PHOSPHORUS-CONTAINING INORGANIC AND SEMIORGANIC POLYMERS

ABSTRACT

The synthesls of new phosphorus-containing polymers expected
to have high thermal stablllity was the obJect of thls research.
Accompanying thila effort has been a study of model compounds and
prototype reactions, to obtain Information on bond formatlon and
bond stability.

Among phosphorus-contalining compounds, those contalning the
P-C-P linkage have unusual thermal stabllity. For example, several
methylene and phenylene bls diphenylphosphine oxlides are stable
to 425-450°C (797-842°F). For this reason, the preparation of
P-C~-P type polymers by addition and condensation reactions using
g varliety of monomers under widely varlied conditions was attempted.

Fundamental studiesg of the chemistry of P-C compounds are
described. Reorganization studies indicated that the CgHs-P bond
is probably stable to at least 400°C.

Polymers of the polyamide type with phosphorus in the backbone
are desgseribed. Some prepared from a blbenzimidarole were stable
to 425-450°C. (797-842°F), albelt of low molecular weight. Model
compounds contalning the phosphorus-imlidazole bond showed stabll-
1tles as high as 500°C. (932°F.).

PART I. CONDENSATION POLYMERS FROM DIFUNCTIONAL
PHOSPHORUS COMPOUNDS AND DIAMINES

M. L. Nielsen, R. Z. Greenley, D. W. Grisley,
T. J. Morrow, Leo Parts, W. E. Weesner,

Monsanto Research Corporation, Dayton, Ohio

TINTRODUCT ION

Polyamlides contalnling phosphorus appeared to be a promising
type of linear polymer containling the very stable PN bond.
Reactlons were therefore investigated which would yield polymers
of the type

R" R"
|
f—-N*—R'—-ﬁ

R
n

with the deslred thermal stabllity to be obtained through selectlon
of R, R' and R",
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RESULTS

Preparation of Polymers

The reaction of sultable difunctional phosphorus compounds
with dlamines was used to form polymers. Thus, a dichlorophos-
phorus compound (e.g., phenylphosphonic dichloride) was reacted with
1,6-hexanediamine in the presence of a neutralizing agent such as
sodlum hydroxide or pyridilne.

0
01-$-01 + NHz(CHz )gNH2
GHS

NaO

—%—-NH(CHa)eNH- + 2NaCcl (1)

Hs
© n

This method was used with several variations: reaction in an
anhydrous medium wlth a homogeneous neutralizer such as tri-
ethylamine or with a dispersed phase neutralizer such as sodium
hydride, and reaction in a two-phase (interfacial) system using
aqueous sodium hydroxide as the neutralizer. The last variation,
which has been investigated in detall by Wittbecker and Morganl
using reactants not containing phosphorus, was successful wlth
aliphatle and aryl-allphatic diamines. With aromatic dlamines,
however, polymer formatlon was precluded by preferentlal reaction
of the dichloro compound with water.

Another method which proved useful for aromatlic diamines
involved transamination: heating a diilmldazolyl phosphorus compound
with a diamine caused release of the Imidazeole and formaticon of
the polymer. This approach has been pursued by Staab? and co-
workers in preparing nonpolymerle materials.

Tm-P-Tm + NH@NHg — E-N}@N}{- + 2TmH
els

els

CH=N
where Im = “N’,

“\CH=CH
Typlcal polymers and thelr properties are listed 1n Table 1.

Propertlies of Polymers

As shown 1n Table 1, the varlious polymers varied widely i1n
softening polint and decomposltion polnt. In general, the polymers
from alliphatic diamines had low soffening points and decomposed
below 325°C. Those containing aromatic moleties softened at higher
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temperatures and were more stable. PFor example, 4,4'-methylene-
dianiline gave a polymer softening at 185-190°C. and decomposing at
370-390°C.

The most stable polymers were those prepared from 5,5'-bibenz-
imidazole, which did not soften at thelr decomposition polnts,
30-450°C. '

Based on thelr viscoslties, it appears that the degree of
polymerization of all these polymers was low. This was also shown
1n some I1nstances by ebulliometrie molecular welght determinations.

Model Reactlons and Compounds

Prototype condensations were conducted wilith monofunctional
reactants to learn msomethlng about the problems that would be
encountered 1n polymer-forming reactlons. Incomplete reactlons
or reactions involving undesirable by-products are undesirable
in forming condensatlon polymers.

Thus, the reaction of various chlorophosphorus compounds
with aromatlc amines proceeded as follows:

80°
CeHsP(0)Clz + UCgHsNHz —=—>
CeHsP(0) (NHCeHs)2 (98%) + 2CeHsNH2-HCL (2)
CeHsOP(0)Clz + 4CeHsNHz —Dls

CeHsOP(0)(NHCgHs)2 (70%) + 2CgHsNHz+HC1 (3)
CGHSN(CHa)P(O)Clz + 4CaHsNH2 ._'L% °
CeHsN(CHa )P(0)(C1)NHCsHs (30%) + CeHsNHz-HC1 (%)

CeHsP(0)Clz + xs8 CeHsNHCHs —BL >
CeHsP(0)(C1)N(CHa)CeHs (90%) + CeHsNHCHg-HC1 (5)
POCla + x8 CeHsNHCHs -1805
(CeHsNCHs )aPO (43%) + CeHsNHCHg-HC1 (6)
+ (CeHsNH)sPO (16%)
In reaction (4) the phosphoramidic chloride appears relative-
1y unreactive compared to nonamidic chlorides (cf. reactions (2)
and (3)). This is attributed to the ability of the N-methylanilido
radical to reduce the positive character of the phosphorus atom.

Thig 1s further 1llustrated in the following transaminatlon
reactlons:
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CeHsP(0)Imz + CeHsNHz —L[9%
CeHsP(0) (NHCeHs)2 + 2ImH (78%) (7)
CoHsP(0)Ims + CeHsNHCHg —LO%

CeHsP(0)(Im)N(CHs )CsHls (52%) + IMH (8)
CeHsP(0)Imz + (CeHs)zNH 105
CeHsP(0)(Im)N(CeHs)2 (68%) + IMH (9)

[« ]

CeHsN(CHa )P(0)Ime + CeHsNHz —(25 No reaction  (10)

In reaction (8) substitution by one N-methylanilido group
reduced the positilve character of phosphorus atom to such an
extent that no further substitutlion oecceurred. The same was true
in reaction (9). In the absence of the N~methylanilido group,
disubstitution took place, as indicated in reaction (7).

The use of sodium derdvatives in preparing amldes appears
promising. In comparison with reaction (6), the use of a sodium
amide derivative gave a better yleld of the triamlde:

POCls + 3CeHsN(CHa)Na —BL> (CaHsNCHa)sPO (62%) + 3NaCl (11)

Also, the formation of N,N',N"-phenylphosphoric triamide was not
encountered in the latter reactilon.

Another successful use of an N-sodium derivative was:
(CeHs0)2P(0)C1 + NaN(CHs)P(0)(0CeHs)2 —59%
(CeHs0)2P(0)N{CH3)P(0)(0CeHs )2 (23%) + NaCl (12)
The analogous reactlon of the free amide did not go:
(CeHs0)2P(0)C1 + HN(CHs)P(0)(OCsHs)2 (13)
Model compounds have been used to compare the relative

8tabillty of chemleal bonds. Table 2 llsts a serleg of such com-
pounds, one of which decomposes above 500°C.
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Table 2,

Thermal Stablllity of Model Compounds

CeHsP(0)(NHCeHs ) 2
CSHSP(O)::N(CHs)CgHs

NIm
New Compounds

DecoTp.
Pt': C.

210

=> 460

= 500

New compounds prepared under this contract are listed in
Table 3. X-ray diffrgetion data for many of these compounds have

been submitted for publlication.

Table é.

New Compounds Prepared

Compound m.p., °C

b.p.,°C/mm

Disodium phenylphosphonate dlhydrate
Monosodium phenylphosphonic acid

N-1,3~-Propanedliamine phenylphosphonamidic
acid

N-1,3%-Diamlno-2-propancl phenylphosphonamidic
acid

1,2-Propanediamine salt of phenylphosphonic
acld

1,2-Propanedlamine salt of phenylphos-
phonle acid, l.5-hydrate

1,%-Propanediamine salt of phenylphos-
phonic¢ acid, 1.5-hydrate

1,3-Dlamlno-2-propanol salt of phenyl-
phosphonic aecid

N-Cyclohexyl phenylphosphonamidle acid

509

248-50

204-7

214-17

194-8

238-42

217-21

235-55



Table 3. (Contd.)

Compound

1,3-Dlethyl-2-phenyl-2-oxo0-1,3,2-
diazaphospholidine

N,N'-Dieyclohexyl methylphosphonothl-
onic dlamide

Piperaﬁine bis(phenylphosphonochloridic
acld

N,N'-Dicyclchexyl phenylphosphonle
diamide

N-Methyl-N-phenyl-N'-phenylphosphoro-
diamidic chlorilde

N,N'-Dicyelohexyl-N"-methyl-N"-phenyl-
phosphoric trlamlde

N,N'-Dicyclohexyl~-N",N"-dimethyl-
pheogphoric triamlide

N-Methyl~-N-phenyl-P-phenylphcsphon~
amidic chloride

N-Cycelohexyl-N'~-methyl-N"-phenyl-phenyl-
phosphonlec diamide

Bis{l-1midazolyl)-phenylphosphine oxide

P,P-Bis(1l-imidazolyl)-N-Methyl-N-phenyl-
phosphinie amide

N,N'-Dicyclohexyl-phenylphosphonic
diamide

N,N'-Dimethyl-2,2,3,3,4,4-hexafluoro-
1,5~dlamlinopentane

N,N'-Dicyclohexyl-1,4-dlaminocyclohexane

P-1-Imidazolyl-N,N~diphenyl-P-phenyl-
phosphlinic amide

P-1-Imldazolyl-N-methyl-N-phenyl-P-
phenylphosphinic amilde

Hexaphenylphosphorous triamide

510

m.p., °C.

b.p., °¢/mm

117-19

110~-20

164-7

162-3

97-8

103-4

4o

123-4
98-100

122-3

162-4

80-4
82-5

170-174

108-120
281-7

155-75/2.5



Table 3. (Contd.)

Compound m.p., °C. b.p.,°C/mm
Diphenylphosphoramidous dichloride 4o-41

Sodium diphenylamlde monoammoniate

5,57-Bibenzimidazole 280-3

SUMMARY

New phosphorus polyamides contalnling the bibenzimidazole
molety showed decomposition points of 425-450°C. (797-842°F.)
and dld not soften below this temperature. The molecular weights,
as Ilndicated by viscosities, were low. One model compound,
P-1-imidazolyl-N,N~-dlphenyl-P-phenylphosphinic amlde, showed a
decomposition point of about 500°C (932°F.).

REFERENCES
1. Wittbecker, E. L. and Morgan, P. W., J. Polymer Sei., 40,
289 et seq. (1959).
2. Staab, H. A., Chem. Ber., 89, 1927 (1956).
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PART II. P-C-P POLYMERS

J. R. Van Wazer, D. C. Bisno, (George Brautigam, J. R.
Brennan, G. M. Burch, C. F. Callis, M, M. Crutchfield,

D. R. Dyroff, 8. J. Fitch, L.C.D. Groenweghe, H. K.
Hofmeister, R. R. Irani, S. K. Llu, David Matula, Tudwig
Maler, Kurt Moedritzer, Gary Roth, H. E. Ulmer, J. T. Yoder

Monganto Chemlecal Co., Inorganic Chemlcals Division
St. Louls, Missouri

INTRODUCTION

Theoretical conslderations indlcate that molecular stabllity
wlth respect to breaking and making of bonds can be divided into
two categories:

a. Reaction of a compound with its environment wilth con-
comitant reduction in the over-all free energy at the temperature
under question.

b. Structural reorganization in whlch neighboring molecules
whlch are ldentlcal or belong to the same chemlcal family react
wlth each other by exchange of indlvidual 1llgands.

The widely accepted oplnion that high values of bond energles
i1n polymers wlll lead to good thermal stabllity is not correct
for either reaction wlth the environment or structural reorganiza-
tion. Instead of bond energles, however, the important factors
wlth respect toc the thermal stability are the actlivation energies
and free energlies of the reactlons responsible for thermal
degradation. Based on studlies of the rate of reorganization of
various ligands attached to triply and quadruply connected
phosphorus atoms, it was concluded that quadruply connected
structures with P-C-P linkages should exhiblt a higher thermal
stablllty than the majorlty of other phosphorus compounds. As
a result, considerable effort has been spent on the preparation,
geparation and evaluation of such types of structures. MaJor
difficulties have been encountered 1n formlng the essentlal
P-C-P brldge 1in polymers, a problem which has not yet been solved
to any degree of satisfaction 1n splte of the study of many
different, apparently promising synthetic approaches. Because it
has not been posslble to prepare and separate satlsfactorily a
pure polymer with P-C-P backbone, efforts have also been directed
toward the preparation of dimers and trimers, the thermal stabllity
of which would be a good indication of what can be expected from
the longer polymers themselves. Thus, 1t was found that tetra-
sodium methylenediphosphonate /(NaO)zP(0)-CH2(0)P(ONa)s/ was
stable up to 500°C in a nitrogen atmosphere and up to H00°C in air.
This result has been very encouraging to the research directed
toward the preparation of P-C-P polymers.
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In phoaphorus chemistry, the more stable compounds are based
on elther g triply connected or quadruply connected phosphorus.
Let us assume that the compound PXs (or alternately, say, OPXs)
undergoes structural reorganizatlon with the compound PYas (or
alternately OPYs). In this case, the intermediate compounds
PX2Y and PXYz are formed. All of the multitude of reorganization
reactions involving compounds from the group PXa, PX:zY, PXY¥s, and
PYs to glve other compounds in thils group can be derived from the
followlng palr of equatlons for which equilibrium constants are
given.

2PXzY = PXsz + PXYs (1)
Ki = (PX3)(PXYz2)/(PX2Y)? (2)
2PXY> = PYas + PXaY (3)
Ko = (PYs)(PXaY)/(PXY2)? (4)

It has been shown mathematicallyl that Ki1 and Kz willl equal
1/3 if the X's and Y's exchange wilth each other in a completely
random manner. Examples of reorganlzation 1n phosphorus chemistry
have been the sub&ect of a recent series of papers from thlas
1aboratory.1:2’3’ s

When X 1is chosen to be a monofunctional ligand (e.g. a
chlorine atom) and Y a difunctional ligand (g;g, a bridging
oxygen atom), the POXp¥, POXYz, and POYs groupings do not
represent molecules but are parte of molecules--end groups,
middle groups, and branch groups, respectlvely, making up poly-
phosphorus structurea. It 1s quite obvious that these structural
buillding unlts c¢an never appear lndependently and must always be
connected together 1in the form of molecules, so that equatlons
1 and 3 then represent only part of the over-all reorganlzation
process--that part involving only change 1n functlonallty of a
bullding unit. The true reorganization consists of the
concomltant actlion of this change of functicnality with a process
which 1s mathematleally equlvalent to the sorting or reshuffling
of these bullding units between and within molecules. Completely
random reshuffling can be treated mathematically.

Although kinetic studles have not previously been carried
out on the rates of reorganization, approximate values of these
rates were obtalned. Examples of this type of work are the
followlng: The phosphorus trlhalides show detectable reorganiza-
tion at room temperature fifteen minutes after being mixed.
Equilibrium appears to be reached 1n less than a week at room
temperature., Correapondingly, the oxyhalldes or thiohalides
reorganize much more slowly at room temperature; but, at 265°F.,
detectable reorganization is found in about an hour, with
equilibrium being achieved in less than a week. Reorganization of
methyldichloropheaphine to glve the equilibrium mixtures of PCls,
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(CHa)PClz, (CHa)2PCl, and (CHs)aP 18 so slow at 450°F. that no
chemlical change could be detected after 65 hours, with equilibrium
taking much longer. However, at 575°F., equilibrium is achieved in
65 hoursa. At this same temperature, methylthilonophosphonic
dichloride shows no appreclable reorganlzation.

From these types of studies, several broad conelusions were
made: Plrat, 1t appears that the rate or reorganization of various
bonds to phosphorus lle in the followlng order:

P-F>P - Cl>P - Br>P - 3>P - O=>>P - C

Secondly, bonds to triply connected phosphorus reorganlze much
faster than bonds to quadruply connected phosphorus. Thls means
that chaln structures based on P - C - P linkages, with the
phosphorus being quadruply connected, should exhibit a higher
order of thermal stabllity than the maJority of compounds based
on elther carbon or phosphorus.

DISCUSSION

This resgearch included a number of different attacks on the
general problem of producing polymeric structures contalning
phosphorus. Among them are studles of compounds of the following
types: P-C-P, P-C-S-P, P-C-0-P, polyphosphinates, polyphosphilnes,
phosphonium salts, phosphosllicones, P-N-C-P polymers, and P-B
polymers.

P-C-P Type Polymers

A gatisfactory method for making polyphosphlne oxldes or
gulfides has not been found. The most promising reactlon is the
condengation of methyl, chloromethylphosphinic¢ chloride with
zine or magnesium.

0 0
n C1-P-CHzC1l + n Mg —> | -P-CHa- + n MgCls (1)
CHa CHs

n

However, a pure low molecular welght polymer could not be
gseparated out of the reaction mlxture 1in splte of conslderable
effort in this direction.

Various other approcaches to obtaln this type of polymer were
not successful. These include the followlng reactions:
(Z = oxygen or sulfur atom)

y Z
n HZCH>-P-CHzZH + n Cl-P-Cl— {~P-CHz-P-CHz- + 2n HC1 (2)
CHs CHs CHa CHa

n

Methyl, blshydroxymethylphosphine and methyldichloro-
phosphine reacted to glve mixtures of monomeric quadruply con-
nected phosphorus compounds, whereas methyl, blshydrothlomethyl-
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phosphine could not be prepared.
The condensation reactlon

0 0 H
n XCHp-P-OR + nNaH —> n NaOR + nHz + I}P-C;] (3)
Y Y X
n

in which R = alkyl or aryl group, X = H or R and Y = R or OR was
Inveatigated. Various reaction products were obtalned in com-
plicated mixtures and deflnite proof of the presence of even small
amounts of the desglred struectures could not be obtained.

P-C-3-P Polymers

By reactlng methyl, blshydrothiomethylphosphine with methyl-
dichlorophosphine, a P-S-C-P type polymer can be expected to
form: :

n HSCH»-P-CH28H + N Cl-P~Cl—=> }{P-CH2-S-P-8-CH»> ()
CHa CHa CHs CHa

Upon heatlng, an Arbusov type rearrangement can be expected
to oceur:

S
P-CHz-S-P-S-CHp | —a» P-CHz2-P-3-CHz
CHs CHa n CHg CHs n (5)
The sulfur in the nonbridglng position is attached to a
phosphorus connected to two carbon atoms and one other sulfur.
Accordling to prevlious findings, 1t would be expected that this
sulfur will be attracted by the triply connected phosphorus atoms

which are bonded to three carbon atoms, thus freeing the isolated
position of the first phosphorus for another Arbusov rearrangement:

S S S
{%QCH2~P~S-CHé}—e> {%-CHz—P—CH%] (§)
CHs n CHs CHg n
A majJor problem 1n thils scheme 1s the preparation of the
starting material methyl, bishydrothlomethylphosphine. Although
methyl bis(hydroxymethyljphosphine was easlly prepared from methyl

phogphine, the preparatlion of the analogous compound, methyl bls-
(hydrothiomethyl Jphosphine was unsuccessful.

P-C-P Polymers by Reorganlzation of PCOP Linkages

It was expected, from chemlcal analogy¥, that the reactions

n HOCH=PCH=20H + n ClPC1 —> f}—O—CHg—P~CH2—O€]

CHa CHa | CHa CHa n (7)
on [0 o O 0
150 € b (Hp-P-CHa-04 229 P-CHg—P—CH%]
CHs o CHs  CHa np
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would proceed, one of the oxygens migrating over a carpon and a
phosphorus atom to the isolated position. It is known” that the
P-O bond breaks easily at 150°C.

The hydrogen n-m-r spectra of the product showed that the
expected P-CHz-P grouplng was not present.

Polyphosphinates

The reactlon of sodlum hydride with phosphonate esters might
be expected to be analogous to the acetoacetle ester condensation
and proceed by the equation:

0 0 HO
n XCHz2-POR + n NaH-> n Hz + nNa® ~CHX-POR-=»n NaOR + {.-%J (8)
Y Y x Yl,

The proposed reactlon seems to be workable with phosphonate esters
to produce polyphosphinatea. The followlng phosphonates were
tried (X, Y and R in Reaction (12) are given)

X L R

H OCHa CHa (three attempts)
c1 OCzHs CzHs

POs(C2Hs )2 0C2Hs CzHs

H 0C4Hg C4H9(two attempts)
CeHs OC2HZ CaH%

In each case, the deslired reactlon was aborted through loss of
reactants as insocluble ester-salts. Minor amounts of new materials
have been detected, but could not be separated, and the approach
has been abandoned.

Polyphosphines

The successful utllizatlon of the reaction described in the
literature to give the diphosphine (CeHs)2PCHzP(CeHs)z:

2 (CgHs)2PK + CHzClz —> {CeHs)2P-CHz-P(CgHs)2 + 2 KC1  (9)

prompted us to study the appllication of this type of reactlon to
the aynthesls of polymers according to the followlng eguation.

(CeHs)PKz + CH2Clap —>» 1/h_£?(CBH5)—CHg7n + 2 KC1 (10)

When the above reaction was run in dloxane as solvent, 1t was
found, however, that only about 34% of the Cl available in methyl-
enedichloride could be detected as KCl in the 1nsoluble residue

of the reaction product. The P23 n.m.r. spectrum of the con-
centrated dioxane solution contalning the reactlon product showed
about 10 peaks in the range -50 to -7 ppm. No efforts have been
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made to separate the varlous products.

One of the reasons for the fallure of this research seems
to be the intermediate formation of a c¢arbene,

(HaClz —EscH201T + ko1 2228, cHo (11)

which may enter severgl slde reactions with the present phosphorus
compounds. Such a reactlon 1s favored by a basic reactlon medium
as 1a the cage 1n solutions of dlpotassium, phenylphosgphine.

Intermediate carbene formation could very well be the reason
for gseveral other unsuccessful reactionsg using methylene dichloride
or 1ts derivatives 1n baslc media for syntheses, e.g.,
CHzClz + NaPO(OEt)z, and (CgHs)2P{0)CH2C1 + KP(ceHja.

Phosphonlum Salts

The principle of the phosphonium salt formatlon applied to a
rhoaphorus compound containing the iodomethyl group and the lone
electron palr of a triply connected phosphorus atom in one molecule
should yield polymeric structures.

03H5 CBHE +
- CHeI ——x—> 1/n |- P - CHz I™ (12)
els Cals

A model reactlon has shown that an icdomethyl group directly
attached to phosphorus quaternizes easily with triphenylphosphine.

(CeHs)asP + ICHEP(O)(OEt)gw—-'E»[(CE,H_..—,)SPCHEPO(OE‘G)37+ T (13)

The quaternized product gave a P®! n.m.r. shift (-22.2 ppm) which
is typlecal for triphenylphosphonium salts: (CgHs)sCHsPt I~ gives
-21.0 ppm. Slnece only one peak was obtalned, 1t must be con-
cluded that the other phosphorus atom in the molecule, the
"phosphonate" phosphorus, has 1ts n.m.r. peak at about the same
posltion and thus causes an overlap of the two resonances.

An intermediate for the monomer starting material was prepared
according to a procedure which has been reported in the literature
for n = 2:

Hs0
(CeHs)2PK + (GHg)nO—€>(03H6)EP(CHg)nOK-———%>(CSH5)2P(CH2)HOH

The resulting hydroxyphosphine should be converted (14)
to the correspondlng lodoccompound.
HI
(CeHs)2P(CHz},,OH ——=(CeHs)2P{CHz),T (15)

which 18 expected to quaternize as stated above.
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The reactlon product according to reaction 41 for n = 2
proved to be the @-hydroxyphosphine as indicated by its P*in.m.r,
shift of +22.9 ppm. The corresponding compound for n = 1 which
was obtained from potassium, diphenylphosphlne and paraformaldehyde
gave an n.m.r. peak at -29.8 which would be conslstent with a
phosphine oxide structure: e.g. (CeHs)a(CH2C1)PO:

(CeHs)2PCHaOH ——> (CgHs)2CHPO (16)
had occurred.

Phosphogillicones.

The exceptional thermal and hydrolytic stability of silicones
suggested the synthesis of structures in which every second
gillcon atom was substituted by phosphorus. The begt sultable
approach seemed to be the ellmination of HCl from equimclar
amounts of a phosphonic acid and a dlalkyl or diaryldichlorosilane.

R 0 R 0
¢1-8i-Cl 4 HO-P-OH ——== 1/n 4S1-0-P-0- + 2HC1 (17)
R R R R

n

The products obtained for R = CHz and CgHs were viscous
liquids or low-melting sclids. For R = CHa, the polymer appears
to be quite stable in cold water, but hydrolyzes readily 1n
bolling water to form methylphosphonle acld and sllicone oil. The
compound for which R = CgHs hydrolyzes after only several minutes
of bolling in water formlng phenylphosphonlc acid and a white
golid silicone.

P-C-N-P Polymers

As a model compound for thils new type of polymer based on the
P-C-N-P-backbone, the following eater has Peen synthesized
accerding to a procedure 1n the literature':

CHaNHz + 2CHz0 + 2HPO(OEt )2 —= CHaN/CH2PO(OEt)z/> + 2H20 (18)
Hydrolysis of the egter wilith concentrated hydrobromlc acid gave the
acid (HO)o0P-CHz-N(CHz)-CH2-PO(OH)z which was tested for thermal
stabllity.

A similar approach was used in a preparation of a material
contalining -P-C-N-C structures:

0 0

H-P-H + CH20 + Y-N-H + CHpO —> 1L P-CHo-N-CH=d + 2HL0 (19)
0 Ph n o] Ph
H H n

The above reaction product separated as yellow Jellylike
material which on drying at 120°C turns into a brown solid in-
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goluble in all common solvents. The thermal stabillty of this
materlal was lower than expected, wlth decomposition occurring at
about 200-250°C. Apparently, substitution of a N for every second
P atom in a P-C-P chaln does not favorably influence the thermal
stability of the material.

Phosphorus-Boron Polymers

In 1891 Moissan reportedB that the reaction between white
phosphorus and boron triiodlde 1in carbon dlsulfilde gives a
product of the composition BPIz., This material might be congidered
as a fortuitous mixture except for the fact that 1t 1s slightly
volatlle at its meltlng point and gives a crystalline sublimate.
Molssan also reported that BPIz2 can be reduced in hydrogen to BPI.
Unfortunately, he gave very sparse experimental detalls, and no
additional work on these compounds has been reported 1n the
literature.

Molasan's preparatlon of BPIz was repeated usling carefully
purified reagents and with the strict exclusion of oxygen and
molsture. The reported color changes were observed, but the red
golid product was not volatile 1n high vacuum at 225°C, which is
well above Molssan's reported sublimation temperatures. The small
amount of orange sublimate which did collect was reacted with
phenyllithium to convert 1t to a more easily handled derivative, but
biphenyl was the only product which could be isolated from this
reaction.

Alkylation and Arylation Reactlons

The reactlons of a rmumber of halogen compounds with organo-
metal compounds were followed by means of n.m.r. analysis. The
results are summarized in the following tables.

Table 1.

Alkylation of Phosphorus Compounds with Pb(CHaz)s4, Dissolved
in Toluene (85% Solution)

Ratio Heating Time
P-Comp. at 125°C
P-Compound :Pb{(CHa )a in hours Products Yield%

PCls 2.1:1 20 CHaPClz 1002
CHaPClyp 2.2:1 20 (CHs )2PC1 o
CHsPBra 2,5:1 1(22°C)  (CHs)2FBr 13°
CeHsPSClz 2.3:1 120 CeHs(CH3 ) PSC1 90
CHaPSClz 2.5:1 200 (CHg )2PSC1 81
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Table I (Contd.)
Ratio Heating Time
P-Comp. at 125°C

P-Compound :Pb{CHa)s 1in hours Products Yield %
(CHs)2PSC1 2.5:1 200 (CHz)sPS - 12
CeHsPOC1p 2.3:1 200 CeHs(CHs ) POCL 19

dafter 4 hours heating at 122°C, 86% CHgPClz had formed.

bN.m.r. peak intenslty decreased strongly (1ndication of extenslve
decomposition of phosphorus-compound)., After 4 hours heating at
122°C, 12% of the expected (CHz)2PCl had formed and the n.m.r. peak

intenslty was strong.

®The content of the tube turned solild after one hour standing at
room temperature, probably caused by formation of phosphonlum type

(RaPBrt)Br~ compounds.

Table 2.

Alkylation of Phosphorus Compounds with Pb(CzHs)a

Ratilo Heating Time
P-Comp. at 125°C
P-Compound :Pb(CzHs)e 1n hours Products Yield®
PBrs 2.79:1 19 (22°C) Cz2HsPBrz 602
CHsPBra 2.71:1 2 CHaC2HsPBr 100%
PCla 2.56:1 4 C2HsPCla 100
PCla 1 .87 1 4 02H5P012 89
(CzHs)2PC1 11
CHaPCla 1.84:1 yb CH3CzH=PCL 100
CeHsPCla 1.96:1 y CzHs (CeHs ) PC1 100
(CHs )2PC1 1.85:1 66 CHa )2C2HsP 83.5
CHs ) (CzHs ) 2P 8.5¢
CHs )P 8.5¢
(CeHs )2PC1 2.07:1 66 (CeHs)2C2HsP 90
CeHs(CaHs ) 2P 53
(CeHs)3P 5
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Table 2, (Contd.)

Ratio Heating Time
P-Comp. at 125°C
P-Compound :Pb(CzHs)a in hours Products Yield%
PSCla L 2,734 39 C2H<P3Cl2 92
(CzHs)2P3C1 8
CHaPSCla2 1.84:1 66(115°C) CHaC2HsPSCL 77¢
CeHsPSCL2 1.92:1 66(115°C) CoHs{CeHs )P3C1 70f
(C2Hs)2(CaHs)PS 20
(CHa)2PSC1  1.89:1 130 (CHs ) 2C2HsPS 84
POClg 2.64:1 90 CzHsPOC12 40
(CzHs )2POC1 20
C1CHaPOClz  1.87:1 160 CaHs(C1CHz ) POC] 42
CeHs5POClo 1.77:1 120 C2Hs(CeHs ) POC1 50

4Tt 18 better to carry out thls reaction in an open flask, since
the formatlion of phosphonlium salts can bhe avolded in this way.

bFurther heating of the tube for 17 hours at 125°C caused strong
decomposition of the product.

CProducts formed by reorganization of (CHa)zC2HsP to give
CHa(C2Hs)2P plus (CHs)sP. Additional heating for 117 hours at
125°C gave 67% of (CHa)2C2HsP, 16.5% of CHa{CzHs)2P and 16.5% of
(CHz)aP. PbClz might act as a catalyst in this reorganization
reaction.

dproduets formed by reorganization of (CegHs)=2CzHsP to glve
CeHs(C2Hs)2P plus (CsHs)sP (see e).

®Additional heating of the tube for 70 hours at 125°C gave 58% of
CHaC2HsPSCl and 35% of CHs{CzHs)=zPS.

fAdditional heatling of the tube for 70 hours at 125°C gave U47% of

CzHs5(CeHs )2PSC1 and 44% of (CoHs)2CeHsPS.
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Table 3.
Arylation of Phosphorus Compounds with Pb{CeHs)4

Ratlo P- Heating Time

Comp.: at 180°C
P-Compound Pb{CgHs in hours Products Yield®
PBra 3,01:1 180 CsHsPBra 68
(CeHs)2PBr 21
CHa PBra L . 63:1 180 CeHsFPBra 548
CHsCeHsPBI‘ 7
PCls 3,03:1 180 CgHsPClo a3
(CeHs)aPCl 2
CHaPClz 2.01:1 39(165°C) CeHsPCls 55D
CHs(CeHs )PC1 20
CeHsPClz 3.0:1 83 (CeHs)2PC1 90
(CHa)2PC1l  2.03:1 39(165°C) CHs(CeHs ) 2P 50°¢
(CHa ) 2CeHsP 50
(CaHs)2PC1 2.98:1 180 (CeHs)aP 95
PSCla 3,0:1 180 CeHsPSClz 35
(CaHs)aPSCl 32
CHsPSClp 1.9:1 66 CHsCeHsPSC1 100
CeHsPSCle, 2.1:1 136 ECGHS 2PSC1 gl
CeHs )aPS 6
C1CH2PSCl, 1.9:1 180 C1CHz(CeHs )PSC1 46
POClq 3,01:1 180 CeHsPOC1o 29
(CegHs)2POC1 15.5
CeHsPOC1lz 1.93:1 66 (CeHs )2POCL 68
C1CH2POClp 2.0:1 180 C1lCHz(CeHs) POCL 11

8CHaPBra decomposes partly at this temperature to give PBrsz and
other products. FPBrs then reacts with Pb(CeHs)s to give CeHsPBrz.
When a tube was kept for 18 hours at 100°C, no CgHsPBry was formed,
but 17% of CHaCeHsPBr could be detected.

bCH3P012 reorganizes partly at this temperature to glve PCla and
other products. PCla then reacts with Pb(CeHs)s to give CegHsPCla.
When a tube was kept for 18 hours at 100°C, no reaction occurred.

CCould have been formed from CHgPClz, a reorganization product of
(CHz)2PC1.
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Table 4.

Alkylation of Alkylhalcarsines wilth Tetraalkyllead Compounds

R in Arsenic B.P. nEB
PbR4 Compound Product Yield ¥ °C

2
CHa CHaAsBrs (CHaz ) 2AsBr g0  126-129 1.5703
CaHs CHaAsBraz CHs (C2Hs )AsBr 80 154-155 1.5732

CH>=CH CHgAsBrz CHa(CH2=CH)AsBr 60.5 144-145

CsHg CHaAsBrz CHa(C4H9)ASBr 57 172-178 1.6368

CzHs (CHs)=288Br (CHs)=2(Cz2Hs)As 56 83-84

d, Tetraphenyltin as Arylating Agent. Two experiments with tetra-
phenyltin demonstrated that it can also be used as an arylating

reagent. Tetraethyltin was shown earlier to give excellent
ylelds of CzHsPBrs when reacted with PBrs9.

The results are summarized in Table 5.

Table 5.

Arylation of PClg and PSCls wlth Tetraphenyltin

Ratio Heating Time
P-Comp. at 180°C
P-Compound :8Sn{CeHs)4 in Hours Products Yield %
PCls 3.1:1 350 CeHsPCla 65
P3C13 3.09:1 130 CeHsPSClo 58

(CsHs)2PSC1 36

Contrary to tetraphenyllead, tetraphenyltin reacted much faster
with PSCls than with PCla, e.g., while no product had been formed
with PClg after 40 hours heating with Sn(CeHs)s at 180°C, PSCls
gave under the same conditions 22% CgHsPSClz and 36% (CeHs)2PSCl.
Since the content of the tube containing PCls and Sn{CeHs)s in
ratlio 3.1:1 became nearly completely solld when cooled to room
temperature after heating for 40 hours at 180°C, it is asaumed
that a complex of the type (PClz)a*t /Bn(CeHs)sClz/~~ is first
formed which is subsequently decomposed, after long heating, to
give CegHsPCls and (CeHs)23nCls.

Proof of Structure by Means of Nuclear Magnetic Resonance

Methyl Phosphine Confirmation of the synthesis of methyl phos-
rhine, HzPCHz, was provided by a proof of structure, utilizing
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P31 n.m.r. at 24.3 Me, H' n.m.r. at 40 and 60 Mec, and double
regsonance techniques. The compound provides an elegant example
of the utilization of these techniques for structure proof.

The 24.3 Me P! n.m.r. spectrum of methyl phosphine exhibited
three major peaks of relative intensity 1:2:1, separated by
187 eps. The chemlecal shift 1s +164.0 ppm relative to 85% HaPO4.
The over-all triplet structure 1s consistent with two hydrogen
atoms bonded directly to phosphorus. For a flrst order spectrum,
one would also expect each peak of this triplet to be split 1Into
a smgller 1:3:3:1 quartet by the three hydrogens of the methyl
group, which should be less strongly coupled to the phosphorus
nucleug. The gpectrum showed that each peak of the triplet was
actually composed of up to 10 peaks each in an asymmetrical pattern.
This suggested that there was apprecliable Interaction between the
methyl hydrogens and the phosphine hydrogens, and that the spectrum
could not be explalned by a simple first order analysls.

Additlonal informatlon was provlided by the H' n.m.r. gpectrum
at 60 Me. It contalned two bands separated by 190 cps. Moreover,
the integrated spectrum showed that the band at lower fleld, a
symmetrical quartet, accounted for only one hydrogen atom out of
five. The complex band at higher fleld resulted from the four other
hydrogen atoms. The symmetrlcal quartet arlses from the splitting
of 1/2 the phosphine hydrogen resonance by the three methyl
hydrogens. The other 1/2 of the phosphine hydrogen resonance fell
at the same energy level as the methyl hydrogen resonance, repult-
ing 1n mixing of states and a complex spectrum., This provided an
explanation for the unugsual splitting in the 24.3 Mc phosphorus
spectrum.

The H' speetrum was then taken at 40 Me. Silnce the coupling
(expressed in cps) between the hydrogens is independent, while the
chemical shift is dependent on the radlofrequency used, over-
lapping bands were shifted, although it did not completely separate
them. Double resonance experlments were then used to decouple
phosphorus from hydrogen by lrradlating with a second radio-
frequency at 16.2 Me and high power, whlle observing H' at 40 Mc
and low power. This effectlvely removes the spin-spln coupling
between hydrogen and phosphorus. The 187 ceps splitting of the
phosphine hydrogen slgnal was collapsed and the methyl and
rhosphline hydrogen resonance bands appeared separately. The re-
sulting decoupled spectrum gpproximates first order hydrogen
gplltting and provides unequlvoecal confirmatlon of the structure
of methyl phosphlne. The small residual peaks that remaln in the
decoupled speetrum are due to a comblnatlion of insufficient
power from the decoupler output and second order splitting due to
the proximlty of the decoupled bands.

Dimethyl Methylphosphonate Phoaphonate esters ordinarily glve
poorly regolved broad resonances in P3! n.m.r. due to strong
coupling to phosphorus of the protons on the carbon atoms nearest
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to phosphorus, merged with weaker coupling of protons on the next
nearegt carbon atoms. Dimethyl methylphosphonate provlides a
special case in which there are only two kinds of protons (CHz-P-
and CHzOP-)}, and in which the coupling constants, Jpg, = 10.9 cps
and JPHy = 17.3 cps, can be accurately measured from proton n.m.r.
spectra. Fortulitously, there 18 no overlap of the lines, and all
twenty-elght of the lines predicted by simple first-order theory
can be resolved in the P31 gpectrum. The small molar volume of
the compound 1s helpful in increasling the slignal strength and there-
by inereasing the resolving power. The ninth and tenth llnes from
elther end of the spectrum, having a separation of only 2.2 cps,
provide a good measure of the resolving power of the instrument,
and have proved useful 1n focusling the magnet for maximum re-
solving power,

CONCLUSIONS

Experimental results show that phosphorus-containing polymers

of the type
Y
CHo-P
X_n

where Y = oxygen or sulfur and X = an glkyl, aryl, alkoxy or
aryloxy group, can be expected to be stable at temperatures of
KO0°C or higher. Although model compounds have been made the
thermal stabllity of whlech support thls coneclusion, the prepara-
tion of pure polymeric molecules of this type has not been
achieved.

After two years of effort, the most promising reaction found
was the polymerization of methyl,chloromethylphosphonlic chloride
wlth zine or magnesium:

0 0
n C1CHz-P-Cl + nZn ]li:Hg-P-1+ nZnCl (173)
CHa CHal

The presence of the deslred P-CHz-P structure in the product
thus obtained has been shown by n.m.r. spectroscopy. However,
repeated attempts to separate out the polymeric material thus
obtained, free from the strongly complexed zinc or magneslum chlorilde
and free from undesirable by-products (such as phosphonium
structures) have not succeeded.

The other approaches for the preparation of such polymers
have elther been glving extremely low yleld of products which
were dlifficult to ldentify or a completely different reaction
occurred, sometimes produclng a complicated mixture of unidentified
compounds .

Since long-chain P-C-P polymers have not been produced, it is
not possible to predlct exactly which physical properties can be
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expected from the finished polymer. Tenslle strength, flexibility,
elastielity, etc., are all propertles which are speclific for
polymers exhlibitlng more than a certain minimum molecular weight
and cannot be obtalned by extrapclatlion of properties of shorter
molecules.
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PART ITI. ORGANO-PHOSPHORUS POLYMERS

E. €, Chapln, A. Y. Garner, H. R. Nettleton,
V. L. Lyona and H, A. Walter

Monsanto Chemical Company, Plastics Division
Springfield, Masa.

INTRODUCTION

The work reported here was directed primarlly to the prepara-
tion of poly phenyl p-phenylene phosphine oxlde, since there was
reason to belleve that such a polymer would have a high level of
thermal stabllity. Prior to undertakling this project we had
attempted a "direct" synthesls of this structure via the reaction
of p-dilithioc benzene and phenyl dichlorophosphlne.

0
= ox 1
i @ i + c15£|;01-—+ {—\ y -;l;-} ——— -—2-}

This reaction was never successful in our hands because the
dilithiobenzene preparation cannot be made pure and the "polymer"
preclpltated from the non-polar reactlion sclvent before any appre-
clable molecular weight was obtalned.

RESULTS AND DISCUSSION

We proposed to attempt the synthesails of the desired poly
bphenyl phenylene phoaphine oxide by making use of the well-known
addition of P-H bonds to carbon-carbon double bonds. The reaction
proposed 1s shown below:

<::> +  HPH —- £z€:>%;4——195—~+— L<::>F§4'

g

The reactlon of 1,3-cyclohexadiene and phenyl phosphlne did
result 1n a polymer., However, the reactlon 1s nct aa elear cut as
represented since cyclohexene and some distillable phosphorus-
contalnling compounds were also produced. The polymer contalined a
higher pheosphorus content than expected and could not be dehydro-
genated to any ldentlifliable product.
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During the course of thls work we had occaslon to repeat the
reaction of bromobenzene, phosphorus trichlorlide and aluminum
chloride reported by Davies and Mannl. This reaction gives only
a poor yield of p-bromophenyl dichlorophosphine of uncertaln
purity. We found by hydrolysls of the pot residue that the major
product was actually a low polymer analyzing for the followlng
structure:

0
—, 1
=L

This material when examined by thermogravimetrlec analysis
appeared to glve two levels of decomposlitlon; the higher one
oceurring at about 550°C.

It was evident, however, that we stlll did not have 1in our
hands sultable methods of synthesls of the desalired polymer. We
declded to establish the level of thermal stabillty inherent 1n
the p-phenylene phosphine oxide structure by aynthesizing and
teating sultable model compounds, To this end we prepared
p-phenylene bils(diphenyl phosphine oxide) essentially by the
methoda reported by Baranauckasa, Carlson, Harris and Lisanke<,
Using differentlal thermal analysls we found that this material
decomposed at 450°C. This result 1s in agreement with the data
obtalned on the thermal stabllity of this compound by the previous
workera2, Furthermore, an examination of alkylene bils{diphenyl
phosphine oxldes) showed that they decomposed somewhat lower in
the 400-445°C range.

CONCLUSIONS

We conclude from this work that poly p-phenylene phosphine
oxides would not be stable above 450°C and would not, therefore,
fulfill the requirements of stabllity to 1000°F.

Two other polnts of interesat should be mentloned although they
do not relate directly to the obJective of thia work. The first of
these concerns the elimlination of phosphonlum salts under basic
conditions. We have found that the actlon of wet-alcohollc base on
p-phenylene bis(triphenyl phosphonium iodide) gave at least a 75%
yield of triphenyl phosphine oxlde. Thls indicated that the phos-
phorus to phenylene linkage was broken preferentially in the reac-
tion. Base cleavage of p-phenylene bis(diphenyl benzyl phosphonium
lodide), however, gave p-phenylene bils(diphenyl phosphine oxlde) as
the 1solable product. Thls may 1ndlcate that basic cleavage of a
polymer of the following structure
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# Bz

would be an attractive method of preparing the desired poly phenyl
p-phenylene phosphline oxide. Also, we observed that the actlon of
base on an impure polymer (believed to have structure I below) gave
a polymerle water soluble product whose Infrared spectrum was com-
patible with that which might be expected of poly phenyl methylene
phosphine oxide (II).

cl- 0
+ wet alc. 1
{CHajﬁ‘J base {CHz—f4
gg g
(1) (I1)

Product (II)} was not "pure" and did not show stability above 300°C.

The second polnt of interest 1nvolvea an unexpected reaction
which we observed. Phosphorus halldes and active metals such as
magnesium or lithlum are not known to react at ordlnary tempera-
tures. We have observed, however, that dlphenyl chlorophosphlne,
magnesium (or lithlum) and tetrahydrofuran react exothermally to
give a good yleld of diphenyl-4-hydroxybutyl phosphine. When the
reaction 13 carrled out on phenyl dlchlorophosphine the product 1s
phosphobenzene (e-P=P-e). All phosphorus halides give a reaction
with active metals and tetrahydrofuran but 1n many cases, such as
with phosphorus trichloride or phosphorus oxychloride, the products
are complicated and have not been identified. We feel that this
reaction deserves more attention and can be developed into another
route to the preparation of compounds havlng phosphorusw-carbon
bonds.
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