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Abstract
The reactions of a series of cyclic and acyclic phosph( IIT )azanes
with diborane and borane adducts were investigated in an attempt to establish
the most reactive nucleophilic sites in the phosph(IIT)azanes and to gain

information relating conformation and reactivity,
Tris(dimethylamino)phosphine, P(NMez)B, reacted with triethylamine

-borane, Et3NBH3’ to produce the monoborane adduct, (Me2N)3PBH3. Reaction

of diborane, B,H¢, with the acyclic phosph(III )azanes, EMe2m)2P]2NMe gave

a diborane adduct,In similar reactions of BH, with a series of phosph (I1T Jazanes
(Ph2p)2NR,(R = Me, Et and Prlzthe products rapidly decomposed, but evidence

was obtained for the formation of a monoborane adduct where R = Me and Et. In

all cases where an acyclic phosphazane-borane adduct was obtained it was

-~

established that the BH3 group was bonded to the phosphorus atom,
Analogous reactions with cyclodiphosph(IIT)azanes have shown that

BH3 groups bond to the P N, ring through the phosphorus atoms. The reactions

of cis and trans (Me2NPNBut)2 with 1 mole equivalent of EthBH3 produced only

f L
EiETMegN(Bﬁj)PNB“t'P(NMez)NB“t , with 2 mole equivalents of Et3NBH3 a bis

borane adduct was obtained, the proportion of the geometrical isomers produced

being dependent on the temperature of the reaction,
The reaction of (MeQNPNBut)z with excess diborane, ané’ proceeded
. t
with overall retention of configuration. Analogous reactions using (MeOPNBu )2

€ave a bis borane adduct, similar to those above but (MeOPNBut)z was less

reactive than (Me2NPNBut)2.
t
An attempted reaction between (C1PNBu )2 and EtBNBHB failed to

produce a borane adduct, but when the reaction was repeated using tetrahydro-
r dduct § oabpc1nBa formed
uran-borane, THF'BH3' the monoborane a » C1(BH )PNBu ‘PC1NBu was formed.

Over a period of several weeks gigfﬂezN(BHB)PNButP(NMez)NBut disproportionated

. t . t
to cis-(Me NPNBu®), and cis-(Me,N(BH,)PNBu'),.
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Nmr data indicates that the reaction of (XPNBut)2 (x=2¢1 or NMeQ)

—
and 1 mole equivalent of chlorine gave a product which is either XPNBu P012XNIh4t

— | -
or the ionic salt XPNButP+CINMe2NBut Cl . When the reaction was repeated
using (ClPNBut)2 and excess chlorine, ring cleavage occured, the only
identifiable product being 012P(O)N=P012N(H)But. (ClPNBut)z and bromine

resulted mainly in the formation of decomposition products.

t ! : .
Reaction of C1PNBu PCINR (R = Me, Et) with excess of dry chlorine

b -
surprisingly gave a zwitterionic product, ClzP‘NBu P Cl4NR (R = Me, Et).
{ 11 . . .
The reaction of C1PNBu PCINEt with 1 mole equivalent of bromine gave either
| ) T 1 <« -
ClPNButPCIBrZNEt or ClPNButP’BrXNEt Y™ (X and Y = C1 or Br). When the
reaction was repeated with 2 mole equivalents or excess bromine, a

zwitterionic product was obtained,

By contrast, the reaction of (ClPNPh)2 and excess chlorine
resulted in the simple oxidation product, (ClsPNPh)z.

Reactions of excess chlorine with a series of acyclic phosph(m)azane§
of the type (ClzP)zNR (R = Me, Et and Pr® ') gave cyclodiphosph(¥)azanes,
(013PNR)2 (R = Me,Et, and Pr"), These reactions have been shown to proceed

via two intermediate .compounds, the first is still unidentified but the

second has been identified by nmr as the hitherto unknown monomeric species

t
C1;P=NR (R = Me,Et, and Pr), and C15P=NBu ",

When the reactions were repeated with bromine the products again

included (013PNR)2, though small quantities of (Br012PNR)2. (BrQClPNR)Q and

(BrBPNR)2 were found in small traces along with PCl3, PclzBr, and PClBrz.
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The formation of phosph(I)azanes by the reaction of PCl3
with EtNH501 in refluxing sym-tetrachloroethane has been reinvestigated.
It was found that different major products (0121>)2NEt, (CIPNEt)5 and
P4(1\TE'I:)5012 could be obtained by suitable variation of the stoichiometry,
However, when the reactions were repeated using MeNH301 instead of
Etmi}m, only (mzp)zmqe could be obtained. When (c12P)2NR (R = Me or
Et) was heated, (ClPNR)5 (R = Me or Et) and PCl3 were produced along
with decomposition products. The reverse reaction was also possible;
refluxing a solution containing PCl; and 1>4(1~H«3'c)5012 gave (cn:NEt)3
and in tum,(012P)2NEt.

A series of derivatives of (ClPNEﬂB were prepared,
(MezNPNEt)3 was obtained only as a trans isomer while (MeOPNEt) 3 and
(1"PNEt)3 were present as a mixture of cis and trans isomers.
Conformational- information for these rings was difficult to establish.
The ring compound (CIPN}E:'(.)3 was also reacted with a series of monoamines
H,NR (R = Et, Pri. and But) to produce a trans substituted product,
(R(H)NPNEt)3 (R = Bt, Pr’, and Bu®), and a fused ring compound,
2,4-ethylimino-6-ethylamino-1,3,5-triethylcyclotriphosph (I )azane.

The ratio of the two types of products varied with the size of R, the
larger R the more the fused ring compound was favoured., This proportion

1 :
of products, as detected by lH and 5 P nmr, was also affected by heating

which favoured the fused ring compound. An adamantane like cage molecule
P4(NEt)6 was also identified.

Fluoro-, alkylamino- and alkoxy- derivatives of ‘P4 (NEt)5012

were prepared by reaction with SbF,, MGZNH, EtZNH, CSH].ONH' MeOH and
ButOH. In all cases two isomers were formed, termed *symmetric' and
‘asymmetric' (these terms are based on consideration of the 31P nmr

spectra and the resulting structural assignments of the terminal

phosphorus atoms,
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The reaction of P4(NEt)5CI2 with a series of monoamines
RNH2 (R = Et, But and H) led to_the formation of a series of compounds
P,(NR) (NR') (R = Et, B' = Bu® or H) with an adamantane-like cage
structure. In the reaction of P‘(NEt)5012 with EtNH, an intermediate

with a direct P—P bond was tentatively identified.

Oxidation reactions using Se, See, Te8 and ButOOH were
carried out on (ClPNEt)3 and Ph(NEt)5CI2 and their derivatives., The
reaction of (Me2NPNEt)3 and (IMeOPNE‘t)3 with sulphur and selenium gave
the oxidation products (Me2N(X)PNEt)3 (X = S or Se), and (MeO(Y)PNEt)5
(Y =s or Se). In all cases only a trans isomer was obtained regardless
of the structure of the starting material. The reaction of (ClPNE“t)3

with three moles of Me, S0 gave only a small amount of the trans mono-

and di-oxy derivatives, C1(0)PNEt.P(Cl)NEt.P(Cl)NEt and

Cl(o)gﬁnt-P(01)(O)NEt.P(Cl)ﬁEt respectively. Dithio-derivatives
Ph(NEt)S(Nme2)282 and Ph(NEt)s(NC5H10)2SQ were also made by reaction
with elemental sulphur. Only one isomer was obtained in each case,
possibly containing the sulphur atoms bonded to terminal phosphorus
atoms., Reactions with elemental See mainly produced decomposition
products.

The oxide, PA(NEn)5012O, as a mixture of two isomers, was
produced by the reaction of Me280 on P4(NEt)5C12 and it was also

found as an impurity in a number of reactions.



CHAPTER 1

GENERAL INTRODUCTION.




l.1 General.

The element phosphorus, which does not occur free in
nature, was first discovered in 1667 by Hennig Brand of Hamburg, who,
from his experiments with boiling down of urine, found a substance
whiéh glowed in the dark and ignited when exposed to the air. Its

"glowing" properties led it to be called phosphorus from the Greek

for 'light-bearing'. The product of its combustion with air was

investigated in 1694 by Boyle who made an acidic solution which is
now known to be phosphoric acid, H5P04. In 1770, phosphorus was

recognised as being an important constituent of bones and in 1779

Gahn discovered that phosphorus was present in minerals, the first

to be discovered being pyromorphite. In 1812 the first practical use

of phosphorus was developed when striking matches were manufactured.

In 1842 artificial fertilisers were patented using a process involving

sulphuric acid and bones. To this day fertilisers are the single

most important commercial application of phosphorus compounds,

From the early 19th century onwards, it has been

recognised that phosphorus compounds are important for the growth

of plants and animals., Today in biochemistry phosphorus compounds

are seen at the heart of many extremely important biological systems.
These include adenosine triphosphate (ATP), an energy-transfer agent

in nature and nucleic acids which are the basis of all material

including DNA., Phosphorus has been found in bones, teeth, blood

and nerve functions. It is so important that it constitutes 1% of

the weight of the human body. Phosphorus-nitrogen compounds are less

common than phosphorus-oxygen compounds in biological systems, but

a well known example of the former group is phosphocreatine (A).




This compound may be an emergency source of phosphate in the

production of ATP.

0
N(Me)CH2002H

N

“0—P —N(H)—cC

(a)

Today the most common source of phosphorus compounds
is from phosphates extracted from sedimentary mineral deposits.
Although there are over two hundred phosphate containing minerals

only the apatite group, Cas(Po4)6x2 (where X=F, Cl, or OH) are

commercially important., The widespread use of phosphates has led

to some problems of sewage disposal. The build up of phosphate

concentration in lakes and slow moving rivers causes excessive growth

of algae which starve the water of oxygen so killing fish and plant

life. However, these lakes and rivers can recover if the phosphate

input is stopped since there will be a gradual settling out of the

rhosphate already present. If effluent is treated with iron or

aluminium salts this allows a quicker sedimentation of the phosphate

as iron or aluminium phosphate.
The toxicity of phosphorus compounds varies widely.

Most inorganic phosphates based on four co-ordinated phosphorus are

among the safest compounds known. However, some organo-phosphates

are also amongst the most powerful poisons made. These include

nerve agents such as sarin (B)l.



Me

el §}

()

In recent years work on phosphorus compounds has been

well documented 2'3.



1.2 Nomenclature.,

Following the suggestions of Shaw4 and coworkers
rhosphorus-nitrogen compounds can conveniently be divided into
two categories, phosphazanes and phosphazenes. As in the naming of
organic compounds, these categories relate to the type of bonding
and unsaturation present in the molecule. Phosphazanes contain
phosphorus-nitrogen formal single bonds, while phosphazenes have
phosphorus—nitrogeﬁ formal double bonds. In both cases the oxidation

state of phosphorus is indicated by a Roman numeral as follows, eg.

phosph(ITT)azane or phosph(¥)azane, and the types of phosphorus-nitrogen

compounds are shown below.

PN pPEE—n
phosph(I1T)azane phosph(IT1)azene
.y A

phosph(¥)azene

phosph(¥)azane

in both phosphazanes and phosphazenes, polymers and cyclic oligomers

can be considered to be built up of distinct phosphorus-nitrogen monomer

groups. Thus (1) and (2) are cyclodiphosph(ITI)azanes and

cyclotriphosph(IIl)azanes respectively.
N N

N
/\P/\

(1) (2)



In this thesis the emphasis is on phosph(III)azanes,
where the bond angles at phosphorus are generally less than 100°
and the nitrogen has a near planar distribution of bonds. As a
result cyclophosph(III)azanes have isomers, the description of which
depends on the presence of a four or six mémbered ring system. In

four membered rings (1) geometrical isomerism arises because of the

presence of a phosphorus lone pair. These are classified as cis or

trans isomers.

X R X Y R X
\P/N\ / \P Va \P/
/] 7\ A

R Y X R Y

trans

(1) (R=Alkyl groups
X = alkyl, alkoxy, amino, halogen

Y = 1lone pair,)

In cyclotriphosphazanes (2), the substituents on
phosphorus can also adopt cis or trans arrangements, but in addition

these substituents can also adopt equatorial or axial positions as

in derivatives of cyclohexane. Assuming that a chair conformation

is preferred, the positions of the phosphorus substituents can give

four isomers, (a,a,a), (e,e,e), (a,e,e) and (a,a,e), where a=axial

and e= equatorial.



X X
R P—X
- P P N
S N
A N
R
(aoava) cis (e,e,e)
X X

X \ R , IID _L 1}-\: //P———X

./P——N—7P , N // L g

- P—X
RN \ R
X
(a,e,e) trans (a,a,e)

(2)

In practice only two isomers have so far been found, one

cis and one trans. In the case of (2, R= Me, X = OPr ), Zeiss and

coworkers have suggested that the cis isomer is (a,a,a) and the trans
isomer is (a,a,e).5
A number of acyclic phosphazanes containing the P-N-P

backbone (3) were also studied in this work and for reasons of
convenience these are referred to as bis(phosphino)amines, although

formally these would be referred to as l-phosphinophosphazanes.

R
X, P—N—PX,

(3)



Phosphazanes also exist as cage type molecules, but
the systematic name is not normally used as it is very long and
inconvenient, Therefore, for convenience P4(NMe)6(4), has been
called phosphorus tri-N-methylimide by its discoverer R.R. Holmes,
although here greater uniformity is achieved by naming it as a

derivative of cyclotetraphosph(ITI)azane.

MeINM |

e

MeN/ Me
4)

The naming of some examples of phosphazanes, relevant to

this thesis are as follows:

Me
(a) C1,P—N-—PCl,, bis(dichlorophosphino)methylamine.

t
Bu
b cl N ¢l : 2-cis-4-dichloro - 1,3-di-t-butyl
B a W st :
\N{ cyclodiphosph(IIT)azane.



Me,N S

2\ /
(e) P P s 2-irans-4-bis-dimethylamino-1,3-di-t-
\\\ \\\\ butyl-2-thiocyclodiphosphazane.,
N NMe

Me

/N\

Et2N7 TNEt2
(d) MeN NMe : 2,4,6-Trisdiethylamino-1,3,5-

\\\\ ///’ trlmethylcyclotrlphosph(III)azane.
P
NEt,, (isomerism ignored)

Et Et

N———P——N

///, £Et \\\\PCI : 2,6-ethylimino-4,8-dichloro-1,3,5,7-
\\\\ l //// tetraethylcyclotetraphosph(IIIjazane,
N——P—N
Et Et

(e) cip

(£) EtN NEL : 2,6-ethylimino~4,8-ethylimino-1,3,5,7~
ot I tetraethylcyclotetraphosph(III)azane,
P _—P
N
EtN{i—”'P"“‘~N// Holmes6; phosphorus tri-N-ethylimide.
Et

IUPAC ; 2’4’6,8’10-hexaethyl"2'4,6’8,10-
hexaaza-1,3,5,7-tetraphosphatri-
cyclo(3.3.1.1)decane.



1.3 Historical and Synthesis.

Early work on the formation of phosphorus-nitrogen
compounds was carried out by Liebig and WBhler,7 and separately
by Bose8 in 1834. They investigated the reaction of ammonis with
phosphorus pentachloride and obtained a small quantity of a stable

crystalline compound containing nitrogen, phosphorus and chlorine.

It was not until 1864 that Gerhardt’’1® and later Laurent!! in

1850, established its empirical formula as NPClZ. In 1864 Gladstone

and Holme512’13’14, and in 1870 Wichelhausls, used vapour density

measurements to establish the molecular formula as N3P3016. In

the late 19th century work by Stokes 522 showed that this compound

had a cyclic structure (C) and went on to identify a general series

of compounds of the type (NPClz)n(n=4-7)

C1.P c1
2£ 3 2
§§§§p’///
o1,
(c)

In 1894 Michaelis and Schroeter23 reported the reaction

of phosphorus trichloride with aniline hydrochloride. The product

was formulated as a ‘phosphazo compound', ClP=NPh, and the dimeric

structure was deduced from molecular weight measurements.

Ph
N

PN
) 1 Cl HCl es 000000000t lol
0 — 3O CPCL+3 (1.1)

’ N
Ph

(1a)

PCl, + PhNH

3

Several amino derivatives of (la) were also isolated,
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Very little work was carried out on cyclophosph(IIT)azanes
until the early 1960's. 1In 1961 Holmes6 reacted phosphorus trichloride
with an excess of methylamine, and obtained a reasonable quantity of
a phosphazane with the formula, P4N6Me6. This was shown to have an
24

adamantane type cage structure, P4(NMe)6,(4). Holmes and Forstner

also synthesised an amino-substituted cyclodiphosph(II1)azane (1b),
as shown in reaction(1.2)

t

Bu
N
NP/ \PN(H)But + 4ButrE

2PC]. + aButNH2 —-ﬁBut(H) 2Cl tonc-un.oo(lo2)
\N/
But

3

(1v)

More recently a number of alternative routes to the

2
dimeric cyclophosphazanes have been established. Scherer and Klusmann >
devised the synthesis of the first fully authenticated cyclodiphosph-
(IO)azane (ic).

But
N\\\\
ButN(H)PCI + Et,N — 3 011>/ PCL + Et;NHCI ceeessessssas(le3)
2 3 S~ /
N7
Bu
(1¢)
ButN(H)SiMe3 + Bu"Li — ButN(Li)SiMe5 « Bu"H AU ¢ YY)
(¢ Pcnji (Megsicy
But
N
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In 1973 Haszeldine and coworkers, showed that the
products of the reaction of phosphorus trichloride and aniline
hydrochloride are temperature dependent26. Al low temperatures
the product is bis(dichlorophosphino)aniline (3a), but at higher
temperatures the product is the four-membered ring compound (la).

The reaction mechanism they postulated was :

PhNI{2+PCI _‘:‘HE.‘* (Cl2p)2NPh' (33) oooooooo.oo'oocccocooococ(los)

3
(excess) l_P013
Clp ==NFPh
Ph

ClP /N\PCI
AN

N
Ph

(1a)

Perhaps the easiest synthetic route to a cyclodiphosph(l‘ﬂ)azan&

2 . :
developed to date was by Keat, Nixon and coworkers 7. In this reaction

phosphorus trichloride is reacted with three mole equivalents of tert-

butylamine to give a 38% yield of (1c).

But
/ N\
-6BuNH, + 2pcl, Siethylether, op PCl #4 Bu'NHLCl vuuuveess(1.6)
2 3 \ 3
at

(1c)
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Keat and Bulloch28 have also established the synthesis

of cyclodiphosph(ITI)azanes with different N-alkyl-sustituents, (1d).

R

(012P)2NR+3ButNH -—;cm/ cl + 2Bu*nE, 1 Y ¢ I 3|
3 \/’ 3

Ny

Bu

(7 = Me,Et)
(1d)

Both reactions(1.6) &(1.7)ccur too rapidly for any intermediate

species to be identified. In addition, the overall rate is little

affected by the type of alkyl group.

Less work has been carried out on the formation of six
membered cyclophosphazanes than on the smaller four membered rings.
In 1965 Abel and coworkers>’ claimed to have made the cyclotriphosph-

(I1)azane, (C1PNEt) 35 from the reaction of phosphorus trichloride

and a silylamine, EtN(SiMeB)Z. However, this work could not be

. . 27
repeated by Nixon in 197030 and Keat and Nixon in 1973~', More

recently this reaction was used successfully for the synthesis of

31
some cyclotriphosph(TII)azanes-'~.

Me

N
\ i 1.8
B(MGBSi)Zme +5H_3—-)H/ Px -+ 6M8381X --ocooo-o-coo.-.o( )

|
MeN NMe
\P /
X

(2) (x= C1 or Br)
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Keat and Nixon27 have also shown that 4 —membered :rin.g,(CZLPNE‘l:)2 y
was a. minor product of the reaction of ethylamine and phosphorus
trichloride, the major product being bis(dichlorophosphino)

ethylamine, (012p) oNEt.
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1.4. Reactions of cyclophosph(TII)azanes.

l.4a. Substitution reactions.

In their early work on the formation of cyclophosph-

(ITT)azanes, Michaelis and Schroeter 23 rade derivatives of the

dichlorocyclophosphazane (la) using piperidine and aniline. As

previously mentioned, little work was carried out after that until

the early 1960's. In 1964 Mitsanobu and Mukaiyama prepared alkoxy-

derivatives of cyclodiphosph(ITI)azanes by the reaction of aniline

with dichloroalkoxyphosphines 52. This work was substantiated by

¢ >3,

Kawashima and Inamoto in 197

Ph
X
ZROPCI + 6th —)ROP POR+4PhNH Cl o'o-toonocloc-o..n(ln9)
2 2 3
\\\\N’///
Ph
(1e) (R = Me or Et)

Alkoxy and aryloxy-derivatives of cyclodiphosphazanes

can also be formed by the reaction of an alcohol or phenol and a

’ 6
base on the cyclodiphosph(III)azane (1) 34,35,36

R'

N
v \p - \ (1.10)
2ROH + C1P G + 2Bt;N — ROP POR + 2Et NHCl ...
. Y /// 5

N
R! R'

(1c) : (le ; R' Bgt)
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In general, the preparation of substituted ring products is carried
out by the displacement of chlorine or other halogens from
cyclophosph(III)azanes. In addition to the synthesis of the

alkoxy-derivatives, many amino-derivatives are known'57, eg. (1.11),

R
ClP::j :::PCI + 4Me NH — MeZNP/// :::PNMe + 2Me NH,Cl  eeceensnne(1.11)
N
R :
(1) (1f)

A monosubstituted product can also be obtained by adjusting the

quantities of reactants used.

R
R N\
C1P< >PCl + 2Me NH —)MeZNP< /PCl + Me NH,CL  evvennonee.(1.12)
R R
(1) (18)

Mono and di-substituted dimethylamino-derivatives of (lc) can also

be synthesised by heating (dimethylamino)(t-butyltrimethylsilylamino)

t 38
chlorophosphine, MeZNP(Cl)N(SiMez)Bu 2 :

e B“i
MezhlP(Cl)N(SiMej)But -+Me2NP< >PNMe2 + Me2NP< /PCIo Me38101
2 Bt
40% 60%

(1£*) (18')  eeeveees(113)
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Diethylamine has provided a similar series of products,
but di-isopropylamine only results in mono-substitution.
Fluoro-derivatives have been prepared by heating the

cyclodiphosph(III)azane (1lc) with antimony trifluoride.

R

/N\ Cl + 2/3 SbF —>FP/> e /3 SDOL; aveereees(1.14)

R R

ClP

(1c) (1h)

Substitution reactions of cyclotriphosph(III)azanes have

also been obtained by reactions analogous to those of cyclodiphosph=

(I )azanes 39.

Me Me
N
~
Brf PBr + 3ROH , 3Et,N _é_g., ROP/ POR , 3Et;NHBr
MeN NMe MeN e
\\\‘P’/// \\\\P o 15)
Br oR IR ¢ B
(2a) (2vb)
(R = Ma,Et,Pri,But,Ph,p-Br—C6H4)
Me Me
Y /N\
Bp” P 3RR'NE , 3EtsN __, RR'NP PNRR' , 3Et,NHEr
| ' AN | ’
MeN NM MeN NMe
€ ~ € \P/
e | Pt eeenenseeees(1016)
(2a) (2¢)

(R=R'=Me,Et ; R= Ph,R' = Me)
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In reaction 115in all cases, complete substitution of
the halogen atoms was obtained. However, in reaction 1.16, with
di-isopropylamine, only the mono substituted product was obtained.
This is probably due to steric effects of the di-isopropylamino~group

hindering attack at the other two phosphorus atoms in the ring.

The preparation of cyclotriphosphazane-derivatives

often yields two isomers, one with all the phosphorus atoms equivalent,

the other with two phosphorus signals of intensity ratio 2 : 1. Zeiss
and coworkers have tentatively assigned the structures of some of

39

the alkoxy-derivatives to these isomers as shown .

OR OR
?R B Me _p ?R Me |
//,P-—jﬁ————n"§77 or ///P-—fﬁ——-N"§:7;
MeNZ— MeN=— Me
Me
(Rr= Me)
(2b,1) (2b,ii)

These are readily distinguished by 31P§h§nmr spectroscopy which

also shows that the concentration of (2b,i) increases on heating

relative to (2b,ii).
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1.4b, Oligomerisation.,

An indication that dimeric and trimeric rings have
comparable thermodynamic stabilities comes from the observation
that the diethylamine-derivatives (2c) can be converted to the

39

analogous four membered rings, obtained as both cis and trans isomers .

Me
N
~N Me Me
Et2ml>/ :IPNEt2 Et2N\ P N\ EtZN ~e N\P/NEt2
MeN NMe ? P\\\Na”P\\NEt + N
N / Me 2 Me
P
NEt, eevenss(1.17)
(1i)
(2¢)

It has been shown by two groups of workers that

phosph(ITI )azenes can be converted to cyclodiphOSPh(III)azaneS on
standing.

Niecke et al :
R

N NR
2R,NP==NR -~ /;<:>y/'2 (ref.40) veveeeess(1.18)
RN N
R
(R = SiMe3)

(13)

Scherer and Glassel :

R2

1 N _
1 2 2NN
2R_NP—NR“ — P P 1 (refe38) vivevensss(1.29)

2
‘\\N;/’ N
R

(1k)
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le.4c. Reactions leading to fused rings and cages.

Although the adamantane-type compound P4(NMe)6,(Ba),
is well known, being obtained from the reaction of phosphorus
trichloride or of bis(dichlorophosphiho)methylamine with methylamine,
the latter reaction also gives another product which has been

identified as having a partial cage structure (4a) 41,

//PCI
P\TMe Me
MeN//P\k{/

Me

MelN

PCl

4(a)

Most of the recent work on cage and fused ring

. 1
phosphazanes has been carried out by Zeiss and coworkers 39,4 . The

'half cage' compound (4a) can be obtained pure from the reaction of

heptamethyldisilazane with the cyclotriphosphazane (2a).

A PX
/I;\ MeN?

L )T fX + 3 (Me,S5i) Me — ‘e X
MeN NMe g : P\l\!;ée//P
\\\P’// MeN,,,//”P“-N

X Me
(2a) (4a) (X = C1 or Br)

+ 6 MeBSiX
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Scherer and Glasse1'38 showed that the product of
the reaction of phosphorus tribromide and the lithiated amine,
RlRNLi, is dependent on the solvent, see reactions 1,20a and 1.20b. with

ether as solvent it gave a monomer, while with n-pentane it gave

the dimer rings (1) and (1m).

2R'RNLA + PBr, ether | plonpo N-R 4 2LiBr + R'BE  veveveseennnss(21.202)

R = SiM
€3

Rl: But (5)

R
Br N N(R)R  Br N R
1 ‘4 n—-pentane ,// \\\ e - \\?/// \\\p//
SR RNLi + 4PBry ~D-pentang, \P\N /P g \N s
R R
(L) (1m)

4 SLiBr '5RlBI‘ ......c.l'....(l.20b)
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Several substitution products of (4a) have also been prepared. The
cage compound (4) can also be prepared from the reaction of the

bromo-derivative with heptamethyldisilazane :

P
MeN | MeN— o MMe
L NMe Me////,PX N¥e |
/ — X N/ o (Me,Si)NMe ‘"‘I\fﬁ’/? + 2BrSiMey
MeN/ Me 'MON/P"""““"'--—-N/
Me
(42) (X = Br) (4) .......(1.22)

A related reaction also produces an interesting cage-product

containing a phosphorus-phosphorus bond b2 .

PBr | P/X /H

// MeN /
Me//.PBr + HX+ 2NEt —> '/,P,P\N

MeN ____._P\N MeN \NMG

Me i \' /x

MeN

(4b) (8

vecesesee(2.23)
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Recent work by Scherer and coworkers 43 , has resulted in

the synthesis of a related cage compound (7) :

R
N
R yd \\\P
ANE: ma />N
C1p ~N-Sile, > RN R MR
\ / reflux
N R
’ P’//N\\‘P
(R = Cstq ) \\\N///
R

(7) R ¢ -3

If heated to 156 - 158°C for 12 days, (7) is converted

i
to the thermodynamically favoured adamantane structure, PQ(NPI‘ )6'
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1.4d, Synthesis of cyclodiphosph(¥)azanes.

The formation of cyclophosph(¥)azanes containing five

co-ordinated phosphorus has been achieved by the reaction of phosphorus

pentahalides with amine hydrochlorides 44,45,46 or disilazanes47.

MeNH301 + PCl5 — 3 C P/ \P01 + 3HC1

3\/3

MeN(SiMe5)2 - PTB-—»% FBP

Ny’

(8v)

3

- 2Me,SiF

ceresescenenscsenas(1e25)

o.o--looocoouotoh(la26)

These rings are formally derived from phosph(¥)azenes, XsP—=MR, and

8
if the R - group is bulky enough the phosph(X¥)azene can be isolated 4 .

5 - ClBP——NBIIt + 2ButNH301

(52)

PCl5 - 3ButNH

tesesrvecncenssenssss(1.27)

Further work showed that the reaction of phosphorus pentachloride

with various aromatic amines gave monomers or dimers, depending on

the basicity of the amine.

dimers while those with kb= 1013 gave monomers.,

In general the more basic amines gave
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Numerous routes (¢ cyclodiphosph(¥)azanes containing
four co-ordinated phosphorus are known. These include (a) oxidation
of cyclophosph(III)azanes by sulphur, selenium or oxygen, and (v)

ring formation from acyclic reactants.

The investigation of oxidation reactions of cyclo-
phosph(IIT)azanes was first carried out by Keat, Nixon and coworkers
in 1973 27. In this work they showed that a monoxide and a mono-
sulphide of the dichlorophosph(IIT)azane, (ClPNR)g(R:: prt or Bu®)
could readily be formed by reaction with dimethylsulphoxide and

elemental sulphur respectively, see reactions (1.28) and (1.29). These

reactions were stereospecific.

R

R
c1 N c1 1 N c1
e t:;P//, Me,SO Np N Me,S
\\\N —_l 04447 \\\g,/’
R
(1) (9a) SR ¢ I-2: )
R R
1 N cl cl N cl
e Ny 1/45, /::>P::: ::;P'//
Ny > 7 x

R

(D) eeeererennenanssae(1:29)

However, reaction of the monosulphide (9b) with dimethyl sulphoxide

resulted in an oxide-sulphide as a mixture of cis and trans-isomers.
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The more forceful conditions needed to react dimethylsulphoxide

with (9b) also effects isomerisation.

R R
Cl N
// N
Ny N +Me,S0 Cl(O)P’// P(S)CL + Me,S
N, ot | GOR
R R
(9v) (10a) - cis and trans isomers
0.0...0.0‘.....0..(1.30)
Other oxidation reactions were studied by various groups

since the early '70's 34’49’50, when they reacted aminocyclo-

diphosph(IIT)azanes with t-butylhydroperoxide, sulphur, selenium,

tellurium and methyl iodide to give a series of products (9¢) and
(10v).
But
N
Me N(X)P’// :::PNMe (X = S,Se,Te and MeI)
2 N 2
(9¢c)
But
Me ’// \\. .
2N(X)P\\\ ///P(X)NMez (X = S, and Se)
t

(10v)
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With the exception of the telluride, cis and trans isomers were

obtained in each case.

The reaction of (1)(R = But,X = NMez) with sulphur and

selenium yielded products with retention of configuration at

phosphorus. However, in analogous reactions with tellurium only a
mono-telluride product was obtained, and in this tellurium is readily
replaced by sulphur or selenium. In some examples exchange of
tellurium between the phosphorus atoms has been observed, and at
elevated temperatures, some selenium derivatives will also show this

exchange., The preparation of (10b)(X = 0) was carried out with

t-butylhydroperoxide since dimethylsulphoxide had proved unreactive

in this case. This was stereospecific with retention of configuration

at phosphorus,

Scherer and Schnablso also carried out similar oxidation
reactions on cyclophosphazanes confirming the retention of configuration
at phosphorus. They also examined the reaction of eyclodiphosph(ITI)-

azanes with methyl halides and aluminium trichloride, reactions (1.31-33).

‘But But
N Me N
~N -
MeP< >PC1 -* MeI .—) \5/ /PC]. L 4 I o...o-.o-ooo-ooococo(l.}l)
N 4 Me’// \\\N t
Bu Bu
(11a)
t
But Bu
N;\\ Me N
’ -
MeP/ me + Mex —p \P/ \me * x ...'I..!..l..."ﬂ."(l.52)
v /// \\\ ,/’
N % Me N t
Bu _ Bu

(11v) X=Brorl
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But But
"~ <
MeP PC1 / *
N//, ‘ A1013 —_ MeP\\\ //,P acl, ceeeesncnoss(1.33)
N
But But
(11¢)

Oxidation reactions were also studied by Zeiss, Feldt
Weiss and Dunkelsl who confirmed the stereospecific nature of the
reactions and also showed that isomer interconversion was readily

carried out by heating, see reaction 1,34,

Si}'Ie3 SJ'.Me3
N Me., N N NMe
M, 2
MezNR::j j::PNMe2 + Mel —» \\\P<:: \\‘P’// + I
N’ Me”/ N’//
SiMe SlMGB (lld ' )

JI‘ Heating

3

giMe3
Me, N

2 \4/ >P + I
N Nne,

SiMe, (11d'') veee..(1.34)

Me

The reaction of (9c)(X = S) with a second equivalent

of sulphur was slower than the addition of the first sulphur atom.
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This reflects a general phenomenon where mono-oxidation products
of cyclodiphosphazanes are less reactive to atiack by chalogens
than the analogous cyclodiphosph(III)azanes. Aminocyclotriphosph-
(IIT)azanes have also been shown to undergo similar reactions with
sulphur, giving trisulphides 52.

An alternative method of obtaining eyclophosph(¥)azanes
containing four co-ordinated phosphorus is to produce them directly

from acyclic reactants, For example, dithiocyclodiphosph(Y)azanes

can be prepared by the thermal condensation of tris(amino)phosphine

sulphides 53-56.

2 s—:r(mn)3 — \P/ /p\ + 2RNH,,
RHN

(10c)

(R = Me, Et,Pr% B ,C CsHyy ,Ph,PhCHz)

When alkyl-substituted bis and mono(amino)phosphine sulphides are
used the products obtained are similar to those obtained from the
analogous reactions using tris(amino)phosphine sulphides. An
exception to this is the bis(amino)alkyl phosphine sulphide,

PhP(S)(NHR)Q(R = H). In this case the product is the trimeric ring

(Pn(s)PHE) o,

Another method of preparing dithiocyclophsoph(¥)azanes

is by the reaction of thiophosphoryl chloride with amine hydrochlorides

ceeeerenensess(1.35)

58



R
S N c1
N N\
2SPCl,+ 2RNH.C1 —» P P + 6HCl  vevvreenness(1.36)
3 3
c1/ \N/ \s
R
(104)

(R = Ph,4-Cl-06H4)

Analogous dioxycyclodiphosphazanes have also been produced 53, 59,60

by the same type of route.
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1l.4e, Reactions of phosph(ITl)azanes with boranes and boron

trifluoride adducts.

(1) B,

Over the past 25 years a number of workers have studied

adducts

the formation and properties of BH,~adducts of amines and phosphines

3

to assess the relative nucleophilic character of these bases

see refé. 61 - 70 .. All these studies have shown that unless

there are special ( including conformational) factors operative,
phosphorus forms stronger adducts with borane, BHB’ than nitrogen.
In 1960 Reetz 71 demonstrated that trimethylphosphine will displace

BH3 from trimethylamine-borane to form trimethylphosphine-borane.

. 2
This was confirmed by Holmes and Carter7' .

2
Further work by Reetz®? and others®’® has also shown that

this greater reactivity of phosphorus persists in molecules which
contain both tervalent phosphorus and nitrogen atoms. However
steric factors can play an important part in the determination

. 6
of the most reactive site in these molecules. Jugie and coworkers 2

reacted EtBN.BH3 with a series of phosphines, Me ,NPMe,, (MeaN)ZPMe

and (EtZNCHZ)BP' In the first and second examples they found one
phOSphorﬁs bonded BH3 group in the product, However in the third

example they found three BH3 groups in the product, all bonded to

nitrogen. In this case steric congestion around the phosphorus

atom resulted in greater reactivity at nitrogen. Similar reactions
using trisdimethylaminophosphine,(MeZN)BP, and dimethyl(dimethylamino’

phosphine, MeaNPMeZ, with borane and ethylborane, B(Et)HE, showed

Z,

the products to contain phosphorus-boron dative bonds -,
In general coordination by phosphorus or nitrogen in

Phosphazanes depends on the reference acid. The reaction of the
F‘31>.BH3 with ammonia gives
. . 62
the triaminophosphine-borane and ammonium fluoride as products <,

phosphorus trifluoride-borane adduct,
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This shows that the cleavage of the phosphorus-~fluorine bonds and
subsequent formation of phosphorus-nitrogen bonds was preferred
to the cleavage of the phosphorus-boron bond and the formation

of a nitrogen-boron bond.

FSP.BH3 + 6 NH3 —_— (NHa)BP.BHB + 3 NHQF ceese(137)

The reaction of sodium borohydride with trisdimethylaminophosphine

. 63
gives the adduct (Me,N . .
( e, )3P BH3

NaBH, + P(Mie,); ———> (Me,N),P.BH; + NaNMe,H ceees(1.38)

L

In related reactions where bonding can occur to phosphorus

or oxygen, the product still contained phosphorus-boron bonds .

ceeea(1.39)

2 P(OR)3 + B2H6 —> 2 (R'O)BP.BH3

The formation of BH3 adducts has also been used to establish

the dependence of the nucleophilic character of the phosphorus
with changes of its substituents. Rodgers, White and Verkade67

compared variations in the phosphorus-boron length as shown in

Table 1.1 below)

Variations in phosphorus-boron bond lengths

Table 1.1
Compound P-B Bond length (X)
H;B.PMe, 1.951
HyB.PHy 1.93
H3B.PMey 1.93
HjB'P(NHZ)B 1,887
H;B.PFy 1.836

The shorter phosphorus-boron bonds were related to the extent of

nucleophilic character of the phosphorus atoms. Therefore, phosphorus
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trifluoride demonstrates, as expected, that the strong electron
withdrawing power of the fluorine decreeses the nucleophilic
character of the phosphorus through electron inductive effects,
Verkade has also shown that the conformations of the bonds to
phosphorus’also affect its nucleophilicity73'74’75. In a series

of ring and cage compounds the nucleophilic character of phosphoruss

(X = lone pair) is decreased in the order;74

R : R

0 o

XP(OMe) 5 X>p/ > X>p/
MeO \o MeO \O_J

D

(1) ' (11) ' (I11)

(Iv) (v)

In the chair-type ring compound (II)the conformer with X (lone pair)
in an axial position is a stronger nucleophile than that with X in
ban equatorial position., The trend in nucleophilicity can be followeq
by observation of the B-H stretching frequencies, see Table 1.2,

The slight reversal of order as shown by (II)(X = lone pair axial)

is explained by the fact that the general order was established by

protonation studies and that the proton has a stronger polarising

power than BH3.



Table 1.2, §§3 stretching frequencies 73’74’75.

QBHB/cm"l Weighted 1
Compound Asym. Sym. Average /cm”
(L) 2397.5 2352.0 2382.3
(II)lone pair 2392.5  2342.0 2375.7
axial
lone pair 2410.0 2554.0 2391.3
equatorial
(111) 2412,0 2354.0 2392.7
(Iv) 2421,5 2363.5 2402.2
(v) 2432.2 2365.5 2410.2

Recent work by Paine and coworkers has led to the
successful preparation of some borane adducts of 2,4-difluoro-1,3-
ditert-butylcyclodiphosph(IIl)azane (lh), and the X-ray crystal

structure of a bis-borane adduct 76 . In this work mono- and bis-

borane adducts of (1lh)(R = But) were readily prepared by reactions
with diborane, B,H.. The bis-borane adduct (FPNBuY) 2(B5) 5, (192)
was found to have a cis structure. The analogous chloro-compound
of the starting material, (CIPNBut)2 (1c) also has a cis structure
but its oxidation product, (Cl(O)PNBut)a, has a trans structure

as shown by X-ray crystallography 77 .

The order of basicity of a series of phosphines to borane

was established using the exchange reactions 57:

PR3 + Me;N.BH, = ij.mi} + Me3N eeees(L40)

(14)



This gave the order as :-

PR, = PMe; ) P(Nie,)y; ) Nieg ) PR,

It was also established that borane adducts of cage compounds,

05H903P (15) and 06H903P (16) gave high melting solids while

trimethylboron adducts are easily dissociable solids. Analogous

reactions with boron trifluoride resulted in decomposition,

//,O-—-CHE\\\\

PZ~0—CH,—F —CH 0
2 3
\O—CHZ/ | 0
]
(15) (16)

(ii) §§3 adducts

Reactions producing phOSphine-BF3 adducts have been

carried out by a number of groups 64, 78 » for example Beg and

Clark & successfully obtained Me,P.BF3. However, when there
are phosphorus and nitrogen atoms within the same molecule the

BF, group is seen to bond to the nitrogen rather than to the

3

phosphorus., Fleming and Parr3~6l+ have suggested that this may be

due to the formation of a co-ordinated ring intermediate of the

type -
___%.. .,TFZ
——Pereo
l

fig. 1.

Unfortunately the reaction of a phosphorus compound with BF3

often results in cleavage products 61.



In 1962 the reaction of trisdimethylaminophosphine,
P(NMeE)B’ and boron trifluoride gave phosphorus trifluoride and
boron trisdimethylamine 50. This showed that boron trifluoride
attacked the nitrogen atom, N8th and Vetter subsequently
investigated the reaction of boron trifluoride with trisdimethyl-

aminophosphine, and obtained a series of substituted derivatives

651.
of the type, P(MMe,); X ( X = C1) (n = 1,2) 61, These

experiments confirmed the previous findings and suggested that

the phosphorus-nitrogen bond was cleaved by the boron trifluoride.

N.m.r, and i.r., data have indicated that boron has

co-ordinated to nitrogen and not phosphorus in a series of nickel

80
complexes, N'iLa(CO)Z.BF3 where L = MezN.PF2 .

MiL,(C0), + (excess)BFy; ——> NiL,(C0),.nBF;  .....(1.41)
(n = 1.11-1.44)

NiL + (excess)Bp3 —> NiLq.nBF3 eeeee(l.42)

(n = 1.24-2.6)

In difluoro(dimethylamino)phosphine-borane,HBB.P(NMea)F2
n.m.r, and i.r. data provides evidence for the presence of a

phosphorus~boron bond. However in the analogous boron trifluoride

. 6
adduct, FBB'P(NMeE)Fa’ a boron-nitrogen bond was indicated l*.
(iii) P~B bonding

It has been suggested that the phosphorus-boron dative

bond is supplemented by a 7 -interaction between the boron-

hydrogen @” ~-bond electrons and the phosphorus 3d-orbitals in



borane adducts6~o . This explains the base strength reversal towards

boron trifluoride of the first row donors such as nitrogen and

oxygen which show greater Lewis basicity than second row donors

such as phosphorus and sulphur. The order towards boron trifluoride
‘is

N {p,o0 £ s
But with borane the order is :

P (N,s £ o
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1.5, Bonding, Structure and Reactivity.

l.5a. General.

Phosphorus has five valence shell electrons, (Ne)3523p3,
and exhibits two oxidation states, phosphorus (ITI) and phosphorus(¥).
Tervalent phosphorus generally has a trigonal pyramidal distribution

of bonds, with a bond angle of 4!1000, see fig.2.

\\\y \

fig.2

In cyclic phosph(ITII)azanes the nitrogen atom generally has a planar,

or near planar, distribution of bonds, and therefore the nitrogen lone-
81,82

pair is confined to a p-orbital perpendicular to this bonding plane

The phosphorus-nitrogen bond lengths in these compounds are shorter
than might be expected from the sum of the single-bond covalent
radii. The latter would suggest that the 'normal' single bond is
approximately 1.778 (as in the ion H3N Pﬂs-.Na) 83, wnereas the bond

lengths in phosph(IIT)azanes vary between 1.65 and 1.75 £, see Tables

l.4 and 1.5. The phosphorus-phosphorus distance in cyclodiphosph(IIT)~

azanes is approximately 2.5 - 2.6 £ and is considerably shorter than

3.6 § of the sum of the Van der Waals radii. This may allow some

form of direct phosphorus-phosphorus bonding interaction.

The relatively short phosphorus-nitrogen bond lengths,
.8y
1.66 - 1,69 X, have been attributed to a form of (p-d)? -bonding ,

although this should not be confused with the formal 7% -bonding

found in phosphazenes.
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These (p-d) M interactions assume that the phosphorus 3d-orbitals
are of a configuration and energy suitable for interaction with the

nitrogen lone-pair.

Recent Ab initio molecular orbital calculations indicate
that a second & -bond type interaction may be more important than
the (2p - 3d) M type interactions 85. This involves the nitrogen

lone-pair and the antibonding orbital associated with the P-X bond

(see fig.3)

* (X = halogen, alkyl, amino or
- \/l

alkoxy group)

fig.3a.

This interaction is particularly important when the nitrogen lone-pair
and the P-X bond lie in the same plane. This is equivalent to

emphasising a canonical form of the type, fig 3b.

fig.3b.

In phosphorus (¥) compounds the multiple bond effects

may also arise from the interaction of lone-pair electrons on

nitrogen or oxygen, with a vacant Tf-type orbital on phosphorus.

The latter could be a 3d orbital or a Of(antibonding) orbital, In
the N0~ interaction, an antiperiplanar arrangement is preferred. In
phosphoric acid, H3P0 4 there are a large number of possible

’

configurations, one of which is shown below, fig.4 :
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.?
/°3‘T{/"’\01/

fig.4.

The phosphorus-oxygen double bond and the oxygen (1, ‘2' or “3)

lone-pairs can adopt antiperiplanar arrangements. However many

conformers are populated and the effect is not very specific.

In P4010 however, the arrangement is such that it allows

the "0 interactions to be maximised. This results in a weakening

of the phosphorus-oxygen 'single' bonds. These interactions

apparently provide a rationalisation of the electrophilic properties

of phosphorus in the molecule.

0

Il
0 / P\OD
O;I: Ql:é 01'>

fig.5.

Note : The oxygen lone-pairs are in ap3hybridised orbitals.
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1.5b. Evidence for Multiple Bonding in P(ITT) - N compounds.

As previously mentioned, one of the principal sources
of evidence in support of H - bonding in phosphorus-nitrogen
compounds is the comparatively short bond lengths for the
phosphorus-nitrogen bonds. Examination of the data in Table 1.4
shows that not only the short phosphorus-nitrogen bond lengths,

but also the sum of the bond angles at the nitrogen supports the

notion of a M-bond interaction. A planar or near planar arrangement

of bonds around the nitrogen requires the lone pair to be confined
to a p-orbital perpendicular to the plane containing the bonds to
nitrogen, where it is available for M -iype interactions. Therefore

compounds with the sum of angles at nitrogen approximating to 360°

will exhibit relatively short phosphorus-nitrogen bonds. The

compound,I>[N(CH2)2]3, however, has a sum of angles at nitrogen of
only 303-50 and has a mean phosphorus-nitrogen bond length of 1.752.

This is one of the longest known P-N bonds and approaches the

1.778 expected of a formal single bond length. 1In this compound

the nitrogen atoms are constrained by the three membered rings.

Infra-red spectroscopic studies of the phosphorus-

nitrogen stretching’frequencies' have also provided evidence for

multiple bonding. In phosphazenss the P-N stretching”?requency\

is found in the range 1240 - 1330 ot 86187 e py single bond
-188

stretching'frequency\has been found in the region 650 - 850 cm ’
at considerably lower’frequency\than that found in the phosphine
imines. Strongly electronegative substituenis on phosphorus increase
thé extent of ¥ -bonding between phosphorus and nitrogen and this

results in an increased P-N stretching'}requency o
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The overall range for P-N double bond stretching frequencies is

1055 - 1500 cm® 2,

Phetoelectron spectroscopy, p.e.s., has been used to
identify the mutual relationships between adjacent phosphorus and
nitrogen lone pairs, and this can give information on 71 -bonding
effects., Cowley and coworkers used p.e.s. to show that in P(NMe2)3,
two of the nitrogens have lone pairs orthogonal to the phosphorus
lone pair, while the third nitrogen had its lone pair eclipsed to

that on phosphorus, fig.6, 89,90,9%,79.

fig.6

This does not .provide direct evidence for any 7T-bonding’but it

does show that the phosphorus and nitrogen atoms are in optimum
positions for n—ye™interactions.

In phosphorus-nitrogen compounds both the phosphorus

and the nitrogen atoms are potential Lewis base sites. However, the

phosphorus is generally found to be the more reactive site to

electrophiles and this is believed to be due to the electron donation

from the nitrogen to phosphorus.
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This increases the phosphorus base strength while it decreases the
nitrogen base strength 47. Thus in the reaction of P(NMez)j with

halogen392 or sulphur93 the reaction site has been positively

identified as the phosphorus atom.

o.o-.--oo.....a---o--lo43

1
P(NMe,), « /8 g —> (Me,N),P=5

(17a)

.’ll.........l..-10001.44

P(Wey)s + X,  —> (Me2m)3§x. X

(17b)X = C1, Br or I)
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l.5c. Effects of Geometrical Isomerism.

The addition of elemental sulphur or selenium to a

1 : 1 mixture of cis-and trans-isomers of (MezN.PN.But)z, (1f), gives

only a trans disulphide (1b) and demonstrates the greater-nucleophilic

reactivity of trans-isomers relative to the cis-isomers 49.

But But
N Me. N N
~ NN\
Me N.P/ P.NMe, + 4S5, — P P (10b)
2 e 2+ %5 7 \N{ \NMe2 (trans)
Bu® Bu
(1f) *
cis : trans 1 : 1 But
Me, N N NMe
& \P/ \P/ 2 1f)
N, écis)
L ==
Bu
0.0:0..00--001.45

The oxidation reactions of cyclophosph(III)azanes with sulphur,

selenium and methyl iodide are stereospecific with retention of

configuration at phosphorus 49, These reactions proceed with

relative ease, with the phosphorus effecting nucleophilic attack

on XS'
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(1f)
(X = S or se) i *%

But
Me2N N NMeg
\P/ \P/ (10b,X =5
« N\,
t
Bu
cis trans

However, with tellurium only a trans-monotelluride
(9¢c, X= Te) is obtained 49. Examination of the 3lP mmr spectzvm of
this compound shows that the tellurium is exchanging between a number

ci sites. The exchange process is concentration dependent, suggesting

an intermolecular component. These effects show the greater lability

of the phosphorus-telluriumbpond compared with either the nphosphorus-

sulphur or phosphorusz-selenium bonds. The pheosphorus—seleniun bond

in (90)(X = Se) shows similar effects, but only when heated to lbOOC.
The 1lability of the phosphorus-—tellurium bond aleo means that the
tellurium can be readily displaced by sulphbur or selenium,

The reactivity of 2 phosphazane to electrophiles relotes
to the clectron donor powers of the phosphorus substituenis. The
nitroger lone pair is not readily available for reaction with
elecjroPhilic species, and this is consistent with its being involved

in miltiple bonding with phosphorus.

H
L iy
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Without doubt the most useful analytical tool to be applied to the
study of cyclophosphazanes has been 1H and 31P nmr spectroSCopy The
basic principles of 1H nmr spectroscopy are well known and do not

need repeating here. The technique, in conjunction with “H ‘{'BIRI
double resonance experiments, was widely used for routine identification
of compounds. By examining the lH spectrum, with, and without, 3 lP

decoupling, one can correlate various hydrocarbon groups with

rarticular phosphorus atoms, so gaining more structural information
This technique

. 1
also gives the phosphorus shift without the need ito obtain a 3

than is possible from a single resonance lH spectrum,
P nmr
o . 1 31 -
spectrum, but only if spin coupling between the "H and “"P nuclei
is present,
In 2P nmr spectroscopy both the phosphorus chemical
shift (5}51;nd the phosphorus-phosphorus coupling constant (Jpp')

can be used to characterise isomeric cyclophosphazanes. PhosphorusCIII)

shifts are generally at a lower field than the analogous phosphorus (¥)
shifts., This is particularly true of the cyclophosphazanes, for
example, in the monosulphide (9d), shown below, the phosphorus(ITI)

. , 2
shift is 110,0 while the phosphorus(¥) shift is 75.7 5.

/“\
\N/ \

(9d)

Also for _(ClPNBut)2 ép: 207.3 and for (Cl(O)PN'But)2 gp =0

T The convention adopted here is one in which low field shift, relative

’

to 85% HsFO,, are positive,
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Phosphorus shifts are also dependent on the type of phosphorus
substituent. Strongly electron withdrawing groups such as a halogens
will result in a shift to lower field, e.g. cis-(Cl.PN.Bu'),,

g&>= 207.3 25, while an electron donating group such as an amino-
group gives a higher field shift, cis-(Me,N.PN.Bu"),, $p =95.0 7",
The phosphorus shift is also dependent on the type of nitrogen
substituent, with smaller N-alkyl groups giving lower-field shifis.
For example, gis (CLPNEt), has &:227.3 while gis (c1PwBu®),, has

Jp = 207.3.

Exceptionally large differences in phosphorus shifts are

exhibited by geometrical isomers 25, these being the largest in any

phosphorus containing ring systems. In cyclodiphosph(IIl)azanes the

isomers show shift differences of the order of 60 - 100 ppm. This

large seperation makes for easy distinction of isomers (see Table 1.6).
In cyclodiphosph(¥)azanes, isomers can still be distinquished, but

in this case the shift difference is generally <10 ppm.

As with chemical shifts, the coupling constants in

cyclophosph(IIT)azanes are affected by the type of phosphorus

substituents and by geometrical isomerism. The P....P spin couplings

for cis and trans-isomers of cyclophosph(IIl)azanes often have different

: qy, Q , )
signs Wy 5, the former positive and the latter negative. Relative

sign determination is not straightforward and there is relatively

little information on this point. The modulus of the P....P spin

coupling is generally less than 30 Hz. 1In cyclotriphosph(IIL)azanes

these couplings are even sma11e1-96. It is difficult to obtain P...P

couplihgs from symmetrical compounds since the two phosphorus atoms

are magnetically equivalent when proton decoupled.
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A number of P....P spin couplings are also available
for cyclodiphosph(¥)azanes and they are generally ~ 50Hz, with

significant differences between geometrical isomers,

The trans-isomer of (MezNPNBut)z (1f) is more reactive
to electrophilic species than the cis isomer, see p.9, This is
paralleled by infra-red and E nmr studies of the bonding of (1f)

and (1n) to CDCly and CHCl; respectively 97, see Table 1.2

Table 1.2, 1.R and ‘H nmr Studies of (1£)(X = Mie, and (1n)(X = QMe
(hydrogen bonding to CDCl, and CHCl;l.
7

(a) b

Compound A-O /cm-l AQ /HZ( )
(Me NENBL®),, cis 22 21
trans 42 42
(MeOPNBut)Z cis 10 17
transg 13 18

(a) I.R. shift of¥C - D) for cpc13(o.o4 M)/lM (mixture in hexane),

relative to pure CDCl}.

(v) 1H nmr shift, 60MHz , of CHCD.3 (0.02M in hexane), relative to

the same solution with added compound (0,.5M)

The trans-isomers of both (1f) and (1n) show greater shift
differences than the cis-isomer, indicating stronger hydrogen

bonding between the chloroform (or deuterochloroform) and the former

isomer,



- 48 -

Cyclic voltammograms of cis and trans-(Pr; NPNPrl)z

have shown that only the irans-isomer undergoes a one-electron
oxidation reaction producing a stable radical cation 9&. The
lrans-isomer undergoes a one-electron reversible reaction while
the cis-isomer undergoes a irreversible oxidation reaction., This
difference may be due to the trans-isomer having a planar ring, and
the Cis-isomer having a non-planar ring .

The photoelectron spectra (p.e.s.) of cyclodiphosph(III)-

azanes, (1f) and (ln) show differences of approximately 0.5eV between

cis and trans isomers for the lowest energy ionisations from nitrogen

or phosphorus lone-pairs.,

Photoelectron Data for Cyclodiphosph(TIT)azanes (1f) and (1n)

Table 1.3
Compound (1) Photoelectron bands (eV)
(MeQNPNBut)Q cis 7.5 8.2 8.8
tra—ns 7.1 7.5 805 10.0
(MeOPNBut)z cis 8.4 10.1
trans T.7 8.3 10.1

1
The p.e.s. of P4(NMe)6 shows a series of broad bands above 8 eV oe

.

The phosphorus ion pairs give a doublet at 10.2 eV, The nitrogen

p7T -electrons show a broad absorption band at 7.7 - 9,7 eV, suggesting
that these electrons are stabilised by some bonding interaction since

non—bondiné nitrogen p?r-electrons would show ionisation energies

of less than 7 eV,
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In summary, the reasons for these marked differences
between geometrical isomers have yet to be clearly identified. In
addition to ring puckering effects, it has been noted that cross-

) * .
ring n’P—_’o’N-P bonding interactions might be particularly

favourable in stabilising cis isomers relative to trans isomers.
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1.5d. Conformational Effects.

Compounds containing nitrogen-nitrogen (hydrazines)
or phosphorus-phosphorus (diphosphines) bonds are well known,
Their conformations and element-el ement bond lengths have been
studied in some detail. The dominant factprs determining their
conformations appear to be steric and lone pair interactions. For
example, a series of biphosphinesshovs dihedrel anglee of 90 - 1007
) 101,102,103

between the lone pairs of the phosphorus atoms , see fig, 7,

for P2H4

fig. 7
¥
These structures have been rationalised in terms of the gauche effect 104
where the lowest energy configuration is one in which there is a gauche
relationship between the lone pairs on adjacent phosphorus or nitrogen

atoms. The gauche effect can also be used to rationalise the

conformations of tervalent phosphorus-nitrogen compounds.

In alkoxy and amino-cyclodiphosph(IIT)azanes there are

marked differences in properties between geometrical isomers. These

phenomena may also exist in cyclotriphosph(IIT)azanes, where no

40

more than two isomers have been found .
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One isomer shows all three phosphorus atoms to be magnetically

equivalent in the 5 1P -£1H3 n.,m,r.

spectrum, while the other isomer

shows two chemically shifted phosphorus signals in the ratio 2 : 1,

On the basis of the gauche effect,

one might expect that the properties

of the phosphorus atoms will depend on the relative orientation of

the lone pairs.,

Assuming a chair conformation for cyclotriphosph-

(IIT)azane ring, the lone pairs can be in an axial or equatorial

position on each phosphorus. This

(i) 3 lone pairs equatorial

(iii) 3 lone pairs axial

fig.8.

Therefore the two isomers obtained

leads to four possible arrangements.,

X
[x g
S | \x

(ii) 2 lone pairs equatorial

1 lone pair axial
X
|

R,/’/P

X—7 N////
/P-——N

RN | R
X

(iv) 1 lone pair equatorial

2 lone pairs axial

for cyclotriphosph(III)azanes are

(i) or (iii) and (ii) or (iv), see fig.8.
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It is evident from studies on dioxaphosphorinanes and
related compounds which generally adopt chair conformation  that
the phosphorus is more nucleophilic if it has an axial lone pair,
This can be rationalised by consideration of the relative orientations

105

of adjacent phosphorus and oxygen lone pairs .

\

' =7
MeQ
\\R——”"o :$——’““’O

MeO

axial lone pair equatorial lone pair

Newman projections along the endo =p=—O0 bond.

O Me

‘42%? 7z O
\\\‘“’ —

fig.9.
In these examples the oxygen is considered to be

approximately spz.hybridised with the remaining lone pair in a higher

The latter is more important in a consideration

106

of interactions with the phosphorus lone pair ~ The near

energy p—orbital.

eclipsed arrangement of lone pairs in the first (axial) case, results
in a repulsive interaction between the oxygen and phosphorus lone pairs
and this incfeases the nucleophilic character of the phosphorus atom.
The second (equatorial) arrangement leads to an orthogonal relationship
between the phosphorus and oxygen lone pairs, so making thosphorus

relatively less nucleophilic. An analogous effect might be expected
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in the cyclotriphosph(III)azanes if it is assumed that the
distribution of bonds about nitrogen is planar and the ring adopts

fhe chair conformation.,, then the corresponding Newman projections

are shown,

X

X R P x X R b
i i
RV y . W& X 2

fig. 10.
Related effects are also apparent in trimethylphosphite,

P(OMe)3, vhere the phosphorus oxygen bonds are essentially free to
rotate and so able to attain a conformation with relatively strong

lone pair-lone pair interaction (fig.11). This raises the phosphorus:

lone pair energy so increasing its Lewis base properties.

2
Me;\o//P \@

Me—0 Pﬁ"’1§

e

fig.llo
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However, in the cage structure, P(OCH2)3CR,106the oxygen lone pairs
are constrained to lie orthogonal to the phosphorus lone pairs, and
which makes it a poor Lewis base. The greater Lewis base properties
of tris(dimethylamino)phosphine, P(NMez)B, relative to the cage

compound, P4(NMe)6, can be related in a similar way 24
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1.5¢, X-Ray Crystallographic Studies.

X-ray crystallography has been widely uced for the
determination of detailed structural features of cyclophosphazanes.
(i) Cyclodiphosph(ITI)azanes : .

In 1975 Muir showed that cis—(ClPNBut)z had a slightly

puckered ring 95. Since then numerous studies have shown that cis-

isomers exhibit this puckering effect, while trans-isomers have planar

rings, Table l.6. This puckering is most evident in the piperidine

derivative, (CSHIONPNBut)z 97, where phosphorus and nitrogen atoms

show a displacement from the mean plane by approximately 0,138 X, (fig.12)
compared with the 0.045 & in (ClPNBut)z. In (CSHlONPNBut)Q the
piperidino-rings are also twisted slightly, presumably to reduce

cross ring steric interaction see fig.le2

fig.1l2.
All cyclodiphosph(IIT)azanes contain endo phosphorus-

nitrogen bonds which are shorter than the sum of the covalent radii
(for phosphorus and nitrogen, 1.77 X). For example, (ClPNBut)g
2197 .nd in (CsHloNPNIBut)Q
297, 1

has an endo P-N bond length of 1..69
these bonds alternate in length between 1.72 ¥ and 1.75
is generally assumed that the shorter phosphorus-nitrogen bonds are

associated with more multiple bond character, see Tables 1.4 - 1.7.
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(ii) Cyclodiphosph(¥)azanes :
Generally the oxidation of a phosphorus(III) compound

to a phosphorus(¥Y) compound gives rise to a shortening of the

A
Phosphorus-nitrogen bonds and an increase in the NPN angle. In
the phosphorus(¥) compound, cis-(MeQN(S)PNBut)z, there is a
8
, see

puckering in the plane of the ring by 4o from planarity

. figl3. In the phenyl derivative (Ph(S)PN.Et),, this angle is

increased to 80109.

/.

P N/P\}\f 4° -

fig. 130

In the cyclodiphosph(¥)amanes with five co-ordinate phosphorus, there
is a distorted trigonal bipyramidal arrangement of bonds with endo

N-P-N approximately 800. An example is provided by (Cl3PNMe)2 vhere

the P2N2 ring itself contains bonds of differing lengths since the

phosphorus-nitrogen bonds are alternately axial and equatorial, see

fig.lye.

Me\\\

!N T\ c1
"Sp ——N
cl<77}P \\\1ne

cl

fig.1ly4.
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(1ii) Cyclotriphosph(¥)azanes ;

In their work on (MeO(O)PNMe)j, Bullen and Ansell

showed the ring to have a twisted boat conformation « The average

: o
phosphorus-nitrogen bond length of 1.66A is considerably shorter

than the single bond length and this has been taken as evidence for

strong 77 —interaction in the ring. The average phosphorus-oxygen

(0Me) bond length is 1.56 &, which is shorter than the 1.71 % of a

normal single bond phosphorus-oxygen bond length 11:.1' This has been

interpreted as indicating further N —interactions between the

phosphorus and the oxygen atoms at the methoxy-groups. The methoxy

groups take up the configuration shown in fig.1l5

MeO
, Me
\ Me "__?Me ,/’
N__,,;=>‘=:¢__P,,—”’

Me Me!) I]
0

fig.l5.

In the salt Na (1\1}1:902)3 . 41{20 there is a cyclotriphosph(¥)azane

- 100 .
type ring which has the ionic form ( OZ.PN.H)3 see fig.l6.



o\\\\\P4¢¢7p
HN’/// \\\\\NH
'o\\\L L///o'
0= \\\\\N,///’ o
H
fig.16.

This ring has a chair configuration with short phosphorus-nitrogen

bonds averaging 1.68 £ and short phosphorus-oxygen bonds averaging

1.49 8.

(iv) Cyclotetraphosph(IIT)azanes :

The only known crystal structure of a cyclotetraphosph-

(II)azane is of (MePNMe)4 113. The ring has a crown conformation

and is the first example of such in any eight membered phosphorus-

nitrogen ring. The nitrogen atoms have a planar distribution of

bonds and the phosphorus-nitrogen bond lengths average 1,720 2.

(v) Cyclotetraphosph(¥)azanes :
The crystal structures of a number of cyclotetraphosph-

(¥)azanes have been studied 114-118 411 ghow the expected short

The structures obtained for

phosphorus-nitrogen bond lengths.
116,117

, 118
K4(P02NH)4 . 4H20 and Cs4(P02NH)4. 6 H,0 , and (NH)4P408H - 2H,0

are similar, the basic phosphorus-nitrogen skeleton of which is shown

in fig,17.
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The rings adopt twisted conformations s Berking and Mootyll6 117

found i ' &
ound isomers of Kq[ﬁoaNH]h. 4H20 nd Csh PO, NH L 6H20 to have

two conformations, chair or saddle (see fig. 17).

P \\\ /’ \\\p

N

fig.17.

Bullen, Paddock and coworkers examined the crystal

structures of two isomers of (MeO(O)PNMe)4 and showed that while

. 11 .
the major isomer had a boat conformation 4, as in fig.1l7 the

minor isomer had a chair conformation 5, see fig. 18 , The boat

configuration is described as having a cis-trans-cis-trans arrange

of bonds in the ring ; the chair conformation is described as

cis~-cis~-trans-trans.

MeO
\P\N weo I{/__N/Me
Me N
RSN
0 OMe

fig. 180

This chair conformation has a near planar arrangementi for six atoms

of the ring, see fig.18, and does not show any twisting of the structure

similar to that found in the boat oonformation,



- 60 -

Tullen, Paddock and coworxers rave caiculated thet

the energy difference between the boat conformation (cis-trans-cis-

trans) and the chair corformation (cis-cis-trans-trans) is 4.2 kJ

The cis-cig~cir~trans iscmer would

£10 kJ mol'l,

mol"1 in favour of the boat form.

have an energy differerce relative to the boat isomer o

and although this energy djiflerence is not prohibitively lsrge, no

such isomer has yet been fovnd,

Cage and fused ring molecules :

The zdamantzne-type structure, PA(NMe)6 has chort

phosphorus-nitrogen bond lengths, 1.69 % and 2 near planar arrangement

100 The fused

(o)
of bends at nitrogen (sum of bonds angles ca. 2567)

i cq U3
ring structure of P4(NPrl)6 has also been stuldied the phosphorusz-
nitrogen skeleton is shown in fig.lg, this being different from P, (Ni),

zbove,

fig.19.
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The rhosphorus-nitrogen bonds of the four membered rings are 1,70 2
while the phosphorus-nitrogen (bridge bonds are slightly longer at

1.72 3. The latter two structure determinations were of relatively

low accuracy due to disorder effects.
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Table 104.

Selected structural dgta for some aminophosphorus compounds,

Sum of N P-N bond
Compound Ref. | bond angles length (X) Source
P(me, ) 119 352.5° 1.700(5) e.d.
(Me,N) PCL 120,121 360° 1.730(5) e.d.
(Me,N)pCL, 120,121 360° 1.69(3) e.d.
(Me2N)P(0)c12 120,122 148° 1.67(4) e.d.
P[N(Cﬁz)g]3 119 303.5° 1.75(1) e.d.
Me ,NPF,, 123 360° 1.628(5) X-Tay
Me,NFF, 124 348.4° 1.684(8) e.d.
Me ,NPF, 125 360° 1.66 m. W,
H,NFF, 124 345° 1.661(7) e.d.
H;NpF, 126 360° 1.650(4) m.we
(C1,P) ,Ne 127 360° 1.664(10) n.m.r.
(F,P) e 128 360° 1.680(6) e.d.
Ph,P.NMe.P(S)Ph, | 129 . 353° i:ggggg(P(m)) X-ray
P,(Me)g 130 345° 1.68(3) X-ray
r, (W), 131 343° 1.66(3) X-ray
P, (Wie)gs, 132 358° 1.66(3) X-ray
P, (Nie)¢s, 133 358° 1.656(14) X-ray
P4 (1ve) 40, 133 351° 1.667(20) X-ray
P4(mv1§)6MeI 134 352° 1.71(3) X-ray
P, (Wte) 100 356° 1.695(10) X-ray
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Table 1.5,
P-N bond lengths and angles in Cyclophosph(ITI)azanes,
Angles( o)
Compound Ref. | P-N Distance (&) |<4N-P-N ZP-N-P
(ClPNBut)z 107 | 1.689(4) 82.5(3) 97.3(4)
(PhQP(Me)NPNBut)Q 135 1.724 80.1 96.9(endo)
1,691 exo 116.2(exo)
1.72(P exo- exo)
(8, o CNENBL "), 97 | 1.75(2) 1.72(2) | 80.3(1) 96.8(1)
1.68(2) 110.3
105.3
PhN(H)P,(NPh NPFPh 136 1.723 79.4 99.9
[( ( ) 2 )2]2 115.6
in CH_C1
272
i ' 1.72 82.5 97.5
( (MeBSl) oNPNSiMe, ), 40 1. '7{1 Z
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Table 1.6.

Selected structural data of some cyclodiphosph{V)azanes.

(a) Bond distances.

Compound Ref. | P...N bond P...P bond N...N bond
lengths (4) distances . distances
() (£)
(013pNMe)2 137 | 1.769,1.635 2.599 2,202
138 | 1.776,1.629 2.577 2.230
(FBPNMe)z 139 | 1.74, 1.60 2.59 2.09
(PthPNMe)Q 140 1,78, 1.64 2.61 2.21
[30130)F2PNMe 2 141 1.742,1,621 2.579 2.159
. 2.16
[(C6F5)F2PNMe ) 12 | 1.750,1.631 2,594 169
(Ph,FPNYe),, 143 | 1.780,1.652 2.659 2.169
(Cl(O)PNBut)Q ee.otrans | 144 | 1.661 2.439 2.255
(Ph(S)PNPR), ....trans | 145 | 1.695 2,562 2.221
(Pn(s)PNMe), ....trans [ 146 | 1.69 2.50 2.26
147
(Pn(s)PNEL),  ....trans 14,6 | 1.686 2.518 2.241
148
(Ph(S)PNEt), ....cis 146 | 1.687 2.491 2,261
2 109
(C1(S)PNMe), ....trans | 149 | 1.67 2.48 2.23
(Cy g, N 8 2,48
5H5N,PS), ....trans | 150 | 1.74, 1.80 endo  2.53 4
1.75 exo




Table 1.6,

(b) Bond angles
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Compound Ref, PﬁP(o) NﬁN(o)
(C1yPrve), 137 99.5  80.5
138 98.3 81.7
(FBPNMe)z 139 102.0 78.0
(PthPNMe)z 140 99.4 80.6
ECIBC)FZPNMe ) 141 100.1 79.9
: . .8
ECst)FzPNLe ) 142 100,2 79
(thmm«xe)z 143 101.6 78.4
(Cl(O)PNBut)z ,,.trans | 144 9445 85.5
(Ph(s)PNph), ...trans 145 98.1 81.9
6.0 84.0
(Ph(s)PNMe)2 e« oirans 146 9
147
146 6.7 83.4
(Ph(s)PNEt)2 «s.trans 1ﬁ8 9
; 146 .2 84,2
(Ph(S)PNEt)2 ceeCis 139 95
(Cl(S)PNMe)2 eeotrans 149 96.0 84.0
eeotrans 150 91.0 89.0

(CI5H15N2PS)2
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Table 1.7.
Comparison of 3 lP n.m.r. data for geometrical isomers.,
Compound Ref. Isomer
trans cis
& (ppm) Sopr () | S(oem) 1y (h2)
(ClPNEt)2 115 227.3
(cremn®y, 115 207.3
(MeOH\IBut)z 115 | 202.4 ~9.5 133.7 15.9
34
(e NenBa"), 49 | 184.7 -10.0 95.0 14.0
(Me(H)NPBut)z 49 | 172.4 98,1
(Hmcslsmuaut)2 49 | 182.3 91.9
(Meo(s)PNBR®), 115 | 56,6 20.8 51.6 28.5
(Me,N(s)PNBu"), 49| 53.8 20,2 44.8 41,2
(Me,N(se)PNBu’), 294 48.9 6.2 39.8 33.1
gut
Se
MeOP/ \P// 115 119,3 (PIIX) 96,2 P(IIT)
\N/ Me 72.3 -11.1 53.8 -17.3
But
But
NS
MeOP v d 1151 110.0 (pIIT) 94,2 P(III)
NN 7547 12.6 60,2 14.7
N OMe
But
Bt
N P
MeNP/ \p/ 49 103.6 (PIIT) 91.4 (PIIT)
N7 68.0 11.2 49.0 11.2
Bu®
Bt
N Se
N
MeNP: P 4 111.7 (PIIT) 90.0
\N/ AN ? 61.0 ( 10,1 36,2 9.4
t NMe




Chapter 2.

Reactions of phosphazanes with diborane, B2H6’ and boron

trifluoride-diethylethanoate, EtQO.BFB.
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2.1, Introduction.

Reactions of various phosph(IIT)azanes with diborane,

triethylamine-borane and boron trifluoride-diethyletherate were

carried out to investigate the nucleophilic characteristics of
the phosphorus and nitrogen atoms. In this respect the work was
a development from that described in Chapter 1 Section l.Le.,see
rage 30, In general the investigations confirmed the trends

established in the previous works; there were no major disagreements
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2.2. Results.
2.2a, Reactions of acyclic phosph(III)azanes with borane adducts.

The reaction of tris(dimethylamino)phosphine, (3a),
with 1 mole equivalent of triethylamine-borane readily gave the
tris(dimethylamino)phosphine-borane (12a), gP(HI) = 104.7,

J 11

pllg= 98.?Hz » Jo10.= 50.0Hz, see also ref, 63.

P™"B

P(NMe,,) gt,N,5m, —200°C, (Me N),P.BH, + Et N
273 T3N3 2773773 3

(3b) (12a) ceceenees(2.1)

Bis [ (dimethylamino) phosphino] methylamine,

((Mezl\I)ZP)2 NMe (3c¢) and diborane, B,H¢, gave a bis-borane product,

(17a), Jp = 104.1
Me
N
[ pet. ether ( ) e \P(NM )
(Me_N Ii’NM B —_ 3 (Me,N),P e
oN) Pj MMe + BoHg p—— 22 2)2
BH, BH,
(3¢) (2v)  ,,......(2.2)

’

) 1
Consistent with this formulation, the "H n.m.r. spectirum of (12b)
gave a triplet $= 2.44, JPH = 5.4 Hz. Interestingly the mass

spectrum showed an ion- pam‘é’ for the mono-borane adduct, m/e = 281,

21
but not for the bis-borane adduct. The P n.m.r, spectrum gave

51, = 104.1, Jpp = 96.7 Hz.
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The reactions of diborane with a series of bis(diphenyl
phosphino)amines, (3d,e, ), (Ph,P) MR, (R = Me, Et and Pr')respectively,
were carried out under conditions similar to that of Reaction 2.2,

Unforturately, the products (12, R = Me(c) , Et (d) and Prl(e)) all

readily decomposed and no 31P n.m.r, nor microanalytical data could
be obtained. 1In the case of (l2cand d, Rz Me and Et), p nom.r.

shifts of 76.5 and 78.5 respectively were obtained by double resonance

—
and may be compared with the 31P n.m,r. shift for the respective starting

materials of 74.0 and 62.2. The lH n.m.r, spectrum of (12c)gave doutlet of

doublets with a shift <{: 2.67 and phosphorus-proton couplings of 1.8 Hz
and 10.5 Hz, which is consistent with reaction of diborane at one
phosphorus atom only, Although only one major phosphorus shift was

obtained for (12b), a weak signal corresponding to ép = 107.7 was also

observed in the same spectrum. The lH n.m.r. spectrum of (12d, R = Et)

is more complex but the CH region showed a doublet of quartets which

2
The agacluent- of the compound (3c)

on 31’9 irradiation gave a quartet. ‘

with triethylamine-borane gave a product with a 1H spectrum and

phosphorus shift identical to that obtained in the reaction with

diborane.
Table 2,2. 31P n.m.r, shifts of some acyclic phosph(JTT)azanes
and their borane adducts,
Compound 6,: Borane Compound Sp A‘P
(ppm) adduct number (ppm)
P(NMe2)3 (3b)| 122.2 (MezN)BP.BHB (122) | 107.9] 14.3

[(MezN)zl?]2NMe .(30) 119.0 [(MezN)2P[BH3321\MeA (12b) | 104.1| 14.9

12 60 ~de
(Ph2P)2NMe (3d)} 74.0 Ph2P(BH3)NMQPPh2 (12¢) &ng) 1.5

(PhP)NEt = (3e)| 62.2 Ph,, P(BH; )NEtPPh (124) 78.5|-16.3
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The mass spectra of (1l2c,d and e) all clearly show the
bresence of the mono-borane adducts, and of the starting materials,

presumably formed by fragmentation in the epectrometer.

It was not possible to obtain complete analytical data
31

for any of those adducts except (MGEN)BP-BHB' However, the P n.m,r,

spectrum suggests that coordination occurred from phosphorus to
boron as expected. The 31? n.m,r, spectrum gave a guartet (1:2:1:1)

5; 104,7 and J(“BP) = 98,5Hz . An underlying heptet (1:1:1:1:1:1:1)

gave J y = 50.0Hz.

(loBP
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2.2b. Reactions of cyclophosph(IIT)azanes with borane adducts.

2-cis-4-Bis(dimethylaming)-1,3-di-t-butylcyclodiphosph(III)-
azanes, (1f), forms a mono-borane adduct(18a) with one mole equivalent

of triethylamine-borane. This adduct has 31P n.m.r, shifts of 81’ 91.4

and 79,1,

Bu® Bu®
///EL\\\ /,/N\\\\
Me,N,
oN.P P.NMe, + Et;N.EH; — Me,N.F 1=(1=.«H3)1\11v1e2 + EtsN

N N
Bu® Bu®
(lf) (183) ooo.u.coccu02¢3

Compound (18a) was isolated as a crystalline solid after distillation

of triethylamine,lH n.m,r. spectroscopy established that the reaction

was almost complete prior to distillation. The analogous trans-cyclo=-

phosphazane (1f) gave a product identical to that obtained from the

cis-isomer, The adduct (18a) is believed to be a cis isomer. This

assignment is based on consideration of the 31P n.,m.r, shifts where

it has been found that for cyclodiphosph(III)azanes large chemical

shift differences exist between cis and trans isomers and that the

'low field' isomer has a cis conformation., This also holds for

cyCIOdiphosph(I)azanes but the shift difference between isomers is
151

considerably smaller .

Bis~borane adducts of (1f) could also be prepared using

triethylamine-borane, the product being dependent on the conditions.

If cis (lf) and two nmiole equivalents of triethylamine-borane are mixed

without heating, then the product is the cis-isomer (19b) .
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Distillation of the triethylamine gives the trans-isomer (19c)

t
gu But
Me NMe
2 2
Me .27 \P.NMe2 + 2 B, IR temp Sp - \P
N + 3 t 3
Bu
(1) heat (19¢")
--Eth
H But
B N NMe
NG N
Bu
(19¢c")
Ql-.....‘..2.4

On passing diborane through a solution of c¢cis and trans

(1f) in light petroleum, the bis-borane cyclodiphosphazane adduct (19a)

is immediately formed.

t But
Bu
Me,N, P/ >P.NMe + BH — Me N(H B)P/v >P(BH3)NMe2
N
But Bu®
(ar) (19¢)

cis and trans isomers

o'.t...c.o.oavu'.ozis
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The monoborane adduct (18a) was left for two weeks in
methylene chloride solution when n.m.r. spectroscopy showed that it
had disproportionated to the cis-cyclodiphosph(IIT)azane (1f) and a
Cis-bisborane adduct (19c).

On mixing tris(dimethylamino)phosphine~borane (12) and

(1f) in 1 ; 1 mole ratio, the monoborane cyclodiphosphazane (18a)

and tris(dimethylamino)phosphine were formed.
The cis-bismethoxy~derivative (MeOPNZBut)z, (1n), shows

@ similar series of reactions with diborane to that of the bisdimethyl-

amino-derivative (1f), thebisborane adduct being isolated. However,

reactions of (1n) with 1 and 2 mole equivalents of triethylamine-

borane gave the monoborane adduct (18b).

t

But

Bu
/N /OMQ MeO\ /\‘ \ /OMe
P P -+ Et,N,BH, — P P + EtBN
N\ 370773 \\vr// AN
N t BH3
Bu

But

Me0
AN

(1n) (18v)

-..0.00..0‘...2.6

The trans isomer of (ln)also gives a cis-mono~borane adduct (18b)

from the reaction with triethylamine borane. The assignment of

structures is based on the criteria discussed in pages 43 - 49.

g,
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Bis-borane adducts of (1n) are formed by reactions with

diborane ;

s Bu®
/N\ N
MeO s
e P\ POMe + B,H, — MeO(BHB)P\ >P(BH3)0Me
N7 N
Bu But
(1n) cis and trans (19b)

000000010000000002.7

The cis-dichloro derivative, (ClPNBut)2, (1c) reacts with
1 mole equivalent of tetrahydrofuran-borane to give a product which

was not formally identified, but is probatly a monoborane adduct.

Bu® Bt
PN PN

Cl L L] L ] BH L] . *

P\N/P01 + T.H.F.BH; — clP\N/P( 3)C1 4 T.HF
But Bu®
(1c) (18c)

..O.O...l.c.o.l..2.8

A similar reaction using triethylamine-borane gave a product with
an identical shift, §, = 130,5, to that obtained for the reaction
of (1lc) with triethylamine. This suggests that the product in this case

may be a triethylamine adduct.
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152

A related reaction has previously been observed by Holmes
Thus phosphorus trichloride and trimethylamine form an adduct in both

the solid and liquid phase at low temperature (-46.500).

When heated to O °C complete dissociation to PCl3 and NMQ3 occurs,
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2.2¢C. Reactions of phosphazanes with boron trifluoride-diethyletherate.

The preparation of mono-boron trifluoride adducts of the

bisdimethylamino~(1f) and bismethoxy-(1n) derivatives of the cyclodi-

phosph(ITI)azanes was attempted by the reaction of boron trifluoride-

diethyletherate with the appropriate cyclodiphosph(III)azane. The

resulis were ambiguous in both cases, the products gave a 31P n.m,r.

spectrum which displayed no phosphorus-boron or phosphorus-fluorine

couplings, but showed 31P signals that suggest two main products from

¥*
each reaction. The reaction with (1n) gave products with 51p n.om.r.

signals of 168,05 and 128,0, (JPP,: 20.7Hz) and 138,05 and 128.0
(JPP\z 21.1Hz). This may indicate two distinct compounds or isomers

of a single compound. The analogous reaction with (1f) gave a similar

1p spectrum with >lp shifts of 160.1 and 116.4 (Lpy = 13.8Hz), and
131.8 and 116.4 C%P.==13.9Hz). The 19F n.m.r. spectrum of the

product of this reaction gave a 1:1:1:1 quartet at <S,F::16O (JBF = 17Hz),

and a broad 'hump' at (5F= 150.2).

The mass spectra of the product of the reactions of (1f)

and (1n) with 1 mole equivalent of boron trifluoride show no indication

of any ring adduct .or of any unreacted starting material.

* t
(1n) = (MeOPNBu )2
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2.3. Discussion.

2.3a. Reactions of acyclic phosph(IIT)azanes with borane adducts.

Investigations into the products of the reactions of
acyclic phosph(ITI)azanes (3b-d) with diborane and triethylamine-

borane have confirmed earlier reports that the BH3 group bonds to

the phosphazanes through the phesphorus atoms 6&’65’153. The borane

adducts of (3b) and (3c) gave shifts upfield of the starting material,

see Table 2.1, This was expected for the borane adducts and has also

been observed in the products of oxidation reactions 7. However,

in the case of (3d,e) with diborane, the products (12c,d) have a

downfield phosphorus shift relative to the starting material,

The formation of a mono-borane adduct (17b) is surprising

in view of the reactivity of diborane towards phosphazanes. The

lH n.m.r. data and the fact that only mono-borane adducts were observed

in the mass spectra suggest that (12c,d) are mono-borane adducts of

(X ande ), though this does not explain why only ohe strong phosphorus

shift was obtained by double resonance for the compounds. The problem

could not be resolved by 31? n.m,r. spectroscopy as the compounds
decomposed too readily before the samples could be examined. It is
possible that the products ( 1l2c& d) each had two phosphorus shifts

in close proximity, ca. 2ppm and that they were mistakenly identified
—

3INBu

as a single shift. In the analogous fluoride FPNButPF(BH
Paine and coworkers found phosphorus shifts of 139.8 (P III) and 134.6
(P(BH3))' The Z(BH3) signal may also have been broadened by rapid g

relaxation, and this could have contributed to any misidentification of

the two phosphorus signals.
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The fact that no bis-borane adducts of (3d-1) were observed is in line

with the observation of Paime et al76 that only mono Mel adducts of

diphosphinoamines are formed.
It is probable that the presence of a borane group at one

of the phosphorus atoms of the acyclic phosph(IIT)azane reduces the

nucleophilic character of the remaining phosphorus by an inductive

effect.
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2.3b. Reactions of cyclophosph(III)azanes with borane adducts.

It is surprising that there was no reaction between

tetrahydrofuran-borane and the dimethylamino-derivatives (1f) or the

methoxy-derivative (1n). By contrast the reaction of triethylamino-

borane with the dimethylamino-derivative (1f) gave both mono-(18a)
and bis-(19a) adducts. The fact that the methoxy-derivative (1n)
gave only a mono-borane adduct (18b), even under forcing conditions

indicates that the reactivity of the cyclodiphosph(IITI)azanes is

related to the electron supply to phosphorus. This is expected to

be related to the exo-substituents in the order Cl <'0Me <'NMe2.

By comparison with P(Y¥) compounds of known structure

1 .
the 5 P chemical shifts suggest that the compounds above are cis-

isomers., However, when two mole equivalenis of triethylamine-borane

are mixed with cis—(lf) and the reaction mixture is heated then the

product is the trans-isomer. Presumably the irans-isomer is thermo-

dynamically more stable than the cis-isomer.

A similar reaction with trans—(lf) gave the same products

as obtained from cis-(1f). As yet it has not been established whether

isomerisation occurred before or after reaction with the borane. The

reactions of (1f) and (1n) with diborane constituted the only method

for the direct formation of trans-(18a,b) and for the preparation of

the bis~boranes.of (1n), (19b). Diborane is extremely reactive towards

cyclodiphosph(ITI)azanes forming the bis-borane adducts (19a) and (19b)

instantly. There is no indication of any mono~boranes (18a) and (18v)

being present in the reaction products. The reactions with (1f) and

(1n) are stereospecific, although it was not possible to distinguish

the relative reactivity of cis and trans-isomers towards diborane,
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The disproportionation of (18a) to (1f) and (19a) clearly
implies that the mono-borane adduct is relatively unstable with

respect to both the bis-borane adduct and the cyclodiphosph(IIT)azane.

The reaction of tris{dimethylamino)phosphine-borane with (1f) results

in the formation of the monoborane (18a). The reaction is not reversible
implying that the cyclodiphosph(ITI)azane (1f) is a stronger base

tpwards bprane than the acyclic tris(dimethylamino)phosphine. This is

probably due to the conformations of the adjacent phosphorus and

‘nitrogen lone pairs (see Chapter 1;p50 ). In the acyclic tris(dimethyl-

amino)phosphine there is relatively free rotation about the phosphorus-

nitrogen bonds and so conformations with a minimum interaction between

adjacent phosphorus.and nitrogen lone-pairs is possible. However,

in the ring compound (1f) there is a fixed arrangement of atoms which
leads to a near eclipsed relationship between phosphorus and nitrogen

lone-pairs and so increases the basic character of the phosphorus atoms.

The reaction of (1c) with 1 mole equivalent of tetrahydro-

furan-borane is believed to form the mono-borane adduct (18c), see

Reaction 2.8, If triethylamine-borane is used in a similar reaction,

the resulting product appears to be an adduct between the triethylamine

and the cyclodiphosphazane. Phosphorus shifts of 190.,1 and 137.8

with a phosphorus-phosphorus coupling of 39Hz were obtained from (18¢),

however, the 31P n.m,r. spectrum did not show any phosphorus-boron

O

1 . ;
coupling, although this may be due to 1B nuclear spin relaxation effects.

No bis-borane adducts of the cyclodiphosphazane (lc) were prepared.

g

I T,
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The 31? n.m.r. parameters obtained for (18¢c) differ
markedly from those obtained for the analogous fluoro-derivative,
as found by Paine and coworkers 76 , where the 31P n.m,r, shifts for
the two different phosphorus atoms were reasonably close at <§P =139.8
and 134.6, 1In the fluoro derivative a strong phosphorus-boron
coupling of 55Hz was observed., The bis-borane adduct of (1h; R = But)
was shown, by x-ray crystallography, to have a cis-structure and it
seems probable that the mono-borane adduct of (lh; R = But) would

also be the cis-isomer particularly since the starting compound is

Cis-isomer 34; However, it is worth noting that dimethylsulphoxide

oxidises cis (1c) to trans (Cl(O)PN.But)2, an arrangement which reduces
77

the P......P distance and shortens the P—N bonds
31P n.m.r. spectroscopy has proved to be very useful in

the identification of the various borane adducts of the cyclodiphosph-
1 :

azanes, In the case of the mono-borane adducts, the 3 P n.m.xr. shifts

of thedifferent types of phosphorus atoms distinguishes between

those with and those without an attached borane group, see Table 2,3.

t
Table 2.3, 31P n.m.r. data for (XPNBu )2353.

S oE2) AT AP(BHBYE

x [& myiemm) S, (Er) (o) Ipy(ae)

a 190,07 137.8 - 39.0 17.3 69.5
MeO | 118.05 109.5 78.8 - 15.7  24.2
Me, N 91.4 79.1 91.4 - 3.6  15.9

%: AP is the upfield 31P shift of the borane adduct relative to the

analogous precursor,(XPNBut)E
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Using empirical relationships 31P n.m.r. spectroscopy can also be

used to distinguish cis-and trans-isomers of the bis-borane adducts,

see Table 2.4, The cis-isomers have 31P signals upfield of the

trans-isomer and have smaller phosphorus-boron couplings. The

determination of the structures of the two isomers is based on a

comparison of the 31P n.m.r. shifts with analogous oxidation compounds

of known structure 49.

Table 2.4. 31P n.,m,r, data for bis borane adducts (X(BHZ)PN.But)g
3 2

i 1
MeO 108.5 81.0 .o132.2 85.0
MezN 85.7 1.4 115.3 80.6

Variable temperature 1H n.m.r. experiments on both mono-
and bis-borane adducts of the bisdimethylaminocyclodiphosph(II1)azane
(1f) are of interest. Heating the cis bis(borane)adduct (19a')
between 30° and 90°C had no appreciable effect on the spectra,
However, when the mono-borane adduct (18a) was heated'from -60° to
56°C there was a marked change in the lH n.m.r. spectrum over this

\
temperature range. This is summarised in fig. 2.2.
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Fig, 2.2. Vvariations in lH n.m.r, spectrum of (18a) with temperature.

31P decoupled

Normal

JA
(ambient) /\/\
p® p*

(-60°) A

p= pr

The spectrum and 31P decoupling frequencies indicate that there is
11T

non-equivalence of the two methyl groups on the P NMe2 group the

latter comprising a pair of doublets in the single resonance spectrum,

The dimethylamino-derivatives (18a) and cis and trans (19a)
were cooled to -60°C and the effects on the 1H n.m.r. spectra
élP decoupled) were followed. These experiments gave the coalescence
temperature for each sample, Tc; that is the temperature at which the

individual N-methyl signals, associated with the phosphorus(V) atom’

coalesce., Approximate values for the free energy of activation,

at the coalescence.temperature, for the rate process can be calculated

using the formula

*
AGT = Tc[ .63+ 4,58 log Tc]
4 Y

vhere 4) = shift (Hz) in absence of exchange.
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Table 2.5. ZBG;C for Borane Adducts of (MenN.PN.But)z
<

Compound r Tc (K) 49 (Hz) A G',;,c(kcal.mol'l)
(182) 283 11.2 14.7
(19a)cis 288 5.0 15.5
(19a)trans 315 2.0 16.9

By analogy with analogous chalcogen derivatives it seems likely that
¥ .
AGTC is a measure of the activation energy of rotation of the

phosphorus-nitrogen (exo) bond and from this one can gain information

on the configuration of the compound. Table 2.5 correlates the

order of AG';‘c for cis and trans isomers as discussed eerlier,

see Ch.l Section 5d, Conformational Effects. The higher value for

A G;c obtained for the trans isomer of (19a) confirms this

arrangement, The trans isomer has less interaction in the ground

state between the exocyclic groups - see fig. 2.3. This leads to
!

higher rotational barriers than the ¢is Isomers. The close

proximity of the ~NMe, groups in the cis isomer gives an interaction

which destabilises the ground state.

Me Me Me
|
Me——n” Sy——ve Me ——N\
P p” P P
N—NMe
Me
cis trans

(the ring nitrogen atoms and substituents have not been shown for

reasons of clarity), fig.2.3
1862430
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The infrared spectra of the borane adducts of both (1f)
and (ln) show that the P-N-P asymmetric stretching mode gradually

moves to higher energy as borane groups are added to the cyclodiphosph-

a@zane. 1In this the mono-and bis-borane adducts show that they follow

opposite general trends as related oxidation products with chalcogens ,
see Table 2,6, The fact that mono-and bis-borane adducts have higher

energy P-N-P stretching modes than their precursors, and this is

Possibly indicative of stronger phosphorus-nitrogen bonds being present

in the adducts., This is consistent with crystal structural data which

shows that phosphorusczj-nitrogen bonds are generally shorter than
analogous phosphorus(IIT)-nitrogen bonds (see chapter 1.)
The cis-isomers of the bis adducts (19a,b) have P-N-P

asymmetric stretching modes which are at a higher energy than the

analogous trans isomers, (ca.5 em™L in both cases).

The mass spectra of the mono-and bis-borane adducts show

that removal of BH3 groups from the adducts in the spectrometer is

generally relatively easy. The mono-borane adducts 5h°Y, a parent

ion but have even larger signals for parent - 14, that is the loss

of a BH3 group., The bis barane adduct (19a) shows only a slight

trace of a parent ion and a small signal for the parent - 14, In

trans iscmers show any parent

the case of (19b) neither cis or

ion. By contrast the analogous fluoro-derivatives of mono- and

bis-borane adducts prepared by Paine and coworkers 76 both gave

relatively strong parent ions.
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Table 2,6. P-N-P (asym) Stretching Modes in Borane. Thio and Oxo
Derivatives, X(Y)P(NBu), P(Y')X NBu

t

P-N-P (asym)/cm_l

Compound
X Y Y ref. cis trans
Me N - - 37b 872/862 880
2 870
Me,N JaH3 - - 887 -
- 10 0
Me N 13113 Bi; 9 905
Me N ) - 154 884 897
Me, N S S 154 905 912
Me,N 0 0 154 915 930
Me0 - - 24 897 890
MeO BH; - - 910 =
- 920 915
MeO 13H3 BHy
MeO S - 154 903 902
MeO S s 154 922 921

Note: all spectra obtained from NMujol Mulls.
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Table 2.7. B - H Stretching Modes in Borane adducts of some Phosphazanes.

Compound Q (B—1n)/ cm.-l
Asym sym Others ™
(M92N.PN.But)2.BH3 2380(s) 2350
t
(e N. PN, 3u") ,(BH,), cis 2405(s)  2380(s) (235742
trans 2408(s) 2385(s) (23694420

(MeO.PN.But)Q.BH3 2395(s) 2360
(MeO PN.Bu®) 2(BE5), cis 2415(s) 2408(s)  (2365)370)

' trans 2415(s) 2408(s)  (2368)
(PhyP) e + BH 2400 (v,broad)
(Pn,p) oNEt . BH, 2415(s) 2385(s) (0448
(Me )P e, (3y), 2390(s)  2350(s)  (243QKm)

Note: A1l spectra obtained from Nujol Mull

¥,shoulders in square brackets

There is no appreciable difference in B— H stretching

modes between cis and trans isomers of the cyclodiphosphazane diborane

adducts (see Table 2,7). This is surprising in view of the difference

in chemical and physical properties of cis and trans isomers, (see page 84)

B - H stretching modes can also be used as an indication of relative

65,73

base strengths of a series of derivatives
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2.3c.  Reactions of Phosphazanes with Boron Trifluoride-Etherate.

This series of experiments has not given any clearly

identifiable products. In most reactions the addition of the boron

trifluoride appears to have resulted in the fragmentation (or decom-

position) of the phosphazane. Presumably the boron trifluoride

attacks at the nitrogen atom 64 and this results in the phosphorus
being more suscepti{ble to hydrolysis.

The cyclodiphosphazanes (1f) and (1n) both gave two sets
of phosphorus shifts from the 1P n.m.r. spectra (Section 2.2¢c).
There was no phosphorus-boron coupling and so no evidence to support

the presence of a phosphorus-boron bond. The 31P n.m.r, signals that

were obtained were present along with those from a large proportion

of unidentified decomposition products.

- b L
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2ely Experimental.

Preparation of 2,4-bisdimethylamino-1,3-ditert-butylcyclodiphosph(III)-
azane-borane.

(a) Attempted preparation using tetrahydrofuran-borane.,

Tetrahydrofuran-borane (1.5g, 17.4 mmol) in diethylether
(10 ml) was added dropwise to a rapidly stirred solution of 2-cis-4
bisdimethylamino-1,3-ditert-butylecyclodiphosph(ITI)azane (1f), (2.5g,
8.6 mmol) in diethylether (50 ml) at 0°cC. lH n.m.,r. spectroscopy

indicated that no reaction occurr&(despite refluxing the solution (4hrs

/

(b) Using triethylamine-borane.

(1) 1 : 1 mole ratio;

A mixture of 2-cis-4-bisdimethylamino-1l,3-ditert-butyl
cyclodiphosph(ITI)azane (1l.4g, 4.8 mmol) and triethylamine-borane
(0.6g, 5.2 mmol) was heated to distil off the triethylamine (b.p.
= 90°C). The residue was then distilled under reduced pressure to
give a clear liquid (b.p. = 92°C at 0.lmm Hg) which, on standing,
gave small white crystals of 2-cis-4-bisdimethylamino-l,3-ditert-
butylecyclodiphosphazane-borane, (m.p., ca. 170°C) , see Table 2.8

for microanalysis and mass spectroscopy data.

(ii) 1 : 2 mole ratio;
2-cis-4-bisdimethylamino=-1,3-ditert-butylcyclodiphosph(IIT)

azane (1.55g, 5.3 mmol) and triethylamine-borane (1.22g, 10.6 mmol)
were reacted together as in (i). In this case purification was by
recrystal lisation giving fine white ctystals (m.p. = 192°C) of
2-trans-4-bisdimethylamino-1,3-ditert-butylcyclodiphosphazane-diborane

(0.78g, 46% yield) , see Table 2.8 for microanalysis and mass spectro-

scopy data,
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When the product was allowed to stand overnight, crystals were produced

which proved (by 1H-{31P} n.mr.,) to be the cis-isomer of the diborane

adduct, see Table 2.8a for microanalysis data.

(c) Using diborane.

Excess diborane was bubbled through a solution of 2-cis=L~
bisdimethylamino-1,3-ditert-butylcyclodiphosph(III)azane (1.0g, 3.4mmol)
in light petroleum (b.p. 40-60°C), (15ml). This gave a white crystalline
product sparingly soluble in petrol which proved to be 2-cis=-4=-bisdi-
methylamino-l,3-ditert-butylcyclodiphosphazane-diborane, identified
by >1p n.m,r, With 2-trans-4-bisdimethylamino-1,3-ditert-butylcyclo-

diphosph(ITI)azane, the product was a mixture of c¢is and trans diborane

adducts,

Preparation<ﬁ'2,4-dimethoxy-l,3-ditert-butylcyclodiphosphazane-boranes.

(a) Using triethylamine-borane.

2-cis-4~-dimethoxy-1,3-ditert-butylcyclodiphosph(IIT)azane,

(In),(1.49g, 5.6 mmol) and a slight excess of 2 mole equivalents of
triethylamine-borane were mixed and heated to 60°C for 4 hours, The
triethylamine was then distilled off leaving a solid product which
proved to be the ¢cis mono-borane adduct, identified by microanalysis
and 31P n.m.r. The bis-borane adduct was not formed even after heating
over a longer period of time.

The mono-borane adduct was distilled under vacuum to give a
clear liquid (b.p. = 90°C at 0.1 mm Hg) which crystallised on standing,

o W

m.p. = 55°C (0.6g, 38.2% yield). See Table 2,8afor microanalysis.
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(b) Using diborane,

Excess diborane was bubbled through 2-cis-4-bis-dimethoxy-
1,3-ditert-buty1cyclodiphosph(III)azane (1.0g, 3.76 mmol) in light petrol
(bp. 40-60°C) (40 m1). This immediately gave a white precipitate
which proved to be the diborane product, 31? n.m.r. spectroscopy

Suggested that this was the cis isomer. This was recrystallised from
light petroleum (b.p 40 - 60°C) to give white crystals, m.p = 110° -

120%C of 2-cis-4-bisdimethoxy-1, 3-ditert-butylcyclodiphosphazane-borane.
A similar reaction with 2-trans-4 bisdimethoxy~1,3~ditert-
butyleyclodiphosph(IIT )azane produced a diborane product which gave

thin sheet like rhombic crystals, m.p = 183O - 185°C. This is

believed to be the trans isomer of the product, 2,4-bisdimethoxy-1,

B—ditert-butyicyclodiphosphazane-diborane.

Reactions of 2—cis—4-dichloro-llé—ditert-butzlcxclodiggosphgIEIZazane.

(a) With tetrahydrofuran-borane.

2-cis-4 Dichloro-1,3-ditert-butylcyclodiphosph(IIT)azane
(1c) (1.2g, 4.4m mol) was mixed with tetrahydrofuran-borane (0.38g,
4.4 m m01) and after 1 hour a fine white precipitate appeared31P
n.m.r. spectroscopy showed the mixture to contain unreacted starting

material and a product which gave a simple AB spectrum ( <§P==19O-1

and 137.8 J?NP 39 Hz)., This may be a mono-borane adduct of the

ring although no P - B coupling was observed.
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(b) with triethylamine~borane.

2-cis-4~Dichloro-1,3-ditert-butylcyclodiphosph(IIT)azane
(C.78g, 2.84 mmole) was slowly mixed with triethylauine-borane (0.33g,

2.86 mmol) in light petroleum (b.p 40° - 60°) (10 m1). The solution

was heated to 65 °c for 4 hours. This gave an orange-brown crystalline

\ . 1 1
s0lid which Hé? Pin.m.r. spectroscopy showed to contain a large quantity
of unreacted cyclodiphosph(ITI)azane and a small quantity of a product

(10%) which gave a phosphorus shift of 130.5. This shift was also

obtained from the spectrum from the reaction of (1lc) with triethylamine,
This suggested that it may be a triethylamine adduct. Satisfactory

spectroscopic or microanalytical data could not be obtained.

Reaction of 2,4-bis(dimethylamino)-1,3-ditert=butylcyclodiphosph(IT1)-
azane with boron trifluoride-etherate.

2,4-bis(dimethylamino) -1,3-ditert-butylcyclodiphosph=
(IIT)azane (1.1g, 3.76 m mole) was mixed with boron-trifluoride-etherate

in diethylether (15 ml). This gave an immediate exothermic and

effervescent reaction, and a fine white precipatate settled out. Under

magnification it was seen to have fine elongated crystals, m.p 105° -

108°C). As with the analogous methoxy=-compound, the 31P n.m.r, spectrum

gave two pairs of doublets, possibly - cis and trans isomers of a boron
trifluoride adduct ( '5? =160.1, 116-4;JPNP= 13.8 Hz and ép =131.8,
116.4; Jpyp=13+9 Hz). These crystals also proved too unstable to
obtain mass spectroscopic or micrvanalytical data.

The reaction of 2,4-bis(dimethylamincy-l,3-ditert~butylcyclo-
diphosph(IIT)azane with 2 mole equivalents of boron trifluoride-etherate

gave no identifiable products.
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Rgaction of 2,4-dimethox -ditert-butylcyclodiphosph(ITI)azane
with 1 mole equivalent of boron trifluoride-etherate,

Boron trifluoride diethyletherate was added to 2~cis~4~-

dimethOXY-l,3—ditert-buty1cyclodiphosph(III)azane (.08, 3.76 mmol)
in diethylether (10 ml) and shaken for 1 hour. Thin plate-like

crystals were obtainedfrom the solution (m.p. = 35 - 38°C and 48 - 5300)

along with a small quantity of an oil. The o0il was distilled under

reduced pressure to give two fractions, a clear liquid (b.p. = 40°C

at 0.35 mm Hg) and a thick 0il (b.p.= 120°C at 0.35 mm Hg)., The

1P n.m.r. spectrum of the white solid obtained directly from the
reaction showed the presence of unreacted starting material and two
pairs of doublets possibly consistent with the presence of cis and
lrans isomers of a mono-boron trifluoride adduct of the methoxy-
cyclophosphazane ( <§P =168.0, 128.7 JiDNP= 20.7 Hz, and gp »~138,0,
128.7 &,yp= 21.1 Hz) (see discussion). The crystals quickly decomposed

and no microanalytical or mass spectroscoplc data could be obtained.

Reaction of 2-4-dimethoxy-1,3-ditert-butylcyclodiphosph(IIT)azane
with 2 mole equivalents of boron trifluoride-etherate.

2-cis-4-Dimethoxy-1,3-ditert-butylcyclodiphosph(IIl)azane

(1.13g, 4.25 mmol ) and boron trifluoride-etherate were mixed in

diethylether (15 ml), as above. An oily residue was obtained from

which the J1p n.m.r. spectrum showed a number of signals, none of
which could be identified,

Reaction of 2-cis-4-Dichloro-1,3-ditert-butylcyclodiphosph(IIT)azane
with 1 mole equivalent of boron trifluoride-etherate,

2—cis—4-Dichloro-l,3-ditert-butylcyclod;phosph(III)azane
(1.3g, 4.7 m mole) was mixed with boron trifluoride~etherate (0.31lg,2.l8mmo

and left to stand 24 hours. No reaction was observed, even when later

heated to 85°C for 1 hour,
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Preparation of Tris(dimethylamino )phosphine-borane.

Tris(dimethylamino)phosphine (4.0g, 24.5 mmol) and
triethylamino-borane (3.0g, 26.1mmol) were mixed together under
nitrogen and heated to distil off triethylamine. The residue was
then distilled under vacumm 120 yield a clear liquid (b.p. = 50 C at

0.05 mm Hg) (1it:47% at 0.1 mm Hg)65 . The product solidified, m,p, =

26-29°'¢C, cfs 11t.%9-30°%) 32p n.m.r., see Table 2.5.

Reaction of bis(diphenylphosphino)methylaminewith diborane.

Excess diborane was bubbled through bis(diphenylphosphino)

methylamine (0.45g, 1.13 m mole) in diethylether (10 ml), When the

solvent was removed the product appeared as a white solid, mp 559 - 60°c,

The lH —{BIP%n.m.r. spectrum suggests the product to be bis(diphenyl-

phosphine)methylamine-borane, (ca.0.42g, ca.90% yield). The mass

spectrum showed a parent ion at m/e = 413, required m/e = 413, The

product decomposed before microanalytical data
- was obtained,

Reaction of biéidimethylamino)phosphigégethylamine With diborane.

Excess diborane was bubbled through bi4kdimethy1amino)phosph-
inamethylamine (0.23g, 0.86 m mole) in light petroleum (b.p 40° - 60°C)

1
at ambient temperature., IH—{Blg;n.m.r. spectroscopy and 5 P n.m.x.

both indicated the product was a diborane adduct, gp 104.1,Jp5 = 96.7.

The mass spectrum gave a parent m/e = 281 which is consistent with a
monoborane adduct, but this does not rule out the possibility of a

diborane product, The product decomposed before a_satisfactory

microanalysis could be obtained.
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The Reaction of bis(diphenylphosphino)ethylamine with diborane.

Bis(diphenylphosphino)ethylamine (0.27g, 0.67 mmol) and
diborane gave a solid product, m.p. = 75 - 85°C. 1y -i'Ble n.m.r.,which

Suggests that the product was bis(diphenylphosphino)ethylamine-
23,

P n.n.r,

borane, g.,(gg.) = 78.5 ppm. The product decomposed before

P
Oor microanalysis could be obtained. The mass spectrum was not scanned

*
above 340 , the theoretical parent should have m/e = 427, however an
ion at m/e = 257 has been tentatively identified as [(PhaP)NEt.BH3]+.

(* : this was due to a machine fault.)

Reaction of bis(diphenylphosphino)isopropylamine with diborane.

Bis(diphenylphosphino)isopropylamine (0,26g, 0.61 mmol)
and diborane gave 0.lg. (ca. 40%) of a crude solid product, m.p, =

112 - 120°C, The mass spectrum gave m/e=441 which is the parent ion

for bis(diphenylphosphino)isopropylamine-borane, Microanalysis and

31P n.m,r, spectrum could not be obtained because of decomp.sition.

Preparation of diborane, B He-

The diborane used in the reactions described previously,
was prepared by slowly adding boron trifluoride-diethyletherate in

diglyme (ratio 1:15), to a rapidly stirred solution of sodium boro-

F,-Et

hydride in diglyme (ratio 1:15). Only a limited amount of the B 3 2O

was added at any one time; sufficient to make enough B H, for immediate

use. The overall reaction is ;
SR HE T A L B eeeep B W RE, T 4 2 BeE

4 Bl 4 "6 {

Moisture was removéd prior to the reaction by flushing the

apparatus with dry nitrogen.
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Analytical data for some phosphazane-borane adducts.

(a) Microanalysis.

Compound Expt. (%) Theory (%)
c H N c H N
(IVIeOPI\YBut)QBH3 42.8 10,06 9.85 | 42.85  9.64  10.0
(MeOPNBut)Z(BH ), cis [ 40.65  10.69 9.62
3 4009 10.2 9.6
trans| 40.38 - 9.35
(MezNPNBut)z(BH5)2 cis | 44.75  11.38 -
, 45.0  11.3 17.5
trans| 45.2 11.35  17.59
(b) Mass S pectra.
Commund t.(m/e Theo m/e
1
(MeOPNBu )21335 280 280
(MeOPNBut)z(BH5)2 280 - monoborane 294
t
(Me ,NPNBu ) pBHs 306 306
t
(MeNPNBu ), (BH, ), 319 - (-1 ) 320
(PhQP)2NMe.BH3 - not scanned 427
i
(PhQP)zNPr +BH, 441 441
295

(e ) 8] wvea,),

281 - monoborane
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1
Table 2,9 5 P n.m.r, data for some phosph(IIT)azane-borane

adducts,
Compound &S;(ppm) JPB(Hz)
(l’h21>)21\1Me.BI'I3 76.5" _
(Ph2P)2NEt.BH3 78.5" -
(Me ) 3P Biy 107.9 598 2 gié 3
Ca., .
(Me,N) 2PNte (B, ), 104.1 -
t
(C1PNBu") 2BHz 190.1 137.8 -
1
(Ve NPNBu ) 2B 91.4 79.1 91.4
% ,
(MeZNPNBu )2(BH5)2 vescis - 85.7 T1.4
«strans 115.3 80,6
(MeoPNBu) pBH 118.05 109.5  78.8
(MeoPNBu) o(BHg), eeecis - 108.5  81.0
setrans - 13202 85.0

* . . 31 1
Only 1 phosphorus shift was obtained from the P - 2 H}

n.m,r, spectrum. There was no indication of the other
phosphorus shift that one would have expected to find.



Chapter 3.

Reaction of Phosphazanes with halogens.,
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3.1, Introduction,

The reaction of halogens with various phosphorus containing

compounds has been studied over the past 15 years by various groups '

92,1 1
»155, 56. Attempts by some workers to carry out a simple oxidation

reaction of phosphazanes using chlorine has failed. The addition of

chlorine to these compounds resulted in the formation of ionic

intermediates and subsequent N-alkyl: bond cleavage& .

(RoN)sp + €1, —— (R,N)5P°c1 c1”

RN=P(NR,),C1 * RCl

The product was very sensitive to hydrolysis.

c1 H,0
RP(NR,) 2 , RP(NR,),Cl, __~2° , RP(0)(NRy),

In some cases the products of the reaction with chlorine undergo

intramolecular rearrangement.,

(Eto)zpfi PR -—->(Eto)2 %
Me

l -EtCl
BtO__ /)

P—N—P

yd Me I\\\~

c byt

Me
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This rearrangement is believed to proceed by the formation of an

intermediate of the type:

\\\\ PC1
//4

e

e

Interestingly this reaction involves the reduction of fI —> P

although the reason for this is not clear.

|
Both the formation of ionic intermediates and the occux&nce/

of intramolecular rearrangements (bond cleavage) have important

implications in this work, (see discussion).

The preparation of cyclodiphosph(¥)azanes containing five-

coordinate phosphorus has, until now, involved the reaction of acyclic

precursers, for example;

MeNH;Cl + PCl, ———> 3(C1;PMe), + 3 HCl

-

A number of workers have successfully prepared fluorinated cyclodi-

phosph(Y¥)azanes and their derivatives 157’158’159.

F R

2 RN(SiMe ), + 2 R pF P-—-N/// ’ + 4 Me.si
3)s 1e28iF
/I | & ’

o _f’\R ( R = Me, Et, Ph, )
F

R
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It has been shown by X-ray crystallography, see Tables 1.4 and 1.5,
that the end phosphorus-nitrogen bonds are alternately axial and
equatorial with respect to the trigonal bipyramid of bonds about

the phosphorus atoms.

Further work by Harris and Schmutzler 160 has shown that

reaction of t-butyl-lithium with (FBPNBut)Q can result in zwitterion

formation (22),

But
F ///N\\\ . t, . /// ~N t .
BP\I\ /PF3 + Buli —» F3P\ /PFzBu + LiF
v N
t

But Bu
P But .
F N
NSy
. yd ,\N/ \But
F But
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5.2. Results and Discussion,

2-2a. Reactions of halogens with cyclophosph(ITI)azanes.

The oxidation reactions of some cyclophosph(IIT)azanes (1)

R
N

ClP<N>PCI R= Me,Et (1d), Bu® (1c), Ph (la).

R

()

with chlorine and bromine were investigated., Reaction of (1lc) with

one mole equivalent of chlorine at low temperature (-78°C) gave a
Product with >'P n.m.r. shifts of 183.3 and -51.9 inintensity ratio
However, the bulk of the material proved to be unreacted

The reaction product (ca.l0%) gave 31P shifts

of 1 : 1,

starting material.

consistent with the presence of one phosphorus(III) atom and one

phosphorus(Y) atom, and could be either a mixed oxidation state

covalent compound (20a) or a salt (20b).

But But
N N
+ _C1
C1p o1, CIP< >P/ c1
N N
Bu B o
(a) (v)

(20)

The possibility of it being a compound containing PClg was excluded

since this would have given a 31? shift at very high field (g§¢200--230).
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¥When the reaction was repeated using 2 mole equivalents of chlorine
this product was not observed., Repeated reactions with 2 mole
equivalents of chlorine consistently gave a second product with 31P
shifts of -2.1, 8.2 and 23.8. A singlet in the‘H n.m.r. spectrum at
é;H = 1.59 was positively icdeéntified as t-butylchloride by addition

of some t-butylchloride to the solution.
When excess chlorine was bubbled through a solution of (lc)
at ambient temperature, the solution contained three major components

as shown in the representation.of the spectrum, see Fig. 3.1.

(4) (c) (B)

L]

25 20 15 10 5 0 -5 5 ElO :
A p(ppm

:

Fig.3.1.

Representation of 31P n.m.r. spectrum of the products of the reaction

of (ClPNBﬁf)2 and excess Cl..

Of the three components, only that labelled 'B' has been

s t . .
positively identified as ClzP(O)N===P012N(H>Bu , (21). TIts identity
was established by its 31P n.m.r. shifts and confirmed by the addition

161.The constitution

of a small quantity of the authentic compound (21)
of (21) indicates that in spite of . all efforts to: keep the reaction

conditions dry, water was present in small traces. .
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1H and 31? n.m,r, Data for the Products of the Reaction

of (CIPNBu'). with chlorine.
<

Compound | Proportion C( P % PNP (Hz) é H 45 BNCCH (Hz
%
A 20 27.9 - 1.54 1.45
B 40 ~2.1 -9.8 27.9 1.48 1.45
c 40 10.8 8.1 38.5 1.42 0.73

The mechanism of N-alkyl group cleavage involved in the formation of

'B' is not clear, but it is worth noting that this also occurs when

an acyclic phosph(¥)azane is formed in the reaction of tris(dialkylamino)

rhosphine and chlorine 155, see Reaction 3.1,

(RN)sP + 01,

+ -
—> (R,N);F C1 C17)

RN=P(NR2)2C1 + RC1

(R = EtpPr ,But,BuJ‘,Hexyln)

Qoivvvoo.-c.cﬁo.o}.l

The reaction of (1c) with both one and two mole equivalents

of bromine resul?largely in the formation of unidentified products.

' 8
Traces of phosphorus tribromide (JP = 225) were also found°.
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1H -v{iji’double resonance experiments gave phosphorus shifts of

P 132.7 and 25.8 when 1 mole equivalent or less, of bromine was
used, An experiment in which five small portions of bromine, each
of 0.2 mole equivalent, were added to (1c), was carried out, and the
&rowth of various signals in the lH n.m.r, spectrum was observed.
Doublets at 1,49 and 1.52 with phosphorus-hydrogen couplings of
1.0 and 1.45 Hz respectively were observed, and double resonance

experimentis showed they were associated with phosphorus atoms with

(SP = 132.3 and 27.2 respectively. The doublets were of equal
intensity and grew with each addition of bromine, When the spectrum
was re-run after 20 hours the ratio of the doublets had changed from

1:1 %01 : 2 in favour of the signal at{H 1.52,{1:, 27.2. Also a

large uk494%b9"hump' had disappeared and a large signal corresponding

to the starting material was observed. This re-appearance of the

starting material and the disappearance of the broad 'hump' may

suggest that in the initial reaction the starting material reacts

with some bromine going possibly to salt, and, with time, gradually

releases this bromine again as equilibrium is attained. However,

there is no clear indication of what this reaction product is., The
presence of the two doublets and the fact that in the 51? n.m,r, the
shift of 27.2 is a singlet shows that this corresponds to a compound

with a single phosphorus being present and consequently implies P—N

bond cleavage.
Reaction of (1c) with one and two mole equivalents of

bromine has given traces of crystalline material although it very

The 31P n.m.r. spéctrum consisted of a large

PO4-

quickly decomposed.
number of unidentified doublets mainly upfield of H3
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The 31P n.m.r, spectrum of the mother liquor from the reaction with
one mole equivalent of bromine proved very interesting. It gave
signals for the starting material (207.9), phosphorus tribromide
(226.1) and at 223.8 a signal from (BrPNBut)Z (1q) 38 . Additionally
there were two doublets centred at 211.8 and 209.5 both having a
Phosphorus-phosphorus coupling of 8.7 Hz which may be from a mixed
halide derivative (1t), p.108. The existence of the dibromo (1q)

and bromo-chloro derivative (1t) coupled with the presence of the
Phosphorus tribromide would give further credence to the idea that
initially bromine reacts witﬁ (lc) and then a halide ion is later
lost. In some cases the bromine remains and it is the chlorine which
is lost, see Reaction 3.3. The dissociation of phosphorus pentahalides
to phosphorus trihalide and halogen has been known for some time.

In the case of phosphorus pentabromide the dissociation to form

162,1
phosphorus tribromide and bromine is encouraged by heating 62, 63.

PBrs -—% PBr3 + Brz 0.0-.0(3.2)

With phosphorus pentachloride however, the molecule is stable aad
162,16 \ N
does not dissociate on heating ! b'

In the reaction 3.3(a) an intermediate (20c) is believed
to be formed. The precise nature of this compoundis uncertain. It

is either a mixed oxidation state covalent compound analogous to

(20a) or an ionic compound analogous to (20b).
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gut .‘But But
VRN /,/ -BrCl ~\\
C1p PCl ‘==» c1p PC1Br, — c1p/ PBr
\ / / ) \ 7~
! ot Rt
(lc) (200) (lt) .oooo(}oBa)
Bt Bt
/N\ Br N D s
-0 NN
Ny Ny
But But
(1q) (204) cessse(3.3b)

The mother liquor from the reaction with the two mole equivalents of

It did
8,

P

bromine did not show any indication of (1q) or of (1t)
however give a signal from phosphorus tribromide and a singlet at
148.1. The corresponding crystalline material showed a general
similarity with the product from the analogous reaction with one mole
equivalent of bromine, but it also gave a large unidentified singlet

at 178.2.

Although the reaction of (1lc) with bromine results in products
which have only been tentatively identified it would appear that the
immediate reaction product is some form of mixed halide compound or salt with
stoichiometry similar to (20c) and then either decomposes by phosphoru

nitrogen bond cleavage or releases a halide ion to give (lc) or (1t)

Increasing proportions of bromine result in extensive phosphorus-

nitrogen bond cleavage.
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The reaction of one mole equivalent of bromine with cis

(1f) was even more exothermic than was the case with (lc). The

product of this reaction was less complex than the case with (lc).
The 1H n.m.r. spectrum of products gave three doublets with shifts
of dﬁi 3,20, 2.85 and 2,67 with intensity ratios of 2:1:1 and
phosphorus-hydrogen couplings of 14.3, 16.3 and 16.3 Hz respectively.

These gave 31P shifts of 0.9 and 84.3 respectively from double

resonance experiments. The former 31P shift is at lower field than

one might expect for five coordinated phosphorus, suggesting that
the phosphorus may be four coordinated as found in a salt. The 31?

shifts are generally consistent with compound (20e)

t But

Bu
Me NP/ \mez)Br Me, / >+< Br~

But

Bu
(ionic form)

(covalent form)
(20e)

The two smaller doublets in the _lH'spectrum may be due to restricted

rotation of the exo-phosphorus(III)-nitrogen bond. This type of
165,166, 4C

restricted rotation has been observed in cyclodiphosph(ITI)azanes
Reactions of (1f) with two mole equivalents of bromine

did not result in any identifiable products.

The analogous reaction of‘(lri with excess chlorine

gave a white solid product, m.p = 65 - T0°C with }lP n.m.r, shifts

of 29.5 and -218.1, Jpyn = 1oA7 Hz.

r—————)
(1r), C1lP.NEt.PC1l.NBut
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This product ig thought to be the zwitterion (22a) and its composition

has been confirmed by microanalysis,

Et

+/ \]/01
c1/ \N/Ll\m
But

(22a)

The formulation of this compound as a zwitterion is based on the
comparison of the VP n.m.r. shift of the anion PO1Z, Op = -281167 ,
A 2witterionic product has also been obtained from the reaction of
chlorine with (ls) ClP.NMe.PCl.NIBut giving 5 P n.m.r. shifts of 37.9
and -206,2, (22b) and from 2 mole equivalents of bromine with (1r)

giving (22c), 31p n.m.r, shifts of 33.6 and -153.2,

Et
N 1
\,,/ \]/01 01\5/ \Il)_,/Br
Cl/ \ / (l:l\m Br/ \N/E'L\Br
t t
Bu
(22b) (22¢)

Related phosphorus-nitrogen zwitterions have been previously
68 obtained the compound (23)

prepared; for example Hormuth and Latscha
169

with & 5P n.m.r. shift of Op= -202(%)
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1
Cowley and Lee 70 prepared a stable zwitterion (24) based on a P-C-P

backbone with 31P shifts of 73.0 and -141,6.

.'IF P
F - F |
N + M
Fa/’P""===C="'qEn\ f2
L H, NMe,
(24)

Other zwitterionic species (25)(26) were reported by Schmutzler and

160

coworkers . Compound (25) was obtained from the reaction of (FBPNMe)Z

with N-lithiated diamines, and (26) from (FBPNBut)Z and tert-butyllithium,

t
p Me Me pDu
‘\~§3’// ~\\\;’/// 2 \\\L:,/’ \\\\51,/
PN N N N
F e Me 2 F gut



- 110 -

1
Table 3,2, o1 31P n.m,r, Data for Zwitterions (25) and (26).

(25) -151.6 33,4 107.5
(26) -139,0 68.5 54.4

The methylene proton n.m.r. spectrum of the reaction mixture obtained
! Tt
from 1 mole equivalent of bromine and, (1r), C1P,NEt.PCl.NBu , was

a doublet of quartets atJH 3.8 (couplings of 25.0, 7.3 and 2.0 Hz).

1 1 .
H -{Ble double resonance experiments gave 5 P shifts of 163.0 and

-47.4. This compound readily decomposed and it was not possible to

isolate a pure sample. The 3]'P shifts and the phosphorus-hydrogen

ouplings suggest that the product has two types of phosphorus atom,

with oxidation states of three and five. This product may have either

an ionic or covalent structure (20f), although there is no firm

information available on the relative positions of Cl or Bra.

Et Et
N N
+ - ..
ar”” eeier ar”” >PBrX X, [—x = Cl or Br-l
\N/ 2 \N |
.t ot

(covalent form) (ionic form)

(20f)
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When the reaction was repeated with 2 mole equivalents of bromine,
the product was a fine white powder which had phosphorus shifts of
33.6 and ~153,2. The 31P shifts suggest that it probably has a
zwitterionic structure such as (22c), although the relative positions

of the chlorine and bromine atoms are not established.

Et
N

Cl\\\§’//’ \\\\
Br//, \\\\N,///
t

Bu

Br
L~
I\\‘Br
Br

(22¢)

It appears that the products of the reaction of two mole

| S —— |
equivalents of chlorine or bromine with C1P.NEt.PCl,NBu® (1r) and

—
C1P.NMe.PCl ,NBu® (1s) are zwitterionic. The zwitterions could be

formed via a covalent intermediate with two five-coordinated phosphorus
atoms which undergc rapid rearrangement., By analogy with (CISPNR)2
(R = Me,En)167’171 , such a product could be expected to have a
phosphorus shift at approximately =80, but so far no such signal has

been observed from these reactions.

Comparison of the 31P n.m.r. shifts of the products of

reactions of (1lr) with 1 mole equivalent of halogen (20a, b and c),
with the products of the reactions with 2 mole equivalents of halogen

(22a and c) suggest that compounds (20) are covalent in nature at

least in methylene chloride or deuterochloroform solution.
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From one mole equivalent reaction :

Et Et
/N\P /N\
C1P C1 C1pP PC1B
,\N/ 5 \N/\ T2
t 1
183.0 P4 Lgig 163.0 P 7.4
(20a) (20c)
From two mole equivalent reation :
Et Et
N N\
o sra1s”” FC1Br,
AN N4 N
v\ | v
But Bu
29.5 -218.1 33.6 -153.2
(22a) (22¢)

Fig. 3.2,

31P n.m.r. Shifis of the Products of the Reactions

Comparison of the
——————
of cis ClP.NEt.PCl.NBut(lr) with One and Two Mole Equivalents of

Halogen (chlorine and bromine).

In compounds (20a and c) the 5lp ghifts of =51.9 and -47.4 sugifst
7.6

that they are from five coordinated phosphorus (see lables S.ﬁ rather

than phosphonium species =P* (typical shift <55)
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Table 3,3. 31P n.m.r, Shifts of (RN-"—"PC13.Z~167'

R 8o (ppm)
Me -78.2
Et -78.8
Pr -78.7
Bu ~79.3
Ph -80.2
Am -78.4

Marchenko and coworkers152 have suggésted that the
intermediate product of the reaction of chlorine with tris(dialkylamino)
phosphines is a phosphonium salt, see Reaction 3.1 page 103 1In that

case the amino groups would be able to affect conjugative stabilisation

of the phosphonium ions, see fig. 3.3.

Me N NMe
2 \P+/ 2
X/ \NMe2

fig. 3.3.

It is not unreasonable to assume that since the reaction

of cyclodiphosph(IIT)azanes with one mole equivalent of halogen

produces a covalent product, the corresponding reaction with two mole
equivalents may also produce a covalent product, at least initially,

This covalent product would then undergo rearrangement (either intra-

or intermolecular) to give the zwitterionic products described above.
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This process may be encouraged by any excess halide present in the

It should be recalled that phosphorus pentahalide

can disproportionate as shown in reaction 3.4 s

reaction mixture.

st w5
2 P015 — 014 + P C16 disswas e del)

This ionic dissociation is encouraged by polar solvents, and in the solid

state,
By contrast, the reaction of excess chlorine with (la)'

2,4-dichloro-1,3-diphenylcyclodiphosph(III)azane, gave a fine white

crystalline powder, m.p. 138o - 14100 with 31P n.m,r, shift of -79.8.
: A 162,167

This product was the known cyclodiphosph(X)azane, (ClBPNPh)Q (8c) :

(8c)

There was no indication of any zwitterion formation in this case. The

stability of this covalent compound relative to a zwitterionic species
may be related to the greater electron withdrawing power of the phenyl
groups. This has a stabilising effect on the compound and it
hinders the formation of ionic groups. The bulky t-butyl group
will also have a destapilising effect on the analogous t-butyl

compound,'613P==But, is found as.é monomer in preference to a

dimeric form.
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2:2b. Reaction of halogens with acyclic phosph(ITTI )azanes.

When dry chlorine gas was bubbled through a solution of
bis(dichlorophosphino) methylamine, (Cl2P)2NMe (272) in methylene
chloride solution, there was an exothermic reaction, and colourless

crystals were deposited which proved soluble in larger quantities of

methylene chloride. The “H and 3p nom.r. spectra of the crystals

in deuteriochloroform solution gave a triplet and heptet respectively,

. . 1
The high field 5 P shift of the heptet é; =-78.9 suggested that the
compound contained five coordinated phosphorus and the n.m,r. parameters

are similar to those reported for (ClBPN.Me)z, (8a) 167’172( <§p =-78.2).

Traces of PCl3 wvere also found,

Me
PN
Cl}P\\\Nz//
Me

PCl3

(8a)

This identification was confirmed by microanalytical and melting point

data. Small quantities of phosphorus pentachloride were also identified
in the reaction products (broad signal, cIP = 81).

The formation of (8a) was followed by n,m.r. examination
of the reaction mixture immediately after chlorination at ambient
temperature, and at -78°C. The 31P -{lH; n.m.r, spectrum obtained
after the ambient temperature reaqtion showed singlets at 219,5

(phosphorus trichloride) 160.2 (unreacted starting material), -78.9

(6a) and a product at -45.5,

bl 2
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This latter signal gradually decreased in ihtensity as (Ba) increased

and this with 1H coupling, was shown to be a 1:3:3:1 quartet. This

quartet was related to a doublet in the 1H spectrum with the same

spin coupling. It is believed that the signal at (Sp ==45.5 is from

the previously unidentified monomeric phosphazane, 013P$==NMe (28a).

1
Its 3 P shift is observed to mave upfield with increasing temperature,

ca. 10 ppm/lOOOC. Some similar PPP-trichloro-N-alkylmono~phosphazanes,

1
015P=NR have been previously isolated & » but only where R is a

branched alkyl group, or contains electron withdrawing substituents

such as halogen atoms. The 31P shifts of some of these N-alkyl compounds

are noted in Table 3.4.

Table 3.4. 31P shifts for phosph(V)azenes, 013P==NR.

R Sp (ppm) Ref.
BuSeC 38,7 % 174
Bu® —88.4 48
cat, -98.0 48
CHE,, -76.5 48
ciPr, -80.3 48

* The shift of -38.7 for 013P=N33v.s has been questioned 48-

The fact that the shifts of these monomeric species are
close to those reported for the dimers (013PNR)2 (R = Me (8a), Et (8d),
Pr" (8e)), see Table 3.5 might, at first sight, raise some doubts

regarding this assignment for C13P.—=NMe (28a) and the analogous ethyl

(28b) and propyl (28c) derivatives.
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However, it should be noted that increasingly bulky R-substituents
result in pronounced upfield shifts and this has been attributed to

PLY
an opening of the P==N~—C angle 173, The shifts attributed to the

t

monomers (28a ~ c¢), also follow this trend. The monomer ClP3f=NBu

has been re-prepared and its 31P shift of -85,7 is in reasonable

agreement with the literature value of -88.4 48. Its 31P shift does
not seem particularly sensitive to changes of halocarbon solvents,

but it does undergo a low field shift of ca. 4 ppm on going from

carbon tetrachloride to acetonitrile solution.

In the reaction of (27a) with chlorine at -78°C in

deuteromethylene chloride solution a white solid was immediately

formed., The reaction mixture was held at this temperature and the

1
5 P n.m.r. spectrum showed signals at 158.7 (27a) and an unidentified

signal at 52.0.0n increasing the temperature this latter signal

broadened and moved upfield. As the temperature rose the white solid

dissolved in the deuteromethylene chloride.On standing at ambient

temperature for two hours the solution gave 31P n.m.r. signals at =32

(28a), 219.0 (PClB) and -79.1 (8a) which appeared to have replaced the

unidentified signal with a shift of 52 ppm.

The chlorination of (C12P)2NEt (27b) was also carried out in

deuteromethylene chloride at -78°C. In this case no immediate

precipitate was formed, but two broad equal intensity signals appeared

at -6 and -9 in the 51P n.m,r, spectrum. At -103°C these signals
broadened and moved to é;>= 0 and -10, Traces of phosphorus trichloride
On raising the temperature to -5300 these two broad

were apparent.
signals coalesced to a broad singlet at 5;)= -22 and the phosphorus

trichloride signal increased in intensity.
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At ambient temperature the ring compound (C13PNEt)2 (8d)
slowly crystallised out. The monophosphazane 013P==NEt,<5; -44.6

was readily observed when the reaction was repeated at 0°C.

Similarly chlorination of (ClZP)zNPrn(27c) at 0°C gave 013P==NPrn(28c)

((P = -22,8) and the cyclodiphosph(X)azane (ClBPNPrn)Z C)/p -79.1.
In all these reactions other unidentified 31? n;m.r.

signals were observed in the region 6; 0 to 50, though these

generally constituted less than 10% of the total signal intensity.
/

The above result may be summerised as shown in reaction

(3.3);
R
///Ng\\
(012P)2NR + c12 _— oy c13P\N /P013
R ceeee(3.3)

(8)

The identity of the intermediate(s) "X" is still unresolved, but
immediately prior to the formation of (8) there will be the monomer
C13P==NR. Results obtained from the reaction of (CIZP)ZNEt with

chlorine at low temperature suggests that there is an intermediate

containing at least two different types of phosphorus atom. The

shifts obtained exclude the possibility that it is ClZPNR.PClu

since tervalent phosphorus would give much lower field signals.

The insolubility of this unknown suggests that it is a more polar

or ionic species such as ClaPNR.P+Cl3 Cl™ or Cl4PNR.P+Cl3 cl .

The unidentified intermediate(s) require to be capable of eliminating

phosphorus trichloride to give the monomer (28).
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31 . -
The “"P n.m.r. shifts of the few known PX4 species cover a wide range

generally to high field of analogous PX5 compoundsl76‘.

Qualitative observations on the rate of dimerisation of

Cl3P===NMe (28a) showed that the rate increased as the temperature

was raised from 0°C to ca.25°C, although it is possible that at elevated

temperatures dissociation might again be favoured. In view of these

findings, it is not surprising that monophosphazenes Cl3P:=:NR(R = Me,Et,Pr)

(282 - ¢) have not been previously identified. Their synthesis is

usually accomplished by the reaction of alkylammonium chloride.with
177

phosphorus pentachloride in sym-tetrachloroethane solution (b.p. 14400
All attempts to trap out 013P===NMe (28a) with pyridine were unsuccessful,
dimerisation was again favoured over reaction with this base. A feature

of the H n.m.r. spectra of (28a - c) is the very large PNCH spin

coupling constants, see Table 3.53they are the largest known of this

type. Usually PNCH spin couplings lie in the range 10 - 20 Hz.
Although no l4N spin coupling effects were apparent, the

Possibility that some of the broadening effects observed in the 31P n.,m.r,

spectra of (28) and of "X" arise from the quadrupolar nature of the

14N nucleus cannot be excluded.
The reactions of (C1,P),NR,(R = Me,Et) with bromine at

OOC were also studied. In both cases the addition of two mole

equivalents of bromine to a methylene chloride solution of (ClzP)zNR appears
to lead to the formation of the appropriate cyclodiphosph(Y)azanes

The monomeric intermediates (2Ba and b) were also observed

(8a and 8d).
= -66,3

soon after mixing the reactants, and when R= Et a triplet at ‘SP

was also observed.
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The position and multiplicity of this latter signal is consistent

with the formation of a monophosphazane, BrClzP:==NEt (28d). The

31
P n.m.r., spectra of the reaction mixtures showed that small traces

of a second product with two spin coupled signals was also formed

é; -81,3 and -126.1 with P-P coupling of ca. 114 Hz. Since the

P

1 . . *
5 P shifts of these signals were close to the signal from 8f it

|
a

seems probable that theygrise from an analogous compound such as
N

C13P.NEt.PClzBr.ﬁEm. (8q). However, there were insufficient proportions
: 5

The phosphorus halide “"P n.m.x,

of this product to allow its isolation.
signals showed that all members of the series PClB_nBrn(Jl £31.<3%)

were present in the reaction mixtures with the brominated species
predominating. A very weak singlet, é;, ~128 may well come from a

symmetric mixed halide (8h).

Et

N
e
BrCl2P\\\ ’/,PCI2Br
N
Et

(81)

: el
e . Cle.NBut.PclzBr.NBu



Table 3.5. lg
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P n.m.r. data for some monophosphazanes and some

and
cyclodiphosph(¥)azanes. &)

Compound ‘i, (ppm) gNCI_iz(ppm) J(chngz)
013P=NMe ~45.4 2.98 44.0
Cl,P—Ngt -47.8 2 3.40 45.3
€l P==Npr" -57.4 3.35 41.6
013P===NBut -85.7 £ - -
BrCl,P==NEt e _¢6.3 4 - 46.8
(C1;PN. Me), -78.9 2.98 20.4
(013PN.Et)2 -79.2 3.50 29.5
(C13PN.Pr)2 -79.1 3.30 30.2
(C1;PN.Ph), -79.8 - -

e e
BrCl,P.NEt.PCl ;. NE —;Igé:f - (Jpyp ca-114 Hz)
(BrC1,PN.Et), £ 128

(a) CDCl3 solution at ambient temperature unless otherwise stated

(b) cp,C1, at -20°C.

2772

(c) cc1, solution,

(a) CDc13

P
(o}
: CH,Cl, (1:1) at -40°C.

-82.1 and -84.8 in CH;CN and C H, respectively,

(e) Identification of this compound is tentative,
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Table 3.6 31? n.m,r. shifts of some cyclodiphosph(X)azanes

and related zwitterions,

Compound SP(PP“‘)
P(II) P(X)
Et
N
VRN
c1p 183. -51,
~ /PCl3 83.3 51.9
N
Bu
Et
N\
ClP/ PClBr2 163.0 -47.14
N,/
Ny
Bu
P(+ve) P(-ve)
Me
N Cl
C 1
l\f’/ N 37.9 -206.2
c1” \N/él\cl
But
Et
N Cl
Ch_, 1
l\P/ \14'/0 29.5 -218.1
c1” \N/él\m
Bt
Et
N Cl
Cl Br
Ny N 33,6 -153,2
Br” \_/ | \&r
N“,C1
Bu
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Table 3.7 Microanalysis data for some phosphazanes.,
Compound Expt. (%) Theory. (%)
C H 0 C H 0
(c1,p) npr” 13.87 3.0 5.38 | 13.8 2.7  5.37
(ClzPnie) , 7.3 1. 8.45 | 7.2 1.8 8.4
n
(C13PNPr )5 18.6 3.9 7.02 18,7 3.7 7.3
Me
4p//N\\
Cl 1 P Py l . . . .
2\1\1/1"‘011+ 5.85 3.6 7.7 16.0 3.2 7.5
But

Table 3,8 Mass spectroscopy data for some phosphazanes,

Compound m/er
Expt. Theory,
(C1,Pp) Npr” 259 259
(C13PNMe) 2 330 330
(c1,PNer?), 386 386
Me
N
/
CIBP\\ Pcl3 372 372
But
Et
//N\\
013p\ /pc13 386 386
Ny
Bu

T, calculated for 35Cl species,
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3.3 Experimental,

Bis(dichlorophosphinoj-n-propylumine,

Phosphorus trichloride (115g, 0.84mol) and n-propylamine
hydrochloride (20.0g, 0.2lmol) were mixed in sym~tetra -
chloroethane (300ml) and boiled under reflux for 6 days.
kemoval of the solvent revealed a dark-brown oil, a part

of which was purified by distillation under reduced pressure
to give bis(dichlorophosphino)-n-propylamine (8.2g, 15%) ,

a colourless liquid b.p. = 50t (at 0.005 mm Hg)., See Table 3.7

for _microanalysis data.

Bis(dichlorophosphino)methylamine and bis(dichlorophosphino)
ethylamine were prepared using the literature method178

Reaction of bis(dichlerophosghinolmethxlamine with chlorine.

Chlorine, dried over P205, was passed through a

solution of bis(dichlorophosphino)methylamine (0.5g, 1.97mmol)
in methylene chloride (5ml) at OC until the solution turned
yellow, A similar reaction at ambient temperature was very
exothermic, On standing at ambient temperature the solution
deposited colourless crystals of 2,2,2,4,4,4-hexachloro-1, 3=
dimethyleyclodiphosph(V)azane, (Cl;PNMe),, (0.42g, 58%)

m.p. 160-167° (ec.f. 1it.461n.p- 165%). 51? n.m,r, spectroscopy

showed that the major component of the remaining solution
was phosphorus trichloride, Sp 218.3, Similar results were
obtained by quantative addition of chlorine to bis(dichloro

phosphino)methylamine in which chlorine was measured using a

vacuum line,
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Attempts to trap the intermediate phosphazene,ClBPzNMe,
by the addition of pyridine to the reaction mixture were
unsuccessful, the dimer, (C13PNMe)2, was again formed. However
when the reaction was followed in an n.m,r, tube, 31P n.m,r,

spectroscopy gave a shift at é; -45,5 which was shown to be

the intermediate phosphazene.

Reaction of bis(dichlorophosphino)methylamine with bromine.

Bromine (0.69g, 4.3 mmol) in methylene chloride (3ml)

was added dropwise to a stirred solution of bis(dichloro

phosphino)methylamine (1.0g, 4.3mmol) in methylene chloride
(5m1) at ot. On standing 2,2,2,4,4,4~hexachloro-1,3-dimethyl
cyclodiphosph(¥)azane (0.69g8, 48%) crystallised out and was
ldentified by m.p. and 31P n.m.f. chemical shift. The reaction

mixture also contained ca. 10% of a product with a 31P N.n,r.
spectrum consisting of two doublets, 3; -80.4, ~123.6 ;

JPNP = 95Hz., believed to be a cyclodiphosph(X)azane

analogous to that above, but containing chlorine and bromine;
it was not isolated. The phosphorus(ITl) halides, PCl5,

PClaBr, PClBr2 and PBr3 (3; 218,5, 223.4 226.5 and 227.8

respectively, ratio ca. 1:3:4:3.) were also present,
As with the analogous reaction with chlorine, a

phosphazene intermediate, C13P=NMe, S} -45.,5, was observed

in the 31P n,m,r. spectrum but could not be isolated.

Reaction of bis(dichlorophosphino)ethylamine with chlorine,

Dried chlorine was bubbled through bis(dichloro

phosphino)ethylamine (2.155,8,lmmol) in methylene chloride
(50ml) at 0% until the solution turned yellow, and then

left to sit overnight at ambient temperature. The solvent
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was then reduced in volume to ca. 15ml, and from which was
deposited small elongated colourless crystals of 2,2,2,4,L4 4=
hexachloro-l,3-diethylcyclodiphosph(V)azane,(CleNEt)z, (0.98g
GO%f“%.p. 130C. Phosphorus trichloride was again found as a
minor product. The intermediate phosphazene, 013P=NEt, was

observed in the 31P n.m.,r, spectra (5; -47.,8) in the reaction

mixture at -Zdb but it could not be isolated.

Reaction of bis‘dichloroghosphinozethxlamine with bromine,

Bromine (0.65g, 4.0mmol) in methylene chloride (3ml) was
slowly dropped into a stirred solution of bis(dichlorophosphino)
ethylamine (1.0g, 4.2mmol) in methylene chloride (5ml) at oc.

On standing, colourless crystals:f 2,2424k4y4,4=hexachloro=1, 3~
PNEt),, (0.29g, 4O%),m.p. 130cC.

|
i

diethylcyclodiphosph(X)azane, ( 013
wepe formed, As in the reaction with bis(dichlorophOSphino)methy1~‘%H

amine, traces of phosphorus trihalides, PCl;, PCl,Br, PClEr, and

PBr3 were found. 31P n.,m,r, spectroscopy gave shifts which have

been tentatively assigned to mixed halide derivatives of

(CIBPNEt)Z’ p -81.3, -126.1, Iprp = 114Hz for a pentachloro-

monobromo derivative, andcsp -128.0 for a sym-tetrachlorodibromo

derivative, both of which constitute less than 20% of the main

J =46.8HZ

hexachloro- product. The 31p num.r. shift 5; -66.26, PNCH

has tentatively been assigned to the intermediate phosphazene
BrClZP=NEt.

Reaction of bis(dichlorophosphino)-n-propylamine with chlorine.

Dried chlorine was bubbled through bis(dichlorophosphino)
-n-propylamine (0,5g,1.78mmol) in light petroleum, b.p. 4disdb,(3 ml'
and this immediately formed a white precipitate of 2,2,2,4,4,4=

hexachloro-1,3-di-n-propylcyclodiphosph(Y)azane (0.6lg, 82.3%),

m.p. = 104-108€, p =79.1.



Reaction of 2,4-Dichloro-1,3-di-t-butylcyclodiphosph(III)azane

with chlorine.

Dry chlorine was bubbled slowly, for 20 minutes, through a
rapidly stirred solution of 2,4-dichloro-1,3-di-t-butylcyclo

diphosph(ITI)azane (0.45g, l,6mmol.,) in methylene chloride
(5m1l) at ambient temperature. After only 5 minutes the solution
had a strong yellow colour due to undissolved chlorine. The
solvent was then removed to give a cloudy oil (b.p. = 85C at

0.02mmHg) . 31P n.m.r., spectroscopy of this oil showed it to

contain 3 main products -
(i) a singlet JP 27.9

(ii) a pair of doublets ép 10.8, 8.1 3 JPNE = 38.5Hz

J. = 27.9Hz

(iii)a pair of doublets SP -2.14, =9.81 PNP

Only this last product has been positively identified as

i
ClzP(O)N=PClaN(H)But16 , by the addition of some known compound

to the 'H n.m.r. spectroscopy sample,

When the reaction was repeated and followed by 1H NeMeYe
spectroscopy, the reaction was seen to have gone to completion
within 5 minutes. A second re-run of the reaction was carried
out with the solution at d% and the chlorine bubbled through
for 5 minutes until the solution was seen to just start to turn
yellow, This, however, made no difference to the result.

The reaction was repeated by the addition of chlorine
(0e28.y 2.8mmol)o 2,4-dichloro-1,3-di-t-butylecyclodiphosph(IIT)
azane (0.76g, 2+76mmol) in deuterated methylene chloride (2ml),
on a vacuum line at -78C, and allowed to stand for 15 minutes. ;

lH-z31P5 n.m,r, spectroscopy of the product solution showed it

to contain predominantly unreacted starting material. However

doublets which gave phosphorus shifts of =-51.9 and 183.3

from double resonance experiments, were observed. The former
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shift is possibly from a phosphorus(ryibut there was no clear

identification of the products since they appear to readily

decompose,

When this latter experiment was repeated using chlorine

(0.1g, 1.4 mmol) and 2,4-dichloro-1,3-di-tert-butylcyclodiphosph

(ITI)azane (0.2g, 0.73 mmol) the 1y nom.r. spectrum gave a small

triplet, JPH = 4., 0Hz atéﬁilquz. This gave, from a double 7E€sonarce
experiment, a phosphorus shift of -40.2. This is of the right order

to be from a monomeric species C13P==NBut but this could not be

confirmed,

Reaction of 2,4-Dichloro-1,3-di-t=butylcyclodiphosph(ITI)azane

with bromine.

Bromine (0.46g, 2.9mmol) was slowly added dropwise to a _
rapidly stirred solution of 2,udichloro-l,3-di-t-butylcyclodiphosbh
(ITT) azane (5:;%g, 2.8mmol) in methylene chloride (5ml), giving
an exothermic reaction. The reaction solution, when examined by
31? n.m.r, spectroscopy, was shown to contain large quantities of
decomposition material. However two compounds were identified, these
being phosphorus tribromide, 5; 226.1 (15%) and 2,L-dibromo=-1,3-

28
di-tert-butylcyclodiphosph(II1I)azane, 6; 223.8 (5%), but these

compounds could not be isolated. When the reaction was repeated

with excess bromine no cyclodiphosph(IIT)azane product could be

identified.
The main product obtained with both 1 mole equivalent

and excess bromine has a 31P n.m.r, shift of 27.6, and this accounts
for approximately 50% of the product material, but it remains

unidentified.
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Reaction of 2-cis-4-bisdimethylamino-1, 3-di-t-butyl

c¢yclodiphosph(III)azane with bromine and chlorine.

Bromine (0.43g,2.7mmol) in methylene chloride (10ml)
was slowly added dropwiée to a rapidly stirred solution of
2-gi__§-4-bisdimethylamino-l,3-di-t—butquyclodiphosph(III)azane
(0.8g, 2.7mmol) in methylene chloride (20ml) at ambient temperature.
This produced an exothermic reaction. No precipitate was formed,
the solution remained clear. When the solvent was removed, a

white solid (m.p. 73-80°C) was obtained (0.8g).

1
The H n.m.,r, spectrum of the white solid product showed

three doublets, ratio 2 : 1 : 1, with H shifts of 3.2, 2.85, and

2.67 respectively and JPNCH of 14,25Hz, 16.3Hz and L4.4Hz respectively

Double resonance experiments gave the associated phosphorus shifts

of 1.0, 84.3, and 84,4 respectively. This spectrum is consistent

—

r)NBu®,

with, but not proof of, an ionic species MeaN.PNButPfNMeZ(B
Br~ . The product has strong hygroscopic properties and decomposed
before microanalysis could be obtained. The mass spectrum did not

show any indication of the theoretical parent ion m/e = 452, nor

of m/e = 372 (-the loss of Br).

When the experiment was repeated using two mole equivalents

of bromine a fine precipitate was formed immediately but it rapidly

decomposed and consequently no product could be identified.’

Analogous reactions of 2,4-bisdimethylamino-1,3-di-t-butyl

cyclodiphosph(III)azane (1.0g, 3.4mmol) with 1 mole equivalent,

2 mole equivalents and excess dry chlorine gave no identifiable

products. Decomposition appears to have occurred,
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Reaction of 2,4-dichloro-1-ethyl-3-t-butylcyclodiphosph(III)azane

with chlorine,

A slight excess of dry chlorine was bubbled through a
solution of 2,4-dichloro-l-ethyl-3-t-butylcyclodiphosph(IIT)azane
(2.47g, 10.0mmol) in methylene chloride (20ml) at ambient temperature
for 8 minutes. A lH n.m.,r, spectrum of this solution showed that
the majority of the starting material had remained unreacted.
Additional dry chlorine was bubbled through the solution for a
further 10 minutes. The 31P n.,m,r., spectrum of this solution showed
a strong sharp singlet at 6; 33,5. The exﬁeriment was repeated

and the 31P-21H} n.m,r, spectrum gave two large signals at 29.5

and -218.1, JPNP = 107.7Hz. This is believed to come from a

zwitterion, c12i>”.NEt.P'014.1'~rBu
product showed peaks at 603 and 5400m'1 corresponding to that
Py 3

t. The infrared spectrum of this

expected fogéCl—-P(q coordinated) bond. The product could not be
isolated, since it underwent a slow decomposition. The parent ion
was not identified in the mass spectrum and microanalysis data was
not acceptable.

Attempts at recrystallisation from dry light petroleum
(b.p. = 40-60°) did give flat, plate-like, colourless crystals

(m.p. 65-70°C)., The suspected zwitterion was formed initially in

approximately 80% yield. In all cases the 1H and 31? n.,m.,r, spectra

showed evidence of decomposition.
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Reaction of 2,4-Dichloro-l-methyl-3-t-butylcyclodiphosph(IIL)azane

with chlorine

Excess dry chlorine was bubbled through a solution of
2,4-dichloro-l-methyl-3-t-butylcyclodiphosph(IIT)azane (0.5g,
2.1mmol,) in 50ml of light petroleum (b.p. = 40-60C). This
immediately caused the precipitation of a fine white solid. This
was recrystallised from light petroleum (b.p. = 40-66%) to yield
some fine colourless, needle-like crystals. However they very
rapidly decomposed to give a pale yellow wax-like product. The
experiment was repeated but the initial precipitate was not
recrystallised in an attempt to lessen decomposition. lH'ZBIPS
n,m,r., spectroscopy gave a triplet atlg; 3.13 which decoupled

to give g; 37.9 and -206.2, thus suggesting the presence of a

zwitterionic product. Other lH n.m.r. signals were obtained at SH
1.4 and 1,5, and were of comparable intensity to the suspected
zwitterion product. Recrystallisation resulted in the disappearance

of the triplet at 3.13 and a marked increase in the signal at 1.40.
711: 31P n.m.r. spectrum gave a very large singlet at é; The

' /
A

-36.8 ; this remains unidentified.

The parent ion m/e = 375 was not observed in the mass

spectrum, but the microanalysis did support the evidence for a

zwitterion. The infra-red spectrum run immediately after the

-1 :
reaction was carried out did show a peak at 595cm which correspond:

to the region expected for a Cl—P(l4 coordinate) bond.



- S

Reaction of 2,4-Dichloro-l-ethyl-3-t-butylecyclodiphosph(Il)azane

with bromine

Bromine (2.0g, 12.5mmol) in 15ml light petrol (b.p. = 40-60C)
was slowly added to 2,4~dichloro-l-ethyl-3-t-butylcyclodiphosph
(III)azane (1.6g, 6.lmmol) in 30ml light petrol (b.p. = 4O-60C)
while rapidly stirred under a nitrogen atmosphere. This immediately
produced a white precipitate and this quickly turned to a thick
oily deposit,

The lH-{31Pj n.m.r, spectrum gave a doublet of doublets
from which double resonance experiments showed¢5; at 33.6 and
-153.2. Decomposition, however, resulted in no relatcd signals
being detected in the P n.m.r. spectrum. However a signal at

‘{; 225.9 was found and this suggests that the decomposition

raterial includes a mixed halide,PClzBr. Decomposition proved

to be too rapid for mass spectroscopy or microanalysis.

2,242, 4,4, 4~Hexachloro-1,3-diphenylcyclodiphosph(¥)azane

2, 4=-Dichloro-1,3-diphenylcyclodiphosph(Ill)azane (0.25g,
0.82mmol) was dissolved in 25ml of light petrol (b.p. = L4O-60C)
and an excess of chlorine gas was bubbled through the solution.
A white precipitate was immediately formed. 31? n.,m.,r. spectroscopy
showed this precipitate to have a singlet 5; ~79.8. Its identity
was confirmed by the addition of a trace of known 2,2,2,4,4,4=

hexachloro-l,3-diphenylcyclqdiphosph(I)azane to the sample, see

also Table 3.5



Chapter 4.

Formation and reactions of cage and bridged phosphazanes,
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4.1, Introduction,

In the formation of cyclophosphazanes, the ring size is
largely determined by the steric bulk of the N-alkyl substituents.,
Sterically bulky groups such as t-butyl readily form dimeric rings.

However, small groups such as ethyl do not give dimers in any quantity

but have been shown to &ive rise to various products 27.

PCl3 + 3 MeNH, —» (c12P)2NMe + P4(Mie)6

1>013 + 3 BtNE, — (C12P)2NEt + (c11>1\na'c)n (n = 2,3)

PCl, + RNH, —» (CLPNR), (R =Pr’, Bu®)

3

In the reaction of EtNH2 and PCl3, Keat and Nixon showed that the trimer

(C1PNEL) 3 was present in low yield 3 0. A convenient route to the

formation of cyclotriphosph(III)azanes is the reaction of (Me3Si)2NM€

and PX,, {X = C1 or Br)(1.8) 4bel and coworkers claimed that the

2 .
analogous reaction using (MeBSi)zNEt gave (ClPNEt)3 ? but this could
27,179

not be substanciated by Nixon et al. in later work

A number of groups have also produced larger cage and fused

. . 6
ring compounds, the first from Holmes in 1961 ~, who reported an

adamantane structure for P4(NIV196 (4) from PC13 and MeNH,. Other work |

e 2
has been carried out by Zeiss and coworke:rsl+ who have also isolated a

related cage compound with a direct P-P bond (6) _ Zeiss has also

studied’ 41 possible conformations of the fused ring and six-membered

-

ring compounds, and this will be discussed later in this chapter.
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4.2. Results and Discussion,

4.2a. Synthetic Methods.

It has been shown that the reaction of ethylamine

hydrochloride with phosphorus trichloride in refluxing sym-tetra-

chloroethane solution produces bisdichlorophosphinoethylamine (ClzP)2NEt,

in reasonable yields (ca. 30%) 178-

2 PCl, + EtNH,Cl -—>(c12p)2NEt + 3 HC1 sessescsscsnensnsdsl

3 3

During this study, attempts to prepare the latter comwpound gave a
quantity of a residual dark brown oil.wWhen this o0il was distilled
under reduced pressure, and the distillate crystallised from light

petroleum, a pure sample of the cyclotriphosph(ITI)azane , (ClPNEt)3

(2d), was obtained. 'his new compound was identified by elemental

1
analysis, mass spectroscopy and lH and 5 P n.m.r. spectroscopy. It

was reported to be formed along with (ClPNEt) 4 @5 an 0il by the

\ 28
reaction of phosphorus trichloride with (Me381)2NEt s but clearly a

pure sample was not obtained. It was subsequently shown inrelated work

that the ring compound (2d) can be obtained in good yield with a 1:1

mole ratio of ethylamine and phosphorus trichloride27, see Reaction 4.2

Y 4

5P013 + 3EtNH, — (c11>m=;t)3 + v6HCI
(2d)
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This suggests that phosphorus trichloride may have been
lost from the reaction mixture in the attempt to prepare (C12P)2
These observationsled to attempts to prepare other cyclodiphosph(IIL)-

azanes and the bicyclic compound Pz(NEt)5012, (4a), was obtained, see

Reaction 4.3. Purification in this latter case was by recrystallisation

alone.
4 PCly + 5 EtNH,Cl —-)P(NEt)S + 15 HC1 cesssenseede3
(4a)
Et P
N
PN
Clp PC1 ///
| C1P NEt PC1
EtN NEt
\P/ gt\\ B
Cl P
(24d) (4a)

Atteipts to produce the cage compound P4(NEt)6, (4¢), by this method
were unsuccessful, the reaction gave a mixture of the bicyclic compound

(4a) and decomposition products ca.25%. The cage compound (L4c) was

later successfully prepared by the reaction of (4a) with ethylamine,

P

P
ClP<N NEt N>PCI’ 5 g, —> N/\l\m/ + 2 BNE,Cl
Eﬁ\\\P//<Et Et ’”’—AP\\\\\
Et

(4e) oevesed.d
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Minor components ( ~ 10%) of the reaction mixture obtained
from the synthesis of (2d) gave 31P n.m.r, signals at é; 228.0, 145.4,
139.4 and 2.8, The former signal appears to be from cyclodiphosph(ITL)-
azanes, (ClPNEt)2; Lt. 28, ég = 227.3, although a pure sample could
not be separated. The latter group of three signals, grouped together
on the basis of their mutual spin coupling interactions,has been

tentatively assigned to a monoxide of (2d). This is consistent with

the fact that the same compound could be obtained, although not pure,

by the reaction of (2d) with dimethylsulphoxide or oxygen.

The bicyclic compound (4a) can be converted to (2d) and

finally to (C1,P),NEt by refluxing with excess of phosphorus trichloride,
although compounds (4a) and (2d) have not been detected
in reaction mixtures of ethylamine hydrochloride and excess phosphorus

trichloride. This suggests that (2d) and (4a) are more reactive towards

phosphorus trichloride than ethylamine hydrochloride.
Attempts to carry out analogous reactions with methylamine
hydrochloride were unsuccessful, the only product identified was the
diphosphinoamine, (ClZP)zNMe. The reason for this difference is not
clear, but it is worth noting that the methylamine hydrochloride remains
as a solid suspended in refluxing Exmftetrachlorethane, while ethylamine
hydrochloride appears to form an oily liquid on the surface of the

refluxing solvent., If (clPNMe)3 and P'4(NMe)5012 are formed in the

reaction, they undergo relatively rapid conversion to the diphosphinoamine

(ClzP)2NMe.
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It was found that the cyclotriphosph(IIT)azanes could be

obtained in low Yields by prolonged heating of the diphosphinoamines,

(012P)2NR, R = Me or Et.

o]
3 (C1,P) MR ca.1>0¢ (CLPNR); + 3 PCL;

(R = Me,Et) ceessssscedsd

The phosphorus trichloride evolved was used as a rough

guide to the progress of the reaction. This reaction does not

constitute a very useful method of synthes;sing‘cyclophosph(III)azanes,

because of low yields and the ease of formation of solid orange

unidentified decomposition products.

Compound (2d) was converted to the corresponding fluoride

(2 ) by reaction with antimony trifluoride in refluxing light petroleum

solution.

(cmNEt)3 + Sbre3 —_— (FPNEt)B + SbCl T ¢ 7Y |

Et
”/N\fF

EtN\\\P///NIﬁ
F

(2e)
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Attempted fluorination of the bicyclic compound (4a) gave a complex

Distillation of this mixture under reduced

31

mixture of products.

pressure gave a clear oil which gave a series of “"P n.m.r. signals

consistent with the presence of two isomers of a fluorinated product

(discussed later, see page 153?

~
Both (2d) and (4a) were readily hydrolysed by water, the

reaction with the former being particularly violent.

p
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4.2b. Structure of Cyclotriphosph(ITI)azanes,

The structures of the compounds prepared in this study

are of interest, particularly since they may be expected to reflect

the conformational constraints of the phosphorus(III)-nitrogen bonds.

In considering the solution structures of compounds (2d) and (4a) it

is assumed that nitrogen has a planar, or near planar, distribution

of bonds, and or a very low barrier to inversion.

No crystal structures

of cyclotriphosph(IIl)azanes have yet been reported, but the above

assumption is justified in the case of the crystal structure of (MePNMe)4

where the nitrogen atoms have an almost planar distribution of bonds

101

The bonds to the nitrogen atoms linked to two tervalent phosphorus atoms

do deviate significantly from planarity in the adamantane - like

structure of P4(NMe)6 where the average sum of the bond angles

at the nitrogen is 3560100,and P4(NMe)6MeI where it is 352

o180

Assuming that (2d,e) and their derivatives are most likely

to adopt a cyclohexane chair-type conformation, the structures shown

in fig.4.1 show the possible arrangements for the phosphorus substituents,

either axial or equatorial

X\\\P_‘_‘_N,,/”P“‘~X
N./’/ P\(\N/

(e,e,e)

(a,a,a)

Fig.4.1

(N-ethyl groups omitted for clarity).

X
x\P\ II,
N ,//—-P\X\NN//-

(a,e,e)

X

~ P\\‘x
5’\(/

(2,2a,e)
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Since inversion of the cyclotriphosph(IIT)azane ring in solution is

probably fast on the n.m.r. time-scale, a 2-cis-4-trang-6-trichloro-

isomer ("trans" isomer) would represent a time average of conformers
(a;a,e) and (a,e,e) and the 2-cis-4-cis-6-isomer would be represented

by conformers (a,a,a) and (e,e,e). _Steric considerations would suggest
that (a,e,e) and (e,e,e) conformers might predominate, i.e. where 2,
4-axial-axial interactions are avoided. The 5 P n.m.r. spectra of both
(2d) and (2@) showed that two forms were present in solution at ambient

In each case these spectra comprised a singlet and a
These

temperatures,

doublet (relative intensity 2:1) with the latter predominating.
multiplets were further complicated by coupling to the fluorine in

the case of (2e). The structures of these isomers must be ¢cis and

trans respectively. Unfortunately there is no easy means of distinguish-

ing the possible conformers (fig.4.1), particularly since it is not

clear how the solution state relates to any solid state stiructural

information that may emerge. Addition of one mole equivalent of aluminium

chloride to (2d) at ambient temperature collapses the three signals

from cis and trans isomers into a broad signal at ca, gp 126, Presumably

chloride ion exchange is promoted under these conditions and the

formation of transient species containing the :N—§~N< grouping would

provide a mechanism for interconverting cis and trans isomers. Although

the spectra did not sharpen at low temperatures, the broad signal at

ca. égp 126 is at lower field than the mean of the cis and trans isomers.

It is consistent with the presence of cationic species =p?¥, which

have very low field shifts 170.
On cooling, the 3p n.m.r.'signals from (2a) and (2d)

sharpened and the proportion of the cis isomers increased. Spin

coupling effects were also resolved in the trans isomer (Table 4.1).
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The most likely reason for the broad ambient temperature spectra is

chloride-ion exchange, since the activation energy for phosphorus

inversion (typically'Avloo kJ mol) is clearly too high for this

process to be feasible at sub-ambient temperatures. Consistent with

these suggestions, the temperature dependence of the cis : trans

isomer ratio in (2e) was very much less than for the analogous chloride
(2d), phosphorus—-chlorine bonds being more labile than analogous

phosphorus-fluorine bonds.

The 31P n.m.r. spectra of the bicyclic compound (4a) shows

that there are two isomers present in solution. The major (symmetric)

and minor (asymmetric) compounds give rise to A2X2 and AMX, spin

systems respectively, the structures of which can be considered by

reference to fig.4,6.
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5. baba 6.bcfe

- P 8.bebe. | F/)"'- | 9. bbbb

11,bbff

keleton,
Fig. 4.6 Possible structures for compounds with P#NE =
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The isomers can be interconverted, for at low temperatures

the proportion of that isomer giving rise to the A2X2 spin system

increases, The compound can exist as a series of conformers which are

analogous to those possible for bicyclo(}.}.l)nonanes. In the latter
System the boat conformation becomes more probable than in the

cyclohexane system because of the axial-axial interaction in conformers,

analogous to that labelled (c,c,a,a)180 . Since phosphorus is only

three co-ordinated, the conformer (c,c,a,a) is unfavourable, but (c,c,e,e)
cannot be excluded. 1f it is again assumed that ring inversion is

fast on the n.m.r. time scale, then the interconversion processes

shown are possible. Given that (c,cyaya) is unlikely, the major isomer
can have major contributions from conformers (c,c,e,e), (b,b,b,b) and

(b,b,f,f). Any of the remaining conformers could make a significant

contribution to the 5 1P spectrum of the minor isomer,
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4.2c.Reactions of cyclotriphosph(IIT)azanes.

Reaction of cyclotriphosph(III)azanes (2d) with
Primary alkylamines (R'NH2, R = Et, Pr and But) gave substitution

products (2f - h) and, unexpectedly, a series of bridged ring molecules

(2% - ¢).
Et Et
N PN
R'(H)NP fN(H)R' P\N /IP
Et
N\\P’/NEt EtN g NEt
N(H)R' \P/
N(H)R'
(2f, R' = Et (298, R' = Et
&€y w =Pr b, ¢« = Pr
h, u -—-But ) C, " =But)

These products were identified by 31P n.m,r, and mass spectroscopy.

However, compounds of types (2) and @9 ) could not be separated ty
vacuum distillation or recrystallisation.

The reaction of ethylamine with (2d) gave mainly the
substitution product (2f) and ca. 10% 'bridged' product (@9a). There
was also a trace of the adamantane cage molecule (4b) "Sp 79.3; this
was confirmed by mass spectroscopy. However, with isopropylamine the
product was mainly the bridged compound (29%) and only a trace (ca.15%)
of the substituted ring (2g). The analogous reaction using tert-
butylamine with (24) gave products similar to the isopropylamine

reaction. Reaction with methylamine gave a thick o0il which contained

a large number of unidentified products (3§ n.m.r.).
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When heated at 90°C under nitrogen (1 hr.) the product of

the reaction of (2d) and ethylamine, showed a marked increase in the

amount of cage compound (4b). The proportion of (2f) also decreased

relative to (2%). When heated to 90°C in a vacuum (3 hrs.) the

reaction products from (2d) and ethylamine were nearly all converted

to the cage compound (4b), except for a small amount of @9a) (gca.5%).

The 3lP n.m.r. spectra of (2f-h) showed that they were

all itrans isomers, the spectra each consisted of a doublet and a
triplet, ratio 2:1 with phosphorus-phosphorus spin couplings of 12-14 Hz,

see Table 4.1. The 31? n.m,r., spectra (29a-c) gave a vexry low field

doublet and a high field triplet, ratio 2:1. The very low field shift

of the doublet is consistent with a trans isomer for a cyclophosph(III)-
azane ring, as found with (RZNPNR')z and is evidence for the presence
of a dimer ring structure in the products (291-0).

The products of the reactions of (2d) with alkylamines
R'NH2 are summarised in Table4.l. As the size of R' increases so

the yield of the bridged product (29a-c) relative to the substituted

ring compound (2f-h) increases.
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31
Table 4.1; P n.m.r, data for the products of the reaction of (24)
with alkylamines RNH (R = Et, Pr", Bu').

Compound R 'SP (ppm) J pgHz)
(2r) Et 95.9, 107.1 13.8
(2g) Pr 93.4, 104.2 13,5
(2n) Bu® 92.8, 106.5 12.4
(29a) Et 97.1, 206,0 5.2
(29v) Pr 96.0, 199.4 4.0
(29¢) Bu® 98.9, 201.1 4.0

The products of the reaction of (2d) and ethylamines

show a solvent dependence. The work described above is based on the

use of diethylether as solvent. When benzene was used as the solvent

the cage compound (4c¢) was the principal produ.ct of the reaction at

ambient temperature. When the reaction was repeated at higher

temperature, ca.75°C, the main product was (21), (ca.90%) and smaller
quantities of (4c) and (@9a), each of 5%, At 0°¢, the products from

(2d) and ethylamine in methylene chloride solution were mainly (2f)

and, to a lesser extent (29a), with a trace of (4¢). When the mixture

was raised to ambient temperature there was an increase in the gquantity

of (16a) so that the ratio of (2f): (298) was 1:1. At 75°C the

quantity of (29a) was raised further, so that the ratio of @9a); (4¢)
was 4:1 with 5% (2f). This would indicate that not only was there

conversion of (2f) to (4¢) but also an increase in the formation of

(29a).
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When heated in a vacuum for 1 hour the (29Y : (4c) ratio changed to
2:3 therefore there is also a conversion of (29b) to (4¢c). The

conditions favouring the formation of each product are summarised in

Reaction 4.6.

Et Et
N N
RN
01P/ \pm B, T\N /P
ERN\\\ NEt (excess) > Et .
. N
P/ a ~ /N
ol P
N(H)Et
(2a) (29b)
Et

EtNH, N
(exce55)>m(H)NP/ \PN(H)Et

EtN\\\P///NEt

N(H)Et

(2n)

EtNH, P
ol / gt

(excess)
Et
v
Et
(4C) 000000000406

0

Favoured conditions : a) polar solvent, high temperature (707¢)
. o )
b) low polarity solvent, high temperature (75 C

¢) low polarity solvent, ambient temperature
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Derivatives of (2d) and (4a) have been prepared by

substitution reactions similar to those applied to the cyclodiphosph-

(III)azanes‘Bh’hg. With derivatives of (2d), both cis and trans

isomers were obtained in most cases, while derivatives of (4a) gave
'symmetric' and ‘asymmetric' isomers, see page 142, A brief summary
of the reactions involving (2d) and the isomer ratio of the products

is given below in Reactions 4.7 a, b and c.

MegN'P/ \PNMe2
| ] e

EtN NEt

Me NH / Et3N

-EtBNHCI cis: trans 0 : 1

Et
yd N\
MeOP POMe
I MeOH/EtgN R [ , ceeessd
EtN NEt -Et_NHC1 ~ - EtN NEt
3 NS
P P
OMe

(2v)

24
( ) SbF 3
cis: trans 1 : 2

-SbCl
3 Et

N
r,?/ \TF
BN Bt

- P
F

(2e)
: 8

cis: trans 1 :

.-0‘00407
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The trans-isomers were generally predominant and their
31? n.m.r. signals always occured at lower field than the corresponding
Cis~isomers, Irans-isomers of the cyclodiphosph(III)azanes also have lower
field signals than cis-isomers 34. In addition, the phosphorus-
phosphorus spin couplings are of a similar magnitude to those in

cyclodiphosph(IIT)azanes, see Table 4.2. (cf. Table 4,12 )

Table 4.2; 31? n.m.r, data for jXPNEt)3 derivatives.

X cg(ppm) (2) Tpnp (H2) Ratio
cis trans lrans trans : cis
F 100.3 111.2 117.8 - 8.5 : 1
a1 102.2 127.2 134.6 6.7) [ 41 . 1
OMe 97.7 104.0 113.9 12,7 2.2 : 1
Nie, - 107.8 109.2 | 17.0 00 : 1

(a) CDCl3 solution at ambient temperature

(b) -60°

Zeiss and coworkers previously prepared a similar series
5
of derivatives of the analogous methyl compound (ClPI\!Me)3 .
The infra-red spectrum of trans (MezNPNMe)j, (2c) showed

a P-N-P asymetric stretching mode at lower energy than any of the
other derivatives (2b,d or e) suggesting that the phosphorus-nitrogen

(ring) bonds in (2c) are slightly weaker than in (2b,d or e) see

Table 4.3.
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Table 4.3. P-N~P Asymmetric Stretching Modes in (XPNR)B,

. ( -
Compound “Q(PNP)asym cm !
(MeOPNMe)B (2b) 925 '(892)*
(MeZNPNMe)3 (2¢) 915 907 ( 885)*
(cnvat)3 (2d) 950 (912)*

*, () - indicates that the signal appears as a shoulder.
At ambient temperatures the trans isomers of the above

compounds are favoured by the presence of electronegative substituents
on phosphorus, in contrast cis isomers of cyclodiphosph(IIT)azanes

are favoured by the same type of substituents, see Table 4.2. Thq
ratios of isomers do not seem to be related in a simple way to the

bulk of the phosphorus substituents.

The 1H n.m.r, spectrum of (MezNPNEt)B(ZC') shows no

indication of restricted rotation about the P-NMe2 bond., This is in

contrast with the case in the analogous cyclodiphosph(IIT)azanes where
the restricted rotation is a feature. In (MezNPNBut)a the bulky

Bu® group raises the barrier to rotation,
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Zeiss has suggested that the cis (ROPNMe)3 isomers are (a,a,a) and

that the trans isomers are (a,a,e)

f X EE////’P——~X
Poe|— N ///
/ B
EtN Et
fig.4.3

y see fig., 4.3 for trans form.

(X = OMe, OEt, OPr

oBu®, oph,

p—BrC6H40 )

The arrangement of axial phosphorus substituents avoids the eclipsing

of the adjacent phosphorus and nitrogen lone-pairs, see fig. 4.4

(and page 52 ).

fig. 4.4

However, balanced against this is the steric congestion between the

three axial substituents, and it is this steric factor which presumably

results in trans isomers being favoured over cis isomers (see page 51-53)

In the case of the dimethylaminomderivatives (20), the bulk of the

dimethylamino-group will be a major factor in discouraging cig-isomer

formation. It should also be noted however, that this group is the

least electronegative of those studied.

i



- 152 -

4.2d. Reactions of fused ring cyclophosph(ITT)azanes.

The: fused ring compound (4a, X = Cl) also undergoes
similar substitution reactions to those of (2e) giving alkoxy-,
dialkylamino- and fluoro-derivatives. Compound (4a) is present
as two isomers, symmetric and asymmetric, the symmetric form
being predominant. At low temperatures the proportion of the
asymmetric isomer was considerably reduced, The difluoro-
derivatives (4d) was formed together with other unidentified

products, by reaction with antimony trifluoride:

Et Et Bt P Et
/ N/7P\N / N—""7"NX
3C1P NEt PCl + aSbF3 ~——> 3FP NEt \pp + asr>c13
N N N \_,,,—N
(43.) a‘l‘d) cooo¢~408

The P n.m.r. spectrum of (44) at -65°C gave a symmetric :

asymmetric isomer ratio of 3 : 2, the asymmetric isomer was
absent in the chloro-derivative (4a) at a similar temperature.

In cyclodiphosph(ITl)azanes, isomer interconversion

of chlorides probably proceedgwby chloride ion exchange. It is
not certain how interconversion would proceed with other types

of substituent., It is reasonable to assume that with the fused

ring cyclophosph(III)azanes, that isomer interconversion will

follow a similar pattern.

|

|
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4.2e. Amino and alkoxy derivatives of some fused ring cyclophosph(TTT)-
azanes.

The addition of four molar equivalents of piperidine to

L )
(42) produced the pipefino-derivative (4e), which exists in two A

isomeric forms, symmetrical and asymmetrical.

Et Et

ﬁt/p\f]’t N—F——N

A N/Et fioes G NP/ / \PNC H

. \ SR a ¢ ek O RN e

b ot )

Et Et Et Et

(42) (4e)
T

-..0000409

Initially the dominant isomer was the asymmetric form, unlike the

starting material (4a) which is predominantly a symmetric isomer.

Compound (4e ) had symmetric : asymmetric isomer ratio of BB

but the proportion of symmetric isomer grédually increased with
time, Similar observations were noted with dimethylamino and
diethylamino derivatives of (4a). In all three cases the quantity
of symmetric isomer increased until it was the dominant isomer,
showing that it is the thermodynamically favoured isomer, The

initial 'favouring' of the asymmetric isomer may be related to

the minimising of steric interaction between the piperidino groups,

thereby reducﬁ,the strain within the molecule.
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Table 4.4. Initial and Final isomer ratios of amino derivatives,

By (N ) X,

Initial Final
X Sym, Asym., Sym. Asym,
e, 1 1.5 2 0.8
NEta ’ 1 l’..o 1 008
‘ 1
NC5H10 1 3.5 1

t
The alkoxy-derivatives (4f, X= OMe and Bu ) were prepared

as shown below

Et Et Bt . Et
AT A
Clp NEt \PCI + 2ROH + 2Et3N —»ROP/ NEt POR + 2Et3NHC1
el v\ \ X
TP 1 P
Et (R = Me,Bu’) Et Et .

(4f) (R= Me,But)
veeeesd 10

However, unlike the alkylamino-derivatives, the alkoxy-derivatives

showed a preference for the symmetric isomer,initially(hf, R = Me)

exhibited a steady symmetfic : asymmetric isomer ratio of 1.5 : 1

and (4f, R = Bu®) gave an isomer ratio of 2 : l. This difference
in the preferred isomer formed immediately on reaction may be due
to the alkoxy-derivatives being able to .take up configurations which

will minimise steric interactions through rotation about the phosphorus

~0Xygen bond,
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The 31? shifts of the bridging phosphorus atoms of (4a- )

can imply some structural information about the isomers, see fig.4.5 and

Table 4.5.
EtN/Tx o<
l NEtAt X
PJ% N /
P 0C = hinge angle
EtN// TTT—x
) Et
fig. 4.5
Table 4.5: 31? n.m.r. shifts of bridge-phosphorus and shift differences
between isomers_of P4§NEt25}_(2.
31P shifts shift difference
X Symmetric Asymmetric (ppm
cl 54.3 36.9 17.4
F 4606 35'4 1102
NMe,, 82.6 58.5 24.1
NEt, 85.6 58.3 27.3
- 56.8 25.2
NC5H10 82.0
OMe 62.1 43.5 19.6
OBu® 1.7 50,7 21.0
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Strong electron withdrawing species such as the halogen
atoms give small shift differences, 11-17 ppm, between isomers, while
electron donating groups such as the dialkylamino groups give larger |
shift differences, 24-27 ppm. This bridge-phosphorus shift difference
between isomers may be related to variations in the arrangement and
angles of bonds around the bridge phosphorus atom. Recent work by a

Russian team has shown that variations in the bond angles at the

Phosphorus in phosphines leads to dramatic changes in both phosphorus

shifts and coupling constants 81. In general, the valence angles

around 3-coordinate phosphorus is of the order of 100°. the exception
to this is in the series PR3 (R = alkyl or hydrogen). In this series
changes in the angles around the phosphorus atom have been observed,
and have been attributed to the redistribution of s and p character
between the phosphorus orbitals involved in the bonding and the lone-
pair. ‘'he progression down a series of phosphines follows a close
curve when graphs are plotted (i) 31P shift vs. angle,

(i1) Jpy ys. ansle,

As angles increase, so shifts fall and coupling constants will

increase, see table below ;

Table : Variations in 1P shifts and Jp, with P bond angles.
Compound P bond angle(®) Sép(ppm) Ip (Hz)
PH, ca. 94 239 182.2
PBut ca. 108 © =63 196.0

Serious deviations can be observed when phosphines containing
electronegative substituents are used. The extent of hybridisation
in the phosphorus orbitals was determined by the use of ionisation
potentials, n.m.r. shifts and coupling constants, and I.R, stretching
vibration frequencies,

As in other phosphorus compounds, in the fused ring cyclo-

phosph(ITI)azanes electronegative substituents give lower field shifts

in the 31? n.m.r. spectrum,
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4.2f., Formation of cage compounds.

Adamantane-like cage compounds have been prepared from (4a)

by reaction with primary amines (RNHZ; R= H, Et or But)

PC1
EtN//’ EtN /P TR

’ + 2RNH.C1

NEt t PC1 + BRNH
EtN// P NEt BN \gt
(4a) (4c, R = Bt
gy R = But

hy R=H)  +iveveesnddll

A single 51P n.m.r. shift of 79,0 was obtained for (lug showing that
all four phosphorus atoms are identical. With (48 and 1) there are
two pairs of non-equivalent phosphorus atoms; (48) gave 3lp shifts

of 77.6 and 71.8 and Jpyp 19.3 Bz. Compound (4n) gave 31p shifts
of 86.9 and 69.2 JPNP 18.2 Hz.

In the reaction of (4a) with ethylamine a weak set of

signals, intensity ratio 2:1:1 was observed.in the 31P n.m.r, spectrum,

6 p 137.15, 56.9 and 4.1 respectively, J(PNP) 166.5 and 17.5 Hz.

The large PNP coupling is consistent with a cage structure with
a direct phosphorus-phosphorus bond (6) , similar to a compound

observed by Zeiss (see page 21).

4¢?NEt

Eti\l//7p
el
EtN—"

(6)



e

A third compound was obtained in similar quantities to

( 6) C(P 7.6 and 122.3 (not scanned above cg 140), J(PNP) 15.1 Hz.

This has been tentatively identified as the monoxide of (4a), (302)
182

An analogous monosulphide, p (NMe) S has been prepared by Reiss et al

with é{ 52 (P(II1)) and 118 (P(X)). When left in Et O solution the

and (302a) increase as (4¢) decreases.

proportions of both ( 6)

A crystalline product was obtained only in the case of

’ )
(4¢) which is a 'symmetrical molecule. With (4&) and (4h) the initial

product was a thick oil despite numerous attempts at crystallisation.
Compound (48) was distilled under reduced pressure, but when examined
b 31P n.m.r. spectroscopy it was shown to be the cage molecule (4f)

and some traces of other unidentified materials; (4h) behaved similarly.

Final identification/(4g) and (4h) was by mass measurement. The fact /

that (48 does not crystallise may be due to adverse crystal packing

P (NMe)6 is disordered

effects, and is consistent with the fact that 4

in the solid state 182.
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4.22. Oxidation reactions of cyclotriphosph(III)azanes.

Some oxidation reactions of cyclotriphosph(IIT)azanes (2)

by sulphur, selenium, tellurium and oxygen have been studied. The

reaction of (2i) and (2j) with three mole equivalents of elemental

sulphur or selenium results in the formation of the appropriate tris-

chalcogen derivatives.

(MezNPNEt)3 : — (MezN(X)PNEt)3 evececeeedal?
(2) (31a, x=8
b X = Se)
(MeOPNEY ), 8 5, (MeO(X)PNEt)s  eeonee..d.13
(23) 61 c, X=95
d, X= Se)

These oxidation products all have irans structures, as shown by

31P n.m.r. (see Table 4.5).
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Trans structures were obtained for (MeO(Se)PNEt)3 and

an impure sample of (MeaN(O)PNEt)B. The conformation of these

examples may be compared with the twisted boat conformation of

110
(MeO(O)PNMe)3 as found by Bullen = . Therefore,based on Bullen's

work y» the assignments for the phosphorus shifts and phosphorus=-

phosphorus couplings in (MeO(Se)PNEt)3 are shown in fig. 4.6,

/ OMe .
// L :
73.2  EtNe—"7
P \\_,/’Se/\._NEt ;
*+12.8 Hz
fig. 4.6

A monoxo-.derivative, of (ClPNEt)3 may have been

made from the reaction of (ClPNEt)3 with one mole equivalent of

1
dimethylsulphoxide. This product gave - P n.m.r. shifts of 136.9

and 17.0 (ratio 2 : 1), Jpnp E2- 25Hz., see fig. 4.7,

A dioxo-derivative of (ClPNEt) has been tentatively

assigned to signals at c( 9.7 and 120. (ratio 2 : 1), J PNP L2Hz,

The attempted preparation of (MeZN(Te)PNEt)3 did not result in

any identifiable products.

c
___ii__ﬁﬁz’/lf\\\01

{i,——'P"“—-—-N

EtN
Et

fig. 4.7
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In the oxidation reactions described on the previous
page,there is a preference for the formation of a trans isomer.
Partial oxidation products can exist in numerous isomeric forms
depending on the conformation of the ring and the axial or
equatorial disposition of the phosphorus substituents.

A related series of oxidation reactions was carried
out on the bicyclic compound (4a). The monoxide PQ(NEt)ECIZO
(30 a) has been found in two forms. The first type (30a(i))
gave three 31P shifts 148.0, 123.1, and -5.2 with a ratio of
2 :1: 1 and couplings of 25.5 and 8.0 Hz. The other form

(30a(ii)) shows four phosphorus shifts 164.12, 146.7, 122.3
1 : 1, one coupling of 30 Hz was

and -12,96, ratio 1 : 1 :

observed. The fact that this second conformer shows four non-
equivalent phosphorus shifts suggest that the oxygen is bonded

to a bridge phosphorus atom as shown in fig. 4.8.

fig. 4.8.

The terminal phosphorus atoms are non-equivalent,( the terminal

phosphorus atoms are not common to both 6-membered rings, in fig.

4.8 they are the phosphorus atoms bonded to chlorine). The non-

equivalence of the terminal phosphorus atoms is due to either

the conformation of the rings or the relative positions zzathe

: g ‘

phosphorus substituents and the lonepairS, see fig.lh. 6[&or the !

keleton.
N5 5

possible structures for compounds with a P4

rl“)-\,’. (A0
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Because of similarities in the shifts exhibited by the two isomers,
it is probable that the first isomer also has the oxygen on the
bridge phosphorus. When the spectrum was re-run at -65°C only

the first conformer (30a(i)) was observed. This suggests that

the difference between isomers is conformational rather than
structural, ie. both conformers have oxygen on a bridge phosphorus
atom,

A dioxo-derivative (30Db) was also prepared using
dimethylsulphoxide, but it gave little structural information,
except to show that it had two pairs.of non-equivalent phosphorus
atoms, An attempt to form (30b) by bubbling dry oxygen through
PQ(NEt)scl2 in petroleum ether failed to produce any (30p).,

In PQ(NEt)6 , phosphorus and nitrogen lone-pairs are
orthogonal and therefore not very reactive. In the bridged ring
compound Ph(NEt)5012 the bridging phosphorus atoms should have
a near orthogonal arrangement of lone-pairs with neighbouring
nitrogen atoms, Therefore these bridging phosphorus atoms are
likely to be less nucleophilic than the terminal phosphorus atoms,
The formation of'bridging'oxygen compounds, as shown in fig. 4.8,
is surprising.

Two mole equivalents of elemental sulphur were mixed
The subsequent reactions were mildly

with (41) and (4e).
exothermic and resulted in dithio derivatives being formed.

1>L}(1\1Et)5(nr¢1e2)2 + Sg — 1’4(1%.1:1:)5(NMe2)2s2 eeees(4.16)

(41) (30c)

(4¢€) (30d)
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1
e 5 P n.m.,r. spectrum of (29c) showed shifts ofa/

116.7, 61.4 and 56.3 (ratio 2 : 1 : 1) and J 21.5 Hz and 35,8 Hz,

Compound (29d) has a similar spectrum with gP 115.0, 59.3 and 55.6
(ratio 2 : 1 : 1) and Tonp 21.8, 35.4 and 2.1 Hz. The starting
materials (4e and i) gave high field 31P n.m,r, shifts for the
bridge phosphorus atoms and low field shifts for the terminal
phosphorus atoms, However, the oxo-derivative (30a) showed that

the bridge phosphorus atoms of oxidation products could have a

low field shift. The most likely structure for (30¢ and d),

based on the 3]'P n.m.r. data, is as shown below.

_116.7
/ \Et
56.3_ N 6l
/" | \‘,
Me N(S)P NEt /g(s)We‘2
\ N :

‘.' N ;
E\ /Et /
35.8 Hze .. 21.5 Hz

.____,'PKG .-

S~

N116.7
(30c)

’,’ 11500

P
E/ \Et
55. 6 /N /N\ ,-759.3
Hy,C 5N(S)P\ NEt /P(S)Nc5 10
N\ oo
v Et /Et i
3 21,8 Hz

5.k Hao SR ..o
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In the case of (30c¢ and d), consideration of the phosphorus

shifts suggests that the sulphur has reacted with the terminal

phosphorus atoms,The ldentical shirts of the phosphorus(IIT) atoms

and the difference in shifts for the phosphorus(Y) atoms is best
exXplained by phosphorus(ITL) atoms being found in the bridging
position. This then requires that the phosphorus(Y¥) atoms are in the
terminal position. Some form of non-equivalent configuration between
the terminal phosphorus(Y) atoms and their substituents, could
explain the difference in their phosphorus shifts, Therefore in

the compounds Pa(NEt)s(Ncsﬂlo)zf (4¢) and PQ‘NEt)g(NMea)a’ (i),

the terminal phosphorus atoms are the more reactive, being more

nucleophilic than the bridge phosphorus atoms. This is in line

with the expected situation, see p.162, and is in contrast with

that found in PQ(NEt)scl 0
This difference in the location of the more nucleophilic

phosphorus atoms is probably due to the different substituent

effects between Cl and NMe2 or NCSHIO.

A similar reaction to L4.16 was carried out using excess
sulphur, However.no clearly identifiable product could be obtained.
The reaction of (4d) with two mole equivalents of selenium gave
fine colourless crystals, m.D. 136~-138°C. Microanalysis and mass

spectroscopy indicated that this was Ph(NEt)E(NCBHlo)Esea’ but

no satisfactory 31P n.m.r. spectrunm was obtained. The mass spectrum
indicated a triselenide derivative, m/e = 74k,
No reaction was observed between (4€) and excess teﬂurlum

3lP n.m.r, spectrum showed a mass of signals (é; 90-130) which

proved impossible to analyse.
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4.3. Experimental

2:4,6-tUrichloro-1,3, 5-triethyleyclotriphosph(IIT)azane.

Phosphorus trichloride (152.1g, 1.11mol), ethylamine
hydrochloride (90.0g, lflOmol) and sym-tetrachloroethane (600 ml)
were mixed in a 1 litre round bottomed flask fitted with a 100cm
air condenser and paraffin oil bubbler. The mixture was refluxed
for 6 days, cooled to ambient temperature, filtered and the solvent
removed. The oily brown residue was distilled under reduced pressure,
b.p. 115°C (at 0,003 mm Hg) and the disﬁillate recrystallised from
light petroleum (b.p. 40-60°C) to give the compound (78g, 64% yield)

m,p. 25-30°C., Omission of the recrystallisation step resulted in this

product being contaminated with its monoxide,

lH n.m.r, spectroscopy indicated that it was a mixture

of cis and trans isomers, with the former being predominant. When

left to stand in a small quantity of light petroleum (b.p. 40-60°C)

only crystals of the cis isomer were obtained. For microanalysis,
see Table 4.6,

2,4,6-Trichloro-~1,3, 5~tri-n-propyleyclotriphosph(ITI)azane.

Phosphorus trichloride (66.0g, 482 mmol) and n-propylamine
hydrochloride (23.0g, 241 mmol) were refluxed in boiling sym-tetra-
chloroethane (350 ml) in a 1 litre round bottomed flask fitted with
a 100 cm air condenser and paraffin oil bubbler, for 7 days. The
solution was then cooled , filtered and the solvent removed to

leave a viscous oil, Fractional distillation under reduced pressure

gave two products,
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(1) a clear liquid, b.p. = 65% at 0.01 mm Hg which gave a 31p

n.m.r. shift of 163.9 and m/e = 273, CQH9C14NP2 requires

m/e = 273, This product is bis(dichlorophosphino)-n-propylamine.

(i1) a clear liquid, b.p. 130°C at 0.02 mm Hg which >2P n.m.r.
Spectroscopy, microanalysis and mass spectroscopy showed

to be 2,4,6-trichloro-1,3,5-tri-n-propylcyclotriphosph(ITI)

azane (ClPNPrn)B, see Tables 4.6 and 4,7 for analytical data.

2,4,6~Trichloro-1,3,5-trimethylcyclotriphosph(III)azane. R

Bis(dichlorophosphino)methylamine (100g, 395 mmol) wasAf
in a sealed container at 150°C for 4 days. Phosphorus trichloride
(44.8g, 76% yield) was given off during the course of the experiment
and trapped out, A brick-red coloured liquid remained at the end
of the 4 days of heating, and this was distilled under reduced
pressure to give a few drops of a clear liquid, b.p. = 110°¢ at
0.15 mm Hg, which on standing crystallised. This gave a "H n.m.r,

31
spectrum corresponding to that of (ClPNMe)3 .

2,4,6-Tri fluoro-1,3,5-triethylecyclotriphosph(IIT)azane.

Antimony trifluoride (2.8g,15.6mmol) was added to a
solution of 2,4,6-trichloro-1,3,5-triethylcyclotriphosph(ITI)azane
(5.2g,15.8mmol) in light petroleum (b.p. 40-60°C) (20 ml) and
the mixture refluxed for 1 hour. On cooling, the solution was
filtered and the solvent removed to give a colourless liquid,
which, when distilled‘under reduced pressure gave the compound

(1.5g, 34%) b.p. = 70°C at 1lmm Hg. This was confirmed by mass

measurement, see Table 4,.8.



- 167 -

2,4,6-Tris(dimethylamino)-1,3,5-triethylcyclophosph(III)azane.

Dimethylamine (2.7g, 60 mmol) was mixed with 2,4,6-Trichloro-

1,5,5-triethy1cyclotriphosph(III)ézane (4.0g, 12.2 mmol) in diethyl-

ether (50 ml) at 0°C under a nitrogen atmosphere, This immediately

produced a white precipitate of dimethylamine hydrochloride which,
when the solution was raised to rdom temperature, was filtered off.
The solvent was removed to reveal an o0il which was purified by vacuum
distillation to give a clear liquid, bp = 110°-120°C at 0.005 mm Hg
(2.8g, 65%). Microanalysis showed this to be the compound, 2,4,6-

Tris(dimethylamino)-1,3,5~triethylcyclophosph(III)azane, see Table 4.6,

2,4,6-Trimethoxy-1,3,5-triethyleyclotriphosph(ITT)azane.

To a mixture of 2,4,6-trichloro-1,3,5-triethylcyclotriphosph~-

(IIT)azane (5.0g, 15.2mmol)and triethylamine (4.62g, 45.7mmol) in 200 mi,

light petroleum (b.p. 40-60°C) under N,, was slowly added methanol

(1.47g, 47.5 mmol). This immediately produced a white precipitate of
triethylamine hydrochloride. When raised to ambient temperature the
precipitate was filtered off and the solvent removed to give an 0il

which was purified by distillation to give a clear liquid

(3.88, 79.1%) b.p. 9o°-1oo°c at 0.02 mm Hg. Identification was

established by microanalysis, see Table 4.6.

2,4,6-Tripiperidino~1,3,5-triethylcyclotriphosph(III)azane.

Piperidine (6.2g, 7.8 mmol)in 15 ml of light petroleum

(b.p 40°-60° C) was slowly added to 2,4,6-trichloro-1,3,5-triethylcyclo-
triphosph(IIT)azane (4.0g,12.2 mmol) in 50 ml of light petroleum

(vep 400—6000) at 0°C under a nitrogen atmosphere.
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A white precipitate was immediately formed which was then filtered
off at ambient temperature. Unfortunately this filtration was
difficult. The solvent was removed leaving an o0il which failed to
Attempts at distillation under reduced

crystallise from pentane.

pressure produced only limited yields. This gave a pale yellow
0il (b.p = 150°C at 0.02 mm Hg) (2.058, 40%), which was the compound,

found m/e = 474 021H45N6P3 requires p/e = 474.

2L, 6=Trigdimethylamino)-1,3,5-triethyl=2,4,6-tri thiocyclotriphosph(¥)azant

To 2,4,6 Tris(dimethylamino)-1,3,5-triethylcyclophosph(ITT)-
azane (1.0g, 2.82 mmol) in methylene chloride (10 ml) at 0°C, was a[,
added flowers of sulphur (0.28g, 8.75 mmol). The mixture was then shake7(/
ambient temperature till all the sulphur appeared to have dissolved.
Excess sulphur was later filtered off and the solvent removed to give
a cloudy oil. This was recrystallised from light petrol, b.p. 40-60°C,
to give long thin needle crystals, m.Dp. 225-228°C, of the compound,
The mass spectruﬁ gave m/e = 450, C12H33N6P333 requires m/e = 450,

Microanalysis confirmed the identification, see Table L.6.

2,1, 6=Tris(dimethylamino)-1,3,5-triethyl-2,4,6= triselenocyclotriphosph

azane.
2,4,6-Tris(dimethylamino)-1,3,5~triethylcyclotriphosph (I13)-
azane (1.0g, 2.82 mmol) and finely powdered selenium (0.67g, 8.48 mmol)

were refluxed in methylene chloride for 30 minutes. Unreacted 5e£%|nium ?

was filtered off and the solvent was removed to give an o0il which on

. -]
crystallisation from petrol (b.p. 40<60 C) gave fine white crystals

209-21400. The mass spectrum gave m/e = 591, 012H33N6P3833_requires,591,

Identification of the compound was confirmed by microanalysis, see

Table 4. 6.
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3;4,6-Tris(dimethvlamino)-1.3.S-triethvl-z.h-diselenocyclotriphosph
azane,

This was prepared similarly to the method above using
2,4,6-tris(dimethylamino)-l,3,5-triethylcyclotriphosph(III)azane
(O{Sg, 1.4 mmol) and selenium (0.24g, 3.0 mmol). This gave fine

needle crystals (m.p. 165-167°C) in small yield (>5%). Mass

Spectroscopy gave m/e = 512, 012H33N6P3592 requires m/e = 512,

2,&,6-Trichloro-1,§,§-triethzl-2-monoxocxclotrighosghazane. -

(i) Dimethylsulphoxide (0.56g, 7.2 mmol) in methylene
chloride (5 ml) was slowly added to 2,4,6-trichloro~1,3,5~triethyl
cyclotriphosph(IIT)azane (2.3g, 7.0 mmol) in methylene chloride

(10 ml) under nitrogen at -70°C. The solution was then raised to
ambient temperature and the dimethylsulphide and solvent were
removed to leave a yellow oil., This oil was distilled under reduced

pressure (b.p. = 115—120°C at 0,002 mm Hg) to give a eclear liquid

(1.1g, 46.0%). Mass spectroscopy gave m/e = 343, 06H15013N3P30

requires m/e = 343. The sample contained a quantity of the analogous

dioxo-compound and so microanalysis could not be obtained.

(ii) Dry oxygen was bubbled through 2,4,6-trichloro-1,3,5-
triethylecyclotriphosph(ITI)azane (1.0g, 3.0 mmol) in 10 ml methylene
chloride for 48 hours. The solvent was removed to reveal a cloudy
oil which, 31? n.m.r, spectroscopy shqwed to be a mixture of

unreacted starting material, monoxo- and dioxo-derivatives,
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2;4,6-Trimethoxy-l,3,5-triethy1-2,§l6—trithiocyclotriphosph(]3azane

Flowers of sulphur (0.31g, 9.68 mmol) were added to
2yk4,6-trimethoxy-1,3,5-triethylcyclotriphosph(III)azane (1.0g,
3.17 mmol) in methylene chloride (10 ml) and allowed to stand
for several days. The solvent was then removed to leave a pale
oil. Some clear rhombic crystals, m.p. = 79-82°C, were

crystallised from light petroleum (b.p. 40-60°C). The mass

spectrum gave m/e = 411, 09H24N303P3S3 required m/e = 411, See

’

Table 4.6 for microanalysis.

6-triselenocyclotriphosph

(¥)azane.

2,4,6-Tripiperidino-1,3,5-triethylcyclotriphosph(IIT)

-triethyl-2

6-Tripiperidino-~1l

azane (0.42g, 0.88 mmol) and finely powdered selenium (0.21lg,

2.7 mmol) were refluxed for 8 hours in 10ml of benzene. However,

a large proportion of the selenium did not appear to have reacted.
The solution was filtered and the solvent removed to reveal a
white solid. A few fine white crystals (>5% yield) (m.p. 102-
105°C) of the compound crystallised from light petroleum (b.p.
40-60°C). Identification was made by microanalysis, see Table 4.6.

2.k, 6=-Trimethoxy-1,3,5=-triethyl-2,4,6-triselenocyclotriphosph
(III)azane.

2,4,6-Trimethoxy=-1,3,5-triethylcyclotriphosph(III)azane
(1.0g, 3.17 mmol) and finely powdered selenium (0.76g, 9.62 mmol)
were refluxed in methylene chloride (10 ml) for 1 hour. Some
selenium was filtered off and the solvent removed. The product
was an oil which failed to give any crystals from pentane or light
petroleum.'3lP n.m,r. however, gave a spectrum which was consistent

with (Meo(Se)PNEt)B, although there were other compounds present,
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2,4,6-Tripiperidino~1,3,5-triethyl-2,4,6-trithiocyclotriphosph(¥)azane.

2,4,6-Tripiperidino-1,3,5-triethylcyclotriphosph(IIl)azane
(0.75g, 1.58 mmol) and flowers of sulphur (0.16g, 0.5 mmol) were mixed
together in 10 ml of methylene chloride. There was an immediate
exothermic reaction and the solution was then refluxed for 30 minutes.
The solution was filtered and the solvent removed to reveal a cloudy
0il. Crystallisation from light petroleum (b.p 40°-60°c) gave

small white crystals (m.p 650-7000) of the compound. Mass spectroscopy

gave m/e = 570, c21H45N6P333 requires m/e = 570. Identification was

confirmed by microanalysis, see Table 4.6

3,7 -Dichloro-2,4,6,8,9-pentaethyl-2,4,6,8,9-pentaaza-1,3,5,7-tetra-

phpsphabicyclo-},3,1-nonane.*

A mixture of phosphorus trichloride (136.0g, 0.99 mol) and
ethylamine hydrochloride (100.0g, 1.22 mol) in sym-tetrachloroethane

(800 m1) was boiled under reflux (5 days) as in the preparation of
2,4,6—trichloro-1,5,5—triethylcyclotriphosphCIII)azane. Removal of the
solvent followed by crystallisation from light petroleum (b.p. = 40-
60°C) gave crystals of the compound, W.p. 62-65° , (468, 45%).

Identification was confirmed by microanalysis and mass spectroscopy,

see Tables 4.6and 4.7

* alternate name., - See Chapter 1.
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22]-Dipiperidino-2,4,6,8,9-pentaethyl~2,4,6,8,9-pentaaza-1, 3,5-tetra—

Phosphabicyclo-3, 3,1-nonane.

An excess of piperidine (3.2g, 37.6 mmol) in diethylether
(50 ml) was slowly mixed with a rapidly stirred solution of 3,7-
dichloro-2,4,6,8,9-pentaethyl-2,4,6,8,9~-pentaaza-1, 3,5, 7-tetraphospha-
bicyclo-3,3,1-nonane (2.0g, 4.9 mmol) in 150 ml of diethylether at
OOC. A white precipitate was immediately formed, the sothion was allowed

to slowly rise to ambient temperature and the white precipitate, which

was water soluble,was filtered off. The solvent was removed by evaporation

to yield an o0il which gave small white crystals, mp. = 62°-65°C, from

crystallisation from pentane. Identification was carried out using

microanalysis and mass spectroscopy, see Tables 4.6and 4,7%

3,7-Dimethoxy~2,4,6,8,9-pentaethyl-2,4,6,8,9-pentaaza-1,3,5,7-tetraphosph-

abicyclo-3.3.l-nonane.

Methanol (0.26g, 8.12 mmol) and 6266g,6.53nmol)
of triethylamine in 5 ml dry petroleum spirit were slowly added to

(1.6g, 3.9 mmol) of 3,7-dichloro-2,4,6,8,9-pentaethyl-2,4,6,8,9-pentaaza~
1,3,5,7-tetraphosphabicyclo-3,3,1-nonane in 50 ml dry petroleum spirit,
and a white precipitate was immediately produced; this was removed
by filtration. The solvent was removed to give a clear liquid which
proved to be susceptible to h&drolysis. All attempts at erystallisation
from pentane and 1light petroleum (b.p 40°-60°C) failed and no sample

could be isolated. Identification of the compound was made using

mass spectroscopy, see Table 4.7.
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2y 1-Ditert-butoxy-2,4,6,8,9-pentaethyl-2,4,6,8,9-pentaaza~1,3,5-tetra-

phosphabicyclo-3,3,1l-nonane.

This was produced by the same method as above, using (2.0g,
4.88 mmol) of 3,7-dichloro-2,4,6,8,9-pentaaza-1,3,5,7-tetraphosphabicyclo-
3y351-nonane and (0.59g, 7.97 mmol) of t-butanol and (0.8g, 7.92 mmol)
of triethylamine in 60 ml of light petroleum (b.p 40°-60°C) at ambient
temperature.The product was a cloudy oil and again purification was

unsuccessful. Mass spectroscopy gave a parent ion m/e = 485, Cr6Hy3

N502P4 requires m/e = 485, A mass measurement m/e = 371,0939 correspond-
ing to the loss of two t-butyl groups was obtained, however, a machine

fault disallowed a scan in the region of m/e = 485.

3,7-Bis(dimethylamino)-2,4,6,8,9-pentaethyl-2,4,6,8,9-pentaaza~1,3,5,7-

tetraphosphabicyclo-3,3,1-nonane.

Excess dimethylamine was bubbled through a solution of 3,7-dichloro-
2,4,6,8,9-pentaethyl-2,4,6,8,9-pentaaza-1,3,5,7-tetraphosphabicyclo-

3,3,i-nonane, (1.0g, 2.44 mmol) in 50 mls of methylene chloride at 0°¢c

under a nitrogen atmosphere. The resulting precipitate, methylammonium

chloride, was filtered off and the solvent removed to give an oil, This

: o s .
failed to crystallise from pentane even at ~78°C. Identification was

by mass measurement, see Table 4.8,

j,7-Bis(diethylamino)—2,4,6,8,9-Pentaethyl-214n6-819-PQNtaaza-1,§,5,7-

tetraphosphabicyclo-3,3,1=nonane.

Diethylamine (3.64g, 49.8 mmol) in 20 ml diethylether was

slowly dropped into a rapidly stirring solution of 3,7-dichloro-2,4,6,8,9-

pentaethyl-2,4,6,8,9-pentaaza-1, 3,5, 7-tetraphosphabicyclo-3,3,1-nonane, %
z . '
(5.1g, 12.4 mmol) in 100 ml diethylether at ambient temperature. As

found in previous experiments, a white precipitate was immediately formed
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This was filtered off and the solvent removed to give a viscous oil, All

attempts at purification failed. Mass spectroscopy gave m/e = 483,

018H45N7P4 requires m/e = 483.

Phosphorus tri-N-ethylimide.

Ethylamine was bubbled through 3,7-dichloro-2,4,6,8,9-

pentaethyl-2,4,6,8,9-pentaaza-1,3,5,7-tetraphosphabicyclo-3,3,1-nonane,
(1.0g, 2.44 mmol) in 8 ml of diethylether. This immediately gave a i

white precipitate which was filtered off. The solvent was removed to

give a cloudy o0il which was distilled under reduced pressure to givea

clear oil,bp 100°C at 0,05mm Hg. This was further purified by

sublimation onto a cold finger,(-78°C) to give small clear crystals
(m.p 400—4200). The mass spectrum gave m/e = 382, 012H30N6P4 requires

m/e = 382. See Table 4.6 for microanalysis.

1,3,5,7-Tetraethyl~2,6-hydroimino-4,8-ethyliminocyclotetraphosph(IIT)azane.

Dry ammonia was bubbled through (2.0g, .88 mmol) of 3,7-
dichloro-2,4,6,8,9-pentaethyl-2,4,6,8,9-pentaaza~-1,3,5,7-tetraphosph-

bicyclo-3,3,1-nonane in 60 ml diethylether while rapidly stirred. The

resulting precipitate was removed by filtration and the solvent evaporated
to reveal a cloudy oil, purification of which proved unsuccessful.

Identification was by mass measurement, see Table 4.8.
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1,3,5,7-Tetraethyl-4,8-ethylimino-2,6-t-butyliminocyclotetraphosph(III)azane.

t-Butylemine (1.1g, 15.1 mmol) was added dropwise to
(2.0g, 4,88 mmol) of 3,7-dichloro-2,4,6,8,9-pentaethyl-2,4,6,8,9-pentaaza-

1,3,5,7~tetraphosphabicyclo-3,3,1-nonane in 15 ml diethylether while
rapidly stirred. A white precipitate was formed immediately and was later:

filtered off. The solvent was removed to yield a thick cloudy oil which

was distilled under reduced pressure to give a clear liquid,b.p.IOOOC

at 0.09 mm Hg, but this was still impure when examined by microanalysis.

See Table 4,6,

3,7-Bis(dimethylamino)-3,7=dithio-2,4,6,8,9-pentaethyl-2,4,6,8,9-pentaaza~-

1,3%,5,7-tetraphosphabicyclo-3,3,1-nonane,

Sulphur (0.26g, 8.1 mmol) was slowly added to 3,7-bis(dimethyl-
amine)-2,4,6,8,9-pentaethy1—2,4,6,8,9-pentaaza-l,3,5,7—tetraphosphabicyclo-
3,3,l-nonane (1.85g, 4.3 mmol) in methylene chloride (5 ml) and stirred
rapidly. The reaction was immediate and strongly exothermic. When
cool the solution was filtered and the solvent removed to yield a cloudy
0il which would not crystallise from petroleum ether. 31? N Mer., Mass
spectroscopy,and mass measurement confirm this product to be the dithio

derivative, 3,7-bis(dimethylamino)-3,7-dithio-2,4,6,8,9-pentaethyl-

2,4,6,8,9-pentaaza-1,3,5, 7-tetraphosphabicyclo-3,3,1-nonane, P4(NEt)5

(NMe2)482. see Tables 4.7 and 4.8.
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jl]-DipiperidinoejJ7—dithio-2,4,§,§,9—pentaethyl-2,4,6,8,9-pentaaza—
1,3,5,7-tetraphosphabicyclo~3,3,l~nonane.

Sulphur (0.14g, 4.4 mmol) was slowly added to 3,7-dipiperidino~
2,4,6,8,9-pentaethyl-2,4,6,8,9-pentaaza-1,3,5,7-tetraphosphabicyclo-

34351-nonane (1.1g, 2.2mmol) in a rapidly stirred solution of light

petroleum (b.p 40°-60°C) (8 ml). The reaction was mildly exothermic.

The solution was filtered and the solvent removed to give a thick viscous

0il which crystallised from light petroleum (b.p. 40-60°C) to sive
. ' . 1

white crystals m.p 118%-120°¢ (0.55g, 44% yield). 3 P n.m.r. spectroscopy,

microanalysis and mass spectroscopy identified this product as 3,7-di

piperidino -3,7-dithio-2,4,6,8,9-pentaethyl-2,4,6,8,9-pentaaza-1,3,5,7-

tetraphosphabicyclo-3,3,1-nonane, P4(NEt)5(NC5HlO)2SQ, see Tables L+6

and 4.7.

The reaction of methylamine with 2,4,6-Trichloro-1,3,5-triethylcyclotri-

phosph (IIT )azane.

Dry methylamine was bubbled through 2,4,6~trichloro-1,3,5-

e o
triethylcyclophosph(IIT)azane (3.58, 10.6mmol) in light petrol (b.p 40 -
60°c) (50 ml). A white precipitate of methylamine hydrochloride was

immediately formed. The precipitate was later filtered off and the

solvent removed to give a thick oil. No clearly identifiable product

could be obtained., However, 55 nuom.x. gave groups of signals which

suggested that polymerisation had occurred,
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The reaction of ethylamine with 2,4,6-Trichloro-1,3,5~triethylcyclotri-

phosph (TTT )azane.

Dry ethylamine was bubbled through 2,4,6-trichloro-1,3,5-

triethylcyclophosph(ITI)azane (1.1g, 3+34 mmol) in light petroleum

(400-6000) (50 ml) and this immediately produced a white precipitate of

ethylamine hydrochloride which was later filtered off. The solvent

was removed to give a clear o0il which 31P n.m.r. spectroscopy showed

to contain 5

(i) a substituted ring, 2,4,6-tris(ethylamine)-1,3,5-triethylcyclo~

triphosph(III)azane.
(Et(H)NPNEL) 5, (2, = 107.1, fpy = 13.8 Hz (2)
é = 95.9, JPP,=13.8 Hz (1)

(ii) a bridged compound, l-ethylamino-2,4,6,7-tetraethyl-1,2,4,6,7-

pentaaza-1,3,5-triphosphabicycloheptane

<SP = 206.0, Jy

éP = 97.1, Jpp, = 5.2Hz (1)

pF 9+2 Hz (2) .

(iii) a small trace of phosphorus tri-N-ethylimide (P4(NEt)6)
M/e = 382
SP = 7902

Product ratios (i) : (ii), 1:1 with traces of (iii)

Heating the mixture under a nitrogen atmosphere resulted in the increase of

(iii) and a decrease of the other products. It proved impossible to

separate the products of this experiment.
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The reaction of t-butylamine with 2,4,6-Trichloro-l, 3,5-triethyleyclo~
triphosph(TII)azane.

Dry t-butylamine (4.36g, 60. mmol) in diethylrether (20 ml)
was slowly added dropwise s, under a nitrogen atmosphere, to a
rapidly stirred solution of 2,4,6-trichloro-1,3,5~triethylcyclotri~
phosph(ITT)azane (3.25g, 9.9 mmol) in diethylether (60 ml), A white

Precipitate was immediately formed during the mildly exothermic reaction.

The eventual product was a clear oil, b.p 98.0°C at 0,0 mm Hg.

3lP n.m.r. spectroscopy, mass spectroscopy and mass

measurement identified the product to be a mixture of:

(i) a substituted ring, 2,4,6-tri(t-butylamine)-1,3,5-triethylcyclotri-

phosph(IT1)azane
ép =106.5, JppF 12.5 Hz (2)
ép =92.8,Jpp=12.3 Hz (1)

(ii) a 1-t-butylamino-2,4,6-triethyl-7-t-butyl-1,2,4,6,7-pentaaza-1,3,5~
iriphosphabicycloheptane.

& =201.1,J..:0.1 Hz (2)

P P
C; =98'9’JPP‘=15'6 Hz (1)

(iii) unidentified large singlets c{P ca, l22

Initially there was a greater amount of substituted ring product (1), but

this quickly decreased as the amount of the bridged product (ii)

increased.
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The reaction of isopropylamine with 2,4,6-trichloro-1,3,5-triethylcyclo=-
triphosph(ITT )azane.

Dry isopropylamine (3.58g,61.7 mmol) in diethylether (50 ml)

was slowly dropped into a rapidly stirring solution of 2,4,6-trichloro-
1,3,5-triethylcyclotriphosph(IIT )azane (3.3g, 10.0mmol) in diethylether
(100 m1) under a nitrogen atmosphere. A white precipitate (PriNHBCl)

was immediately formed, this was filtered off and the solvent removed

to give a cloudy o0il which distilled under reduced pressure to yield a
clear liquid, b.p = 106°C at 0.1 mm Hg (0.56g, 14.1% yield) and this

was suggested by 31P n.m,r. spectroscopy and mass measurement to be

the bridged compound 1-isopropylamino-2,4,6-triethyl-7-isopropyl-1,2,4,6,7-
pentaaza-1,3,5-triphosphabicycloheptane.

The 31P n.mr. spectrum contained signals atcgP = 199.4,
JPNP = 4,0 Hz and S} = 201-205, broad ratio 2:: 1. There was no signal
corresponding to a cage compound.

Attempted preparation of 2.L,6-tribromo-1,3, 5=triethylcyclotri-

phosph(TTT)azane.

2,4, 6-Trichloro-1,3,5-triethylcyclotriphosph(IIl)azane

(3.2g,10.7 mmol) and phosphorus tribromide (2.7, 10.0 mmol) were
mixed together in a distillation apparatus and gradually heated

under nitrogen to distil off phosphorus trichloride. The product [

-—

(4 .
was then recrystallised from light petroleum (b.p. 40-60°C) to give

a few crystals, m.p. 43-45°C, believed to be the compound. However _

the product decomposed before an accurate microanalysis or mass

spectrum could be obtained. The 51p n.m,r. spectrum showed a broad

band of sigrals over most of the range 0-200... though there was
a large singlet at g;,lhB.}. The I.R. spectrum showed a signal

at 525 em™! which may be from a P—Br stretching ¥requency'.
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and cage-

Table 4.6 Microanalysis data for some tricyclo-

structure phosphazanes.,

Compound Expt. Theory.

£ R o < b: 4 o
(c1pNEt)3 21.76 5.06 12,9 21.79 457 12.79
(MeZNPNEt)3 40.6 9.25 24.0 40.7 9.33 23.7
(MeOPNEt)3 33.9 7.45 13.6 34.3 7.62 13.35
(c1pm>r")3 28.9 6.09 - 29.15 5.7 11.34
(MeaN(S)PNEt)3 32,27 7.1 18.5 32.0 7.34 18.67
(Meo(s)PNEt)3 26.42 6.12 9.52 26.28 5.84 1lo0.22
(CoH N(S)PNEL) 5 Lhe8  7.25 14e56 | Hhe2 7.9 1474
(MeaN(Se)PNEt)3 24,36 5.58 14.23 24,37  5.59 14.22
(CBHBN(Se)PNEt)B 36.8 6.5 12.3 35.5 6.3 11.8
P, (NEt) ;C1, 28.7 7.1 16.6 29.3 6.1 17.0
P4(NEt)5(csnioN)2 48.6 8.9 19.05 48.3 9.0 19.7
Pu(NEt)5(CsﬂioN)2SZ 41.54 7.85 17.1 42.0 7.88 17.17
P, (NEt) 5(C5H) (N) 5S¢, 36,4  6.86 14,91 | 36.1 6.77 1474
P, (NEY) ¢ 37,6 7.9 22.3 37.7 7.9 ' 22.0
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Table 4.7 Mass spectroscopy data for some tricyclo — and cage-
' structure phosphazanes,

Compound Expt.(m/e) Theory.(m/e)
(ClPNEt)3 329 329
(MeaNPNEi:)3 354 ‘ 354
(MeOPNEt) 315 315
(FPNEt) 279 279
(C H NPNEt) 5 474 474
(CIPNPE") 5 359 359
(ButN(H)PNEt)3 438 438
(Me ,N(S)PNEL) 5 . 4,50 450
(MeO(S)PNEL) 5 411 411
(c 5H5N( S)PNEt) 3 570 570
(MeOPNEt)382 379 379
(MeOPNEt) ;5 - 347 347
(MeZNPNEt)382 512 512
(CIPNEt) 50 345 345
pu(NEt)5c12 410 410
Pb{(NEt)S(NMeZ)2 427 | 427
- P, (NEt);(NEL,), 483 483
P, (NEt) ;(NCHo) , 507 ’ 50?7
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Table 4,7 ...(cont.)

Compound Expt.(m/e) Theory.(m/e)
P, (NEt) ;(OMe) , 401 4ol
P, (NEt) (0Bu®),, 485 485
Ph(NEt)6 382 382
Pu(NEt)B(NH) 354 354
Pu(NEt)s(NBut) 410 410
Pq(NEt)S(NMea)Zsa 491 491
P, (NEt) ((NC_H, )5, 571 571
P (NEt) (NCSHIO)Zse 665 665
Et
/ \
A /t 365 365
\PNBu
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Table 4,8 Mass measurement data for some cyclic- and linked ring
phosph(II1)azanes,

Compound Expt. Theory
(FPNEt)3 279.0428 279.0423
(But(H)NPNEt)3 438.2120 438.2918
P, (NEt) ;(OMe), 401.1431 . 401,1431
P, (NEt) o (e ) , 427.2069 427.2063
P, (NE) ;(Ne,) 55, 491.1494 491. 2460
PA(NEt>5(NH) 354.1178 354.1169
P, (NEE) ;(NBu®) 410.1837 410.1797
Et
A\,
r\‘n’:, 365.2028 365.2027
EtN B NEt
>,

Note ; Masses

126 12.000000
1y 1.0078246
Ly 14.003074
165 15.9949141
31p 30.973764

were calculated-using ;
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31P n.m,r, data for some cyclotriphosphazanes.,

Table 4.9
Compound 8 P(ppm) JPNP(Hz)
(ClPNEt)3 ...Cis 104.1 -
102.2" 6.7
] 2
..trans | 129.0 / 135.4
127.2' 7 134,67 " 6.7
(cmnprn)3 ...cis 105.3
) 3
..trans 130.6 / 136.5 -
(ClPNMe)3 eesosCis 101.4
9.4 6.7
] (8
..trans | 127.2 / 134.6 -
125.8'7 1314 * 6.7
(FPNEt)3 ceoCis 100.4 -
99.2" 6.2
] 3
..trans| 111.2 / 117.8 -
[ 1«
108.2 / 116.1 6.2
(ClPNEt)30 140.6 /148.6 / 2.8 2.0 / 23.9 / 28.5
' t 13.8
(Et(H)NPNEt:)3 95,9 / 107.1 S
. %
(Pr(H)NPNEE) 5 93.4'/ 104.2 {13.5
12.4

(Ba® () NPNEE) 5

' 2
92.8 / 106.5
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Table 4.9 ,,.(cont,)

Compound (gp(ppm) JPN‘P(HZ)
(MeOPNEL);  ...cis 97.7 -

..trans 104.0'/ 113.9" 12,7
(Me NPNEt),  ..trans 107.8'/ 109.2% 17.0
(Meo(Se)PNEL) ; trans 7%.9'7 73.2* 12,8
(CPNEt) 0, 9.7% 120.0" 42.0
(C1PNEE) 50 (a)| 17.0'/ 136.9% ca. 25

(b)] 140.6 / 148.6 / 2.8 2,0 / 23.9 /
28.5

TData normally recorded at ambient temperatures.

# indicates data recorded at -65°C.
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Table 4.10 31P n.m,r., data for some bicyclic phosphazanes

Compound gp (ppm) Ipnp (Hz)
%
PQ(NEt)sclz TAl 51.8 . 8.0
130.77

"B 33.64 “ 7.5

120.8 13,0
132.1

Pu(NEt)S(NCBHlo)Z TAY 82.0 13,5
97.0

1B 56.9 17.4

71.2 12,1
81.2

Ph(NEt)B(NMez)Z (L 82.7 12.8
101.8

U 58.5 @ 18.5

76t 11.7
85.1

PQ(NEt)5(NEt2)2 A 85.6 13,7
100.4

' B! 58.3‘° 19.6

The3 12.4
81.4

Ph(NEt)s(OMe)a 'ar 62.1 9.0
108.1

1Bt L3.5 o 7.5

97.5 1.0
102.2




- 187 -

Table 4,10 ( cont, )

t
PQ(NEt)s(OBu )2

Ph(NEt)B(NmeZ)ZSZ

PA(NEt>5(NCSH10)2seZ

a
Pu(NEt)ECIZO (i)

(ii)
a
P4(NEt)501202
a
PQ(NEt)sFZ 14¢
lBl

72.0
103.8

116.7 @
61.4
56.3

115.0

59.3

55.6

-502
123.1
148.0 e

-12.96
122.3
146.7
164.12

10.95
138.0

46.6
218.7

35.4 @
116.2
119.3

(

8.0

35.8
21.5

354
21.8

JPNPNP = 2.1)

25.5
8.0

30.0
8.0

30.0

9.2
ca. 5.5

T Data normally recorded at ambient temperature.

b Data recorded at =60 C.

Tentative identification based on the 1P n.m.r. data.

(D) hlicalse, Hat i 0 Ko slff asrorialecd w124 Z ,7/.7;,4?«;
e mtS |
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Table 4.11 51p n.m.r. data for some cage phosph(ITI)azanes.
Compound SP (ppm) JPN.P(HZ)
PH(NEt)6 79.0 -
PM(NEt)5(NH) . 70.0 18.1
86.9
Pbr(NEt)s(NBut) 71.8 19.3
77.6
T Data recorded at ambient temperature.
Table 4.12 31? n.m,r, shifts for (XPNR)z.
R X S_P(ppm)
Cis Trans
Et Cl1 227.3 -
t -
Bu cl 207.2
Bu® Nie,, 95.0 184.7
Bu® OMe 133.7 202.4

et
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Appendix A

Purification of solvents and resgents.

Many experiments were carried out under an atmosphere
of nitrogen dried by passing the gas through silica gel and
prhosphorus pentoxide,

Anhydrous solvents were used at all times, These solvents

were dried by contact with sodium wire or molecular sieves

type La.
All amines were distilled from sodium hydroxide pellets

with the exception of methylamine and dimethylamine, which
were dried by passing the vapours through a sodium hydroxide
column. Amine hydroéhlorides were dried under reduced pressure,

Phosphorus trichloride was purified by distillation as

was sym-tetrachloroethane,

Chlorine was dried by passing the gaé’through a column

of phosphorus pentoxide.
Alcohols, sulphur, selenium, tellurium and boron trifluoride

were obtained comhercially and used without further purification,
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Appendix B

Instrumentation.

(a) N.M.R.

Continuous wave 1H and 31? n.,m.r, spectra were obtained
using a Jeol C60HL spectrometer at gg. 60 and 24,3MHz respectively.
lH and 31? decoupling were carried out using a Schomandl ND 10OM
frequency synthesiser and a Jeol SDHC amplifier unit. 31?
resonance frequencies were measured by a Racal frequency counter,

Pulsed-Fourier-transform 31P n.,m,r, spectra weré

obtained using a Varian XL-100 spectrometer at ca. 40.5MHz.

(v) I.R.

The infra-red spectra were obtained using a Perkin-

Elmer 257 I.R., spectrometer,

(c) Mass Spectroscopy.

The mass spectra were obtained using an A,E.I. MS 12,

(d) Microanalysis,

Microanalysis data were determined by the Microanalysis

laboratory, Department of Chemistry, University of Glasgow.

(e) Mass Measurements.

Mass measurements were obtained on an A,E,I. MS 9.
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