flask was sealed with a septum and flushed as previously described

with dry nitrogen. TMA (8.2 mL, 85.0 mmol) was added via syringe. The septum was removed

and a reflux condenser, with a steady flow of nitrogen gas passing through it, was attached and the

reaction mixture was heated at 130 °C, aliquots (0.2 mL) were taken and prepared for analysis in

the following manner.
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The aliquots were dissolved in methylene chloride (50 mL) and cooled to 0 °C The resultant sol-

ution was then poured into 1.0 M NaOH (50 mL) also cooled to 0 °C and the combined mixture

was shaken vigorously. The aqueous layer was then saturated with NaC1 (10 g) and the organic

layer was then separated. The aqueous layer was extracted with xnethylene chloride ( 2 x 50 mL)

and all of the organic layers were combined and dried with anhydrous magnesium sulfate, iiltered

and the solvent was removed by rotary evaporator. The resultant white solid was then analyzed

by gas chromotography. The values obtained for the percent composition are listed in Table VIII

and the plot of these values is shown in Figure 7.

Reaction of compound 6 with 2.0 M TMA in toluene at reflux: The same procedure that was used

for the reaction of compound 7 with 2.0 M TMA in toluene at reilux was used here. In this case

11.0 equivalent of TMA (17.4 mL, 18.0 mmol) was added to the reaction mixture. All of the other

amounts were the same. The values for the percent composition of each compond found are listed
_

in Table IX and are plotted in Figure 8.

Ring-opening Reactions: _

Reaction of Compound I4 with TMA:

A typical reaction was carried out as follows: Compound 14, (1.00 g, 2.3 mmol) prepared by

published procedures,°° was placed in a 25 mL, two neck, round bottom flask. One neck contained

a rellux condenser, attached to and inert atomosphere system, while the other neck was scaled with

a septum. The tlask was then flushed with dry nitrogen gas for 20 m. lf any solvent was to be used

it was introduced at this point, by syringe, followed by the TMA, again added via syringe. Fol-

lowing addition of all the reagents, the septum was replaced with a ground glass stopper. The re-

action vessel was then heated to the required temperature with the use of a thermoregulated oil
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bath. The quantities of TMA employed, and the reaction times and temperatures are listed in the

Table X.

After the reaction was complete, the mixture was cooled to 0 C in and ice bath and diluted with

25 mL of methylene chloride. The reaction mixture was then opened to the atomosphere and a

further 75 mL of ice cold methylene chlroride was added. This solution was then poured carefully

into aqueous sodium hydroxide(75 mL, 1.0 M, 0°C, and the whole mixture transferred to a
”

separatory flunnel. After vigorous shaking, the organic layer was removed and the aqueous layer

washed with methylene chloride (100 mL). The organic layers were then combined and dried over

magnesium sulfate. The solution was filtered and the solvent was removed to yield the fully sub-

stituted cyclic product. The aqueous layer was then saturated with NaCl (25 g) and extracted with

methylene chloride (2 x 100 mL). The organic layers were then combined and dried over

magnesium sulfate. Filtering and removal of the solvent yielded the linear product which was re-

crystallized from a mixture of methylene chloride and hexane as the water adduet. The pure

phosphazene salt could be obtained by drying the material produce under vacuum at 130 C for 8

h.

Synthesis of compound 18 : Compound 14 (2.91 g, 6.8 mmol) was placed in a round bottomed flask

(25 mL) and the flask was sealed with a septum. The ilask was then tlushed with dry nitrogen and

toluene (15 mL) was added via syringe. TMA (2.6 mL, 27.0 mmol) was carefully added via syringe

and a rellux condenser was attached. The reaction mixture was heated at reflux for 48 h. After

cooling to room temperature the reaction mixture was poured into methylene chloride (100 mL)T
and neutral alurnina powder was added to the mixture in a well ventalated fume hood until degasing

had eeased. The mixture was filtered and the solvent was removed to yield a pale yellow material

(1.97 g). The desired product, compound 18 (1.03 g,39 %), was recrstallized from a mixture of

hexane and methylene chloride.

The reaction of compound 18 with TMA: These reactions were carried out in a similar manner to

that described above. Compound 18 (0.100 g, 0.26 mmol) was placed in a specially designed reactor
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where the flask and rellux condenser were combined. This vessel was then flushed with dry nitrogen

and the solvent and/or TMA were added as previously described. When the reaction was complete,

U the mixture was removed from the reactor by syringe and diluted with ice cold methylene chloride

(20 mL). The solution was then poured into aqueous sodium hydroxide (25 mL, 1.0M, at 0 °C)

and shaken well in a separatory funnel. The organic layer was removed and the aqueous layer was

washed with methylene chloride (25 mL). The organic extracts were combined and dried over

magnesium sulfate and frltered. The removal of the solvent yielded the fully substituted cyclic

product. The aqueous layer was then saturated with NaCl and again extracted with methylene I
chloride (2 x 50 mL). After drying over magnesium sulfate and frltering the solvent was removed

to yield the linear molecule. This material could be purified as described above.

Reaction of compound 16 with sulfuric acid: Compound I6 (0.50 g, 1.3 rnrnol) was placed in a

. beaker (100 mL) and concentrated sulfuric acid ( 2.5 mL) was added dropwise. The reaction

evolved a gas immediately, and the evolution ceased after about 2 minutes. After the reaction

ceased the solution was cooled to 0 °C and poured slowly onto ice (10.0 g). The resulting mixture

was made basic by adding 50 % NaOH until the mixture tested basic with pH paper. The new

product, compound 17, was extracted from the aqueous layer with methylene chloride (2 x 50 mL).

The organic layers were combined and dried with anhydrous magnesium sulfate, filtered, then the

solvent was removed to yield the linear phosphine oxide compound 17 (0.349 g, 75%) which was

purified by crystallization from a mixture of methylene chloride / hexane give the pure compound

18 (0.31 g, 65 %).

Monitor of the reaction of compound 14 with TMA by "P NMR: Compound I4 (0.184 g, 0.43

mmol) was placed in a 10 mm NMR tube and the tube was sealcd with a septum. The tube was

then flushed with dry nitrogen through a stainless steel exit needle. Toluene (1.58 ml.) was then

added followed the TMA (0.42 mL, 4.29 mmol) via a syringe. A (‘H)"P NMR spectrum was

obtained and the reaction mixture was heated in an oil bath at 100 °C. (‘H)"P NMR spectrum

were obtained with respect to time. The stacked plot of the spcctra obtained is shown in Figure

9.
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Monitor of the reaction of compound 1 with TMA by "P NMR: Compound ll (0.50 g, 1.4 mmol)

was placed in a small reactor. The reaction vessel was sealed with a septum and flushed well with

dry nitrogen as described above. TMA (1.4 mL, 14.0 mmol) was added carefully via syringe. The

mixture was heated slightly to dissolve compound 11 and an aliquots (0.01 mL) was taken and

dissolved in CDC], (1.75 mL) and a (‘H)“P NMR spectrum was obtained. The reaction mixture

was then heated in a oil bath at 130 ° an aliquots were taken with respect to time, dissolved in

CDC], (1.57 ml.,) and a (‘H)"P NMR spectrum was obtained on each sample. The spectra ob-

tained were plotted and are shown in Figure 10.

Monitor of the reaction of compound 11 with TMA by "P NMR: This reaction was assembled as -

described above. Compound 11 (0.33 g, 1.4 mmol) and TMA (1.4 mL, 14.0 mmol) were placed

in a small reactor. An initial aliquot was ta.ken and dissolved in CDC], (1.75 mL) and a (‘H)"P

NMR spectrum was obtained. The reaction mixture was then heated in and oil bath at 130 °C and

aliquots were again taken with respect to time and a
(‘H)“

P NMR spectrum was obtairred on each

sample. There was no apparent change in the reaction mixture and only compound ll was ob-

served, in the (‘H)"P NMR spectra throughout the reaction.

Additional Reactions of Alkylaluminum Reagents.

Reaction of compound 1 with TEA: Compound 1 (2.0 g, 5.8 mmol) was placed in a one neck round

bottomed tlask and the flask was sealed with a septum. The reaction vessel was then ilushed with

dry nitrogen and TEA (8.0 mL, 58.0 mmol) was added carefully via syringe. Upon addition of the

TEA reaction degassed rapidly and became warm. When the degassing had ceased an aliquot (0.3

mL) was removed and dissolved in CDC], and a (‘H)"P NMR spectrum was obtained (Figure

lla). The reaction mixture was then heated at 130 °C for 7 h. After heating for 7 h the reaction

mixture was cooled to 0 °C and another aliquot was removed and dissolved in CDC], and a
(‘

l1)" P

NMR spectrum was again obtained (Figure lib). The remainder of the reaction mixture was di-
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Iuted with methylene chlonide (400 mL) and cooled to 0 °C then carefully poured into 1.0M NaOl·I

(400 mL) and then transferred to a separatory funnel (1.0 L). This mixture was shaken and the

organic layer was removed and dried with magnesium sulfate, filtered, and the solvent was removed

by rotary evaporator to yield an oil (0.60 g). This resultant oil was found to consist of the cyclic

and linear phosphazenes, compounds 23 and 21.

The aqueous! layer was then saturated with NaCl (50 g) and extracted with methylene chloride (2

x 200 mL). The organic layers were combined and dried with anhydrous magnesium sulfate. The

solvent was removed to yield compound 21 as an oil (1.31 g, 60 %).

The reaction of compound 14 with TEA: Compound (1.0 g, 2.3 mmol) was placed in a 25 mL

one-necked round·bottomed flask and the flask was sealed with a septum and llushed with dry ni-

trogen. The TEA (2.5 mL, 20.0 mmol) wasladded carefully via syringe then the septum was re-

moved and a rellux condenser was quicldy attached. The reaction was heated at 130 °C for 14 h

in an oil bath. After the reaction reached completion the mixture was cooled to O °C and diluted

_ with methylene clnloride (20 mL). This solution was then diluted with additional methylene

chloride (75 mL) in an open beaker in a well ventilated hood and cooled to 0 °C . The solution

was then poured into 1.0 M NaOH (100 mL at 0 °C) also in an open beaker (500 mL). The mix-

ture was then transferred to a separatory furnnel (1.0 L) and shaken vigorously. The organic layer

_ was removed and the aqueous layer was extracted with methylene chloride (100 mL). The organic

extracts were combined and dried with anhydrous magnesium sulfated, fnltered and the solvent was

removed to yield and oil (1.02 g). The resultarnt oil was then dissolved in methylene chloxide (100

mL) and fnltered through short column of silica gel (25 g). Removal of the solvent by rotary

evaporator yielded compound 22 (0.42 g, Sl %) as a pale colored oil.

Reaction of compound 1 with TIBA: Compound 1 (1.00 g, 2.89 mmol) was placed in a one-necked

round bottomed flask and the llask was sealed with a septum. The flask was then flushed with dry

nitrogen tlnrough a stainless steel needle and venting through a stainless steel needle. Toluenc (10.0

mL) was then added followed by neat TIBA (4.2 mL, 17.3 mmol) via syringe. The septum was
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quickly removed and a retlux condesenser was attached with a stream of nitrogen gas passing

through it. The reaction mixture was then heated at reilux for for 24 h. After cooling to room

temperature, the reaction mixture was diluted with methylene chloride (100 mL) and poured slowly

into aqueous sodium hydroxide (1.0 M at O °C then transferred to a separatory flunnel and shaken

vigorously. The organic layer was separated and the aqueous layer was extracted again with

methylene chloride (2 x 100 mL). The organic layers were combined and dried with anhydrous

magnesium sulfate, filtered, and the solvent was removed with a rotary evaporator to yield an oil
U

(0.98 g). The resultant oil was a mixture of products which could not be isolated or identified.

Reaction of compound 1 with DIBAH: Compound l (1.00 g, 2.89 mmol) was dissolved in hexane

(25 mL) in a single necked round bottom flask. The ilask was llushed with dry nitrogen using

stainless steel needles then DIBAH (3.0 mL, 18.00 mmol) was added dropwise via syringe. The

addition was very exothermic with the liberation of a gas which was not idenitiiied. The solvent

was removed under reduced pressure to yield a_white cyrstalline solid (3.61 g). This solid was not

soluble in organic solvents and reacted violently with water. The resultant white solid was placed

in methylene chloride and aqueous sodium hydroxide (100 mL) was added slowly. The white solid

decomposed slowly in the aqueous solution. This solution was then transferred to a separatory

llunnel and shaken vigorously and the organic layer was separated. The aqueous layer was then
i

extracted with methylene chloride ( 100 mL). The organic layers were combined and dried with

anhydrous magnesium sulfate, filtered and the solvent was removed with a rotary evaporator to

yield an oil (0.78 g) which upon analysis was found to be a complex mixture which could not be

separated of identified.

Complexation Study

‘H
and "P NMR: The complexation study on compound 1 and its methyl derivitives was per-

formed following the general procedure described below. These studies were performed on a 200
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MHz Bruker NMR sptectrometer. The samples were place in 5 mm thin walled NMR tubes which

were prepared The tubes were prepared by drying in an oven (140 °C ovemite, and then transferred

to an inert atomosphere dry box. A capillary tube containing the extemal standard H,PO,, was

placed in each tube and the tubes were sealed with ruber septums. The samples were introduced

via injection with a syringe (1.0 mL) under nitrogen atmosphere.

The reaction mixture was prepared as follows: The phosphazene (6.5 mmol) was placed in a one

neck round bottomed llask (25.0 mL). The flask was then llushed with dry nitrogen using stainless

steel needles; one was attached to the nitrogen line and the other was used as the vent. The solvent,

CDCI, (18.0 mL) was dried over molecular sieves and introduced by syringe. The phosphazene

was allowed to dissovle and an aliquot (0.40 mL) was taken. The TMA (0.2 1.3 mmol) was added

via syringe and another aliquot (0.40 mL) was removed and placed in an NMR tube. This proce-

dure was repeated until the ratio of phosphazene to TMA was 1:5 eq in the reaction flask. The
‘H

and (‘H)"P NMR spectra were obtained of each sample. The analysis of the spectra obtained in

presented in the text.

After the
‘H

and (‘H)"P NMR spectra had been obtained the sample mixtures were diluted, in

the NMR tubes, with methylene chloride and were recombined with the reaction rnixture and di-

luted further with methylene chloride (100 mL). The mixture was then poured slowly into 1.0M

« NaOH (75 mL) a.nd transferred to a separatory funnel and shaken vigorously. The organic layer

was separated and the aqueous layer was saturated with NaCl (20 g) and extracted with methylene

chloride (100 mL). The organic layers were combined and dried with anhydrous magnesium

sulfate, filtered and the solvent was removed by rotary evaporator to give the retum of the starting

material (> 90 %).
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