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ABSTRACT.

The éminolysis‘of a number of acyclic and cyclic
compounds containing P-NR-P or P4CH2-P skeletons have been
studied. |
The reaction of [blz(S)P]ZNMe with excess dimethylamine gives

the tetrakisdimethylamino-derivative [(MézN)Z(S)P]QNMe. By

contrast, the unusual ring compounds MezN(S)ﬁ-NﬁvP(S)(NMeéjé

(R=Me or Et) have been isolated from the reactions of

[Clz(S)P]zNR with six mol equiv. of dimethylamine., The reaction

of 012(0)11’.N1\ue,~-19(s)c12 with dimethylamine initially occurs at

the phosphinothioyl centre in non-donor solvents, but in

diethyl ether solution, dimethylaminolysis preferentially occurs

at the phosphinoyl centre. It is argued that this solvent

dependent reactivity may be due to aminolysis being anchiomerically
assisfed by the phosphinoyl oxygen in non—donor solvents, Bf;

contrast, dimethylaminolysis of the cyclodiphosphazane

Cl_(O)l'D-NMe-P(S)Cl-I'\IBut occurs exclusively at the phosphinoyl
centre in donor and non-donor solvents. Nongeminal bis~ and
tetiakisdimethylamino-derivatives of Clz(O)P'NMe'P(S)Cl2 have
been isqlated. Attempts to synthesise dimethylamino-derivatives
of [Ciz(S)P]ZNMe and 012(0)P-m4xe-1=(s)c12 by a number of other
methods were unsuccessful. _

The compounds, [CIZ(X)P]QNR (X=lone pair, R=Me, Et or But;

X=0, R=Me or Et; X=S, R=Me) undergo reactions with three mol
equiv. of tébutylamine to give cyclodiphoséhazanes.

Cl(X)?-NR-P(X)Cl-ﬁBu#. Products of the more complex reactions
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of(c12P)2NMe with methylamine and (ClzP)ZNEt with ethylamine
have been identified. The reaction of ClszNMevP(O)Clz with

three mol equiv. t-butylamine gives the cyelodiphosphazane

Clﬁ-NMe-P(O)Cl-ﬁBut, whereas ButNHiD;NMé:i’(S)Cl'ﬁBut was the
only prodﬁct isolated from the analogous reaction with
012P°NMeP(S)012. No cyclic products were identified from the
reactions of 012(0)P'NMe-P(S)Cl2 or CI5P5N-P(0)012 with
t-butylamine, the lat?er compound giving mono~ and nongeminal-
bis-t-butylamino derivatives. Possible reasons for the ease
of cyclodiphosphazane formation in many of these reactions and
the dependence of the reaction on the primary amine involved
are discussed.

Similar reactions of'[Clz(O)P]chZ with t~butylamine and

i-propylamine gave a new class of ring compound,

C1(0)P+CH,*P(0)C1*NR (R = Bu® or Pr') (1,2,4-azadiphosphetanes),
but no cyclic products were obtained from analogous reactions
with 012(0)P°CH20Hé'P(0)012. Attempts to prepare pure samples
of (ClzP)ZCHZ‘as a substrate for cyclisation reactions from the
reaction of phosphorus trichloride with (_thP)ZCH2 were
unsuccessful, and some of the products of this reaction are
described. Both mono- and nongeminalbisdimethylamino derivatives
of [C1,(0)P],CH, are obtained on reaction with dimethylamine,
although the former derivative was not isolated. Attempted
cyclisation of the bisdimethylamino derivative

[MezN(Cl)(O)P]ch2 by t-butylamine gave the acyclic product,

IButNH(MeZN)(O)PJQCHz, rather than MeZN(o)§PCH2°P(o)(NMez)oﬁBut.

The latter cyclic derivative, obtained by heating
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(MezN)2(O)P-CH2°P(O)(NMe2)NHBut, was resistant to ring opening

by dimethylamine, whereas ring opening occurred in the attempted

. . | 1 14
dimethylaminolysis of C1(0)P+CH,*P(0)ClNBu .

Cyclodiphosphazanes c1ﬁ-NMe-P(X)01-ﬁBut, 01(x)1'3-NMe-P(x)01-1'\JBut

| Bl £
(X = 0 or S) and C1(0)P°NMe+P(S)C1l*NBu can be formed from
- 1
reactions of ClPoNMe-PCloNBut with dimethyl sulphoxide and
sulphur. Aminolysis of cyclodiphospha(III)zanes
s o o b t .
ClP-NR.PCleNBu (R= Me, Et or Bu ) results in the formation of
mono- and -diamino derivatives, while cyclisation of [MezN(Cl)P]zNMé
with fhree mol equiv. t-butylamine provides a second route to’ the

2,4-bisdimethylamino-derivative, Me '°NMe-P(NMe )ﬁBut.
2

Dimethylaminolysis of the mixed oxidation state cyclodiphosphazanes

ClI”-NM‘e'P(X)Cl-IlIBﬁt (X =0 or's) is found to occur initially at

the phosphprus(III) atom. Slow rotation about the phosphorus(III)-
ﬂitfogen bonds of dimethylamino-substituted'cyclodiphosphazanes
has been detected by 15 nom.r. spectroscopy and £he barriers to

rotation about these bonds have. been measured and discussed.
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GENERAL INTRODUCTION




- HISTORICAL

Although Schiff1 was one of the first to report the
preparation of a number of phosphorus-nitrogen compounds, it was
Michaelis who was responsible for most of the work conducted before
1915 (which he also adequately surveyed2’3). These early
investigations centred round reactions between fairly simple
compounds, mainly simple chlorophosphorus compounds and amines or
ammonia, but in many cases the products isolated from these reactions
were discovered to be quite complex, as is exemplified by the
formation of cyclic phosphorus-nitrogen products in reactions involving
primary amines or ammonia.

Very little further work involving phosphorﬁs-nitrogen
compounds was reported until the 1950's when interest in this area
of chemistry was renewed. Since then much of the early work has been
reinvestigated and greatly extended by a number of workers in Britain,
Continental Europe (notably West Germany), the U.S.A., and the U.S.S.R.
Undoubtedly the development of modern spectroscopic techniques -
notably nuclear magnetic resonance - has greatly aided, and even
encouraged, recent investigations.

A variety of fairly minor industrial uses have been found
for phosphorus-nitrogen compounds, the more important of these being
their action as flameproofing agents, polymer plasticisers, and
antioxidants. Also there has been consideréble,intgrest in the
‘insecticidal and herbicidal activity possessed by a number of

phosphorus—nitrogen compounds. The formation and cleavage of



phcsphoms—nitmgem bonds is of great importance in some biolaogiecal
processes. For exzmple, the maintenance of adenosine triphosphate
(ATE) levels, during periods when ATP is required as a source of
energy for mscular activity, is achieved by the phosphorylation of
adenosine dmphosphate (ADP) by phosphoryl creatine (I).. The facile

'cleavage of the

E Me _
- LN co
24 E'P/ %/K\GHZ/ 2
i ,
(x)

phosphcrns—mmgen bcnd in (I) plays an integral part in this

. J.mportant phosphorylation pmcess.




AMINOLYSIS OF CHLOROPHOSPHORUS COMPOUNDS

The aminolysis of chlorophosphorus compounds has proved
to be a most useful route to therformation of phosphorus-nitrogen
bonds. Aminolysis can be effected by a number of means, but the
mosf widely used and investigated are reactions involving primary
and secondary amines or their hydrochlorides. These reactions

have the general form:
>NH + CIP€ — =N-PZ + HC1

or -NH, + Cl,PE —>  -N=PZ + 2HC1

2
~The_hydrqgen chloride produced in these reactions is either,
libeiated from the reaction as a gas, or, as is usual in reactions
involving free amine, trapped and precipitated from the reaction by
. excess amine (or added tertiary amine) as an amine hydrochloride.
The reactions with amine hydrochlorides are normally slow and require
heating, whereas reactions with free amines can be very vigorous
and exothermic.

Triméthylsilylamines are often used as alternatives to free

amines.

+ CIPE —>  =N-PE + Me,SiCl

=NSiMe 3

3
The trimethylsilylamines react less vigorously than free amines
(often useful in avoiding side.reactions), and volatile trimethyl-
silylchloride ié easily removable from the reaction. - Metalated
amines are occasionally employed in reactions with chlorophosphorus

compounds, and often produce cleaner reactions when sterically




hindered amines or chlorophosphorus compounds with low

electrophilicities are involved.

>m + c1p§E —>  SN-PE + MC1 (M = Li, Na or K)

Thére are threé geneial factors which can exert a stirong
controlling influence on the coursé of aminolysis of chlorophosphorus
compounds,

| l. the nature of the chlorophosphorusvcompound
2. the natgre of the amine

3. the reaction conditions employed.

In the following survey only reactions between amines and simple
chlorophosphorus compounds will be examined with the aim of

- illustrating the varying relative importances of these factors.

Aminolysis of three-coordinate chiorophosphorus compounds.

The reactions of phosphorus irichloride with primary
éromatic amines or their hydrochlorides have been the subject of a
number of conflicting reports. Early work4’5 claimingvthe
formation of bis(anilino)chlorophosphine, (PhNH)QPCI, and
tris(anilino)phosphine, (PhNH)BP, has been questionedé, and has

7-10

not been substantiated by other workers. Instead Michaelis

7

and Schroeter reported’ that the reaction of phosphorus trichloride
with excess aniline hydrochloride gave a product of the formula

(Ph.NPNHPh)n ~ which was found to be a dimer.

Ph

10 HC1
2PCl;, + 4 PhNH3CI e PhNHP\\ //PNHPh +

3




This was later corroborated by the reaction of phosphorus

7

trichloride with excess aromatic amine;8’9 The report’, that

reaction of aniline hydrochloride with excesé phospherus

trichloride yields the similar Ph
N
compound 2,4-dichloro~ C1P< >fc1
: N
1, 3-diphenylcyclodiphosphazane Ph
(1I1), was challenged by (11)

Goldschmidt and Kraussg,who isolated bis(dichloxephcsphino)aniline.
(ClzP)zNPh, as the product. This apparent confliet wéa resolved
by Haszeldine and co-workers10 who showed that (CIZP)ZNPh is
isolated under low temperature work up conditions, whereas (11)

is isolated under high temperature work up conditiéns by thermal
decomposition of (ClZP)zNPh. Other primary aromatic amines behave
similarly. The reaction scheme proposed for the formation of these
1,3—diary1;2,4—dichlorocyclodiphosphazanes involves the phosphorus

imide intermediate ClP=NAr:

Ar
xs. PCl -PC1

— (0121>)2N.A.r 33

ArNH2

N
[c1p=NAr]—> ard >P01
Sy
Ar
The reactions of phosphorus trichloride with primary
aliphatié amines and their hydrochlorides, although exhibiting some
similarities to reactions with aromatic amines, seem to be more
dependent on the nature of the amine. An early report2 showed that
dichlorophosphinoalkylamines, Cl,P-NHR (III% are the products of

the reactions of primary aliphatic amines with excess phosphorus



trichloride. The corresponding reactioﬂs with primary amine
hydrochlorides do not yield compounds (III), but instead form
bis(dichlorophosphino )alkylamines, (CI2P)2NR (R = Me or Et).11
These compounds show no tendency to decomfose thermally to form
cyclodiphosphazanes. The pioducts of the reactions of phosphorus
trichloride with three mol equiv. of primary'amines vary
depending on the amine.12 These reactions can be summarised

as follows:
PCl; + 3 MeNH, —> (C12P)2NMe + other products 1

PCl; + 3 EtNH, —> (CL,P),NEt + (CIPNEt), (n = 2,3)

R (1v)

N .
1=c:13 + 3 RNH, —> 011><N>1_>c_1, (R = prl or But)

R

(V)

Because of fhe thermal sfability of bis(dichlorophosphino)alkylamines,
the mechanism of formation of (V) is almost certainly different

from that of (II). Here the reaction'scheme»proposedlz involves

the self-condensation and cyclisaiion of (1II) (R =.Pri or But).

(v) (R = But) is also formed in the reactions of phosphorus
trichloride with But(MeBSi)NLi, and (ITII) (R = But) with triethylamine.13
Reaction with greater proportions of t-butylamine results in
 aminolysis of the ring_compound.lz’14 (Iv) (n = 3,4) was reported15
to be the product of the reaction of phosphorus trichloride with
bis(trimethylsilyl)ethylamine, (MeBSi)zNEt, while reaction with

excess ethylamine yields an oil which'analyses as (EtNHPNEt)n.14



Although no cyclic product could be characterised from reaction ],

reaction with excess methylamine yields the 'cage compound' P4(NMe)6(VI).14

(v1)

The cyclodiphosphazane (V)(R=Me) was reportedl5 to be formed by

fhe reaction,

2 P01; + 2(Mej5i),Me —> (V)(R=Me) + 4'Me33101

12,16

but this has proved to be unrepeatable by other workers, their

17

findings confirming earlier work ' which claimed the formation of

dichlorophosphino(trimethylsilyl)methylamine, Cl,P*NMe+SiMe,.

2 3
Reaction of a 2:1 mol ratio of phosphorus trichloride to heptamethyl-
disilazane, (Me3Si)2NMe, was shown to yield bis(dichlorophosphino)
methylamine, (ClzP)zNMe.16
In contrast, aminolysis reactions of phosphorus trifluoride
and aryl or alkyldichlorophosphines show little tendency to form
cyclic products. Phosphorus trifluoride reacts with primary
aliphatic amines18 to give difluorophosphinoalkylamines, FZP'NHR,
plus (RNH)QPFZH, except with t-butylamine when bis(t-butylamino)
" fluorophosphine, (ButNH)ZPF, is the product of‘further aminolysis.

Similarly diamino-derivatives (RNH)ZPAr are the reported products



of the reactions of dichlorophenylphosphine and

dichloro(pentafhiorophenyl )phosphine with excess primary aliphatic

19-21
9 2PBut ? 23

react with

amines or aniline,22 and dichlora(t-butyl)phosphine, Cl

24
3!

excess methylamine yielding bis(methylaming)alkylphosphines,
t

and dichloro(trifluoromethyl)phosphine,'c12PQF

RP(NHMe)2 (R=Bu P+OR,

2

are found to react with two mol equiv. heptamethyldisilazane forming

’ CFB). Also alkyldiehlorephesphites, Cl

RO-P(NMe'SiMeB)Z,ZS.and a Russian reportgé suggeats that dichloro-
phenylphosphi te, C1,P-OPh, reacts with excess aniline analogously.

It would seem therefore that in thase eases substitution
of the second halide atom occurs more readily than éither
condensation with anothef chlorophosphine species or loss of hydrogen
chloride (or fluoride). This behaviour is further displayed ~ in

compounds XP(Cl)NHBut

. Vhen X=Me or But the chlorine can be easily
substituted, but no dehydfochlorination occurs with triethylamine,
whereas when X=Cl reaction with triethylamine yields (V) R=Bu®.
Chlorodiphenylphosphine exhibits a greater tendency than
dichlorophenylphosphine to form condensation'products on aminolysis
by primary aliphatic amines'ér their trimethylsilyl analogues.
Reaction of the former phosphine with primary amines yields a mixture
of diphenylphbsphinéalqdamines, PhQP-NHR, and bis(diphenylphosphino)
.alkylamines, (PhQP)QI\IRQ7 - the greatest proportion of condensation
product being formed when ﬁ:Me. This‘difference in the reactivities
 of these phenyl and diphenylphosphines is also seen in their reactidnsv

with heptame'1:hy1disilaza.ne,12'2-8
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sicl 2

Ph,PCl + (MeBSi)ZNMe _— (thP)ZNMe + 2 Me, 2

PhPCl, + (Me5S'i)ZMKe —_— PhP(Cl)'NMe-SiMe3 + MezSiCl
(VII)
No trimethylsilyl intermediate could be isolated in reaction 2,
whereas (VII) only reacts at highe: temperatures with a further
mol of di°h1°r1}m(CI)P12NMdne forming bis[chloro(phenyl)phosphino]

12 29

methylamine, [Ph(Cl)PJ ,Mée."® Diaminochlorophosphines”’ and

dialkylchlorophosphites25 also form condensation products on

reaction with methylaminé‘and heptamethyldisilazane respectively.
The formatién of phosphorus-nitrogen formal double bonds

involving tervalent phosphorus is very rare, Many compounds

originaliy thought to contain double bonds have léter been shown

to be dimers or poiymers - although monomeric tervalent phosphazenes

have been postulated as intermediates in cyclodiphosph(III)azane

formation.® Only recently have a few tervalent phosphazenes(VIII, IX)

30~-33

been isolated using lithiated trimethylsilylamines.
A Me,Si
. 3N\ t
Me ,Si ) N-P=NR N-P=NBu
(Me551), o

Bu

(VIII) R=Me,Si or Ba®

3
(1X)

The steric bulk of the nitrogen substituents and the possible
lower basicity of the two coordinate nitrogen in (VIII) (R=SiMe3)

probably brevent a dimerisation, similai to that found for
R
— AN
2 R2N-P=NR — R2NIk\jT//PNRz
: _ y

phosphine imines (see later), occurring.
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Michaeli52 fairly thoroughly investigated the réactions
of phosphorus trichloride with secondary amines and their hydro-
chlorides. Using excess phosphorus trichloride dialkyl/diarylamino
(dichloro)phosphines, R2N°P012, are formed, whereas using excess
amine tris(dialkyl/diarylamino)phosphines, (RZN)BP' are produced.
The.corresponding compounds where R=Me were not prepared until

34

much later. 135 Michaelis did not report the preparation of any

bis(dialkylamino )chlorophosphines, (R2N)2Pcl, although these
rather pyrophoric compounds were again later prepared using methods
similar to those employed by him.>0'>! Mixed dimethylamino/
chlorophosphines cah also be easily prepared via iedistribution
reactions36 involving phosphorus trichloride and tris(dimethylamino)
phosphine.

Alkyl and aryldichlorophosphines and dialkyl énd

diarylchlorophocphines react straight forwardly with secondary
amines, 399 365 38-43

L
[] [ 2R2 NH ' [] ] -
RPCl, + 2R, NE—> RP(Cl)NR2 — RP(NR2 )2 + 2 R, NH, C1

2 2

) t ' -
2NH —> R2P NR2 + R2 NH2 Cl

R2P01 + 2R
Phosphorus trichloride, dichlofophenylphosphine, and
chlorodiphenylphosphine also react with diethyl(trimethylsilyl)amine,

EtzN-SiMe3 to form fully and partially aminolysed products.l5
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Aminolysis of four-coordinate chlorophosphorus compounds

The aminolysis of phosphoryl chloride and thiophosphoryl
chloride has been fairly systematically investigated by Michaelis.2
Aminolysis using both free amine (at low temperatures) and amine
hydrochloride (on heating) is possible, although preparation of
the triamides normally requires the use of free amine and higher
temperatures. Reaction proceeds stepwise, further aminolysis
becoming progressively slower, due mainly to the reduced electro-
philicity of the aminolysis product - although sometimes difficulties
are encountered in preparing pure diamides by direct aminolysis,

Reactions of phosphoryl ghloride and thiophosphoryl chloride
withlprimary amines are typically less complicated, by dehydro-
chlorination or condensation side reactions, than the cérreSponding
reactions with phosphorus trichloride, forming mono-, bis~ and

tris(alkyl/arylamino)-derivatives

P(X)C1z v 2 RNH, (or RNH;'CI-) — 012(X)P.m2,44,45

P(o)c13 + 4 RNH, (or 2 RNH5+Cl_)-m+> (RNH)2P(0)C12’45

P(x)c13 + 6 RNH, —> (RNH)3P1'3’45’48

X=0 or S R=alkyl or aryl

Many of these primary aminophosphinoyl and aminophosphinothioyl
derivatives on prolonged heating condense to form cyclodiphospha(V)zanes,
eliminating hydrogen chloride or amine46’47(see later). Remarkably

no bis(alkyl or arylamino )phosphinothioyl chlorides, (RNH)zP(S)Cl,

have been reported - possibly due to an accelerated rate of

sﬁbstitution of the last chlorine atom via an ElcB mechanism
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involving the,metaphosphorimidothiaté intermédiate(x),

H
|

R—N. S s 7 RNH o
N o 2
%7 —>  |gNH—P —4 (RNH),PS
R=N% ~Cl | AR 3
H
k'\
HAR (x)

as suggested by Gerrard and Hamer.49'

Interestingly, compound
(XI), possessing the metaphoéphor—

imidothiate structure of intermediate(X)

32

s
P
(Me551) N—2L 4

has recently been prepared NBu

by

sulphuration of the tervalent : | (xx)
phosphazene (MeBSi)zNP=NBut. | -
Reaction of phosphoryl chloride and thiophosphoryl chloride
with secondary amines, or their hydrochlorides, was shown by
Michaelis® to.result in the formation of méno or tris(dialkyl/
diarylamino) derivatives, Rgg-P(x)c12 or (RZN)BPX (X=0 or 8),
depending on #he reactant mol ratio employed. The simplest members
of the triamides, (MeZN)sPOSO‘and (Me2N)3PS6, were not reported
until much later. Bis(dialkyl/diarylamino)phosphinoyl or
phosphinothioyl chlorides, (R2N)2P(X)Cl (X=0 or S) also can be

prepared by direct aminolysis,”" 22

| P(X)Cly + 4 RyNE —> (RoN),P(X)01 + 2 R NH,'C1”

although Michaelis reported only two such compounds. A route to
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bis(dimethylamino)phosphinoyl chloride, (MezN)zP(O)Cl, avoiding
formation of aminolysis by-products involves the redistribution

54

reaction
2 (MezN)3P0 + P(o)c13 —_— 3 (MézN)zP(O)Cl

| .Compounds of the general type'XP(O)Cl2 and XP(S)CI2

(ng.55'57 0R,2'5’48'58 a1ky1,59"64 or ary165‘67) similarly
réact with frimary and seéondary amines yielding both amides and
diamides, Many of the primary aminoc products also condense at
higher temperatures, eliminating hydrogen chloride or amine.46’47

Most trichloro-derivatives of phosphine imines, 013P=NR,
preferentially exist in dimerie form as cyclodiphosphazanes.68
The position of the monomer-dimer equilibrium,

R

2 X3

P=ﬁR == X3P<:z:>PX5

R
is very dependent on the nature of both substituents X and R,
although the influence of the latter is more dominant. Evidence
of the influence of phosphorus substituents is found in a study69
of the diéthylaminolysis of hexachlorocyclodiphosphazane,
(Cl3 =NPh),, in which it was shown fhat reaction initially leads
to the formation of the monomer EtzN(Clz)P=NPh, which undergoes

further aminolysis, like chlorophosphinoyl or chlorophosphinothioyl

~ compounds, forming (Et,N),ClP=NPh and (EtN)zP=NFh.
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Very extensive investigations have been conductea into
aminolysis of the analogous cyclophosphazenes, (ClszN)n and
_ their derivatives,C in which much interest has been devoted to
aminolysis substitution patterns. It is found that the majority
of amines give rise to predominantly nongeminal substitution
patte;ns, although a few amines, notably t-butylamine, form
preferentially geminal isomers., Reasons for these differing

70,71

substitution patterns have been discussed.

Aminolysis of five coordinate chlorophosphorus compounds,

Phosphorus pentachloride reacts-with primary arylamines,68’72_74

75,76

alkylamines or their hydrochlorides, in a 1l:1 mol ratio,

yielding compounds of the type (Cl3PNR)n (R=aryl or aikyl; n=1 ér 2).
The majority of the aryl derivatives formed are diméis
(cyclodiphosphazanes). Monomeric products are only isolated from
reactions involving arylamines of low basicity, although in many

cases dimers are reversibly converted to monomers in solution on

heating.68 Both monomers and dimers are found for (CIBPNR)n

(R=alkyl), the degree and position of branching in the alkyl groups

influencing the relative stabilitiés of the two forms.76

72

Zhmurova and Kirsanov'® reported evidence for the transient

formation of CI4P-NHAr in reactions with arylamines, but this has

T4

been challenged recently by Klein and Latscha'" who found no evidence

for this intermediate. A similar reaction between phosphorus

pentachloride and lithiated hexamethyldisilazane, (Me3Si)2NLi.
, T

yielding 013P=NSiMe3, has also been reported. Reactions between
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arylamines or their hydrochlorides with tetrachloro(phenyl)

78

phosphorane,'PhPCl4. and tetrachloro(methyl)phosphorane,

MePCl4,79 and between alkylammonium chlorides and PhPCl4§0
proceed analogously yielding (XII) (R=alkyl or aryl) or (XIII)

(R=aryl),

R . | R

Cl N N Cl
\\ /’ ,/
-Me
/P \ . \ m
R

(xI1) , , (xIII)

some of the latter compounds forming monomers in solution on

heating. Dichloro(triphenyl)phosphorane, Ph3P012,81 and

dichlorn(triphenoxy)phoaphorane, (PhO)BPCIZ,82 similarly form

P=NAr (X=Ph or OPh),

triphenyl- or triphenoxyphosphine imines, X5

on reaction with primary arylamines.
Reactions®> between compounds R PCl n (n=0,1, 2) with
excess primary or secondary amines lead to the formation of
' quasi-phosphonium compounds.[RnP(NHR')4_n]+C1- or [RnP(Nsz)4_n]+Cl-,
the initial products of phosﬁhorus pentachloride with secondary
amines being 'adducts’ of R, NPCl, with PClg (probably [Rsz013]+Pc16”).

On the other'hand,tris(trifluoromethyl)dichloroPhosphorane,

(F5C)3P012,84 and aryl(chlo;o)trifluorophosphoranes, ArPF301,85

86

behave like fluorophosphoranes, RnPF5 _p* in their reactions with

secondary amines - forming five coordinate aminophosphoranes.

2 MQQNH 2 MezNH :
(F5c)3p012 —_ (F3c)3p(01)nme2 —_— (FBC)BP(NMez)Z

. | | e
ArPF;Cl + 2 R,NE —> ArP(FS)NRZ + R,NH, Cl (R=alkyl)
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Mechaniéms.

Mechanisms of nucleophiliec attack on phosphofus compounds
and evidence for these, with reference to a variety of examples,
have been amply discussed elsewhere.87-89 Briefly, the major
mechanistic types possible for nucleophilic attack on three and
four coordinate phosphorus can be summarised as:

(a) direct displacement with inversion of configuration - sNz(p)

i f
N - ’L\'{P — . '/P,,h + La—
” \(ﬁ
4 Y3

- (X=1lone pair, 0,S,N etc. - throughout (a), (b) and (c))

(b) addition-elimination

X ?( |
e | h - | _
T R = R

in this case the trigonal bipyramidal intermediate may pseudorotate,
leading to a racemic product.
(¢) elimination-addition - SNl(P) - examples known generally involve

base catalysed elimination (ElcB)

X ‘ ~

| o X
o /)( HN 1}
—> — —> R
A N /1N
31, b | Z 31, N
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Although mechanistic studies are rather sparse, some
- . insight has been gained into the mechanisms of the reactions of .

chlo:ophosphorus compounds with amines, Reactions of (XIV)9o

and (X.V)91
2 e A~ - EtO\P 2
N1 Me” o1
|
(xIv) (R=alkyl) (xv)

with a number of primaryvand seéondary‘amines were reported to.
follow secondvorder kinetics - bonsistent with an SNZ(P)
mechanism. More detailed kinétic data on reactions of amines with
chloro-derivatives of cyclotriphosphazenes ha&e been interpreted .
in terms of a five coordinate intermediate (formed in a rapid
pre-equilibrium) undergoing dehydrochlorinaiion assisted by

92 93,94

amine’“ or solvent.

. HO
ey szi‘é ° AR
—N."}P/C -+ HNRy == :N""P'-Cl —> Ny 2

NT N

(B = amine or T.H.F.)

Although there has been ﬁo clear evidence of an SNI(P) type
mechanism in aminoiysis reactions, it has been suggested49 that A
‘substitution 6f-the last chlorine in the reaction of thiophosphoryl
 chloride with primary amines involves a mechanism similar to the
ElcB mechanism thought to operate in the base hydrolysis of (XVI)95

and (xvII).2®
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i ¢0 . MeO\ és
(Pr NH)ZP\ /P\
(xvI) | (xvII)

The major evidence used in support of hydfélysis by this
mechanism is, |
1) loss of optical activity in thevproduct |
2) gréatly enhanced rates of hydrolysis (compared with

' other chlorophosphorus compounds) in basic media

only,.

Aimost nothing is known about the mechanism of reaction of
three coordinate chlorophosphorus compounds with amines. One
of the few méchanisfic indications is found in the reaction of
1-chloro-2,2,3,4,4,~-pentamethylphosphetan(XVIII) with benzylamine,

9

which was shown 7 to proceed with inversion of configuration -

consistent with a SNQ(P) mechanism,

. PhCH,NH /NHCH,Ph

5- 2"y o |
“ -

(xvm) -

whereas aminolysis of the l-oxide derivative of (XVIII) proceeds

98

with retention of configuration, implying pseudorotation of

the trigonal bipyramidal intermediate.
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PHOSPHORUS-NITROGEN BONDING

Considerable interest has centred around phosphorus
covalent bonding, and in particular, the possible participation
and importance of phosphorus 3d—orbitals.‘ Experimental results
from a number of sources have been used aé'evidence of 3d-
orbital participatioh, especially in ff-bonding, but in some
cases these results are open to other interpretations.

é -bonding.

Treating the molecular orbital bonding system in covalent
phosphorus compounds as a combination of suitably hybridised
atomic orbitals, the formation of a phosphbrué—nitrogen single
bond involving tervalent or four-coordinate, quinquevalent
phosphorus can be naively‘déscribed as a. combination of a

phosphorus EE? hybrid orbital and a nitrogen §2? hybrid orbital.

P (N3 — ePN9

Use of an ER? hybridised nitrogen orbital (or one approximating _
to §E?'hybridisatidn) is supported by aminophosphorus compound
structural data, which indicate planar or near planar geometry

about nitrogen (Table 1).
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TABLE 1

Selected structural data for phosphoruS—nitrOgen compounds

Compound oo :ﬁgges pomd ?gggth () source
(Me,N),P 3508° 1.700(5) e.a’
(Mezﬂ)?_PCl - 360° 1.730(5) o 100
Me,N+PCL,, 360° 1.69(3) nw 9
Me N°PF, 348%° 1,684(8) w 99
o 360° 1.66 mow, 97
" 360° 1.628(5) | x;:ay99
nezn-P(o)012 | 348° 1.67(4) e.d. 27
Ph, P+ o P(S)Ph, 53°  1.719(4) P x-ray' %t
N | 1.680(4)
Clz(O)P'NPh-P(S)Cl2. 360° 11.651(6) P(0) " ‘101
1.690(6) _
F,P+Nife-PF, - 360° 1.680(6) e.d, 102

e.d. = electron diffraction

m.w. = microwave
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The geomet?y around phosphorus apéroximates to tetrahedral

(gg? hybridisation) in four coordinate phosphorus, while in the’
corresponding tervalent compounds the bopd angles are smaller -
indicative of more p-character in the sp hybrid orbitals involved

in bonding (Table 2).

TABLE 2

~ Bond angles around phosphorus

Compound X-P-X _ Source
PCl, 100.2° e.d.
P(S)Cl5 101.8°  »
P(0)C15 103.3° "
PF; - 97.8° m
P(S)F5 100.3° "
P(0)Fy 101.3° "

. o l"
PM'e3 . 98.6 -

- P(0)Mey 106° "

'HezN-PCIZ 98°;100° "

Me,N-P(0)C1, 102°3102° "

(ref.99, e.d. = electron
_ : diffraction)
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Also the sign of the 1J(31P~-15N) spin-spin coupling has been used 3

as an indication of the presence of greater p~character in the
phosphorus-nitrogen bonds of aminophosphines compared to their
phosphorus(v) analogues. The trigonal bipyramidal &-bond frame-
work around five coordinate phosphorus can be desgribed in terms of
phosphorus ggzg_hybridisation - although a description involving
the use of s and p-orbitals only (in which §22 hybrid orbitals

bond equatorially, and a three centre, two electron bond, involving
a phosphorus p-orbital, bonds axially) is possibly preferablelo4
as this overcomes the problem that phosphorus 3d~orbitals may

possess energies too high to participate in £~bonding.

fr-bonding.
The involvement of 3d-orbitals in ff-bonding is also aA

subject of some controversy. In compounds such as phosphine imines
and cyclodiphosphazenes there is evidence, mainly from bond length
data and infra-red spectroscopy, which points to the phosphorus-
nitrogen bonds resembling formal double bonds in which the filled
‘p-orbital on gg?hybridised nitrogen overlaps with a vacant
3d-orbital on phosphorus (form g), rather than a zwitterionic

~ description (form b),

e’
Loy
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f¥{-donor substituents on phosphorus are expécted to decrease

the amount of ft-character in the phosphorus-nitrogen bond,
whereas the presence of electronegative substituents is expected
to contract the phosphorus 3d-orbitals, f%cilitating increased
fT-overlép. Also overlap with a second 3d-orbital can occur by
rotation of the phoasphorus-nitrogen bond through 900, providing
possible means of lowering the electronic barrier to bond
rotation, In comparisén, carbon-nitrogen and nitrogen-nitrogen
double bondslo5 (in which d-orbitals are not energetically

significant) are best described as being double bonds with a

small amount of zwitterionic character,

+ - o+ -
C=N <> C-N- «N=N- &-» =N-N-

the zwitterionic form being comparatively more important in the
carbon~-nitrogen bond due to electronegativity differences.

Unlike the analogous bonds between first row elements and
nitrogen, fr-bonding is also possible between formally single bonded
phosphorus and nitrogen. Here a degree of fr-bonding can be achieved
by overlap of the nitrogen lone pair, occupying a p-orbital, with

phosphorus 3d-orbitals,

QLD Ol
Pie a e Bie
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Again more than one 3d-orbital is available for f¥-bonding, and
the amount oftT—bonding should be dependent on the effects of
electronegativity and of ttdonor properties of the phosphorus
substituents. In compounds such as cyclodiphosphazanes and
nitrogen-bridged diphosphorus compounds, in which the nitrogen
is bonded to two phosphorus atoms, a competition should exist
between the 3d-orbitals of the two phosphorus atoms for overlap
with the nitrogen lone pair.

Evidence for ¢f-bonding.’

(1) Bond lengths:- These provide the major evidence for
phosphorus-nitrogen pft-d& bonding. The phosphorus-

nitrogen bond length in the

106,107 9.,2

anion (XIX) is generally

Pr—NH; | (XIX)
accepted as approximating O 1'77(2) &
closely to a pure phosphorus-nitrogen single bond length.
The much shorter phosphorus-nitrogen bond lengths found in
cyclophosphazene rings (generally between 1.53 % ana 1.62 % 46)
and in phosphine imines (between 1.56 )| and 1.64 ! 99) strongly
indicate the presence of a cqnsiderable amount of 4f¥-bonding in
these formally double bonded compounds. Values for many phosphorus-
nitrogen single bonds lie between those found in phosphazenes and
'1.77 % (Table 1), explainable in terms of a smaller degree of
pey -dry bonding.

Phosphinoyl compounds (for which a considerable amount

of structural data dre available99) illustrate best the effects

of electrohegative'andfr-donor substituents on bond lengths (Table 3).
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TABLE 3

_The variation of P=0 bond length
with phosphorus substituent

Compound P=0 bond length (&)
Me3PO 1.479
C15P0 1.449(5)
- F3P0 1.436(6)
MeP(0)C1, 1.448(5)
Me,NP(0)C1, 1.47(2)
PhP(0)Cl, 1.47(1)

Clearly, electronegative substituents reduce the phoaphorus-
oxygen bond length, whereasfr-donor substituents increase the
ﬁhosphorﬁs-oxygen bond length - consistent with the trends expected
if por-der bonding is present,}n the phosphorus-oxygen bond.

(2) Planarity at nitrogen:- Planar grometry about nitrogen

(in conjunction with bond length data) has been interpreted as

evidence of psr-der bonding in silico*n-nitrogenlo8 and phosphorus«

101,109

nitrogen bonds, as this geometry provides greater ff-overlap.

On the other hand other possible reasons have been proposed to
explain why nitrogen adopts a trigonal planar geometry. GlidewelllOB
(using interatomic distances between substituents) argued that
planarity at nitrogén can be equally well explained by steric

interactions between substituents, causing the bond angles at

nitrogen to open out. As bond lengths and substituent sizes are
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similar, the arguments used may be equally applicable to many
aminophosphorus compounds. Also an ab initio molecular orbital
calculation on HN+PH,''" indicates that planarity at nitrogen
is due to an eléctroh releasing inductive effect of the -PH2
group, and not to pfr-der bonding (-~ although another recent
calqulationl11 on the same compound predicted a slightly non-
planar geometry about nitrogen). It should be noted that
neither of these reasons preclﬁdes'pfr—dﬁ'bonding, but only.

indicate that it may not be responsible for planarity at nitrogen.

(3) Infra-red spectroscopy:- Probably the most reliable evidence
112,113

using this techniqué, is work by Goldwhite and coworkers
in which they assigned the P=N stretch vibration of a number of
phosphine imines to bands in the range 1330-1230 cm-l, and argued
that, as phosphorus-nitrogen single bond vibrations are generally
assigned to bands in the region 850-650 cm_l, the P=N bond could be
regarded aé a multiple bond. |

(4) Barriers to phosphorus-nitrogen bond rotation:- Substantial

rotational barriers about phosphorus-nitrogen single bonds (mainly
in aminophosphines) have been observed and measured using variable
temperature n.m.r. A number of factors have been suggested as

possible contributors to these rotational barriers, including

109,114,115

pfr -d bonding. Steric factors have been demonstrated

to be important - rotational barriers increasing with increasing

109,116

bulk of substituents on nitrogen, although unexpectedly the

opposite trend is observed on increasing the bulk of the R-group
in compounds RP(Cl)NM92.116 Evidence which has been used to
support pfr-de bonding as a possiblevcontributor to phosphorus-

nitrogen rotational barriers includes =-
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(a) the higher barriers to rotation found in unsymmetrical
compounds RP(Cl )NMez, compared to the symmetrical

compounds R2P°NMe2 and ClzP'NMe 109 (- due possibly

2
to unsymmetrical substitution causing assymetry in the
phosphorus 3d-orbitals); |

(v) the lower barriers found in compounds XP(R)NMe2 (X=F or
Ph) compared to ClP(R)NMe2.114 (Both fluorine and
phenyl g:r.‘oups are greater potential4r-donors than
chlofine ~ the latter alsoc having a lower electro-
negativity - possibly leading to less per -der bonding
between phosphorus and nitrogen). The same argument
has also been suggested as an explanation of the lower

barrier to rotation in I’hZ(S)P-NPri compared to

Ph(s)P(01)m>:ri?_.u5

2

On the other hand there are indications that pfr-dm -
bonding, although probably present, makes little contribution to
rotational barriers. Firstly the magnetic equivalence of the

R-groups in phosphine

imines (XX) even at low ' R&':P_N ’ (xX)
112,113 VA

temperatures has been R R

used to show that a very - R'=Me; R=Me, OMe or NMe

2
low barrier to rotation exists in these formally phosphorus-

nitrogen double bonds. This is probably due to the availability
of more than one phosphofus 3d-orbital for fr-bonding, whereas in
the corresponding C=N- and -N=N- bonds the barrier to bond

rotation can only be lowered by stabilisation of the zwitterioniec
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.

117 ihat the

resonahce forms. Secondly it has been suggested
observed phoséhbrus—nitrogén bond rotational barriers in
compounds MeZNPCIn(CF3>2-n (n=0,1 or 2) can be explained by

a combination of steric effects and lone:pair-lone pair
repulsion only, (the difference in ionisation potential of the
- phosphorus and nitrogen lone pairs, measured from photoelectron
spectra, being used as an inverse measure of lone pair-lone
pair repulsion). It éhou1d be noted however that this method
of estimating the magnitudévof lone pair-lone pair repulsion"

has since been disputed.n8




NOMENCLATURE.

A number of different noménclature systems for phosphorus
compounds are in common use. The following systems will be used
here in the naming of compounds containing the P-NR-P and
| ——

P-NR-P-N units.

(1) P-NR-P compounds:- The general name for compounds containing

the monomeric P-NR-P unit will be nitrogen-bridged diphosphorus
compounds. Individual compounds for nomenclature purposes are
best classified as derivatives of amines. The type of phosphorus

substituent are named as follows:

P- phosphino .2 CIEP— dichlorophosphino
P(0)- phosphinoyl e.8e (Me2N)2P(0)— bisdimethylamino-
phosphinoyl

P(S)- phosphinothioyl e.g. MezN(Cl)P(S)- chlorodimethyl=-
aminophosphinothioyl
The phosphorus substituents are added as prefixes in alphabetical
order e.g.

2P-NMé-P(0)012 dichlorophosphino(dichlorophosphinoyl)

cl
| methylamine
(MeZN)z(S)P-NMefP(S)(NMez) bis(bisdimethylaminophosphinothioyl)
methylamine
C1,P+NMe*PFh, dichlorophosphino(diphenylphosphino)
methylamine,

(2) P-NR-P-N compounds:- Two nomenclature systems are in current

use for fhese compounds. The basic four-membered ring, from which
. the compounds are derived can be named as a cyclodiphosphazane

(as proposed by Shaw and coworkersll9) or, according to the
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Chemical Abstracts system, as a 1,3,2,4—diazadifhosphetidine.
The former system will be used here.
Compounds can be named as derivatives of cyclodiphospha(III)zane
or cyclodiphospha(V)zanes, depending on the oxidation state of the
ring phosphoruses. Nitrogen and phosphorus substituents are added
as prefixes in alphabetical order, and the ring geometry can also be

indicated e.g.

But
Cl Cl
\P/N Np” 1, 3-di (t-butyl)-2-cis-4-dichloro-
\\N/’ =
But cyclodiphospha(III)zane
o Me
Cl N 0 :
No/ N\ # _ Ao 1z _
0"?P\\N’/P\\01 2-trans-4~-dichloro-1, 3-dimethyl
 Me .~ 244-dioxocyclodiphospha(V)zane
-Ph
AN -
Cl.P. PCl 2,2,2,4,4,4 hexachloro-1,3-diphenyl-
5 ‘\N/’ 3

Ph | ’ . cyclodiphospha(V)zane.
. 1 ‘



- 32 -

NITROGEN-BRIDGED DIPHOSPHORUS COMPOUNDS.

Until the 1950's reports concerning the preparation of
nitrogen-bridged diphosphorus compounds were very rare - the few

o 3

compoundsvknown having been prepared from cyclodiphosphazanes

or-[(HO)z(O)P-NH]3120 by controlled alcoﬁolysis or.hydrolysis.

In the last twenty years a number of new preparative routes to

these compounds have been developed (notably by Russian workers,

who have shown intereét in nitrogen-bridged diphosphorus compounds
as potential insecticides) resulting in a wide range of compounds
now being known; Preparative £outes to nitrogen-bridged
diphosphorus compounds fall into several categories:

1. Varibus condensation reactions - which essentially involve
the fprmation of the P~-N-P unit from two mono-phosphorus
compounds.,

2. Rearrangements of phosphazenes containing the P=N-P unit,

3. Interconversion reactions of amino«bridged diphosphorus

compounds.

Condensation reactions leading to nitrogen-bridged
diphosphorus compounds.

Reactions of chlorophosphines with primary amines, their

* hydrochlorides, or their trimethylsilyl analogues lead often
preferentially fo condensed products such as cyclodiphospha(IIi)zanes
or nitrogen—bridged diphosphorus compounds (see pp5-1o). The
reéctions leading to the later compounds directly are_summarised

in Figﬁre 1. The compounds formed by these reactions are normally
thermally stable, one notable exception being bis(dichlorOphosphino)

aniline, (ClzP)ZNPh which on heatinglo eliminates phosphorus
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2PCly + RNH{CIT —> (CLPLNR + 3HCl
| R = Me, Et' or PR30

2PCly + 3RNH, —> (CL,P),NR + other products
| R = Me or Etv12

2 PhyPClL « 3RNH, —> (Ph,P),NR + 2RNH;CU

R = Me, Et or P 27

2_(

Me Me Me Me

N No N_ N .29
O T 3veNHy — (P P\N) + 2 MeNH5 Cl
Me ' Me e

2X%,PCl + (Me3Sil,NMe —> (XP)NMe + 2MesSICL 3

12
X, = €L, P28, (0R),Z . Pncl

2 PhoPCL + (MegSilpNH — (PhyP),NH + 2 MegSiCl

+ other produc’ts121

, v 1 H :
B! Bt N__BUt B 122
SPCL + excess NHg —>  SP7 + SPNH,

M€ | Me” “Me Me¢



- 34 -

trichloride forming 2,4-dichloro-1,3-diphenylcyclodiphospha(III)zane.
The formation of bis[chloro(phenyl)phosphino]methylamine,
[Ph(C1)P],Me, 2 from dichlorophenylphosphine by direct

aminolysis can only be accomplished using heptamethyldisilazane,

as reaction using the free amine (as with other mono-substituted
dichlbrophosphines) does not lead to condensed products.zo The
intermediate in reaction j_(xz-th), PhQP'NMe'SiMe3 obtainable by

the reactions

Ph P NMeLi + Me SiCl
:}4> Ph P NMe-S:lMe3 + Licl
Ph2P01 + LiMeN-SiMe

28

has been shown“ +to be a useful substrate for condensation with

chlorophosphorus electrophiles,

~Me;S1C1
Ph,P-NMe-Sike; + C1P(X)Ph, ~——> PhZP-NMe"P(X)th

(X=lone pair or 8)

' , -Me3SiCI )
PhoP-NMe-SiMe; + 1>(x)c13 —> Ph, PeNMe+P(X)C1,

(X=lone pair or 0)
providing a preparative route to the formation of unsymmetrical
_ nitrogen-bridged diphosphorus compounds containing tervalent

phosphorus,
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Unlike the analogous reactions with chlorophosphines,
few aminolysis reactions of chlorophosphinoyl or chlorophosphino-
thioyl compounds lead directly to the formation of nitrogen-bridged
diphosphorus compounds., Bis(dichlorophosphinoyl)aniline,
[01,(0)P] NPh, has been reported'® to be the product of the reaction
of a 1:1 mixture of aniline and triethylamine with excess
phosphoryl chloride. Also hexamethyldisilazane reacts with two
mol equiv. of dimethylphosphinothioyl bromide, MezP(S)Br, yielding

124

bis(dimethylphosphinothioyl)amine, [Mez(S)P]ZNH. Interestingly

the dimethyl hydrazine derivative, MeZNN(SiMQB)B’ reacts with two

125
2’

whereas the corresponding reaction with heptamethyldisilazane yields

mol equiv. of phosphoryl chloride forming [Clz(O)P]ZNNMe

the polymer [MeNP(O)Cl]nls.

A wide variety of nitrogen-bridged diphosphorus compouﬁds
containing quingquivalent phosphorus (including unsymmetrical
derivatives) can be obtained from condensation reactions with
disubstituted aminophosphorus compounds (YZ(X)P°NHR, X=lone pair,
0 or S; R=alkyl, aryl or SiMes) with halophosphorus compounds -
the preparation of tetrahalo-substituted nitrogen-bridged
diphosphorus compoﬁnds (Figure 2) being a prime example. These
reactions ére often very dependent on the relatiye hucleophilicities
and electrophilicities of the aminophosphorus and chlorophosphorus
substrates. By comparison of reacfion conditions, the relative
electrophilicities of chlqropﬁosphorus compounds in reactions 4

126

were found to decrease in. the series PCl, > P(O)Cl3 > P(S)C].;,

the latter compound remaining unreactive. Also Clz(S)P°NMe'SiMe3



T =36 =

ClyOPNMe SiMe, + PCl3 —> CL{XIP-NMe-PCl, + MeSiCl
’ | X =0 or 5120

Clz(X)P NMe-StMe3 , P(O)Cl3 —> CLOOPNMe-POCL, 4

N Me351C X=0or 5126
o | EtaN
CLOPNHR « POXCly —>  [CLHO)P],NR
R = MeTZG',Et or Ph127
Et3N

Clp(SIPNHR P(X)Cl3 —> ClZ(S)PNR P(X)CIZ |

X=0o0rS ; R MeorPh28

. . M63N ' | . : 129
Fy(X)P-NHMe + CIPOOF, —2>  [F(XF,NMe  X=0orS

FoOP*NHR + CIP(X)F, —=> FHOP-NR-P(X)F,
| | | | 130

X = lone pair ; R=Me

X=0,; R = Me, Et or Ph'%/

Figure 2



o » EtgN
X, = Cly; FCU

B _ E4N
XOPNHMe « BrR(SF, —3> XJOP-NMe-P(S)F,
X, = Cly ; F,Cl™!
EtaN

CLOPNHR + CIPOX, —> Cl{OPNR-PO)X,
| | | | R = Me, Et or Ph

Ko = Fy F,cgm

' » o Ei3N
FOP-NHMe + POICly —>> F,{OPNMe-POCl,
| N + other products

Figure 2 contd.

N Ty L

127

o1
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was found to be a poorer nucleophile than Clz(O)P-NMe'SiMe3
towards the above electrophiles. The greater eiectrophilicity of
difluorophosphinothioyl bromide, F2P(S)Br, (reaction 5) compared
with thiophosphoryl chloride towards Clz(O)P'NHMe is the

probable reason why reaction only occurs with the former

electrOphile.128’151

Finally Clz(O)P'NHMe (reaction 6) was
shown127 to be a better nucleophile than F2(0)P-NHMe towards
dichlorophosphinoyl fluoride, ClQP(O)F, and phosphoryl chloride,
the latter nucleophile forming product mixtures with these
phosphinoyl chlorides. |

Several dimethylamino-derivatives of bis(dichlorophosphinoyl)-

132 ,na dichlorophosphino(dichloro=

methylamine, [Clz(O)P]ZNMe,

phosphinoyl )methylamine, 012P°NMe-P(O)012,153 have been synthesised

by similar condensation reactions using triethylamine (as an |

HC1 +trap) or trimethylsilylaminophosphinoyl substrates. A

number of the reactions attempted did not yield the expected

condensation product due probably to the lower electrophilicities
associated with dimethylaminp-substituted chlorophosphinoyl

| compounds. The tetrakisdimethylamino-derivative, KMeZN)ZGmﬂzNMe,

134

was prepared earlier by a condensation route,

(Me,N),(0)P*NEMe + CIP(0)(NMe,), pyfigépev[(MezN)g(O)P]QNMe

AnalogousJalkoxyhderivatives can be prepared similarly (Pigure 3).
Predating most of the above work on condensation reactions

involving dehydrochlorination and loss of trimethylsilylhalide,

a large number of condensaiion reacfiona using metallated

* aminophosphorus compounds were investigated by some Russian
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-

| e,SiCl 133
MeO(COOP-NMe-SiMeg + PCly —=>  MeOCO)P-NMe-PCL,

EtgN '
(ROL,(OPNHR + CIPX; —3> (ROL(OP-NR'PX,
R=R=Me; X = CzorMeOClB13
R=alkyl; R =Et, X2~C20r(OE?O2

Me(ROXOIP-NHR' + CIP(O)OR), N
. | }—31» Me(ROXO)PNR-PO)OR ),
R,

(R'0),OP-NHR + CLPO)ORMe Riand R” = aliyl'™

Et;N 137
Me(RzN)(O)P NHR" + Cl POIOR),, =3 Me(R,N)(O)P- NR" POXOR),
R=Me orEt; R = atkyl

Ety
MeO)(SPNHMe + PCly —3%  (MeQ)(SIP-NMe-PCl, 0

EisN
(MeO),(SP-NHMe + CIP(O)Xy —2>> (MeO),(SIP-NMe-PO)X,
X9 = (alkoxy), , Pry or OPr, NEt,

 pyridine
(ROOPNHMe + CIPONOR), '+ [(RO)z(O)P]ZNMe
1 | 134
R = alkyl
yrdl

(RO)Z(X)P NHR' + CIP(YXNR?), (RO,(X)P-NR" P(Y)(NRZ)Z

X=Y=0,5;X=5,Y=0
R,R'andR’= alkyl 3
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1355139-141 1o bulk of the reactions being of the

workers,
type

(RO)2(O)P'NR'Na. + ClP(X)(OR)2—>(RO)Z(O)P-NR'-P(X)(OR)Z + NaCl‘

(R=alkyl; R'=alkyl or aryl; X=lone pair, O or S)
Similar reactions with chlorophosphinoyl compounds ClP(O)(NMe2)2,
01P(‘o)(on)(NMe2), and C1P(0)(OR)R were also reported. Reactions
closely related to these, using sodium metal or sodium hydride
1o effect condensation, have also appeargd in the patent

1i.1:era.1;u::'e.142-145 Similar condensation reactions in which alkoxy

or aryloxy groups are not involved have also been reported,

Ve Me

N : N__
( >PNMeLi + CIP(X)Me -->C PeNMe*P(X)Me + Licl
N 2 7 Ny 2
Me '

Me

X=lone pair or 529

th(O)P'NPhK + 01P(o)Ph2—-—>[Ph2(o)P]2NPH + xc1146

A variety of condensation routes to the formation of nitrogen=-
bridged diphosphorus compounds, containing an Nﬂ-bridging unit,
involving metals and their salts are known.147-152
Nitrogen-bridged diphosphorﬁs compounds can also be
formed from condensation reactions in which alkylchlorides are

n
eliminated. These mainly involve reactions of chlorgminophosphipyl

compounds
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X,(0)P-N(C1)R + (R'0)sP —> X,(0)P*NR*P(0)(OR'), + R'Cl

(RO)2(0)P°N(CI)Me + ClPX — RO(C1)(0)P*NMe*P(0)(C1)X + RC1
X = €1 or P14
Similarly reaction of the chlorosulphenylamino compéund,
(Et0),(0)P*NMe+SC1, with chlorophosphites was shown'?? to provide
a novel pathway to the formation of phosphinothioyl(phosphinoyl)
nethylamines. , . |
(Eto)z(o)p-NMe-301 + 2 01P(oh)x iES? (EtO)Z(O)P-NMe-P(S)(OR)X + 012P(o)x
(XQCI or OR)
Lastly ethylchloride is eliminated in some condensation reactions
of ethoxy-substituted phosphine imines with chlorophosphinoyl
156

compounds

(EtO)3P=NR + C1P(0)(OEt), —> [(EtO)z(O)P]QNR + EtCl

(R=Me or Ph)

Ph,(EtO)P=NPh + C1P(0)Ph, —> [Fh,(0)P]NPh + EtC1

Reactions of phosphazenes containing the P=N-P unit

A number of phosphazenes (mainly chloro-derivatives)
containing the monomeric P=N-P unit can be easily converted into
nitrogen-bridged diphosphorus compounds containing NH-bridging
units by hydrolysis and closely related reactions (Figure 4).
Whereas the reactions of H20 and.H01 with phosphazenes containing
groupings of the type’-N:PX201 and -N=PX20R respectively provide

general routes to these amino~bridged diphosphorqs compounds,
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Pho(SP-N=PPh,Cl + HyO —> Phy(SIPNH-POIPhy + HCL'™/

CL(OP-N=PPh,Cl + 3H,0 —> (HOL(OPNH-POPhy+ 3HCI®

(RO)z(O)P—N‘—'y'PCl3 + 3H20 — (RO)Z(O)P'NH'P(O)(OH)Z + 3HCl
R = alkyl’>®

X(OP-N=PY,0R + HCl —s XOPNHPOY, + Rcl'0W®

"Xand Y = alkyl or alkoxy

(ROI(SIP-N=P(OR)3 + HCl —> (RO(SPNHPO)OR), + RCl
, 161
R = alkyl

ClsP=N-P(O)CL, + MeSO —> [CLOP],NH + CICH,SMe'®

Cl3P=N—P(OICL, + excess ROH Et;N —> [(ROIOF],NH 'O

R = alkyl



, Cl3P=N-‘P(X)(OPh)2 + HCOZH — Clz(O)P'NH'P(X)(OPh)Z + CO + HClL
| X =0 or o2

Cl3P==N-P(O)X2 + HCOoH —a Clz(O)P'NH-P(O)Xz + CO + HCL
| X = Cl163 or F'164

CIF,P=N—P(S)X, + HCOH —> FOPNHPEX, + CO + HOL 7
| Xp = Cly, Fp or FCL'™® .

but ClP=N—P(E)X, *+ HCOH —s no reaction 00 g

ClyP=N-PONRX + HCOH ——> ClLOPNHPONRX + CO +HCl
R=Me or ClCHZ i X = erloxy167

but X(RYCUP=N=P(OICl, + HCOH —> XRICHPN—PO)CHOH
| | + CO + HCl
168
R = Me or CICHy ; X = Clor OAr

" Pigure 4 contd,
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not all reactions of formic acid with phosphazenes of the former
type proceed as expected. Compounds ClBPsN—P(S)X2 are much less

reactive than ClF2P=N-P(S)X2 to formic acid (reactions 7 and 8),

remaining unreactive at 6O°C,166 whereas the latter react smoothly

at ambient temperatures.165 Also whereas phosphazenes C1,P=N-P(0)(R)X

3
. ‘ 167,168 .
react with formic acid as expected the related compounds

x(R)(cl)P=N-P(o)012 undergo hydrolysis at the phosphinoyl centre168

(reactions 9 and 10). The reasons for these differing reactivities
are not as yet clear,

Several methoxy- and ethoxy-phosphazenes undergo
rea#rangement at high temperatures forming methylamino- and

ethylamino-bridged diphosphorus compounds,171

(Ro)3P=N-P(o)(0Me)2.-fi> (Ro)2(o)P-NR-P(o)(0Me)2 (R=Me or(ﬁt)

It was later shown that the course of thermal rearrangement of

similar phosphazenes was temperature dependent: 57
(R0),(0)P*NR-P(0)(OEt )Me
(RO)3P=N-P(0)(OEt)Me (R=Me,Et)

25\E§ (rO), (0)P-N=P——0Et

Reactions of nitrogen-bridged diphosphorus compounds.

Included here are reactions of cyclodiphosPhazanee which
lead to the formation of nitrogen-bridged diphosphorus compounds,
Miehaelis showed3 that hydrolysis and alcoholysis reactions of
cyclodiphosphazanes (AIP(O)NAr)é and‘(PhNHP(O)NPh)2 lead initially

to nitrogen-bridged diphosphorus compounds, and this reaction has
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been extendéd47 to include a number of other nucleophiles.
Reactions normally require high temperatures to cleave the ring
phosphorus-nitrogen bond. Two notable exceptions involve reactions

of (XXI) and its 2,4-dioxo analogues, (XXII) (R=Me or aryl).

[Cl(S)PNMe]2 + excess‘MeNH2 —_— [(MeNH)a(S)P]ZNMel73

(xx1)

[c1(0)PNR], + HCl —> 012(0)P-NR-P(0)(01)NHR174
- (xaz) | |
which both proceed at ambient temperatures.

Tervalent phosphorus in nitrogen-bridged diphosphorus
compounds can undergo a number of oxidation reactions. Reaction
with elemental sulphur, on heating, or occasionally at ambient
temperatures, yields the corresponding phosphinothioyl

29,126,135v14° Sulphuration of diphosphorus(III)

compoun@.
nitrogen-bridged diphosphorus compounds occurs in a stepwise
manner, a similar behaviour being found with bis(diphenylphosphino-
methylamino)phenylphosphine,.(thP'NMe)QPPh.175 Formation of a

phosphinoyl group by oxidation of tervalent phosphorus can be

135 20

effected by nitrogen dioxide, or activated manganese dioxide.
Apparently oxidation by dimethyl sulphoxide176 has not been reported
in nitrogen-bridged diphosphorus compounds, although oxidation of
cyclodiphosphazanes containing tervalent phosphorus has been
reported12 by this method. Lastly reaction of bis(diphenylphosphino)
alkylamines, (Ph,P),NR°', and bis(diphenylphosphinoalkylanino)-

phenylphosphines, (Ph,P-NR),FPh,>'° with alkyl iodides yields only
oP*NR),
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mono-quasternised products.
A number of substitution reactions, mainly involving

* chlorophosphorus amino-bridged diphosphorus compounds have been

138,162,163,

reported. Aminolysis 177 (using excess amine) and

135,162

alcoholysis (using excess ROH/EtBN or NaOR) of

chlorophosphorus centres have been used to prepare amino- and
alkoxy-derivatives, but of more interest are studies of the

substitution patterns of aminolysis in bis(dichlorophosphinoyl)-

methylamine, [CIZ(O)P}2NMe}32 and of aminolysis and alcoholysis

in dichlorophosphino(dichlorophosphinoyl)methylamine,
CIZP-NMe-P(O)012133 (see Chapter 2). Fluorination of -

bis(dichlorophosphino )amines, (012P)2NR (R=Me, Et or aryl) with

11,12

antimony trifluoride yields the tetrafluoro-derivatives

78

(F,P),NR, although reaction of Cl > and

127

1
. p!
2P NMe P\O)Cl2

[012P(0)]2NMe with sodium fluoride gave orly low yields of

their tetrafluoro-derivatives. Lastly a few substitution reactions
of alkoxy-derivatives of amino-bridged diphosphorus compounds are

135,155,179,180

known many of which involve simultaneous oxidation.

Struetural Data.

Little structural data on nitrogen-bridged diphosphorus

' compounds is currently available. Data from X-ray crystal structure

investigations of 012(0)P-NMe-P(s)012, thP-I\nVIe-P(S)th,101 and

(HZN)z(S)P‘NMe'P(S)(NHZ)NHMe,lel and from an electron diffraction

study of F,P-NMe-FF, 02 die shown in Figure 5.
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Cl 1202()° ( \1161(5) C ” o 2& |
| (OP—N  1-651(6)
. \ /\/\P/ (SP—N 1 690(6)&
1235(3) (SP—N 1.
\\ / ClL _

P..P separation 294(2) &

1150(4 1193(4)
1041(3?’ N 1031(2}Ph PhyP—N 17196 R

1011(3)?! P g3 P04 PhySP—N  1:6804) R

o 1161(2)5/

101‘:(3) 1056(3)EDh PP separation  2:92() &
Me |
7.2 186° « | |
HZ NP ( N\ MeNHH,NP—N 16891 &
P P (HoN);P—N 172704) &
HN \\ | NH ;
| o 2 p.P separation  302(4) &
Me _ o
1220(4) ‘
( N p—N 16806 R
\ P NN / P—N (

__P neue’ P ~F P...P separation 2:85(3)&

F—

Figure 5.
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Planar distribution of bonds about nitrogen are found
in all these compounds except PhQP-NMeéP(S)Ph2 where the sum
of angles around nitrogen is ca 5530. A1l intramolecular PeeeceoP
interatomic distances are less than twice the phosphorus
Van der Waal's radius (3.60 1) suggesting that steric factors
may at least be partially responsible for the planar or near
planar geometry around nitrogen, although as Glidewell pointed
out108 such conclusions have greater reliability if based on
structural data obtained from compounds 1n the gas phase. Another
possible reason for the tendency of the bridging nitrogen to adopt
a planar geometry in these compounds is that this geometry leads
to an optimisation of pft-dee bonding in the P-N bonds,

A1l P-N bond lengths are considerably shorter than the
generally accepted P-N single bond length (1.77 X),106’107 implying
that some degree of pfrédjr bonding is present. Significant
differences in the P-N bond lengths are found in the unsymmetrical
compouﬁds 012(0)P-NPh-1>(s)(:12 and thP-NMe-P(S)th, from which it
was suggested that variations in theP-N bond lengths are largely
dependent on variations in tﬂe formal positive charge on phosphorus,

which may be expected to increase in the orders

N-PX, < N-P(S)X, and N-P(S)X, < N-P(O)X,

2
Increased jositive charge on phosphorus is therefore expected to
result in increased ftf-dcr overlap, although it should be noted
that differences in P-N bond lengths will also be dependent on

differences in phosphorus hybridisation, this being more evident

182

in Ph2P-NMe-P(S)Ph2 (cf. phosphorus bond angles in Pigure 5).
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It has been suggested that temperature dependent variations

185’184‘may be due to

in 2J(P-N-P) in (F,P),NR (Re=lMe or Et)
variétions in rotamer populations, thus it is interesting to
discover that the gas phase electron diffraction study of (F2P)2NM9

shows that the major conformer is a.

{
~, ~\"' ."I ()
Lpy Nyt = LF
a b

It is possible that, as the presence of a second rotamer (g)
(formed from a by rotation of one P-N bond through 180°) in amounts

<15% could not be ruled out,102

the variable temperature n.m.r.
data is due to slight variations in the relative populations of
rotamers a and b. Recently conformations similar to rotamer a

have been suggested for (F2P)2NH185 on the basis of infra-red data.

CYCLODIPHOSPHAZANES.

Although cyclodiphosphazanes were first reported at the
end of the last century,7 most of the chemistry of these compounds
has only been unfolded in the last twenty years. Reviews
describing the chemistry of cyclodiphosphazanes have also recently
46,47

appeared. The following survey outlines synthetic routes
to these small ring compounds and describes some of their

structural features.




- 50 -

Cyclodiphospha(III)zanes (three coordinate phosphorus).

Relatively few compounds of this type have been reported,
the major route to these compounds being the reaction of

phosphorus trichloride with primary amines (see pp.5 -8).

Thus 2,4-dichlorocyclodiphospha(III )zanes R

' AN
(V) R=aryl are formed in CIR\\N/,PCI
reactions of primary aromatic R

aminesi® or their hydrochlorides7’1o (V)
with excess phosphorus trichloride, while (V) R=Et, Pr1 or But
can be prepared using phosphorus trichloride and three mol equiv,

15

of the corresponding primary amine. % A report™’ that (V) R=Me
is the product of the reaction of phosphorus trichloride with
heptamethyldisilazane has not been substantiated by other workers.
The reactions of phosphorus trichloride with But(MeSSi)NLi and of
(dichlorophosphino }t-butylamine, ClZP-ﬂHBut, with triethylamine
also lead to (V) ReBu’. 10 This compound can be fluorinated by
antimony trifluoride186 yielding 1,3-di(t~butyl)2,4-difluoro-
cyclodiphospha(III)zane, (F’P}IBut)2. Fully aminolysed derivatives
RNHP*NR-P(NHR)NR (R=aryl or But) can also be prepared from

phosphorus trichloride and exceas primary alkylaminel4 or

arylamine.7-9

The reaction of tris(dimethylamino)phosphine6 or

187

: tris(diefhylamino)phosphine with aniline provides another route

to PhNHP-NPh-P(NHPh )NPh,
Ph
N
2 (Rzn)3p+6 PhNH,, —>mr<>m + 6 R,NH + 2 PhNH,
_ , N . .
Ph

12,16
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whereas reaction of aromatic sulphonylamines, ArSOZNH2

chlorophosphino diamides, (RR'N),PCl (R=Me,‘R'=Me or Ph) in

with

the presence of tertiary amine yields (RR'N)I"-N(SOZAr)°P(NRR')'I:ISOZAr.l88

~ Bis(benzylamino)pentafluorophosphine, (PhCHzNH)QPCGFS, unlike other

bis(alkylamino )arylphosphines, decomposes thermally to give

21
5H.

The controlled oxidation and sulphuration of (V)

PhCHZNHf“NCHzPh-P(NHCHzPh)NCHZPh and CF

(R=Prl or But) provide as yet the only reported routes to mixed

oxidation state cyclodiphosphazanes.12

R , R
' Me,SO N.
ClP/N\PCI 25  ar’ >1>(x)c1 RePr’ or Bu®
Ny ~
N or l_SB N .
R 8 R X=0 or S

Cyclodiphospha(V)zanes (four coordinate phosphorus).

An extensive range of compounds of this type i&s  known.
The major‘route to their formation is the thermolysis of primary
aminophosphinoyl and aminophosphinothioyl derivatives46’47
(Figure 6) - many of which are formed as reaction intermediates,
which, under the conditions employed, further react to give
cyclodiphospha(V)zanes (for éxample the prolonged heating of
primary émines or their hydrochlorides with chlordphosphinoyl or
chlorophosphinothioyl substrates). Iﬁ alllthese reactions some
" polymerisation can occur, especially when more forcing conditions
are necessary. Reactions in which hydrogen chloride is evolved
47,189

can only in a few cases be aided by the use of tertiary amines,

and one instance of the use of Grignard reagents as dehydrochlqrinating
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2>

Cl

- | | A
2 Cly(X)PNH A ~ AR
2 AT —> 'Xép\N/P\ + 2 HCL X=0orS
X Cl
2 ArNH Nr 0
O/' E/ \NHAr 11
r
RNH R |
2 (RNH)5PX Ay N N\P/x R = alkyl or aryl
| > AN S | TN, .
R =0or$S
Ar
RN R N
2 A 4> ~pNp R = alkyl oraryl
c” SNHAF X/P\N/P\R * 2HC Y
Ar X=0o0rS
2 ROOP(NHRY, 4> ﬁ\ y  RandR = alkyloraryl
. » /
R X=0o0rS



- | R
. 0 . %_ N_ _o ‘
2 c1> F>fNHR . 0><N>Pfx " ZHC 2
R

R=aryl ; X=alkoxy or 2°amino
R=Pri; X=NEt

. pri
o PriNnd _N_ 0O
ELNOPNHP, 8> SPC SPZT L« 2ENH 13
. o) E" NHPr
r
Me
h4€{2b4 ﬁl '/ﬁ)
but Me,NO)P(NHMe)y, -£—> P * 2MeNH, 14
' ' O 1‘?]43 NMGZ

Pigure 6 contd,
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190 Reactions (11) and (12) (X= secondary

agentsvhas beeﬁ reported.

amino) illustrate that hydrogen chloride is eliminated in

preference to amine; while in thermolysé§ of mixed triamino-

derivatives R2N(O)P(NHR')2, in which either the primary or the

secondary amine can be eliminated, the mére volatile is lost

(cf. reactions (13) and (14)). Reaction of (MezN)sPO with primary

aromatic amines similarly yields on heatingl9l [MeZN(O)PNAr]2

plus dimethylamine, ﬁresumably'via the intermediate (MezN)z(O)P-NHAr.
There is evidence to suggest that at least some of these

thermolyées leading to cyclodiphosphazanes may proceed via nitrogen-

bridged diphosphorus intermediates., Ibrahim and Shaw192

found that
thermolysis of the diamide Ph(S)P(NHEt)2 yields a nitrogen-bridged
diphoaphorus compound at a lower temperature than that required for

cyclodiphosphazane formation,

Et

s [ S
EtNH \*p’ NNHE
PH “Ph

o .
&7 |
% , F‘_'t
Ph \P/N
sZ
Et

2 Ph(SIPINHEY),

S
Ph

13
/ N\

although this behaviour was épparently not observed for diamides
Ph(S)P(NHR)2 (R=Me or CHzPh).195 The ability of the analogous
nitrogen-bridged compound [(MeNH)Z(S)P]QNMe to cyclise eliminating
173

methylamine has also been demonstrated.
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A few chloro-derivatives of nitrogen-bridged diphosphorus
compounds also react to form cyclodiphosphazanes. Kukhar’showed174
that compounds C1,(0)P*NR-P(0)(C1)NHR (R=Me or aryl) cyclise with
ease in the presence of tertiary amine. Dichlorophosphino-

(dichlorophosphinothioyl )methylamine, C1 P'NM'e'P(S)Cl2 is

2
thermally unstable and forms the 2,4-dithiocyclodiphosphazane(XXIII)
on heaﬂ;ing.la8
Me
Cl N S
. o A N N\pF” ‘
2 C1,P°NMe P(S)Cl2 L 4¢r\\ P+ 2 PCl3
S N Cl
Me
(XXIII)

2,4~-dioxo and 2,4-dithioéyclodiphospha(v)azaneé can be
formed by a number of routes frem other cyclodiphosphazanes.
Hexachlorocyclodiphosphazanas; (C13PNR)2, can be easily converted
into the corresponding 2,4-dioxo compounds [Cl(O)PNR]2 with
sulphur dioxide, while reaction with hydrogen Sulphide in the
presence of tertiary amine forms thé 2,4-dithio anaiogues.46'47
Reaction of gigﬂClPNBut)z with dimethyl sulphoxide led unexpectedly
to igggg[CI(O)PNBut]z,,indicating that oxidation occurs
stereospecifically by a mechanism involving both inversion ahd

i

‘retention of configuration.194 Treatment of (ClPNR)2 (R=Pr~ or But)

with'l%h mol equiv, Sg followed by dimethyl sulphoxide yields
8 .
'2-oxo-4-thiocyclodiphospha(v)zanes(XXIV).12 Phenyl isothiocyanate,

e
Cl

/P\ ' > >P\ t

NZ ZF-'U

(XXIV) (R=Pr® or Bu®) (xxv)
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PhNCS, converts the diimidocyclodiphosphazane(XXV) into its
2,4-dithio analogue, [But(S)PNMe]2.189

. 2,4-dichlorocyclodiphospha(v)zanes, [Cl(X)PNR]2
(X=0 or s), underéo chlorine substitution reactions with a

number of nucleOphiles46’47

- for example primary and secondary
amines, trimethylsilylamines and sodium alkoxides. Generally
only when excess nucleophile is used, often in conjunction with

more forcing reaction‘conditions, do ring opening reactions occur,

Cyclodiphospha(V)zanes (five-coordinate phosphorus).

In many cases a fine balance exists between the relative
thermodynamic stabilities cf give coordinate cyclodiphospha(V)zanes
énd their monomeric form, phosphine imines., Reactions of
chlorophosphoranes with aromatic amines of low basicitysa or

76

highly branched aliphatic amines = lead only to the monomeric

product. Monomers can often be formed in solution on heating,GB’BO
which revert to cyclodiphosphazanes on solvent evaporation., Also
substitution reactions of five coordinate cyclodiphosphazanes can
lead to monomeric producfs - for example the reactions of
hexachlorocyclodiphosphazanes, (013PNR)2 with diethylamine,
alcohols and chlorine gas.46’47
Reactions of acyclic substrates leading to the formation
of five coordinate cyclodiphosphazanes are summarised in Figure 7.
As discussed previously (page 14) compounds of this type are
obtained directly from reactions of chlorophosphoranes with primary

amines or their hydrochloridés. Similar methods have been developed
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2PClg + 2RNH2 (or-2 RNH3 al ) —> Cl3PL \PCl3 + 4HCL

JJZ Z:U

R = arytS8 727 alkyps,?s

{
”~

2RPCL, + 2 RNHg (or 2RNH3CIT) —> RCLPL SPCLR +4HCl

’

DZ Z210

R=Me; R'= <:1ryl79

R=Ph; R=aryl Sor alkyl°

re

2%3PCly + 2ANHy ——>  XPT SPX3 + 4HCI

X% AR

X = P8 or oph32

: -Ar
| N
2 (ArNH)RPOXCl_ + 2n PClg —n c13P(N,PCt3 + 2 POCl3
A +2nHCl
n= 1,20r 346 |

Me -

‘ N
2Ph,PCl + 2MeNg —> PhoCIFL SPCIPhy + 2 Ny o0
| N
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R
N

Ra mky or Prﬂ%

Me
2RnPRg_, * 2(Me3S|)2NMe —> R F3 P :: PF3_nR,
Me — + 4 MesSiF
R=alkylor Ph
h = 0"1 or 2 #6,197-199

Me

M 5
2Me,PFy + 2 MeNLi, —> M@ZFP<N:PFMe2_ + 4 LiF
Me

198

Me

' N

2MePFy, + (Me35i)zNM@ + (MéggﬂzNPh —> Me F2P< ;PFZMe jis}
‘ N

Ph

¢ & MegSiF 200
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using fluorophosﬁhoranés as substrates - one of the more

~ versatile routes being reaction with heptamethyldisilazane,46’197-199
although when the less reactive dialkyl/aryltrifluorophosphoranes
are involved, it is preferable to use the more reactive lithiated

amine, MBNL12.198

Reaction 15 is remarkable in that apparently
neither of the symmetrical,éyclodiphosphazanes (MeFZPNR)2

(R=Me or Ph) aré formed, although as yet no experimental details
have been published.

Uﬁtil recently, few examples of substitution reactions
resulting in the four membered ring being retained, were known.
Fluorination of hexachloroéyclqdiphoSphazanes, (Cl3PNR)2 by
antimony trifluoride yields the hexafluorocyclodiphosphazanes,
(FjPNR)2.46’47 kHalogen exchange, leading to the formation of a
range of mixed chloro/fluoro-derivatives, occurs on heating
together hexachloro and hexafluoro 1,3 dimethylcyclodiphosphazanes.201
Recently, however, Harris, Schmutzler and coworkers prepared a
number of methyl and methoxy-derivatives of (F3PNMe)2 (including
the first known asymmetrical substituted derivatives) by reaction

" 198,200

with MeHgI or LiMe, and LiOMe. - Also reactions of (F3PNMe)2‘

with LiMeN:CH,CH,*NMeLi and (FBPNBut)z with Bu'Li unexpectedly

1ed_t6 zwitterionic cyclodiphosphazanes (XXVI) and’ (xxviI)Z0?
: Me Me Bu®
P g ¥ 'P’/N::;’/F
4 " 4 "~y . \But

Me Me . . Bu

- (XxXVI) | - | (XXVII)'.
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Structural Features,

Because of the inherent nature of the four membered Ping

most cyclodiphosphazanes can exist in iwo pessible isomerie format
cls | trans

\ R nN"u \ Qgs*‘N"Ssg
,/J::;wq-'ﬂqff 4¢$ “ﬁﬂﬁiﬁ‘F’

(X=lone pair, O or § ete.)

Isomers have beén detéctéd and in manchaées structural assignments
made using a number of means.

(1) N.ms¥.i~ The first observationl?’ of the existence of two
geonetrical isomers was made from the 1H n.m.r. of a sample of

14 3~dimethyl-2,4-diphenyl-2,4-dithiocyclodiphosphazane, [Ph(S)PNMe]Z,
i which two methyl proton triplets in a 10:1 ratio were found.
Sines then a number of further examples of isomer mixtures have

beer deteeted using n.m.r., and in some cases structural assignments
have been made., In five coordinate cyclodiphospha(V)zanes of the
type (RF PiMe), it has been shown198 2005205 4124 concerted

pseudsrotation: 44 the phosphoruses can occur leading to gauche — trans

isomerisation. In some cases this isomerisation can be slowed on
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the n.m.r. time scale, allowing the observation of both isomers,

Idenfification of trans

CH2R
. . ‘ ‘ N
isomers of cyclodiphosphazanes : R'(X)P:: :>P(X)R'
of the general type (XXVIII) has §H2R
been made204 usihg the fact that

(XXVIII)

in the trans isomer the methylene
protons are diastereotopic -~ giving rise to an AB quartet of
signals - whereas iﬁ the cis isomer the methylene protons are

magnetically equivalent, assuming free C-N bond rotation (Figure 8).

§1§ _ | tnnns
R - R
X X R X
\, 7N %
/ Y "\
Fa Ho Ny H H "
Figure 8.

(2) vVibrational spectroscopy:-~ Use has been made of the

1
centrosymmetric nature of the trans isomer of [Ph(S)PNEt]22 1

whiéh results in the infra-red and raman spectra being
complementary (no coincident bands), whereas for the cis isomer
ten coincident bands were found. This structural assignment method
can probably be extended to other symmetrically substituted
cyclodiphosphazanes.

(3) X-ray crystallography:- Structures of a number of

cyclodiphosphazanes have been determined‘(Table 4) using X-ray

crystallography in all cases except in that of (P5PNMe).,.
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In the structure investigation of [C1(S)PNMe],, the authors aid
not distinguish between sulphur and chlerine &toms.gos
All compounds except the two eis isomeras possess planar

geometry about nitrogen. Petersen and Wagnergl@

neted that enly
small variations ocour between different eyelodiphosphazanes in the
P...P and N...N interatomic distunces across the ring. These
distances are all gca 30% shorter than the sum of the respective

Van der Waal's radii, and so it was concluded that the ring geometiy
is probably very dependent on these interactions across tha ring,
The slight non-planarity of the two gis isomers may be due to
phosphorus substituent interactions, although it was suggested212
that the non-planarity in gigr(CIPNBut)z may be due to erystal
packing forces,

The P-N bond lengths in all cyclodiphosphazanes containing
three and four coordinate phosphorus are fairly similar and mich
shorter than the generally accepted P-N single bond length (1:77 g)e
Two different P-N bond lengths are found for five coordinate
cyclodiphosphazanes és the ring spans axial/equatorial sites, the
longer P-N bond, which approximates to the pure single bond length,
being axial. An interesting structural comparison can be made
between (ClPNBut)z and [Cl(O)PNBut]Z. On oxidation, the P,..P
interatomic distance across the ring is reduced by a ghoftéﬂing of

A .
the P-N bond length, and an increase in the NPN angle.
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(4) Physical properties:- Two physical properties have been

used to distinguish geometrical isomers of cyclodiphosphazanes.

211 41at the

If an isomer mixture is present it has been found
trans isomer is eluted first in column chromatography. Dipole
moments have been used214 with some success in isomer determination
employing the fact that the cis isomer should have a larger dipole
moment than the trans isomer; but because of inaccuracies in the
measurement and calculation of dipoie moments this method is best

used for cyclodiphosphazanes in which the cis isomer dipole

moment is expected to be high.



CHAPTER 2

NITROGEN-BRIDGED DIPHOSPHORUS COMPOUNDS

DIMETHYLAMINOLYSIS OP SOME TETRACHLORO-DERIVATIVES
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INTRODUCTION.

The aminolysis substitution patterns of compounds of the
general form (XXIX) (X=Y=lone pair, » © Me

P

X N
0 or S) are of interest as they can ‘ Cl-i}’, \\R<5-01
c 1

provide some information about the
mechanism of nucleophilic (3x1x)
subsfitutioﬁ, as well as giving possible indications and
comparisons about the ease with which electronic effects can bé
transmitted between the phosphorus centres, Furthermore compounds
(xx1X) (X % Y) can in principle_provide comparisons of the
reactivity of phosphino, phosphinoyl and phosphinothioyl groups
towards amines and other nucleophiles;

Reaction of bis(dichlorophosphinoyl)methylamine,
[Clz(O)P]éNMe, with dimethylamine was shown 22 to proceed by a
nongeminal scheme (Figure 9), similar to the. dominant substitution
pattern found in the dimethylaminolysis of hexachlorocyclotriphosphazene;
N3P3016'70‘ This nongeminal substitution pattern ié consistent with
initial aminolysis occurring via an associative mechanism. Reaction
- with two mol equiv. pf dimethylamine gave, mixed with the
monodimethylamino-derivative, the nongeminai bisdimethylamino-
derivative and unreacted starting material suggesting that the
deactivatiﬁg effect of the dimethylamino group exerts little influence
on the second phosphinoyl centre. The formation of very small
proportions of the trisdimethylamino-derivative‘parallels the
difficulty found in detecting the ﬁenta(ﬂ'dimethylamino')cyclotl;iphosphazene

NBPBCI(NmeZ)S’ and indicates an enhanced rate of substitution of
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Me
O\ /N\

v N
* (Me.N).P
272 ()

8 MezNH

Figure 10
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Me
O\ /N\ /O

(5)
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the last chlorine. It was suggested that this may be due to the
ease with which this last chlorine heterolyses,
| Similarly nongeminal substitution was found in the

reactions of bis(dichlorophosphinothioyl )amines [c12(s)P]2NR
(R=Me or Ph) with dimethylamine215 (Figure 10), formation of the
bisdimethylaminoaderivative [MeQN(Cl)(S)P]gNPh requiring higher
reaction temperatures than its methylamino analogue. In contrast
to [Clz(O)P]QNMe these(bis(dichlorophoaphinothioyl)acompounda formed
solely monodimethylamino-derivatives on reaction with two mol ‘equiv.
of dimethylamine,

The reaction of dimethylaminotrimethylsilane, Me381'NMe2,
with dichlorophosphino(dichlorophoaphinoyl)methylamine,

CIZP'NMe-P(O)Cl2,133 also gave some interesting results (Figure 11)

MeSiNM
/ﬁi'_fz MeZN(cnP-NMe-P(\O)CIZ
ClPAMePOCL, CLPNMePO)CONMe,

2 Me;SiNMe
\ TS CLPAMePONMey),

Figure 11.
Aminolysis initially oceurs at the phosphino centre (which agrees
with qualitative observations on the relative reactivities of -
tervalent and four coordinate quinquivalent phosphorus halides),
but this phosphino-substitute& compound rearranges at ambient
temperatures to the thermodynamically favoured product

Cl,P-NMe*P(0)C1)NMe,. Reaction of 012P~NMe~p(o)012 with
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methoxytrimethylsilane, Me3SiOMe, proceeded similarly, although
no rearrangement of the methoxyphosphino-derivative,
MeO(C1)P-NMe*P(0)Cl,, could be detected. The formation of
0121°-I\llvleol?*(0)(NMee)‘,2 is surprising as only monosubstitution of
the Clg(O)P— groups in [Clz(O)P]gNMe by Me;5i°NMe, is possible
under similar cond:H::i.oms,l32 suggesting that Cl2P°NMe-P(O)(NM92)2
may be formed by a facile rearrangement of Me N(C1)P+NMe +P(0)(C1)NMe,, .

L4

This latter compound can be prepared by the condensation reactions
Me,NPCl, + Me3Si'NMe°P(Q)(Cl)NMe2—> M92N(01)P’NMQ'P(O)(01)NM32

+ Me 38101

and was found to subsequently isomerise to C1,P+NMe+P(0)(NMe,),e
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RESULTS.

Continuing the investigafions into the dimethylaminolysis
of compounds of the general type Clz(X)P-NMe-P(Y)Clz, aminolysis
of dichlorophosphinothioyl(dichlorophosphinoyl)methylamine,
012(S)P-NMe'P(O)012 by dimethylamine was examined, and the latter
stages of dimethylaminolysis of bis(dichlorophosphinothioyl)
methylamine, [Clz(S)P]zNMe, unfolded. Also attempts were made
to synthesise some dimethylamino-derivatives of these phosphinothioyl
compounds by other means.

(1) Dimethylaminolysis of[Clz(S)P]zNMg

It is of interest to examine the latter stages of
dimethylaminolysis of [Clz(S)P]ZNMe in order to discover whether,
like the initial stages, they continue to parallel the substitution
pattern found for [012(0)9]2NMe.132 :

The tetrakisdimethylamino-derivative, [(MezN)z(S)szNMe,
was réadily obtained by reaction of [012(s)P]2NMe with excess
dimethylamine in refluxing chloroform solution. No reaction of
the compound with methyl iogide was detected, unlike (MezN)3PS
which forms the quarternised product (MezN)BPSMe +I-.216

Attempts to synthesise the trisdimethylaminoéderivative
from six mol equiv, of dimethylamine were unsuccessful, an
0il consisting of a number of products being obtained, none of
which could be identified as the trisdimethylamino-derivative.
A crystalline compound separated from the o0il was identified as

od
the novel four member] ring
Me S )P, S )NM
compound (XXX) (R=Me). 2N(S) //P( e,

R

(xxx)
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All the evidence from mass spectroscopy, analysis, and n.m.r.

is consistent with this structure. The reaction was repeatable
with [C1,(S)P],NEt, but not with [C1,(S)P],NPh, the latter

compound yielding mainly [MezN(Cl)(S)P]2NPh. In each casé
apparently only one of the two possible geometrical isomers of

- (XXX) was formed. Evidence for formation of the trans isomer

(or less likely a cis isomer without a plane of symmetry) of

(xxX) (R=Et) was obtained from the 31P—decoupled 1y n.M.T. spectrﬁm.
This showed two quartets in a 1:1 ratio, éssignable to the .inner
lines of the AB part of an ABX3 spin system expected for
diastereotopic -CHQ- protons. This method has previously been

used in the assignment of geometrical isﬁmersléf cyclodiphospha(v)zanes.

(2) Dimethylaminolysis of 012(0)P-NMe-P(s)c12.

Clz(O)P’NMe'P(S)012~reacts with dimethylamine in non-donor
chlorinated solvents, such as methylene chloride or chloroform,
to give good yields of mono-, bis-, and tetrakisdimethylamino-
derivatives (Figure 12). Nongeminal substitution on reaction with
four mol equiv. of dimethylamine,was‘éonfirmed by IHQ?IPE double
resonance (which enabled dimethylamino proton doublets coupled to
either phosphinoyl or phosphinothioyl groﬁps to be identified) and
also by the presence of a mixture of diaétereoisomers. No
trisdimethylamino-derivative could‘be'detected,‘while feaction with
excess dimethylamine in refluxing chloroform yields

(Me2N)2(O)P*NMe-P(S)(NMe2)2. 

204
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2 MeNH O

S
N7 N
CIZP‘/ C‘Cl
NMe2

‘ : Me :
4 MeNH O NN /5

= Cl
MezNj \NMeZ

Me
@) N S
N’ N F
| ctF P-c1
g Me
O% N /S
" (MeN PMe,),
, Me
- M @2N)2 (NMe2)2 :

Figure 12
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The fact that aminolysis occurs initially at the
phosphinothioyl centre was unambiguously established from the
multiplicity of the linesAassociated with the lowfield

(phosphinothioyl) signal in the 31

P n.m.r. spectrum, and by
lné§1é} double resonance which clearly established that the
dimethylamino-proton doublet collapsed on irradiation at the

31

higher “°P frequency (lower field). Preferential reaction at

3SiNR2 (R=Me or Et)

the phosphinothioyl centre also occurs with Me
forming C12(0)P°NMe-P(S)(Cl)NR2 (R=Me or Et).
The use of diethyl ether, howevef, has a very marked
effect on the reaction of'Clz(O)P‘NMe‘P(S)Clzvwith two mol equiv.
of dimethylamine. The relative molar proportions of the products

(in parentheses), estimated by Y nom.r. spectroscopy, were

(Pigure 13):

Mezn(m)(o)P-NMe-?(s)m2 (2) 012(0)P-NMe-P(s)(01)NMe2 (1)
Mezn(m)(o)P-NMe-P(s)(él)NMe2 (3) 012(051_3-NMe-P(s)012 (3)

All compoundélwere identified by lﬂﬁ?lﬁg double resonance. These

results suggest that preferential reaction with dimethylamine now

occurs at the phosphinoyl.centre: The possibility that the sméll
proportion of CIQ(O)P-NMe'P(S)(Cl)NMeZ is due to a facile .

conversion to the bisdimethylamino-derivative MezN(c1)(o)P-NMe-P(s)(01)NMe2
can be discounted using the results of the reaction of C12(0)P-NMe-P(s)012
with 3.6 mol equiv. of dimethylamine (reacfion 16, product ratios

in parentheses).
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t,0
012(0)P-NMe-P(s)012 + 3.6 Me NH —§—3> 012(0)P NMe-P(S)(Cl)NMe (1)

+ MezN(Cl)(O)P'NMeP(S)(Cl)NMe2

The products found apparently indicate that Me,N(C1)(0)P-NMe-P(S)Cl,
is more reactive than Clz(O)P'NMe°P(S)(Cl)NMe2 towards '
dimethylamine in diethyl ether solution -.suggesting that in fact

a greater preference for initial reaction at the phosphinoyl centre
exists than is indicated by the 2:1 ratio of monodimethylamino-
derivatives found on reaction with 2 mol equiv. of dimethylamine.

It was not possible to separate MezN(O)P-NMe-P(S)Cl2 from the
reaction mixture.

Finally, dimethylaminolysis of the cyclodlphosphazane

Cl(O)P NMe+P(S)C1. NBu® acted as a useful comparison with the above
results. In this case n.m.r. double resonance experiments |
established that dimethylaminolysis occurred exclusively at the
,phoéphinoyl centre, irrespective of whether the reaction was

carried out in methylene chloride or diethyl ether solution.

Me ’ Me

2 MeNH N\\P .-

01(0) \\N/,P(S)Cl ——————e» Me N(O)P 7 (S)Cl*gMezNHz cl
t
Bu

(3) Attempted preparation of dlmethvlamlno-derlvatlves by
other routes. :

Bis(dimethylamino)phosphinothioyl methylamine,
(MeZN)zP(S)NHMe, recently prepared by the reaction of

(MezN)zP(S)Cl with methylaminé,zl7 is also formed in the reaction,

C1,P(S)NHMe . 4 Me,NE —> (ﬁezn)zp(s)NHMe + 2 Me NH, 01"

(5)
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Interestingly the corresponding reaction with ClzP(S)NHPh
215 '

was shown to proceed differently:

2 ClzP(S)NHPh + 7 MeZNH--—>(Me2N)2(S)P'NPh°P(S)(NMe2)NIIPh
+ 4 MezNH;;CI-

Attempted preparation of a number of geminal bis(dimethylamino )=
phosphinothioyl isbmqrs by the following éondensatiqn reactions

proved to be unsuccessful:

Et.N
(Me2N)2P(s)NHMe + P(x)cl3 9@>(Mezzxr)z(s)P-me°P(x)c12
(X=0 or S)

Et.N -
(MezN)zP(S)NHMe + ClP(O)(NMe2)2 *3—)(MezN)z(S)P'NMe'P(O)(NMe2)2

Attempted preparation of MeZN(Cl)(O)P'NMe'P(S)Cl2 by similar

condensation routes also met with little success.

MezN(Cl)(O)P'NIMe + 1>(s)013

Et N

5 MeQN(Cl)(O)P'NMe'P(S)Clz 17

ClzP(S)NHMe + c:121>(o)m.{e2

Self-condensation of C12P(S)NHMe may occur in reaction 17, while
. in the other ﬁttempted condensation reactions, hygroscopic
precipitates formed which may be adducts of trietﬁylaﬁine with
the chlorophosphorus electrophile,

As the trisdimethylamino compound (MezN)z(O)PNMe°P(O)(Cl)NMe2
can be formed by heating together bis~ and tetrakisdimethylamino-

132

derivatives, similar reactions were attempted with the
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corresponding phosphinothioyl COmpdunds, but in both cases no

rearrangement occurred,

(Mezﬁ)z(S)P-NMe"P(X)(NMez)‘z' + MezN(Cl)(S)P'NMe'P(X)(Cl)NMez

l

no reaction (X=0 or 8)
probably indicating lower lability of dimethylamino-groups in

these phosphinothioyl compounds.
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DISCUSSION.

The observation that C1,(0)P-NMe-P(S)C1, undergoes
‘preferenfial éminolysis reactions at the phosphinothioyl centre
in non-donor sblvenfs is totally unexpected, since phosphoryl
halides are generally more readily aminolysed than phosphinothioyl
halides.218 In order to explain this unusual reactivity, and the
pronounced solvent dependence of the reaction,it is necessary to
eiamine the possible mechanism of nucleophilic substitution in
some detail. ‘ | -

It is not unreasonable to assume that an aminolysis
mechanism, similar to that propésed for the aminolysis hexachloro-
cyclotriphosphazene; N3P5C16, on the basis of kinetic data,92.94
operates here. This mechénism involves the‘dehydrochlorination of

a five coordinate intermediate (formed in a rapid pre—equilibfium)

as the rate determining step.

« H™Base
N, AL : —NRZT‘) rds. N P/NRZ
. ) Sl d.s. .
-NZ N\ HNRy <= _ f'lj Cl 7 NP\
Cl e cl

92

vDehydrochlorination has been shown to be assisted by amine”’ or
donor solvent_(tetrahydrofuran93’94).
Applying this mechanism to the dimethylaminolysis of

012(0)P-NMe'P(S)Cl2 in non-donor solvents, such a rate determining
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. dehydrochlorination could be assisted by an entropy favoured

intramolecular association of the type a

Mez .‘Yf
‘c1 f‘ct

a
in which Y acts as a base. As oxygen is likely to be a much
better base than sulphur, onlj aminolysis at the.phosphinothioyl
centre will be anchiomerically assisted. Donor solvents such as
diethyl ether may effectively complete with this intramolecular
association in assisting dehydrochlorination, resulting in an
aminolysis rate enhancement at both phosphinothioyl and phospﬁinoyl
centres. This would result in thé coufse of reaction being mainly
governed by the relative electrophilicities of the two centres,
resulting in preferential aminolysis at the phosphinoyl centre in
donor solvents. Intramolecular effects of the type discussed would

not be ﬁossible with the cyclodiphosphazéne Cl(O)ﬁ-NMe'P(S)Cl'ﬁBut,

which is consistent with the fact that dimethylaminolysis occurs at
the phosphinoyl centre in both methylene chloride and diethyl
ether. Nucleophilic displacements at phosphorus(V) in 2,2,3,4,4-

pentamethyphosphetans generally take place with retention of

97

configuration. Unfortunately it was not possible to determine

"whether a similar stereospecificity occurs in the formation of

.MezN(O)ls'NMe'P(S)CPI“IBut.
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The»formétion of the bisdimethylamino-derivative
MeéN(Cl)(O)P-NMje}p(S)(Cl)NMe2 in non-donor solvents is antiéipated
in terms of the reduced electrophilic nature of the‘MezN(Cl)P(S)-
group. It is'poéaible that, even in diethyl ether, an interaction

of the type h

Me,N™ 0
S f!)\*'N"’llpg .
| Cl { NMe,
ct Cl
b

may in pért be résponsible for the relative ease with which
MeZN(c1)(o)P-NMe.P(s)c12 reacts with dimethylamine. Tt would
also be instructive to know the stmcture of the trisdimethylamino-
dérivative, but no'évidence for its presence in reaction mixtures
was obtained.

The difficulties experienced13 2 in obtaining pure samples
of 012(0)P-NMe°P(O)(Cl)NM92 from the dimgthylaminolysis of
[‘Clz(O)P]ZNMe are also explicable in terms of an intramolecular

 assisted dehydrochlorination mechanism (¢, X=0) |

MeZN/H"‘X
x-—tID*"' Nl':’ *
e 1 NMe,

c

(g}
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This could overcome the 'normal' deactivation effect of the
dimethylamino-group on the dichlorophosphinoyl centre. The |
corresponding intramoleculariy assisted mechanism iﬁvolving Cy
X=5, would be less favoured due to the lower basicity of
sulphur - corsistent with the observation that solely monodimethyl-
amino-derivatives are formed in the reactions of [C1,(S)P],NR

(R=Me or Ph) with two mol equiv. of dimethylamine, 2l

The isolation of ring compounds MeZN(s)ﬁ-NR-P(s)Nme25§
(R=Me or Et) during attempts to synthesise trisdimethylamino-
derivatives is somewhat surprising since P-S bond formation and
cleavage evidently occurs. Althoﬁgh we have no evidence relating
to the mechanism of cyclisation, it is interesting to note that

formation of this ring system seems particularly favoured in view

of the fact that the closely related heterocycle Me(S)P-NSiMe ;*P(S)Me"5
was recently'obtained219 from the reaction of trimethylsilyl azide

r——————
with Me(S)P*S*P(S)Me*S.

N.m.r, discussion.

In Table 5 the 1H and 31P n.m.r. data for the previously
discussed phosphinothioyl compounds are listed. N.m.r. data for
the dimethylamino-derivatives of [C1,(0)P],NR and [c1,(s)P] MR

‘ 220

| (R=Me or Ph) have recently been reported, and many of the trends

and observations made also apply to the dimethylamino-derivatives

of.c12(o)r-nme-P(s)c12.
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Bridging N-methyl protons are found to resonate to low
fieldyofuterminai dimethylamino-protons? while ther'SNMe and SNMGZ
'yalues both decrease on increasing dimethylamino substitution.

3J(g_-N-C-g_) involving bridging N-methyl protons decrease in the
order PCl, > P(Cl)NMe2 > P(me2)2 and terminal dimethylamino-proton
couplings show a similar trend - implying that the Fermi contact
term is probably dominant in these couplings. A corresponding
incréase in phosphorus-proton couplings to one phosphorus occurs
on aminolysis at the distant phosphorus, as for example is found in
the 3J[(o)g-N-c-g] couplings in Me,N(C1)(0)P-NMe-P(S)C1, and

MeZN(Cl)(O)P‘NMe’P(S)(Cl)NMez.

Me-_113 Hz  Me 12-1OH2
o N LA N
(EI\ZP/ \P\fcn CSP R—Cl
NMe, Me,N’ NMe,
12-9 Hz 133 Hz

As found in the bisphosphinoyl and bisphosphinothioyl compounds,
phosphinothioyl-proton couplings are larger than the corresponding
phosphinoyl-proton couplings. ‘

The value of €p increases in the series P(x)c1, <
P(X)(CI)NMe2<P(X)(NMe2)2 (X=0 or S). Sp_ is normally also
sensitive to aminolysis at the distant phosphorus, and exhibits a
similar trend. This increase in Sp on aminolysis is a general
feature of four coordinafe phosphorus, and this trend has been

‘accounted for in the semi-empirical approach to phosphorus chemicgl
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221 Iﬁ their treatment

shifts proposed by Letcher and Van Wazer.
the increasing value of'sp on aminolysis of four coordinate
chlorophosphorus cohpounds is due mainly'to an increasing occupaiion
of phosphorus 3d-orbitals involved in pfY -der bonding. An
interesting variation in 2J(2;N;2) is found in these phosphincylv
(phosphinothioyl) compounds. This coupling decreases in the series
mono > bis >tetrakis in the dimethylamino-derivatives, whereas by
far the smallest coupling is found in 012(0)P-NMe-P(s)012'(3 Hz).
Although phosphorus-nitrogen bond rotation is almost certainly fast
on the n.m.r. fime scale in these compoﬁnds, this anomalously low
value may be due to the tetrachloro-compound possessing a different
preferred conformation in solution.

Finaily, a characteristic of bridging N-methyl protons

which form part of a four membered ring is their lowrcNMe value -

their resonances being to high field of terminal dimethylamino protons.

. ‘ L ot o
The bridging N-methyl protons in C1(0)P*NMe*P(S)Cl°NBu also exhibit

greater‘coupling to the P(S)-centre than to the P(0)-centre.
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EXPERIMENTAL,

Methods used in solvent drying and purification of reagents
obtained commercially can be found in Appehdix A. The compounds

128 '

[c1,(s)P], Ne, [c1,(s)P] NEt,

128 222

012(0)P'NMe-P(S)012, C1,(S)PNHMe,

132

012(O)PNMe2,
223

c1(o)P(NMe2)2,54 Me,N(C1)(0)PNHMe, *“ and Me NSilles were

prepared by literature methods., Details of the preparation of

Cl(O)Ir’;NMe-P(S)Cl'f\IBut are given in Chapter 5. Instruments used
to obtain n.m.r. and mass'speétra, and the source of microanalysis
results are listed in Apﬁendix,B. Analytical data is presented in

Table 6.
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(a) Dimethylaminolyses in chloroform‘and methylene chloride
solution,

Preparation of di [(bisdimethyamino)phosphinothioyl]methylamine,

[(Me2§)2§S2P]2NMe:- A solution of dimethylamine (20.0g, 0.444 mol)

in chloroform (30 ml) was slowly added to a stirred solution of

~ bis(dichlorophosphinothioyl)methylamine, [C1,(S)P] NMe (7.4g, -

0.025 mol) in chloroform (120 ml) at -78°, The solution was
allowed to come to room temperature (4h) and then refluxed (24h).
The chloroform was evaporated and the product extracted with
5 x 150 ml1 diethylﬂether and filtered to remove the remains of
dimethylammqnium chloride. The diethyl ether was evaporated to
give a yellow solid which on recrystaliisation from diethyl ether/
light petroleum b.p. 40-600(1:1) gave di[(bisdimethylamino)
phosphinothioyl]methylamine (3.3g, 40%) a white crystalline solid
m.p. 85-86°.

| This method was also used in the following preparations
and reacfions. |

1—Methy1—2,4-bisdimefhylamin052,4-dithio-ll3,2,4-azathiadiphosphetane,

MeﬁN(S)?'NMe'P(S)NMe2‘5:~ Bis(dichlorophosphinothioyl)methylamine
- c . - .

(7.1, 0.024 mol) and dimethylamine (6.6g, 0.146 mol) were refluxed
in chloroform (150 ml) for 12h, yielding'on work up a yellow oil.
On cooling, crystals formed which were filtered and recrystallised

from iight petroleum b.p. 40-60° giving l-methyl-2,4-bisdimethylamino-

2,4-dithio-1,3,2,4-azathiadiphosphetane, MezN(S)ﬁ'NMe'P(S)NMeéjé
. (o}
(0.85g, 13%) a white crystalline solid, m.p. 130-150 .

l-Ethyl—Z,4ebisdimethy1amino—2,4,-dithio—1,5,2,4-azathiadiphosphetane,

MgzNig)?'NEt'P(S)NMez'g_(O.Sg, 5%), a white crystalline solid

m.p. 93-97° was similarly prepared from bis(dichlorophosphinothioyl)

ethylamine, [c12(s)P]2NEt (11.4g, 0.0365 mol) and dimethylamine

(9.9g, 0.22 mol),
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Reaction of bis(dichlorophosphinothioyl)aniline, [C1,(S)P] NPh,

with six mol equiv. dimethylamine:- Bis(dichlorophosphinothioyl)

aniline (6.5g, 0.018 mol) and dimethylamine (5.0g, 0.111 mol) were
refluxed in chloroform (100 ml) for 15h. The solid residue obtained
on work up was found to consist mainly of bis(chlorodimethylamino-
phoéphinothioyl)aniline, [Me2N(01)(s)P]2NPh.

Bisdimethylaminophosphinothioylmethylamine, (MEZN)Q(SIPNHMe:-

Dichlorophosphinothioylmethylamine, CIZ(S)PNHME (15.1g, 0.092 mol)
and dimethylamine (i8.0g, 0.40 mol) were refluxed in chloroform
(200 ml) for 4h. On work up a white sélid was obtained which on
recrystallisation from a diethyl ether/light petroleum b.p. 40-60°
mixture gave bis(dimethylamino)phosphinothioylmethylamine (12.3g,
74%), a white crystalline solid m.p. 79-80°.
2-Chloro-1-t-butyl-4~dimethylamino-3-methyl-4-0x0-2-thio-

cyclodiphosphazane, MezN(Q)ﬁfNMe-P(S)Cl-ﬁBut:— _ 2,4-Dichloro-~

l-t-butyl~3 methyl-2 oxo-4-thiocyclodiphosphazane,

C1(0)F*NMe-P(S)CL-WBu® (2.8g, 0.01 mol) and dimethylamine (0.95¢,
0.021 mol) were stirred in methylene chloride (100 ml) for lh

after mixing at -780. On work up a yellow viscous 0il was obtained,

consisting of mainly Me2N(O)§7NMe'P(S)Cl'ﬁBut. This product could
not be purified by vacuum distillation. Similar results were
obtained when this reaction was performed using diethyl ether as

'
{

solvent,

Chlorodimethylaminophosphindthioyl(dichlorophdsphinoyl)methylamine,

QJZ(O)P°NMe-PCS)(Cl)NMe2:- Dichlorophosphinothioyl(dichlorophosphinoyl)

methylamine,-ClQ(O)P.NMe-P(S)CIQ, (2.8g, 0.01 mol) and
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dimethylamine (O. 95g, 0.021 mol) were stirred in methylene chloride
(250 ml) for 1h, after mixlng at -78 - The oil obtained on work
up was vacuum distilled (680, 0.05 mm Hg) to give
chlorodimethylamlnophosphlnothloyl(dlchlorophosphlnoyl)methylamlne
(1.95¢, 68%) as a clear viscous llquid.

Bisdimethylaminophosphinothioyl(bisdimethylaminophosphinoyl)-

methylamine,A{Mezg)z(O)P'NMe-P(S)(NMez)z:—  Dichlorophosphinothioyl-

(dichlorophosphinoyl)methylamine, 012(0)P-Nme-P(s)012, (5.6,

0.02 mol) and dimethylamine (13.5g, 0.30 mol) were refluxed ih
chloroform (200 ml) for 10h. On work up a yellow oil was obtained
which on vacuum distillation (115°C, 0.1 mm Hg) gave bisdimethylamino-
phosphinothioyl (bisdimethylaminophosphinoyl )methylamine (3.5g, 56%),

a clear viscous liquid.

Reaction of dichlorophogphinothioxl(dichlorophosphinoyl)methylamine,

Gln(O)P NMe'P(S)_lz, with six mol equiv. dimethylamine:-
D1chlorophosphlnothioyl(dlchlorOphosphlnoyl)methylamlne (6 28,

0.022 mol) and dimethylamine (5.95g, 0.132 mol) were refluxed in
chloroform (200 ml) for 15h., A yellowish viscous oil was obtained
on work up consisting of a 1:1 mixture of chlorodimethylamino-
phosphinothioyl(chlorodimethylaminophosphinoyl)methylamine,
MeQN(Cl)(O)P-NMe*P(S)(Cl)NMeQ, and bisdimethylaminophosphinothioyl
(bisdimethylaminqphosphinoyl)methylamiﬁe, (MegN)Z(O)P'NMe'P(S)(NMEQ)z
- identified by 1H and 31P n.m.,r, spectroscopy. No
trisdimethylaminoéderivative'was detected, even after vacuum

distillation (ca 110°, 0.05 mm.Hg).
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(b) Dimethylaminolyses in diethyl ether solution.

Chlorodimethylaminophosphinothioyl (chlorodimethylaminophosphinoyl)

methylaminel,MQQNLQJ)(O)P-NME-P(S)(Cl)NMeo:- A solution of

dimethylamine (2.75g, 0.061 mol) in diethyl ether (50 ml) was
slowly added to a stirred solution of dichlorophosphinothioyl-
(dichlorophosphinoyl )methylamine, c12(o )P*NMe *P(S )c12,

(4.23g, 0.015 mol) in diethyl ether (200 ml) at -78°. The reaction
was allowed to come t; room temperature (2h) and then stirred for
a further 13h. The dimethylammonium chloride precipitate was: then
carefully filtered and thevdiethyl ether evaporated to give a
cloudy viscous liquid. This liquid was vacuum distilled (709,
0.05 mm Hg) giving chlorodimethylaminophosphinothioyl(chloro-
dimethylaminophosphinoyl)methylamine (3.0g, 67%) as a mixture of
diastereocisomers (ratio 2:1). The major diastereoisomer was
isolated as a white crystalline solid (m.p. 54-55.5°) by
crystallisation from isopentane solution.

This method was also used in the following:

Reaction of dichlorophosphinothioyl(dichlorophosphinoyl)methylamine,

g}2(0)P’NMe‘P(S)012, with two mol equiv. of dimethylamine:-

Dichlorophosphinothioyl(dichlorophosphinoyl Jmethylamine
(3.1g, 0.011 mol) and dimethylamine (1.0g, 0.022 mol) were stirred
in diethyl ether (300 ml) for 1h after mixing at -78°. The clear

351,

, e
viscous liquid obtained on work up was found (using "H and
n.m.r.) to consist of a mixture of Clz(O)P'NMe'P(S)Clz,'
Clz(O)P‘NMe-P(S)(Cl)NMez, Me.2N(Cl)(O)P‘NMe‘P(S)012 and

Me2N(Cl)(O)P‘NMe-P(S)(Cl)NMe2 in a 3:1:2:3 rat;o respectively.
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Reaction of dichlorbphosphinothioyl(dichloronhosnhinoyl)methylamine,

€1,(0)P-NMe-P(S)Cl,, with 3.6 mol equiv. of dimethylamine:-

Dichlorophosphinofhioyl(dichlorophpsphinoyl)methylamine (1.4,
0.0050 mol) and dimethylamine (0.80g, 0.018 mol) were stirred in
diethyl ether (250 ml) for 1h after mixing at -78°. A clear
viscous liquid was obtained on work up consisting of a mixture of
012(0)PfNMe°P(S)(Cl)NM82 and Mezn(01)(o)f-NMe-P(s)(c1)NMeé in

a 1:5 ratio respectively.

(e¢) Aminolysis by trimethylsilylamines.

Chlorodimethylaminophosphinothioyl(dichlorophosphinoyl Jmethylamine,

g;2(0)PFNMe-Pgs)(c1)NMe2:-‘Dimethylamino(trimethylsilyl)amine,
Me3SiNMe2 (1.8g, 0.015 mol) in methylene chloride (20 ml) was slowly
added to a stirred solution of dichloroPhosfhinothioyl(dichlo;o-
phosphinoyl )methylamine, c12(o)P-NMe-P(s)012 (4.25g, 0.015 mol)

in methylene chloride (80 ml) at 0°. After reflﬁxing (1h), the
methylene chloride was evaporated off and the trimethylsilylchloride
formed in the reaction removed under reduced pressure. The clear
&ellow 0il remaining was vacuum distilled (680, 0.05 mm Hg) giving
chlorodimethylaminophosphinothioyl(dichlorOphosphinoyl)methylamine

(2.8g, 64%), a clear viscous liquid.

ChlorodiethylaminoPhosphinothioylﬁdichlorophosphingyl)gethylamine,

g}z(O)P'NMe'P(S)(Cl)NEtZ:- Similarly diethylamino(trimethylsilyl)
amine,'MeBSiNEtz, (1.6g, 0.011 mol) and dichlorophosphinothioyl

(dichlorophosphinoyl)methylamine (3.1g, 0.011 mol) refluxed in
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methylene chloride (100 ml) for 1h gave a brownish oil on work up.
This oil on vacuum distillation (1070, O;OSmm Hg) gave
chlorodiethylaminOphosPhinothioyl(dichlorOphosphinoyl)methylamine '

(2.58, 72%), a clear viscous liquid,

(d) Attempted condensation reactions.

Attempted reaction of bisdimethylaminophosphinothioylmethylamine,

£M92§)2(S)P-NHMe with phosphoryl chloride:- Triethylamine

(3.0g, 0.030 mol) in benzene (20 ml) was slowly added to a stirred
solution of bisdimefhylaminophosphinothioylmethylamine (5.1g,
0.028 mol) and phospﬁoryl chloride (4.3g, 0.028 mol) in benzene
(80 ml) at ambient temperature. The solution was refluxed for 24h.
The benzene was then evaporated, but extraction of residue with
diethyl ether resulted in the near guantitative recovery of
bis(dimethyiamino)phosphinothioylmethylamine. A thick brownish
tar remained which contained triethylamine ~ possibly in the form
of an adduct with phosphoryl chloride.

This method was also used in the following attempted
condensation reactions: |

Attempted reaction of bisdimethylaminophosphinothioylmethylamine,

(MeOE)Z(S)PNHMe, with thiophosphoryl chloride:- Bisdimethyl-

aminophosphinothioylmethylamine (2.5g, 0.014 mol), thiophosphoryl
chloride (2.4g, 0.014 mol) and triethylamine (1.5g, 0.015 mol)

were refluxed in chloroform (100>m1) for 3h. Work up led to the
recovery of bisdimethylaminophosphinothioylmethylamine. A thick
yellowish tar containing triethylamine (possibly in the form of

an adduct with thiophosphoryl chloride) remained.
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Attempted reaction between bisdimethylaminophosphinothioylmethylamine,

(Me,N),(S)PNHMe, with bisdimethylaminophosphinoyl chloride,

(Megg)z(o)P01:- Bisdimethylaminophosphinothioylmethylamine

(5.1g, 0.028 mol), bisdimethylaminophosphinoyl chloride (4.75g,
0.028 mol), and triethylamine (2.9g, 0.029 mol) were refluxed in
benzene (100 ml) for 15h. No reaction occurred.

Attempted preparations of dichlorophosphinothioyl(chloro-

dimethylaminophosphinoyl )methylamine, MezN(Ql)(O)P-NMe'P(S)Cl2:-

(1) Chlorodimethylaminophosphinoylmethylamine, MezN(Cl)(O)PNHMe,
(5.45g, 0.035 mol), thiophosphoryl chloride (5.95g, 0.035 mcl),

and triethylamine (3.55g, 0.035 mol) were refluxed in diethyl: ether
(150 ml1) for 3h after mixing at 0°C. A white precipitate formed
containing triethylamine (possibly in the form of an adduct with
thiophosphoryl chloride) and unreacted chlorodimethylamino-
phosphinbylmethylamine was recovered.

(2) Dichlorophosphinothioylmethylamine, Clz(S)PNHMe (2.95¢,

0.018 mol), dimethylaminophosphinoyl dichloride, M:eQN(o)Pm2
(2.9g, 0.018 mol), and triethylamine (1.8g, 0.018 mol) were
refluxed in benzene (75 ml) for 3h. The triethylammonium chloride
precipitate was filtered and the benzene evapoiafed. The residue
contained a large amount of unreacted dimethylaminoPhosphinoyl
dichloride., Other products present probably result from the condensation

of dichlorophosphinothioylmethylamine molecules.
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(e) Attempted thermal rearrangement:- Bis(bisdimethylamino-

phosphinothioyl )methylamine, [(MezN)z(S)P]éNMe, (4.95g, 0.015 mol)
and bis(chlorodimethylaminophosphinothioyl )methylamine,
[MeZN(Cl)(S)P]zNMe, (4.7, 0.015 mol) were refluxed in chloroform

for 24h. No reaction occurred,

(f) Attempted quarternisation of bis(bismethylaminophosphino~

thioyl)methylamine, [(MeQE)Z(SZP[QNMe with methyl iodide:-

Bis(bisdimethylaminophosphinothioyl)methylamine (0.7g, 0.002 mol)
was added to a solution of methyl iodide (1.6g, 0.011 mol) in
nitromethane (25 ml), and the mixture refluxed for 2h. No

- precipitate formed on the gradual addition of diefhyl ether (200 ml).
Bis(bisdimethylaminophosphinothioyl)methylamine was recovered almost

quantitatively.



CHAPTER _

. 'NITROGEN-BRIDGED DIPHOSPHORUS COMPOUNDS -

' REACTIONS WITH PRIMARY AMINES
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INTRODUCTION.

It was recently shown'? that cyclodiphospha(III)zanes (V)

(R-Pri or But) are formed in

R
the reactions of i-propylamine ClP::z\\ Cl
and t-butylamine with phosphorus R
trichloride. A similar reaction (V)

is also known to occur with

primary aromatic amineg, but under more forcing conditionso10

The reaction scheme proposed12 for the formation of the aliphatic
ring compounds involves the formation and subsequent rapid
cyclisation of the intermediate C12P-NR~P(Cl)NHR(XXXI)‘(Figurg 14).

R

RNH RNH,, N c1
PCl, —2 CLPNER —2>  |C1 p” Np”
3 A 2 N NHR

Figure 14 (R=Pr® or Bu®) |
The cyclodiphosphazane(V) (R-But) can also be obtained by the
reaction of CIZPNHBut with }tr‘iethylamine,ls but in neither of
these reactions}cbﬁld any direct evidence for the formation of

the intermediate (XXXI) be obtained. By comparison, analogous
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phosphorus(V) compounds‘Clz(O)P‘NR'P(O)(Cl)NHR (R=alkyl or

aryl) are not obtained from the réaétibn of phosphoryl chloride‘«
with primary amines; but can be prepared by the reaction of hydrogen
chloride with the corresponding cyclodiphospha(V)zanes.

Compounds of the type 012(0)f'NR°P(C)(Cl)NHR readily cyclise in

the presence of triethylamine to reform their parent cyclodiphos-
pha(v)zane.174'

It is therefore of interest to investigate the reactions
ofvnitrogen-bridged diphosphorus compounds ClzP‘NR‘P012,
012P-NR-P(x)012 and 012(x)P-NR-P(x)012 (X=0 or S) with primary
amines to discover
a) whether monoalkylamino—derivatives‘similar to

intermediate (XXXI) can be isolated.

b) whether these compounds cyclise to form cyclodiphosphazanes.
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RESULTS

(1) Reactions of (Clzg)zNR with primary amines.

Bis(dichlorophosphino )amines (C1,P),NR (R=Me or Et) are
best obtained from the reaction of the primary amine hydro-
chloride salt with phosphorus frichloride, heated under reflux
in gxgrtetrachloroethane.ll The co:responding réaction with
t-butylammonium chloride however is very slow, and in this case
a cyclie rather'than aﬁ acyclic product is obtained:

t

2 PCl1, + 2 Bu NH,C1 —> (ClPNBut)2 + 6 HC1

3 3

It was subsequently found that bis(dichlorophosphino )t-butylamine,

(ClzP)zNBut, can be obtained from the condensation reaction

t EtN %

Cl,PNHBu® + PCl; —>> (C1,P) NBu® + HC1

The reactions of (Cl2P)2NR (R=Me, Et or But) with a number of

primary amines were investigated.

(2) Reaction with t-butylamine:- Reaction of (Cl2P)2NR
(R=Me, Et or But) with three mol equiv. of t-butylamine readily

t (R=Me [ Et

1
occurs giving cyclodiphospha(III)zanes C1P*NR°PCl+NBu
or But), and provides the first route to cyclodiphospha(III)zanes

containing different nitrogen substituentsoR

t /s t -
. L4 - 1
C1,P+NR-PCl, + 3 Bu'NH, —> ClP\N>PCI + 2 Bu e
But
| The size of the R-group does not appear to be very important

since little difference was observed in the ease with which

(012P)2NMe and (C12P)2NBut underwent cyclisation. There was no

18
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direct evidence for the presence of intermediates

t .
C1,P+NR-P(C1)NHBu even on reaction with two mol equiv. of
t-butylamine - a mixture of (012P)2NR and C15°NR-FCl-NBu®

only being detected.

1 .
H and 31P n.m.r. indicate that only one isomer of the

cyclodiphosphazanes ClP-NR'Pcl‘NBut

(R=Me, Et or But) is
formed in each case. The cyclodiphosphazane, (ClPNBut)z, '
prepared via reaction 18, was found to be identical with (ClPNBut)2

12,13

prepared by other routes. An X-ray crystal structure deter-

mination has shown this to be the cis isomer.212 Surprisingly

two chemically shifted CHZ—proton signals were found in the 1H

Y (figure 15). It is unlikely

n.m.r. spectrum-df c1§7ﬁ52755i7hhu
that these arise from a mixture of geometrical isomers as the
BlP;Slﬁg.n{m.f. spectrum consists of a sharp singlet. Instead

the observed spectrum is probably due to diastereotopic CH2-protons
of the trans isomer of'ClﬁTEEETEEETﬁBut, in which the outer lines

of the AB quartet structure possess negligible intensities.

(b) Reactions with other primary amines:- In view of these

findings, it seemed possible that cyclodiphdspha(III)zanes with

, . 1
small alkyl groups, which have proved difficult to identify, 2

might be prepared by this route.
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3p decbupled

. ‘:. . A
The CH2 region of the 60 MHz 1H n.m.r, spectrum of ClP*NEt<PCl<NBu

Figure 15. 4
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A | The attemptedAprepara.tion of (ClPNMe)2 by the reaction. .
of (CIZP)ZNIAe with three mol equiv. methylamine gave products
" having the blH n.m.r. spectrum shown in Figure 16a. lH-SﬂPg |
double irradiation n.m.r. experiments showed that this multiplet
was connected with 31P signals well out oi" the range §200 to 5250
p.p;-m. anticipated for (C:IPNMe)2 (see Table 7), but nearer the
range which may be anticipated for .(ClPNMe)s. After several days
‘a new doublet (apparent J (P-H) 34.5 Hz) enclosing a central 'hump’
started to appear (Figure 16b) which was connected with a signal
atg 117 p.p.m. in thé 311’ n.,m.r. spectrum. The mass spectrum of
both mixtures indicated that ions (ClPNMe)n (n=2-4) were present,
but the most intense molecular ion at m/e 339 had a two-chlorine-
isotope pattern. This ion may be identified

with compound (XXXII), a

probable intermediate in ' Cf/ \ NMe
|
< | Gl NMe
the formation of the cage : l M |
c e
compound P, (NMe) (31P shift P\\N" /P\
N \N—P—Nme
£82 p.p.m.), known " to be formed Me

from the reaction of phosphorus :
" ¢ PRosE (XXXII)

trichloride with excess methylamine.
224 and the observation

225

The recent isolation of compound (XXXII)
that its arsenic analogue, As4(NMe)5012 is formed in the
reaction of As 4(NMe)6 with hydrogen chloride also lend support.

to its formation here. However, in view of the fact that the

reaction mixtures could not be purified and the possibility of
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H n.m.r. spectra of the products of the reaction of (ClzP)zNMe

with 3 mol equiv. of methylamine recorded at 60 MHz.

=

.(;) 'immediéfely‘after‘mixing the feagents (the tripiet.arises
| ‘from coupling to phqsphofué‘at 52 p.p.m. and the doublet of
. "doﬁblets-from'coupling to phosphorﬁsvét 52 and 127 p.p.m.) -
'(b)'Lafter 3 weeks (the new dotblet aiises 5y coupling to

phosphorus at 117 p.p.m.).

B Figure 16.
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rearrangements‘occurring within the maés spectrometer, the
presence of (ClPNM’e)g_4 as reaction products must be regarded
as a tentative assignment only.

The analogous reaction betweenv(ClzP)zNEt and
ethylamine initially gave the cyclodiphospha(III)zane (ClPNEt)z.

Et

(012P)2NEt + 3 EtNH,—> c1p” ]>Pc1 + 2 EtNH TC1T
- : 3

Et

The formation of (ClPNE't)2 was indicated by the 1H n.m.r. spectrum
of the reaction mixture which showed a triplet of quartets in
the region anticipated for the methylene protbn signals,

lH-S_B;P} double resonance experiments showed that the 31

P chemical
shift was §227 P.p.m. which clqsely matches the very low field
shifts of other cyclodiphospha(III)zanes (Table 7). (ClPNEt)2
may be present as a gig.isdmer, aé the methylene protons appeared
to be magnétically equivalent (sée page 61 ). On standing at
ambient temperatures, or on vacuum distillation, the original set
of methylene proton signals was replaced by a new, more compléx,
set at lower field. The 31P n.m.r. spectrum of this new product
showed two 3lP signals at §129 and 136 p.p.m. in a 1:2 intensity
ratio, similar to that obtained from reaction of phosphorus
trichloride and ethylamine.l2 vComplete,IH decoupling sharpened up
these two'signals to well défined singlets. The mass spectrum

gave molecular ions corresponding to (ClPNEt)n (n= 2 or 3), with

the latter predominating. The lack of n.m.r. evidence for
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(ClPNEt)2 in this second product suggests that its presence results
from rearrangements within the'mass spectrometer. Furthermore
éttempts to purify this cdmpound were unsuccessful,

Reactions 19 and gg_both resulted iﬁ the f§rmation of

complex mixtures;

(ClzP)zNBut + 3 MeNH2 —> complex mixture 19

(a1 P) NMe + 3 PhCH,NH, —> complex mixture 20

2
although in the 1H n.m.r, spectra of both reaction mixtures,
triplets conpled to phosphorus nuclei at very low field (6226

in reaction 19 and §230 in reaction 20) were detected indicating
the presence of small amounts of‘the cyclodiphospha(III)zanes |

——1 t — 1
ClP+NMe*PCleNBu and ClP-NMe'P01-NCH2Ph.

(2) Reactions of[ClQ(O)P] NR with t-butylamine

‘Bis(dichlorophosphinoyl)alkylamines, [012(0)P] NR
(R=Me or Et), react with three mol equiv. of t-butylamine in a

. similar manner to their tervalent analogues to give good yields

of cyclodiphospha(V)zanes 01(0)157NR-P(0)017ﬁBut (R=Me or Et).

R
' t
012(0)PeNR.r(o)012A + 3 Bu NHZ-——%>01(O) :)P(o)01 + 2 Bu NH3 c1
' Bu®
Nevertheless,‘some differences are apparent between the

reactions of (CL,P),NR and[C1,(0)P]NR with t-butylamine.
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The bisphosphinoyl compounds, [CIQ(O)P]zNR, are less reactive,
requiring slight heating (diethyl ether reflux) or prolonged
reaction times to efféct‘complete reaction, and in each case

the cyclodiphospha(v)zane formed was found to exist as a mixture

of geometrical isomers. Structural assignment of the two isomers

of C1(0)P-NEt-P(0)Cl-NBu® (Figure 17) was not possible as the
splitting expected from the diastereoctopic methylene protons of

the trans isomer could not be resolved in the 60 MHz 1H n.m.Tr.

spectrum. § - 35 30
: 1 .

L

The 31P decoupled CH2

i'egion of the 60 MHz lH

_n.m.r. spectrum of

C1(0)P*NEt*P(0)CL-NBu®

The 24 .3 Miz 31an.m.ru

spectrum of

. LI
¢1(0)P-NEt+P(0)C1-NBu

Figure 17Q
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Further differences were observed on reaction with two mol equiv,

 of t-butylamine - small quantities of the cyclisation intermediate

C1,(0)P*NMe+P(0)C1-NHBu® being detected, mixed with

01(0)15-NMe-P(o)01-1‘unt and [012(0)P]ZNMe, Cyclodiphospha(V)zanes
could not be identified from reactions of [C1,(0)P],NMe with the
more reactive primary amines, methylamine and ethylamine,

insoluble products being formed in each case.

(3) Reactions of [C1.(S)P].NMe and c12(o)P-NMe'P(s)c12 with

t-butylamine

Bis(dichlorophosphinothioyl )methylamine, [Clz(S)P]ZNMe,

reacts with three mol equiv. of t-butylamine in refluxing

chlorofcrm to give only a small amount of Cl(S)f'NMe-P(S)CljﬁBut,
the reaction mixture consisting mainly of [CIZ(S)P]ZNMe and

unidentified products. The large proportion of these 'side reactions'

make the preparation of Cl(S)f;NMe'P(S)Cl'ﬁBut-by this route
impractical. A better route to this 2,4-dithiocyclodiphosphazane
‘proved to be the sulphuration of the corresponding cyclodiphospha(III)-

zane ClP-NMe'PCPNBut (see Chapter 5)

Me , ' Me
N
C1P ANpar s :s3 — Cl(S)P P(S)Cl
N~y t |
But Bu _

The reaction of dichlorophosphinothioyl(dichlorophosphinoyl)
methylamine, Clz(O)P‘NMe'P(S)Clz, with three mol equiv. of

t-butylamine also gave a complex mixture of products, but in this
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case no trace of the expected cyclodiphosphazane,

r I A
C1(0)P*NMe+P(S)CleNBu , could be found. Instead, like its

2y4-dithio~analogue this cyclodiphosphazane can also be formed

) ‘
from ClP'NMe'PCl'NBut - by a stepwise sulphuration and oxidation

(see Chapter 5).

Me 1) ls ' Me
//N\\ 878 //N\\
C1Pp C1 —_ c1(0)P /,P(S)Cl
N ~
N7, 2) Me,SO _ N7y
Bu Bu

(4) Reactions of ClzP’NMe-P(O)Clé and C12P'NMe‘P(§)012 with

t-butylamine

Dichlorophosphino(dichlorophosphinoyl)methylamine,
ClzP'NMe’P(O)Clz, reacts readily with three mol equiv. of
t-butylamine to give on work up the cyclisation product,

C1P-NMe-P(0)CL-NBu®.

v Me
. N "

t 7N -
ClP'NMe'P(O)¢12 + 3 Bu NH, —> ClP\\N/,P(O)Cl + 2 Bu NHyg (031

Bu®
This mixed valence cyclodiphosphazane was initially obtained as

é mixture of geometrical isomers, which over a period of days

1
rearranged to give one isomer at ambient temperatures. A "H n.m.r.

spectrum of the reaction solution, recorded less than 30 mins
after mixing the reactants, indicated that this cyclisation is

' 1,31
more complex than reaction 21 implies. By the use of H?i I@

21
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' tickling experiments it was possible to identify the following

components in the reaction solution (relative proportions in

parentheses).
Me "Me
car” (o)1 - Butmap” N\P(d)CI C1.P-NMe*P(0)C1 22
Ny N 2P Ne 2 22
: But But
1:1 isomer mixture 1 isomer
(6) (3) | (2)

ButNHl"-NMe-P(O)Cl'i\IBut could not be isolated from the solution,

but was obtained as the sole product of the reaction:

Me B Me
AL t N £ 4=
P(0)C1 - 1 2
ClP\N/P(O)Cl + 2 Bu NH, —> Bu NHP\N/P( )C1 "+ Bu NH,"C 23
Bu® A Bu®
1 isomer 4:1 isomer mixture

Interestingly, the isomer of ButNHII"-NMe'P(O)Cl-ﬁBut identified in
fhe cyclisation reaction solution was found to be the minor isomer
in reaction 23. !

The reaction of dichlorophosphino(dichlorophosphinothioyl)-
methylamine, C1,PNMe-P(S)CL,, with three mol equiv. of
t-butylamine initially followed a similar course to that encountered

with the phosphinoyl analogue above:

Me
N
t
Cl,P°NMe°P(S)C1l, + 3 Bu'NH, —> Bu i >1_>(s)c1 + ClzP'NMe-P(S)Clz 24
2 2 2 ‘\N
C e e e - - - But :

BT
AR

10:1 isomer mixture

(3) ‘ (1)
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but in this case the products did not react further to form

! - 1 _ t t. I 1 t
C1P*NMe°P(S)Cl*NBu . The formation of Bu NHP*NMe*P(S)Cl*NBu

was further substantiated by reaction 25:

Me Me
/1\I \P % t /N t 4 oa
1P (S)CL + 2 Bu'NH, Bu'NEP :>P(S)Cl + Bu'NE fC1™ 25
But" - . But ’
5:1 isomer mixture : 1:1 isomer mixture

(5) Reaction ofAN-dichlorophosnhinog}rP,P,P—trichlorofphosphazene,

9;3P=N-P(o)012, with t-butylamine. |
.\ report226 concerning the isclation of'(XXXIII), the

first four mémbered ring _
compound containing a ' A ClSCscéizijCIZ
formal phosphorus-nitroganr
déublé bond, prompted the (XHXIIT)
investigation of the reaction |
of the phosphazene 013P=N-P(0)C12 with t-butylamine.
C1 P=N-P(O)Cl2 however reacted stepwise with t-Butylamine

3
(figure 18) and showed no tendency to cyclise,

' 2 ButNH2 ' 2 ButNH2
013P=N;P(o)012 —_ 012P=N-P(0)012 —_—> 012P=N;P(o)01
| ) NHBu® BulNg NEBu®
Figure 18

even on reaction'of,ButNH(c12)P=N-P(o)012 with triethylamine.
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This is probably due to theP-N-P angle in phosphazenes of this

type being generally around 140o 227

- much wider than the
P-N-P angle in most nitrogen-bridged diphosphorus compounds
(see p. 47). Thus greater ring strain

in thé resulting unsaturated four 4¢N\\
012P\N /P(O)Cl

membered ring compound (JOXIV)
- , Bu

would be expected.
' (xxx1v)
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Discussion.

The formation of cyclodiphosphazanes from the reaction
of nitrogen-bridged diphosphorus compéunds [012(X)]2NR
(X=lone pair, O or S) with primary‘amihes (especially t-butylamine)
most probably involves the formatiop and subsequent rapid

cyclisation of intermediates (XXXV) - see Figure 19.

R'NH '
Clz(X)P-NR-P(X)Cl —? C1,(X)P*NR-P(X)C1NHR' E—N—}; 01(x)1>/“>1=(x)c1

- (30xv)

Figure 19

The instability of intermediates of the general type
ClzP'NR'P01-NHR' in the presence of amine was also pi‘oposed12 in
the reaction scheme for the formation of cyeclodiphosphazanes -
(C1PNR), (R=Pr" or Bu®) from phosphorus trichloride and the
corresponding primary amine (figure 14). |

The ring closure step may be viewed in terms of the

formation of the trigonal bipyramidal

intermediate (XXXVI). Formation R X .

of such an intermediate : /,Fl\ ~ (XXXVI)
X7 N+ Cl

will be favoured over one HR'

formed by an intermolecular ' (x-lone Pai?’ 0 or s)

aminolysis because of the relatively small loss of (rotational)
entropy, any unfavourable enthalpy terﬁ refiecting ring strain
being overcome by this entropy term. The detection of the
cyclisation intermediate Cl2(0)P’NMe'P(0)Cl’NHBut possibly

indicates the presence of slightly greater ring strain in
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cyclodiphospha(V)zanes. Further evidence for this greater ring
strainbis also indicated by the larger ﬁ§h_found in
cyclodiphospha(V)zane [Cl(O)PNBut]2 (85.50)194 compared with
the cyclodiphospha(III)zane (cnvx\nau"‘)2 (82. 5°)212,

The observation that t-butylamine gives rise to much
higher yields of cyclodiphosphazanes than other primary amines
indicates that the entropy tefm is not the only factor controlling
cyclisation. The function of the free amine in the cyclisation
step is to abstract hydrogen chloride, and the ease with which
this happens is clearly dependent on its base strength., t~Butylamine
is a relatively strong base, but a pobr nucleOphile,228 and,
‘as such, it is likely to be more efficient in abstracting hydrogen
chloride than effecting aminolysis at the second - P(X)Cl2 group.
 On the other hand, methylamine and ethylamine, being strongef
nucleophiles, will be more efficient in produéing aminolysis
products suéh as R'NH(C1)(X)P*NR+P(X)(C1)NHR' - probable precursors
of the complex mixture of products generally obtained with these
amines, Further evidence of the preferential action of

t-butylamine as a base is provided by reaction 26,

t Me |
Bu NH2 N
012(0)P-NMe-P(O)Cl'NHMe _ Cl(O)P\N/P(O)Cl .26
' Me
174

~ where t-butylamine replaces triethylamine as an HC1l trap.

This tendency for t-butylaminé to act solely as a base
is conSi&erably lower on reaction with [Clz(S)P]2NMe, while with

Clz(O)P'NMe'P(S)Cl2 t-butylamine apparently shows no preferential
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acﬁion as a base, Reasons for this differing reactivity of the
amine towards these nitrogen bridged diphosphorus compounds
containing -1"(3)(2‘1,2 groups are not clear, but they may be -
partially connected with the expected tendency of the

group (XXXVII) to undergo

nucleophilic attack in basic llée 1:,// a
. 7N <:

conditions via a facile SNI(P) HNBnF

mechanism, | : | (XXXVII)

The reactions of Cl,P*NMe*P(X)Cl, (X=0 or S) with three

mol equii. of t-butylamine are complicated'by-thg'formation of

‘ ButNng:NMe'P(X)Cl'I“IBut (X=0 or S). It is not clear whether the
formation of these cyclodiphosphazanes is due tos:
\

a) the rate of cyclisation beingless than the rate of

aminolysis of the first formed cyclodiphosphazane

Me - : Me Me

N slow fast
. N x)ca
i.e. C BCl, —> CIR{_ /P(X)CI —> Bu txup” /P( )

or
b) the rate of cyclisation being less than the rate of
aminolysis to form (ButNH)2P°NMe°P(X)Cl2 followed by subsequent

cyclisation.
X Me - Me
"~ fast
/N \PCI — > (Bu NH) P/N \P(X)012—> ButNHP\/:>P(x)01

| Nt | , B’

\\ggfw

i.e.

/P(X)Cl
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(Note that by analogy with the behaviour of }J{e21\1°SiMe3,153
t .
Bu NH(Cl)P‘NMe'P(X)012 is the initial product expected from the

reaction of 012P-NMe~P(x)012 with t-butylamine). The lack of

stereospecificity found in the formation of ButNHI‘J-NMe-P(S)Cl-ﬁBut

by aminolysis of ClIr“NM'eoP(S)Cl:ﬁBut (reaction 25) compared
with the cyclisation route to this compound (reaction 24), and

the observation that the two routes to the formation of

BuNHP-NMe-P(0)CL-NBu® (reactions 22 and 23) result in different

i

isomers predominating, are better accommodated by the cyclisation

condition (b). On the other hand, it is doubtful whether the.
dichlorophoaphinoyl and dichlorophosphinothioyl groups in the
intermediates ButNH(Cl)P-NMe-P(X)Cl2 (X=0 or.S) possess low enough
electrophilicifies to hinder the entropy favoured cyclisation to
such an extent as to ailow the intermediates (ButNH)ZP'NMe-P(X)Cl2

(X=0 or S) to be formed by futher aminolysis.

The fact that Cll"'NMe'P(O)Cl'I'\IBut can be obtained pure
by solveht evaporation from the initial reaction mixture sﬁggests

that the rearrangement:

Me Me
t -
3 ButNHP’/N>P(0)Cl + 2 Cl,Pe NMe'P(O)Cl -5 C1PR /P(O)Cl + Bu NH3+01
. gut _ _

ocecurs faiily readily. The 3:2 stoichiometry is required to

. — ,t .
effect complete conversion to C1P+NMe*P(0)C1°NBu  observed in the
reaction of ClzP'NMe'P(O)Cl with three mol equiv.-of t-butylamine,
The progress of this rearrangement could be followed by monitoring

t
the YH n.m.r. of a solution of Bu 'NHP* NMe'P(O)Cl NBu and

ClgP’NMe-P(O)Cl over a period of several days.
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It is interesting to note that the formation of
cyclodiphospha(Ill)zanes is invariably stereospecific - only
one of the-two §dssible geometric isomers being obtained in every
case., Of these, it is known that (ClPNBut)2 has a cis structure,212
and n.m.r. evidence, although not unambiguous, fav@urs cis
structures for (ClPNEt)z and (ClPNPri)Z.l2 The evidence presented,
sugggsting a trans structure for ClﬁjﬁﬁzjiaijﬁBut, however,
indicates that the isomer obtained seems to reflect a very subtle
balance of steric and/or electronic factors. 3By contrast the
cyclodiphospha(V)zanes were obtained as mixtures of geoﬁetrical
isomers. Unfortunateiy'it is not yet clear whether the isomers
of cyclodiphospha(III)zanes and cyclodiphospha(V)zanes obtained
reflect thermodynamic or kinetic control.

In this context the observed isomerisation of

C1P-NMe-P(0)Cl-NBu® is of particular interest. In this case it
appears that both isomers are kinetically almost equally favoured,
subsequent isomerisation occurring to give the thermodynamically
favoured product. Tervalent phosphorus is known to be
configurationally stable at ambient temperatures and it is

expected that the constraint of the cyclodiphosphazane ring will
increase this stabilit&, relative to analogous acyclic phosphorus(III)
compounds. Isomerisation probably occurs by chloride ion exchange

at tervalent phosphorus, as isomerisation is faster in the presence
‘of added t-butylammonium chloride, and because phosphorus(III)-

chlorine bonds are known to be more labile than phosphorus(v)—

chlorine bonds.229 In view of these resulis the previous findings
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on the cyclisation of (C12P)2NMe with t-butylamine were
re-checked by examining the lﬂ and 5 1P n.m.r. spectra at 9_9_-500,
recorded immediately after mixing the reactants at -7_80. No

, evidence' was found for more than one isomer.
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EXPERTMENTAL.

Solvents were d;iedvby conventional means. Methods used
in the purification of reagents obtained commercially can be found
in Appendix A, The compounds (012P)2NMe', 1 ( ClzP) 2NEt,'u

126 127 128
[c1,(0)P] Nte, [c1,(0)P] NEL, " [c1,(s)P] Nute, ™"

c12(o)P-NMe-P(s)C12,128 26 126

012P'NMeP(O)012, 012P-NMe~P(s)c12,

t 13

013P=N-P(0)012,230 C1,(0)P+Nie+P(0) (C1)NEMe, ™ and c1,PNHBu

2
were prepared using literature methods. Information on the
instruments used in the measurement of n.m.r. data (see Table 7)

and mass spectroscopic data (see Table 8), and the source of

microanalyses (see Table 8) can be found in Appendix B.

‘ <
Preparation of'bis(dichloroPhogphino)t-butylamine, (912P22N32>:-

To a stirred soluiibn of 17.4 g (0.1 mol) bis(dichlorophosphino)
t-butylamine, Cl,PNHBu', and 13.75 g (0.1 mol) phosphorus trichloride
in 1000 ml diethyl ether at -78° was slowly added 10.1 g (0.1 mol)
triethylamine in 50 ml diethyl ether. The reaction was stirred
for a further 1.5h while the temperature rose to 25,200. The
triethylammonium chloride p:ecipifate was removed by filtration

and the diethyl ether evaporated to'give a white solid. This
.was recrystallised from light petroleum (b.p. 40-60°) giving

18;5 g (65%) bis(dichlorophbsphino)t-bgtylamine, a white, highly

moisture sensitive crystalline solid m.p. ca 55 .
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Reaction of phosphorus trichloride with t=butylammonium chlorides:-

To a solution of 413 g (5.00 mol) phosphorus trichloride in sym=
feirachloroethane (200 m1) was added 100 g (0.91 mol)
t~butylammonium chloride»and the mixture refluxed for 7 weeks
during which time hydrogen chloride was slowly evolved. The
solution on cooling was then filtered and excess phOSphorﬁs
trichloride and sym-tetrachloroethane distiiled off under reduced
‘pressure. The residue on vacuum distillation (ca 80°, 0.1 mm Hg)

gave 118 g (47% based on Bu'NH *c17) 1,3-di-t-butyl-2,4~-dichloro-

3
cyclodiphosphazane, (ClPNBut)z, a clear, colourless liquid which

crystallised on standing.

Preparation of l-t-butyl-2,4-dichlorc-3-methylcyclodiphosphazane,

| ] . i
,ClP'NMe'PCI°NBut:- To stirred solution of 7.0 g (0.03 mol)

bis(dichlorophosphino)methylamine in diethyl ether (125 ml) at
-78° was 510w1y added 6;6 g (0.09 mol) t-butylamine in 25 ml
diethyl ethér. The reaction‘mixtureAwas stirred until reaching
ambient temperaturés (0.5 h). The precipitate of t-butylammonium
chloride was then removed by filtration and the diethyl ether
evaporated off, The‘residue was carefully vacuum distilled, the
fraction collected at 60-65° 0.05 mm Hg giving 3.7 & (53%)
1-t-butyl—2,4-dichloro-3‘methylcyclodiphosphazane, a clear

colourless liquid which crystallised on standing.
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The following reactions were carried out using similar methods:

Preparation of 1-t-butyl-2, 4-dichloro-3-ethyleyclodiphosphazane,

CLP*NEt-PCL-NBu':~ 123.5 g (0.50 mol) bis(dichlorophosphino)
ethylamine and 110 g (1.50 mol) t-butylamine were mixed in 1000 ml
diethyl ether at -78° and stirred for 2h. The residue after work
up gave on careful vacuum distillation (ggﬁbo, 0.1 mm Hg)

75.5 g (61%) l-t-butyl-Z,4-dichloro-3—ethylcyciodiphosphazane,

a clear colourless liqﬁid.

Preparation of 1,3-di-t-butyl-2,4-dichlorocyclodiphosphazane,

(ClPNBut)Z:-, 2.50 g (0.0091 mol) bis(dichlorophosphino)t-butylamine |
and 2.0 g (0.027mol) t-butylamine were mixed in diethyl ether

(60 m1) at -78° and then stirred (1h). The residue after work

up gave on vacuum distillation (ca 80°, 0.15 mm Hg) 2.2 g (88%)
1,3~-di-t-butyl-2,4-dichlorocyclodiphosphazane, a clear colourless
liquid which crystallised on standing.

Reaction of bis(dichlorophosphino)methylamine with two mol equiv.

of t-butylamine:- 4.9 g (0.021 mol) bis(dichlproPhosphino)methylamine

and 3.14 g (0.043 mol) t-butylamine were mixed in diethyl ether
(100 m1) at -78° and then stirred (0.5h). A viscous liquid was
obtained on work up which was found (by 1y n.m.r.) to consist of
a 2:1 mixture of C1P+NMe-BCL-NBu® and (C1,P) NMe respectively.

No trace of the cyclisation intermediate 012P°NMe°P(Cl)NHBut could

be found.

Reaction of bis(dichlorophosphino)methylamine with three mol

equiv. of methylaminei~ 2.1 g (0,009 mol) bis(dichlorophosphino)-

methylamine and 0.95 g (0,031 mol) methylamine were mixed in 20 ml



methylene chloride at -780 and then stirred (0.5h). A viscous
liquid was obtained on work up and the products investigated by

‘ne.m.r. and mass spectroscopy (see pp. 104~106).

Reaction of bis(dichl6ronhosphino)methylamine with three mol

equiv. of benzylamine:~ 9.35 g (0.0401 mol) bis(dichlorophosphino )-

methylamine and 12.95 g (0.121 mol) benzylamine were mixed in
15 ml methylene chloride at -78° and then stirred (1n). A
yellowish 0il was thained on work up which was shown (by 1H n.m.I;)
to conist of a complex mixture of compounds. l-benzylamino=2,4-

C - |
dichloro-3-methylcyclodiphosphazane, ClP-NMe-PCI°NCH2Ph, was
identified as a consitutuent of the mixture, but was not isolated.

Reaction of-bis(dichlorophosnhino}ethylamine with three mol

equiv. of ethylamine:- 6.2 g (0.025 mol) bis(dichlorophosphino)
ethylamine and 5.5 g (0.075 mol) ethyiamine were mixed in 200 ml |
diethyl ether (or methylene chloride) at -78° and then stirred (1h).
A yellowish o0il was obtained on work up which was shown (vy 1H
n.m.r.) to be mainly 2,4-dichloro-1,3-diethylcyclodiphosphazane,
(01PNEt)2. This compound could not be purified as, on standing gt
ambientitemperatures for over one day, or on vacuum distillation
(ioo-120° 0.1 mm Hg) it rearranged to form a compound tentatively
identified as the cyclotriphosphazane (C1PNEt),. This compound
could not be purified by further vacuum distillation.

Reaction of bis(dichlorophosphino)t-butylamine with three mol

equiv. of methylamine:= 3.25 g (0.0118 mol) bis(dichlorophosphino)

t-butylamine and 1.1 g (0.0355 mol) methylamine were mixed in 80 ml

diethyl ether at -78° and then stirred (1h). A viscous opague
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liquid was obtained on work up which was shown (by 1H n.m.r.)
to be a complex mixture in which ClP NMe-PCl'NBut could be

identified, but not isolated.

Preparation of 1—t-buty1-2,4—dichloro—3-methy1-2,4—dioxocyclo-

diphosphazane, C1(0)P+NMe-P(0)CL:NButi~ To a stirred solution

of bis(dichlorophosphinoyl)methylamine (4.50 g, 0.017 mol) in

50 ml diethyl ether at 20° was slowly added 3.75 g (0.051 mol)
t-butylamine in 10 ml diethyl ether. The reaction mixture was
stirred for 20h at ambient temperatures, after which time the

t-butylammonium chloride precipitate was removed by filtration
and the diethyl ether evaporated off. The viscous residue

consisted almost solely of a 3:1 isomer mixture of

Cl(O)ﬁ-NMe-P(O)Cl-ﬁBut, which was purified by vacuum.distillétion
(130° 0.1 mm Hg) to give 2.57 g (57%) 1-t-butyl-2,4-dichloro-
3-methyl-2,4-dioxocyclodiphosphazane, a clear colourless liquid
of unchanged isomer ratio which crystallised on standing.

The major isomer was separated by recrystallisation from a
diethyl ether/light petroleum (b.p. 40-60°) mixture, giving white
érystals m.p°84-86°.

The following reactions were carried out employing similar.

methodss -

Preparatlon of 1-t-butyl-2,4=-dichloro-3-ethyl~2 ,4~dioxo-
3,63 g (0.013 mol)

t
cyclodiphosphazane, Cl(O)P NEt*P(0)Cl® NBu ' :-

bis(dichlorophosphinoyl)ethylamine and 2.85 & (0.039 mol)
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t-butylamine were mixed in 50 ml methylene chloride at 20°.
The reaction was refluxed fo: 24h. Work up gave a viscous
oil which consisted of almost solely a 4:1 isomer mixture

r
of_Cl(O)P*NEt-P(O)Ci:kBut. A white crystalline solid was

obtained on vacuum distillation (25_700 0.01 mm Hg) which on
recrystallisation from isopentane gave 1-t-butyl-2,4-dichloro-
3-ethyl-2,4~-dioxocyclodiphosphazane 2.54 g (70%), as clear

crystals m.p. 40-55°C (isomer ratio unchanged).

Reaction of bis(dichlororvhosphinoyl)methylamine with two mol

equiv, of t-butylaminé:- 3.18 g (0.012 mol) bis(dichlorophosphinoyl)-

methylamine and 1.75 g (0.024 mol) t-butylemine were mixed in
50 ml diethyl ether at 0° and then stirred (10h). Work up gave

a viscous oil shown (by~1ﬂ n.m.r.) to consist of a mixture of
t

, and C1(0)P-NMe-P(0)CL-NBu®

[c12(o)P]2NMe, C1,(0)P*NMeP(0)C1 )NHBu
in a 10:1:10 ratio respectively. The cyclisation intermediate
was not isolated from the reaction mixture.

 Reaction of bis(dichlorophosphinoyl)methylamine with three

mol equiv. of methylamine:- 1.6 g (0.006 mol) bis(dichloro-

phosphinoyl)methylamine and 0.56 g (0.018 mol) methylamine were
mixed in 100 ml diethyl ether at --78o and then stirred (lh).
Insoluble products were precipitated from the reaction with
methylammonium chloride. The small amount of residue remaining
on work up was shown by 1H'n.m.r. to be a complex mixture.

Similar results were obtained.from the reaction of bis(dichloro-

phosphinoyl)methylamine with three mol equiv, of ethylamine, and

from the reaction of dichlorophosphinothioyl(dichloroPhosphinoyl)

methylamine with three mol equiv. t-butylamine, the latter reaction

requiring refluxing in diethyl ether for 3h.
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Reaction of bis(dichlorophosphinothioyl)methylamine with

three mol equiv. of t-butylamine:- 2.46 g (0.015 mol)

bis(dichlorophosPhinothioyl)methylamine and 3.3 g (0.045 mol)
t-butylamine were mixed in 20 ml of chloroform at 20°C, The
reaction was then refluxed for 24h. A viscous oil was obtained

on work up consisting of mainly (on the basis of 1H n.m.r.)

[c1,(S)P] NMe and C1(S)P-NMe-P(S)C1-NBu® in a 4:1 ratio. The
amount of t-butylammonium chloride precipitated was consistent

with incomplete reaction having occurred.

Cyclisation of dichlorophosphinoyl(chloro(methylamino)phos~

phinoyl)methylamine, c12(0)P-NMe-P(o)(C;)NHMe, by t-butylamine:~

To a stirred solution of 0.60 g (0.0025 mil) dichlorophosphinoyl-
(chloro(methylamiho)phosphinoyl)methylamine in 20 ml of
methylene chloride at 20° was slowly added 0.3 g (0.004 mol)
t-butylamine in 5 ml methy1ene thoride.' The mixture was Stirred
for 0.5h. The t-butylammonium chloride precipitate was removed
by filtration and the methylene chloride evaporate@ to give a
white crystalline solid shown by 1Y num.r. to be a 4:1 isomer

mixture of 2,4-dichloro-1,3-dimethyl-2,4-dioxocyclodiphosphazane,

[01(0)PNMe]2.

Preparation of 1-t-buty1—2,4-dichloro-B—methyl-2-oxocyclodiphos—

phazane, Cli'NMe'P(O)Cl'ﬁButi- To a stirred solution of 5.25 g

(0.021 mol) dichlorophosphino(dichlorophosphinoyl)methylamine in
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methylene chloride (80 ml) at -78° was slowly added 4.6 g (0.063 mol)
t-butylamine in methylene chloride (20 ml). ‘The reaction mixture
was then stirred (1h) while being allowed to warm up to ambient
temperature. The t-butylammonium chloride precipitéte was removed
by fiitrétion and the methylene chloride evaporated off. The
viscous oil remaining was vacuum distilled (102°, 0.6 mm Hg) to

give l-ﬁ-butyl-Z,4—dichlor043-methy1-2-oxocyclodiphosphazane, a
clear colourless liquid,

1H n.m.r. showed that the reaction residue consisted

almost solely of a 4:1 isomer mixture of GlP-NMe+P(0)Cl-NBu®, which
rearranged at the expense of the minor isomer on vacuum distillation

(or after several days' standing) to give only one isomer. The

isomer mixture of CllgiNMe-P(O)Cl-i\IBut prepared by oxidation of
01§T§ﬁ275617ﬁ3ut (seé Chapter 5).was found to remain unchanged over
several weeks, but on the addition of finely powdered t-butylammonium |
chloride a reafrangément with the formation of one isomer occurred

after several days.

Reaction of dichloronhosnhino(dichlorOphosphinothioyl)methylamine

with three mol equiv, of t-butylamine:- A similar method to that
used in the analogous reaction of ClZP-NMe°P(0)Cl2 with
t-butylamine was employed. 2.1 g (0.008 mol) dichlorophosphino-

(dichlorophosphinothioyl)methylamine and 1.75 & (0.024 mol)

. o
t-butylamine were mixed in 25 ml of methylene chloride at -78 .,

1
A viscous oil was obtained on work up which was shown (by “H n.m.r.)

to mainly consist of a 1:3 mixture of dichlorophosphino(dichloro-

phosphinothioyl Jmethylamine and1-t-butyl-2-t-butylamino-4-chloro-
t

azane, ButNHﬁjﬁMe-P(S)Cl-ﬁBu , respectively.

3-methyl-4~-thiocyclodiphosph
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Preparation of 1-t-butyl-2-t-butylamino-4-chloro-3-methyl-

4-thiocyclodiphosphazane, ButNHﬁ-NMe-P(S)Cl~ﬁBut:— To a stirred

»solution of 0.8 g (0.003 mol) i—t-butyl-?,4-dichloro;3-methy1-2-

thiocyclodiphosphazane, le’-NMe-P(S)Cl-I!prt in methylene chloride
(10 m1) at -78° was slowly added 0.45 g (0.006 mol) t-butylamine
in 5 ml of methylene chloride. The reaction was stirred (2h)
while warming up to ambient temperature. t-Butylammonium chloride
precipitate was remov;d by filtration, and the methylene chloride
evaporated off. The 1iquid residue was vacuﬁm distilled

- (75-80°, 0.03 mm Hg) to give 0.68 g (75%) l-t-butyl-2-t-butylamino-

4~-chloro-3-methyl-4-thiocyclodiphosphazane, a clear viscous

liquid.

Preparation of 1-t-buiyl-2¥t-buty1amino-4-chloro-3—methxl-4~

2t <
oxocvclodiphosphazane, ButNHﬁ;NMe'P(O)Cl-NBu := A method similar

t Nt
to that used in the preparation of Bu NHP*NMe-P(S)CleNBu was

employed. 1.25 g (0.005 mol) l-t-butyl-2,4~dichloro-3-methyl-
t

2-oxocyclodiphosphazane, C1P+NMeP(0)Cl<NBu', and 0.75 g (0.01 mol)
- [o]
t-butylamine were mixed in 25 ml of methylene chloride at -78" .

1
A white solid was obtained on work up, shown by "H n.m.r. to

£ ! g’
consist almost solely of a 4:1 isomer mixture of Bu NHP*NMe *P(0)C1*NBu .

The major isomer wasAseparated by recrystallisation in light
petroleum (b.p.40-60°) to give 0.85 g (60%) 1-t-butyl-2-t-butylamino-

4—chloro—3-methy1—4-oxocyclodiphosphazane.
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Reaction of 1-t-butyl-2-t-butylamino-4-chloro-3-methyl-

4-oxocyclodiphosphazane, ButNHﬁ'NMe'P(O)CiTﬁBut with

dichlorophosphino(dichlorovhosphinoyl)methylamine:- Excess

dichlorophosphino(dichlorophosphinoyl)methylamine was added to

a solution of approx. 0.3 g (0.001 mol) ButNH15°NMe'P(O)Cl;ﬁBut

in deuterochloroform (2 ml)., The reaction was monitored by

1H n.m.r. After two days all the ButNHI'hNMe‘P(O)Cl‘f\IBut had

reacted to give'a mixture of dichlorophosphino(dichlorophosphinoyl)-

methylamine and clé«NMe-P(o)015ﬁBut.

Preparation of .N-dichlorophosphinoyl~P-t-butylamino—P,P-

dichloro-phosphazene, ButNH(clz)P=N-P(o)012:-, To a stirred

solution of 7.4 g (0.028 mol) N-dichlorophosphinoyl-P,P,P-
trichloro-phosphazene, 013P=N-P(0)012 in methylene chloride (90 ml)
at ~78° was slowly added 4.05 g (0.056 mol) t-butylamine in 20 ml
of methylene chloride. The reaction mixiure was stirred (2h) while
being allowéd to warm up to ambient temperature. The t-butylammonium
chloride precipitate was removed by filtration and the methylene
chloride evaporated off to give a brownish liquid which solidified
on standing. Recrystallisation from light petroleum (b.p. 40~-60°)
gave 4.3 g (72%) N-dichlorophosphinoyl-P-t-butylamino-P,P-dichloro~
phosphazene, a white crystalline solid m.p. 60-61°.

Preparation of Net-butylamino(chloro)phosphinoyl—P-t-butylamino-

: t
P,P-dichloro-phosphazene, ButNH(Clz)P=N-P(O)(CI)NHBH = A

similar method to that used in the preparation of

ButNH(Clz)P=N-P(O)C12 was employed. 6.1 g (0.0225 mol)
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N-dichlorophosphinoyl-P,P,P~trichloro~phosphazene, Cl P=N-P(0)Cl2

3
and 6.65 g (0.091 mol) t-butylamine were mixed in 120 ml of
methylene chloride at ~76° and then stirred (5h), A brownish
solid was obtained on work up which proved impossible to purify,
but 1H and 31P n.m.r. and mass spectroscopy all indicated the
formation of N~t-butylamino(chloro)phosphinoyl-P-t-butylamino-

P,P-dichloro-phosphazene.

Attémpted reaction of N-dichlorophosphinoyl-P-t-butylamino-

P,P-dichloro-phosphazene, Butnggglz)P=N-P(o)c12 with triethylamine:—

To a stirred solution of 1.5 g (0.0049 mol) N-dichlorophosphinoyl-~
| P-t-butylamino-é,P—dichloro-phbsphazene,,ButNH(012)P=N-P(o)c12,
in diethyl ether (100 ml) at ~78° was slowly added 0.53 & (0.53 mol)
triethylaminé in 10 ml of diethyl ether. The reaction was allowed
to warm up to ambient temperature and then refluxed (Bh).l i
N-dichlofophoSphinoyl—P-t-butylamino*P,P-dichloro-phosphazene was
recovered almost quantatively after filtration and evaporation of

diethyl ether.
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PREPARATION OF TETRACHLORO-DERIVATIVES[c12(o)1>]2(gn_2)n(3=1 or 2)
AND (C1,P).CH,. B

| A number of reports eoncerning the preparation of the
methylene-bridged diphosphorus compounds [c1,(x)P]cH,
(X= lone pair, O or»s) have appeared during the last fifteén
years. The method generally used in the préparation of

32

bis(dichlorophosphinoyl)methane,[Clz(O)P]ZCHZ2 involves the

reaction:

[(RO)2(0)P]2CH2 + [(HO)Z(O)P]QCHZ + 8 PClg —>2[c12(0)r>]2c15{2 +

8 POCl1, + 4 RCl + 4 HC1

3
It was found,?>> however, that inclusion of the acid [(HO0),(0)P],CH,

was unhecessary, chlorination simply occurring bty the reactions

. S
[(pr'0),(0)p)cH, + 4 PC1; —> [C1,(0)P],CR, + 4 POCL; + 4 Pr'CE

Bis(dichlorophosphinoyl)l,2-ethane, C1,(0)P*CH,CH,"P(0)Cl,, can
be prepared by a similar reaction. Reaction of
bis(dichlorophosphinoyl )methane with P4SIO provides a route to
its phosphinothioyl analogue [Clz(S)P]ZCHZ’ but unfortunately
only low yields are obtained.234

Bis(dichlorophosphino)methane, (ClzP)20H2 is reported to
be obtained from the reaction of (thP)QCH2 with phosphorus
trichloride in a sealed tube a._1:‘280°.235 On attempting to repeat
this reaction, no trace of (ClzP)ZCH2 was found, instead a mixture

' ted
possibly containing CIZ?CHZCI, in addition to the expec
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chlorodiphenylphosphine and dichlorophenylphosphine, was obtained.

However, (PhQP)ZCHZ_undergoés a ready reaction with refluxing
phosphorus trichloride (0.5h):

(PhQP)ch2 + PCly —> PhPeCH,*PCl, + PhPCl
In addition an unidentified orange solid fdrmed. Displacement
of diphenylphosphino-groups was complete (indicated by the
appearance of a triplet in the ¥ nom.r. spectrum) after refluxing
with phosphorus trichloride for 15h. Difficulties arose in the
separation of both thP-CHQ'PCl2 and (ClZP)QCHz from chloro-
diphenylphosphine, and all attempts to effect this resulted in
decomposition of the desired produéts. Interestingly.the 51P
shift reported’>’ for (Cl,P),CH,(§187%1) is some 13 p.p.m. to
low field of that found for - the compouhd giving the triplet in the
lH n.m.r.'spectrﬁm. However, in all other respects the 1H and
Blf n.m.r. spectra (Table 9), obtained from phosphorus.trichloride
solutions, are consistent with the fcfmation of Ph2P°CH2'PCI2 and
(C1,P),CH,.

The tetrachloro-derivatives of methylene-bridged -
diphosphorus compounds provide a possiblé means of extending the
scope of the aminolysis reactions discussed in the preceding two
chapters, but,due to difficulties in their preparation, aminolysis
reactions of only bis(dichlorophosphinoyl)methane and its

1,2-ethane analogue were investigated.
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DIMETHYLAMINOLYSIS OF[€1,(0)P],CH,,.

The reaction of bis(dichlorophosﬁhinoyl)methane,
[012(0)P]2032,w1th dimethylémine follows a similar course to
that found132 for its nitrogen-bridged analogue [012(0)P]2 .
Reaction with two mol equiv. of dimethylamine in methylene
chloride gave a mixture of [Mezﬁ(01)(o)P]2032, c12(o)P-CHZ-P(o)(01)nm§2
and starting material (reaction 27 - product ratios in

parentheses).

| 012(0)P CH 'P(OXCl)NMe2 (1)
[_C12(0)P]20H2 + 2 Me NE—> +[Me2N(Cl)(O)P]2032 (2) 27
- +[€1,(0)P] ,CH, (2)

Bis(chlorodimethylaminophosphinoyl )methane, [Me2N(Cl)(O )P] oCH,
was obtained as the sole product of reaction with four mol equiv.

31

of dimethylamine. 17 ana 3! n.m.r. spectroscopy indicated

that [Me2N(Cl)(O)P]2032 was formed as a 3:1 mixture of diastereo-—
isomers. Furthermore the 220 Miz 1E spectrum of this mixture
showed thgt the CHz-protons of the minor’diastereoisomer were

magnetically non-equivalent. Only the meso diastereoisomer is

expected to show this magnetic non-equivalence,

o 0 0O 0
o .
Me N PN/l MeZNC'l‘/' N {\lMez

Cl }4>§4 hﬂAGz f{ }*
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permitting a meso and dl assignment to be made. As with its
nitrogen-bridged analogue [MezN(Cl)(O)P]ZNMe, a variation in
the ratio of diastereoisomers of [Me,N(C1)(0)P],CH, occurs on
heating. This results in an increase in the relative proportion of
the meso isomer of the methylene+hridged compound, probably-
indicating its greater thermodynamic stability compared with the
4l isomers. Further aminolysis, using excess dimethylamine, is
reported to give the tet:akisdimethylamino-derivative A
[(1ae,‘21~1)2(0)1>]zcnz.v:"s6
’ The similarities in dimethylaminolysis substitution
patterns of [c12(o)1>]2NMe132 and [012(0)P]2cnz indicate that there
is little difference in aminolysis mechanism. The formation of
nongeminal bisdimethylamino-derivatives points to an associative
mechanism being operative, the:dimethylamino-group lowering the
electrophilic nature of the phosphinoyl centre to which it is
bonded. On the other hand the dimethylamino group is ineffective
at lowering the electrophillc nature of the second.phosphorus in

| 012(0)P°CH2!P(O)(CI)NMe2¢ This may be due to an 1ntramolecu1ar1y

assisted nucleophilic mechanism (figure 20), as discussed in

Chapter 2,
LH |
0O 0O () //f IVB492 O ()
[ Lowew 10 1o 1 |
c1//P\CH2/P oy a7 S a o7 \c Cl
MeZN - MeZN e MeoN NMe,
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REACTIONS OF [012(Q)P]zggé WITH PRIMARY AMINES.
" The reaction of bis(dichlofophosphinoyl)methane;'
[c1,(0)P],CH,, with thrge mol equiv. of t-butylamine gives the

ring compound'(XXXVIII),as a mixture of geometrical isomers.

CH
t TN . tra=
[CIZ(O)P]20§2 + 3 3u NH2-—€>Cl(0)P\\N’//,P(O)Cl + 2 Bu NH;"CY
. But
N (XXXVIII)

Compounds belonging to this neﬁ class of iihg compounds are

not easily named using the phosphazane nomenclature, but can

be élassified as-1,2;4-azadiphosphetanes - thus (XXXVIII) becomes

1—t-buty1~2,4-dich10¥o-2,4-dioxoazadiphosphetane. A similar

reaction with two mol equiv., of t-butylamine left starting material

and compoﬁnd (XXXVIII) only, in a 1:2 mol ratio. The acyclie

t-butylamino-defivative CIZ(O)P-CHZ'P(O)(Cl)NHBut was not detectedy

unlike the analogous reaction with [CIZ(O)P]ZNMe from which small

quantities of Clz(O)P-NMe'P(O)(Cl)ﬁHBut_were found (see Chapter 3).
The two isomers of (XXXVIII) were readily identified.

The 'H n.m.r. spectrum of (XXXVIII) is complex in the methylene

region, but 51P decoupling showed two groups 6f §ignals easily

assignable to cis and trans isomers (see figure 21). If the

four mémbered ring is assumed to be planar, thén the methylene

protons will be equivalent in the trans isomer, but nonequivalent

(and therefore form an AB multiplet) in the cis isomer.

Integrafion of these signals shows that the cis:trans isomer

ratio is 5:2. The cis isomer cah be separated from the mixture

by crystallisation from a diethyl ether/petroleum solution.
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The CH, region of the 60 MHz 1H n.m.r, spectrum of

C1(0)P+CH,+P(0)CL-NBu"®

31p decoupled

cis ‘ , trans
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‘The analogous ring compound Cl(O)f*CHz'P(O)Cl:ﬁPri,

was obtained from a similar reaction with i-propylamine'wifh.
an almost identical cis:trans isomer ratio. However, there was
a marked increase in the amount of unidentified insoluble
material produced in this reaction, which proved impossible

to remove completely. Furthermore éttempts to repeat these
reactions with aniline énd ethylamine were unsuccessful, a
complex mixture of-pro&ucté being obtained in each case,

The above reactions of [Clz(O)P]ZCH2 with primary amines
serve to re-emphasise the importance of the role of the
nucleophile. As discussed in Chapter 3, cyclisation only occurs
with primary amines which behave preferentially as bases toward
intermediates like Clz(O)P-CHQ'P(O)(Cl)NHR. i-Propylamine is
expected to be a slightly better nucleophile than t~butylamine
(due to lower steric bulk) - explalnlng the lower yields of
1,2,4-azadiphosphetane obtalned with the former amine.

Cyclisation of intermediates 012(0)P°CH2'P(0)(01)CHR (R=
Bu® or Pri) is also favoured by the relatively small loss in
entropy incurred. It is a feature of the cyclisation of
.u,o)-fhalogenoé.lkylamines, Hal(CHQ) mzZﬁﬁt the yield of cyclic
products, (CH ) NH, decreases with increasing n, mainly because
of a larger negative entropy change when the larger rings are
formed. It is therefore’expedted that the reactions of
t-butylamine and i-propylamine with bis(dichlorophosphinoyl)-
1,2-ethane, Clz(o)y-cﬁzcnch(o)CIZ, might give reduced yiélds

of cyclic products. It was found that reactions with t-butylamine
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and i—propylamine gave no detectable amounts of riﬁg compounds,
instead,in each case, large quantities of an unidentified white
solid was precipitated from the reaction,with the amine hydro=-
chloride. N.m.r. spectra of the small amouhts of soluble residue
remaining were complex, indicating that a mixture of compounds
was probably present. Thus it can be seen that the entropy
term also has a crifical role in the reaction of
bis(diﬁhlorophosphinoyl)alkanes with primary amines.

It is worth noting that the high dependence shown by
the above reactions on,
a) the entropy term
b) the relative nucleophilicity and basicity of the amine,
is not necéssarilj of such paramount importance in alil cyclisation

- 239 0
reactions of this type (see reactions 287 9 and 2 _2_4 )

Me Me
e 8
. - Cl -2
Cl,P- NMeNMe PCl, + 3 MENH NHMe —> C1 \\‘——-N’/ o 28
' Me Me

+2 MeNHNH2M9+Cl-

| F
o CH’//R\\ll |
PR, + 2MeNL, —> | ° e 29
p * 2 MeNH,
| - CH, /NM
' P :
F

FZP'CH

v2CH

2

In these examples it is possible that factors such as the use of

vapour phase reaction conditions in reaction 29, and the oxidation

state of phosphorus may be instrumental in modifying the course

of the réactioﬁ, -
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OTHER AMINOLYSIS REACTIONS.

In §rder to investigate how the electrophilicity of
the phosphinoyl centre affects cyclisation, the reactions of

the dimethylamino-derivatives [Me N(C1)(0)P],CH, and

[MezN(Cl)(O)P] oiMe with t-butylamine were examined.
Unexpectedly it was found that the methylene-bridged compound
gave an acyclic product in refluxing chloroform solutionj ‘

[Me,N(C1)(0)P] ,CH, + 4 Bu‘NH, —> [Bu"NE(Me N)(0)P] ,CH, + 2 ButNH5+cl- o

whereas [MezN(Cl)(O)P]2NMe remained unreactive under the same

conditioﬁs. The 'reduc'ed reactivity observed for the latter

compoﬁnd is probably due to the increased degree of amino-substitution
' about phosphorus lowering the electrophilicity of[Me2N(01)(o)P]2NMe-

compared to [MezN(Cl)(O)P]chz. This effect is seen to a lesser-

extent in the preparations of the tetra.kisdimeth’yiamino-derivativés: ‘ ;
[(MeZN)Z(O)P]E,NMeUZ and [(MeZN)Z(O)P]ZCHZZ%, in which refluxing
diethyl ether solution ivs required to give [(Mezlq)?_(o)P] e,
whereas the latter is formed on reaction at o°.

To test the possibility that the acyclic product

[Bu®NH(Me,N) (0)P] ,CH, may be formed

via a facile ring opening reaction , MezN(O) N /P(O)NMe
of (XXXIX) with t-butylamine, Bu®
the synthesis of (XXXIX) from

(XXXIX)

| 1t
the reaction of Cl(O)P'CHZ’P(O)CI-NBu.

with dimethylamine was attempted, with the following result.

CH | . " :

,Cl(O)P<N§P(O)Cl+ 5 Me,H—> (e ) o (0)P~CE, P(0)(MMe,) (NHBu") 50
N |
Bu

+ 2 Me 21\1}1’501‘



- 149 -

However (MeZN)Z(O)P‘CHZQP(O)(NMe2)(NHBut) on heating cyclised
with the elimination of dimethylamine to form (XXXIX). The
1 . - '

H n.m.r. spectrum of (XXXIX) showed that the CH, protons were

magnetically equivalent indicating that a pure trans isomer was

obtained. Trans MeQN(O)i"CHZ’P(O)(NMeQ)ﬁ'NBut failed to react
with t-butylamine or dimethylamine in refluxing chlorofofm solution..

The resistance td_ring opening reactions displayed by

mxezm(o)g-cnzo1=(o)(Nr.aez)-}ﬂsut provides strong evidence that both
acyclic amino-derivatives [ButNH(MeQN)(O)P]2CH2 and

(MeZN)Z(o)P-CHZ-P(o)(mez)NHBu are formed via pathways which do not -

involve MeQN(O)Ir"CH2'P(O)(NM92)’I{IBut as an intermediate. Thus the
reaction of [MezN(Cl)(O)P]ZCH2 with t-butylamine must proceed

via the reaction schemes:

t
~ Bu % Vi |
[Me N(c1)(0)P) ,0H, — NHZ Mez“ / x \ngz '-
ButNHQ'\fast
[ButNH(MeZN)(O)?]2GHZ

Further information on the formation of (Me N)2(O)P CH2-°(0)(NMe2)NHBu
was obtained on repeating reactlon 30 using less than five mol

equiv. of dimethylamine. Examination of the reaction mixture by

1 2nd 3'p num.r. indicated the presence of the 1,2,4-azadiphosphetane,

Mezn(o)lg-czié-p(o)cfﬁ]sut, showing that at least part of reaction 30

proceeds via a ring opening of this monodimethylamino-derivative

of 31(0)5-0H2°P(0)C1'ﬁ3ut, The ease with which ring opening occurs
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in reaction 30 is unexpecfed in view of previous studies of
the amine induced ring .opening of cyclodiphosphazanes, - wﬁich,
with the exception of the cleavage of [C1P(S)NMe] 2173 (or

a methylamiho-derivative) by mefhylamine,l gen’era‘.lly require

relatively 'forcing conditions.46
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EXPERIMENTAL.

Solvents were dried by conventional means. Methods used
in the purification of reagents obtained commercially can be found

in Appendix A, The compounds (th,P)zCH?,z‘r‘L

[(2rl0),(0)P1,(cH,),
242 .

(n=1 or 2), and {:Mezl\I(CI)(O)P]ZNMe152 were prepared by
literature methods,

Details of n.m.r. and mass spectxfosc;opic instrumentation
and the source of microanalyses can be found in Appendix B.

N.m.r. data and analytical data are given in Tables 9 and 10

respectively. ,'l‘hé magnitudes and relative signs of 2J (g—c-g) -

1

. : I 1 L
in the 1,2,4-azadiphosphetane cis-Cl(o)P-,cnz-P(o)CLNBu were

obtained by analysing the CH,-proton signals as the AB part of
243

an ABX2 spin systein.
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Preparation of bis(dichlorOphosphinoyl)methane;[Clz(O)P]20H2233

170 g (0.817 mol) phosphorus pentachloride was slowly added

(over a period of 0.5h) to 70.0 g(0.203 mol) bis(di-i-
propoxyphosphinoyl )methane, [(Pri0)2(0)P]20H2. A vigorous
reaction initially occu:red. After all the phosphorus

- pentachloride had been added, the mixture was heated to 50-60o
for 2h, After cooling to ambient temperature, ca 500 ml light
petroleﬁm\(b.p.40-60°) was added to the clear liquid, precipitating
a white solid. This was separated by filtration and washed in

ca 300 ml ligﬁt petroleum. The solid on recrystallisation from
toluene gave 32.0 g (63%) bis(dichlorophosphinoyl)methane, a white
crystalline solid m.p. 103-104° (1it.23* 98-100°)..

Preparation of bis(dichlorophosphinoyl)l,2-ethane,

le(glg;gﬂzcgz-ggg)gizz- A similar method to.that.used in the
preﬁaration of [Clz(O)P]ZCH2 was employed. After slow addition

of 167.5 g (6.805 mol) phosphorus pentachloride to 71.6 g (0.20 mol)
bis(di-i-propoxyphosphinoyl)l, 2-ethane, (Prl0),(0)P+CH,CH,+P(0)(0PE),,
the mixture was heated to 50-60° for 2h. Work up gave 37.0 g

(70%) of bis(dichlorophosphinoyl)l,2-ethane, a white crystalline

solid m.p. 104-110° (decompOSition occurring on melting)

(1it.2>* 164-165°).

Reactions of bis(diphenylphosphino)methane with phosphorus

235
trichloride:- (a) Following the literature method, 19.2 g

(0.05 mol) bis(diphenylphosphino)methane, (Ph,P),CHy, and 48 &

(0.35 mol) phosphorus trichloride were heated in a sealed tube
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at 250—300o er S5h. The 1H n.m.r. spectrum of the crude reaction
product indicated the formation of a mixture from which
chloro(diphenyl)phosphine, dichloro(pheﬁyl)phosphine and poésibly
dichloro(chloromethyl)phosphine, C1,PCH,Cl, could be identified.
No trace of bis(dichlorophosphino)methane, (ClzP)2CH2 was found.
(b) 5.0 g (0.013 mol) bis(diphenylphosphino)methane, (PhZP)2CHZ’
and 18 g (0.13 mol) phosphorus trichloride were refluxed for 0.5h.
1H ahd 31P n.m.r. indicated the formation of mainly dichlorophosphino-
(diphenylphosphino Jmethane, Ph,P*CH,*PCl,, and chloro(diphenyl)-
‘phosphine. Exceés phosphorus trichloride was evaporated under
reduced pressure, but on attempted vacuum distillation
dichlorophosphino(diphenylphosphino )methane decompoéed, and a

liquid consisting éf mainly chloro(&iphenyl)phosphine was obtained.
(¢) 5.0 g (0.013 mol) bis(diphenylphosphino )methane and 18 g

(0.13 mol) phosphorus trichloride were refluxed for 15h. ;H n.m.r.
indicated the formation of mainly bis(dichloroPhosphino)methane,
(ClzP)20H2, and chloro(diphenyl)phosphine. Excess phosphorus
trichloride was evéporated off, but agaiﬁ on vacuum distillation a
liquid mainly containing chloro(diphenyl)phosphine was obtained,

bis(dichlorophosphino )methane apparently having decomposed.

Preparation of bis(chlorodiméthylaminOphosphinoyl)methane,

bis(dichlorophosphinoyl )methane in 200

at —78° was slowly added dimethylamine (4.86 g, 0.108. m§1) in
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20 ml of methyléne chloride. The reaction mixture was wamed

to ambient temperature and stirred for 15h., The methylene -
chloride was then evaporated off, and the product extracted

with 5 x 50 ml of toluene, giving after filtration and evaporation
of toluene 5.9 g (82%) bis(chlorodimethylaminophosphinoyl )methane
as a 3:1 dl:meso mixture of diastereoisomers. The major :
diastereoisomer (gl) was separated by recrystallisation from
toluene as a white crystalline solid which decomposed a.bove,90°.

Reaction of bis(dichlorophosphinoyl )methane with two mol

equiv. of dimethylamine:- A similar method to that used in

the preparation of [Me,N(C1)(0)P] ,CH, was employed. 5.0 g (0.020 mol)
‘bis(dichlorophosphinoyl)methane and 1.8 g (0.040 mol) dimethylamine
were. mixed in methylene chloride (150 ml) for 15h. A clear viscous
liquid was obtained on work up, the 1H n.m.r, spectrum of which
indicated a mixture of bis(chlorodimethylaminophosphinoyl )methane,
[Me,N(C1)(0)P] ,CH,), bis(dichlorophosphincyl)methane, [c1,(0)P] ,CB,s
and dichlorophosphinoyl(chlorodimethylaminophosphinoyl)methane,
C1,(0)P+CH,P(0)(C1)NMe,, in a 2:2:1 ratio respectively.
[MeN(C1)(0)P],CH, was formed as a 4:1 dlimeso mixture, the
proportion of the g@ig diastereoisomer increasing on heating. No
other change in the product ratio occurred, and only

a1 [Mezﬁ(Cl)(O)ZP:IZ,CH_2 could be separated from the mixture, by

crystallisation from toluene.
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Preparation ofA 1—t-buty1-2,4—dichloro-2,4—dioxo-1,2,4—

azadiphosphetane, C1(0)P-CH,-B(0)CL-WBut:=  To a stirred

solution of 12.75 g (0.051 mol) bis(dichlorophosphinoyl Jmethane
in methylene chloride (300 m1) at -7&3.o was slowly added 11.2 g
(0.153 mol) t-butylamine in 50 ml of methylene chloride. The
reaction mixture was then refluxed (3h). The t-butylammonium

chloride precipitate was removed by filtration and the methylene

chloride evaporated to give a cloudy viscous liquid consisting

mainly of a 5:2 cis : trans isomer mixture of 01(o)§1CH2-P(0)010kBut.

Purification by vacuum distillation (110°, 0.7 mm Hg) gave 6.25 g
(49%).1-t-buty1-2;4—dichloro—2,4-dioxo-1,2,4—azadiphosphetane? a
clear colourless' liquid ihich ‘crystallised on standing of unchanged
isomer ratio. The gj._sl isomer was separated by recrystallisation
from a diethyl ether/light petroleum (b.p. 40-60°) mixture, giving
a white crystalline solid m.p. ca 65 Ce

The following reactions were carried out using similar methods:

Preparation of 2,4-dichloro-2,4-dioxo-1-i-propyl-1,2,4~

azadiphosphetane:~ 6.25 g (0.025 mol ) bis(dichlorophosphinoyl )methane

and 5.5 g (0.075 mol) t-butylamine were mixed in 200 ml methylene
chloride at -78°. The reaction mixture was then refluxed (3h).
A cloudy viscous liquid was obtained on work up which gave on
vacuum distillation (‘1000, 0.4 mmHg) 2.1 g (35%) 2,4~dichloro-

2 ,4_di°xo_1_i..propy1-1,2,4—azadiphosphetane, a clear colourless liquid.
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Reaction of bis(dichlorophosphinoyl)methane with two mol equj,':r,

of t-butylamine:- 2.0 g (0.008 mol) bis(dichlorophosphinoyl )=
methane and 1.2 g (0.016 mol) t-butylamine were mixed in 80 inl.
of methylene chloride at -780. The reaction mixture was then

stirred (15h) at ambient temperature. A viscous liquid was

obtained on work i1p shown by 1H n.m.r, to consist of a 2:1
t

mixture of 01(o)i=-CH2-P(o)crimu and [C1,(0)P],CH, respectively,
No trace of C1,(0)P+CH,*P(0)(C1)NEBu® was detected.

Reaction of bis(dichlorophosphinoyl)methane with three mol

equiv., of aniline:- 6.25 g (0.025 mol) bis(dichlorophosphino=.

y1l)methane and 7.0 g (0.075 mol) aniline were mixed in 200 ml
inethylene chloride at ‘-780. The reé.ction mixture was then
refluxed (3h). 7.4 g of a white soluble solid was obtained eon
work up, consisting of a complex mixture of unidgntified' products,.

Reaction of bis(dichlorophosphinoyl)methane with three mol

equiv. of ethylamine:- 3.5.g (0.014 mol) bis(dichlorcphosphineyl )=

methane and 1.9 g (0.042 mol) ethylamine weremixed in 170 ml of
methylene chloride at -78°C. The reaction mixture was stirred
for 15h a'i‘. ambient temperature. A viscous liquid was obtained on
work up, consisting of a complex mixture of products of which

only bis(dichlorophosphinoyl)methane could be identified,

Reactions of bis(dichlorophosphinoyl)l,2-ethane with three

mol equiv. of t-butylamine and i-propylamine:- 5.8 g (0.022 mol)

bis(dichlorophosphinoyl)l,2-ethane and 4.8 g (0.066 mol)

‘ o
t-butylamine were mixed in 350 ml of methylene chloride at 0,
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The reaction mixture was then refluxed (4h). A large amount of
unidentified insoluble products precipitated from solution with
the t-butylammonium chloride. Only traces of a viscous liquid
were obtained on work up, consisting of a mixture of unidentified
products. Very sim;'la.r results were obtained from the analogous

reaction with i-propylamine.

Preparation of bisLt—butylaminodimethylaminophos‘-ohing[l)metha.ne 3=

2.15 g (0.008 mol) bis(chlorodimethylaminophosphinoyl)methane,
[MezN(Cl)(O)P}chZ, and 2.35 g (0.032 mol) t-butylamine were
mixed in 100 ml of chloroform at 0°. The reaction mixture was
then refluxed (20h). A yellow-orange oil was obtained on work
up. On extraction with 5 x 20 ml light petroleum (bepe 60—800)
a whité solid was obtained which gave on re‘czystallisation from
light ‘petroleum (b.p. 60-80°) 2.05 g (75%) bis(t-butylamino—
dime.thjlaminOphosphinoyl)methane, a white crystalline solid
MePe 136—1490. The corresponding reactionv with three mol equiv.
of t-butylamine gave a 3:1 mixture of [ButI\I'H(lﬁlIezN)(O)I’]éCH2 and
[Me N ( ¢1) (0)P] CH, respectively.

Reaction éf b‘is(chlorodimethylaminophosphinoyl)methylamine with

four mol equiv. of t-butylamine:- 1.4 g (0.005 mol)
bis(chlorodime thyla.minophosphinoyl )methylamine, [Me,N(C1)(0)P 1N,
and 1.45 g (0.020 mol) t-butylamine were mixed in 100 ml of

' No reaction occurred

chloroform at 0° and then refluxed (20h).

" ed almost quantitatively.
and [Me, N( Cl)(O)P]zNMe was recover post.
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Preparation of t-butylaminodimethylaminophosnhinOyl(bisdimethyl—

aminophosphinoyl )me thane, (MezN)Q(Q)P-CHQ-P(o)(Nmez)NHBut:-

To a stirred solution of 1.5 g (0.006 mol) 1-t-butyl-2,4-dichloro-

2,4-dioxo~1,2,4~azadiphosphetane, Cl(O)i’-CHz-P(O)Cl?i\TBut in

60 ml of methylene chloride at —78° was élowly added 1.55 g
(0.034 mol) dimethylamine in 10 ml of methylene chloride. The
reaction mixture was stirred (1h) while warming up to ambient
 temperature. The metﬁylene chloride was evaporated off and the
product extracted with 5 x 50 ml diethyl ether and then filtered.
Evaporation of the diethyl ether gave 1.5 g (80%) t-butylamino-
dimethylaminophosphinoyl(hisdimethylaminophosphinoyl)methane, a
clear viscous liquid which decomposed with the loss of
dimethylamine on vacuum distillation (1600, 0.01 mmHg) to give

1-t-butyl-2,4-bisdimethylamino-2,4~dioxo~1,2,4-azadiphosphetane,

M32E£0)b~CH2-P(o)(NMeZ)ﬁBut.

Similar decomposition of (MezN)Q(O)P-CH2P(O)(NMe2)NHBut
(1.55 g, 0.005 mol) occurred on heating the neat liquid to
150° for 0.5h under a nitrogen atmosphere. The solid obtained
was recrystallised from a diethyl ether/light pe@roleum (b.p. 40~
60°) mixture to give 0.7 g (5%5) l-t-butyl-2,4-bisdimethylamino~
2,4-dioxo~1,2,4-azadiphosphetane, a white crystalline solid m.p.
137-139°.

Reactions of 1-t-buty1—2,4—bisdimethy1amino-2,4-dioxo-

. i - lamine:-
1,2,4-azadiphosphetane with dimethylamine and t-buty

In each case an excess of the amine was added to a solution of

bt VBu® i 1 ml of
ca 0,5g (0.002 mol) MezN(O)P'CHQ‘P(O)(NMez)NBu in ca

deuterochloroform in a n.m.r. tube. The dimethylamine
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solution was heated to ca 60° for 1h and the t-butylamine -

solution for 20h., In each case it was shown by 1Hin.m.r. that

no reaction had occurred.

Reaction of 1-t-butyl-2,4-dichloro-2,4-dioxo-1,2,4-aza~

diphosphetane with four mol equiv. of dimethylamine:- A similar

method to that used in the preparation of (MezN)z(O)P-CHg'P(O)(NMez)NHBut

was employed. 1.5 g (0.006 mol) l-t-butyl-2,4~dichloro-2,4-dioxo-

1,2,4-azadiphosphetane, C1(0)P+CH,*P(0)CL-NBu"® and 1.1 g (0.024 mol)
dimethylamine were mixed in 70 ml of methylene chloride at -78° and
then stirred (lh). A viscous liquid was obtained on work up,

shown (by 1H,and 3p n.m.r.) to mainly consist of a 5:2:1 mixture

of (Mez'N)z(o)P-CH2~P(0)(NMe)NHBut, 01(o)£-c52-P(o)~(NMe2TNBut and

MezN(Ojﬁ’CHQ'P(O)(NMez)ﬁBu# respectively.
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OXIDATION REACTIONS.

The course of oxidation of cyclodiphospha(III )zanes

t i .
(ClPNR)2 (R=Bu~ or Pr”) with dimethyl sulphoxide and elemental

sulphur has recently been investigated.lz’ 194 A summary of the '
. ! .

results obtained is shown in Figure 22,

R . v
. Me, SO
ar” Spaa 0 —2> carl “>.=(x)c1. © ReBu® or Prt
TN or ls \\N
858 '

R R ' X=0 or S

- e, S0 ‘ '
01P<NN>P(S)01 Eisa C1(0)P, N/P(S)CI RuBu® or P:;i

Bu® | | , But |
cis '01P/N >PCI + 2 Me,SO  trans c1(0)® /P(o)c1 + 2 Me,S
' Bu
Figure 22. |

Only one isomer of each of the cyclodiphosphazanes

12
C1P-NR-P(X)C1-NR (R=Bu® or Pr'; X=0 or S) was reported,” " although
‘ t

-t R 50
since then traces of the other isomers of ClP<NBu +P(X)C1leNBu

(X=0 or S) have been detected5244 indicating that the partial

t
oxidation of the cyclodiphosphazane cis=(CLPNBu'), by dimethyl

éulphoxide or elemental sulphur is not completely stereospecific.

23
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The stereospecific formation of Eggggy[CI(O)PNBut]z from
ginglPNBut)2194 (reaction 31) implies that a change in mechanism
occurs in the two stage oxidation by dimethyl sulphoxide - cné
stage involving inversion-of ring configuration, the other

retention. On the other hand a lower stereospecificity in the

formation of the oxide-sulphide derivatives c1_(o)1g-NR-P(s)01-}m
(R-Bu#'or Pri)’results in a mixture of geometrical isomers being
detectéd.& |

_Oxidation of the cyclodiphospha(III)zane CLP+Nie+PCl-NBu'®
with dimethyl sulphoxide or elemental sulphur also occurs in a
stepwise manner. Réaction with one mol equiv. of dimethyl sulphoxide

or elemental sulphur gives the mixed oxidation state cyclodiphospha-

zanes (XL),
Me
/,N ' MQZSO X=0, isomer ratio 5:1
cie? ecl ———-——> C1P N>=(x)c1 |
' \‘N’: or 3 X=S, isomer ratio 6:1
Bu

(xx)

while cyclddiphospha(v)zanes are formed on reaction with two mol

" equiv. of oxidants

. Me . | ﬁ? X=0, isomer ratio 5:2
A 2XoR o Sexe '
ClP\\ Cl \\N,/ X=S, isomer ratio 3:2
- Bu Bu

Me

Me S0
o™ Se(s)e M——%ez 01(0)P<N \P(S)Cl

Sy Bat

Ba

isomer rafio 6:1 " isomer ratio 2:1
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By contrast, it is found that reactiuﬁ-bf the nitrogen-bridged
diphosphorus cum?nund; (CIZP)ZNEt; with one mol eguiv. of
qimeﬁm sulphoxide gives mainly the dioxide [rmzs(a',m?mh
plus starting materia.l - indicating an accelerated rate of
oxidation of Ciz?'NEt’P(O)Clz.

[cr,(0)plNEt  (5)

(01215)21@1; + MeQSO——-BvClzP'KEt-P(O)Clz 1) + ne'és

(C1P) NEt  (5)

(oroduct ratios in parentheses)

176 suggested that the reaction pathway

Shaw and coworkers
for the oxidation of phosphines by dimethyl sulphoxide depends on
the electron donating strength of the phosphine. Thus strong electron
donors like (MEZN)BP react with dimethyl sulphoxide by nucleophilie
attack at sulphur, whereas with poor electron donors like

phosphorus trichloride the reaction involves the nucleophilic attack

of dimethyl sulphoxide oxygen on phosphorus (see figure 23).

. . R ~
(MezN)3P:/"ﬁMez = (MezN)3P——?Mez = (MezN)3F’\6—75Me2

o 0
!

(MesN);PO + SMey
ClyP:—D=LEMe, —> C3PO + SMey

Figure 23.
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If it is assumed that cyclodiphospha(III)zanes behave more like
(Me2N)5P in their reactions with dimethyl sulphoxide, it is expected89
that an increase in ring strain will.occur on formation of the
initial four coordinate phosphorus intermediate. The rate of
oxidation of cyclodiphospha(III)zanes by dimethyl sulphoxide is
therefore expected to be slower than the rate of reaction with
acyclic analogues; Unfortunately it is not yet clear why the rate

of oxidation of c12P-Nﬁt-P(o)012 should be greater than that of

.(012P)2NEt.
t

The isomer ratios of C1P+NMeP(0)Cl+NBu® and

c1(0)P+MMe-P(0)CL-NBu® found indicate that both stages of the
ox;datibn of ClP'NMe'PCI~NBu# by dimethyl sulphoxide have a

similar degree of stereospecificity. ‘Initial reaction of
ClP'NMe'PCI'NButvwith elemental sulphur also gives predominantly one

isomer, however in this case a lower degree of stereospecificity is

found on further oxidation of C1£:§Me-P(S)Cl-?1But by either dimethyl
sulphoxide or elemental sulphur. Unfortunately as the ring con-
figurations of the above cyclodiphosphazanes could not be ascertained,
no indication as to whether the oxidation reactions of
C1P*NMe~PCl+NBu® occur predominantly by retention or inversion of

ring geometry could be obtained.
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AMINOLYSIS OF CYCLODIPHOSPHA(III)ZANES.

Little is known about the aminolysis of
2y4~dichlorocyclodiphospha(III )zanes, or about the properties of the
expected products - aminocyclodiphospha(III)zanes. Evidence for a
stepwise aminolysis of the cyclodiphospha(III)zane (ClPNBnt)2 is
provided by the reactions of phosphorus trichloride with several
different mol ratios of t-butylamine (see figure 24).

But
2PCl; + 6 ButNHZ —> cip<:>1>01 + 4 ButNH5+01- 12

But

t 12

/N t t -
2 PCl; + 8 Bu'NH, —> glp\N>pNHBu + 5 Bu'NE,"C1
Byt
t
t o = 14
+ excess ButNHZ—-—>Bu NHP<N> + 6 Bu'NE;"C

But

2 PCl3

Figure 24

fhe cyclodiphosphazane (PhNHPNPh)2 is similarly formed from the
reaction of phosphorus trichloride with excess anilinee’9 or its
hydrochloride7 - again almost certainly via the 2,4-dichloro-

cyclodiphosphazane (ClPNPh)z. Furthermore it is reportedlo that

‘this same 2,4-dichlorocyclodiphosphazane reacts with dimethylamino-

trimethylsilane, MezN'SiMEB, to give the 2,4-bisdimethylamino-



derivative (e NPNPh),. Reaction of bis(dichlorophosphine)aniTine,
(c1 P)ZNPh,with dimethyiamnotrimethylsné.ne also gives the
4-b1idmethy1am:.nocyclodiphosphazane (MeZNPNPh)z, and it is
reportedlo that by varying the reaction conditions both
geometrical isomers can be obtained. In all other examples of
,4-d1am1nocyclod1phoapha(III)za.nes reported, only one of the two-
p0531b1e geometrlcal isomers is found.
A number of monomeric analogues of 2,4-diaminocyclodiphospha=

(III)zanes (VIII) and (IX) have recently been prepared by the

aminolysis of halogenophosphines with certain lithiated secondary

amines.3o-53.
MeBSi\ ' .
(MeBSi)zN-P-:_'NR. t /N—P‘:—NB\! .
(VITI) ReMe ;51 or Bu® (Ix)

245

Comparison of reactions §g and 33 provides some evidence to
support the theory that these monomers are stabilised by the steric
bulk of the nitrogen substituent and by the possible lower basicity

of trimethylsilyl-substituted nitrogen.

. .
“SN—rpcL, + LiN< 5 3 /\N-—P=N3u 32
Me 517 Mle,, Me N

37
) R TH
+ LiCl + Me3SiCI
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t ' Nmé
Bu SiMe Me .
N~ P g1 /Me
N—PCl, + LiN7 —_— -
Mo~ 2 . \Mez % /N \N/ \B LI 2
Nite,, '

+ Licl + Me ;S1C1

As yet, however, there are no reports of the cleavage of
' 2,4-diaminocyclodiphospha(III)zanes to form tervalent
phosphazene monomers,

The reaction of:the cyclodiphospha(III)zane (ClPNBut)é
with dimethylamine. was reported15 to give a complex mixture of
producté. However, it is now found that the products of‘
dimethylaminolysis of 2,4-dichlorocyclodiphospha(III)zanes, although
oxidatively unstable, can be isolatgd and characterised.

t (R=Me or But) react

, —————my
Cyclodiphospha(III)zanes C1P°NR+PCl°NBu
with two mol equiv. of dimethylamine to give monodimethylamino-—

derivatives (XL1).

R R
N\\p 1P //N\\PNMe + Me.NH.*c1
ClP N Cl + 2 Me,NH —> N e oNH,
But : But
(xL1)

In both cases only one isomer of the monodimethylaminocyclodiphospha-
ianes"(XLI) was obtained. However two compounds (indicated by i
singlets at gg 100 and 5185- in the 5 P—{ Hg n.m.r. spectrum with

relative intensifies 2:3 respectively) were formed on reaction
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of each of the above 2,4-dichlorocyclodiphospha(III)zanes with

four mol equiv. of dimethylamine. Y n.n.r. (see figure 25)"

supported by microanalysis and mass spectroscopic data (see Table 19)
strong1y~indic5tes the for@ation of gig_and trans isomers of the
2,4-bisdimethylamino-derivatives, Me NP*NR-P(Mle,)NBu® (R= Me or Bu’).
Any possibility that either of the compounds formed could be a tervalent
phosphazene monomer is ruled out by the observations that the ring

N-methyl protons couple equally to two phosphorus nuclei in both

isomers of MezNP'NMe'P(NMeZ)NBut, and thevdimethylamino protons

in the isomers of both cyclodiphosphazanes, MezNIr"NR-P(NMeZ)II\IBut
246

(R=Me or But),,exhibit weak virtual coupling. Similar results

| SR
are also obtained in the reaction of ClP'NEt'P01’NBut with four mol
equiv. of dimethylamine. Furthermore, there is no mass spectrometriec

5 1P signals is

or n.m.r. evideﬁce to show that either of these
connected with the formation of a trimer (e.g. (MeZNPNBut)B) or a
tetramer (e.g.[ButN(MeZNP)ZNMe]4). Therefore these extremely large
differences in 31P chemical shifts (gg 85 p.p.m,) found, must reflect
considerable differences in the phosphorus chemical environment between
geometrical isomers of 2,4-bisdimethylaminocyclodiphosphazanes.
Isomerisation of these 2,4-bisdimethylaminocyclodiphosphazanes

is found to occur. The rate of isomerisation increases with

increasing sterlc bulk of the nitrogen substituents - thus while

1somerlsation of MeZNP NMe* P(NME )NBut is only apparent after standing

for several weeks at ambient temperature, isomerisation of

MezNIl"NEt'P(NMez)IliBut is noticeable after several days, while
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MezNé'NBut'P(NMEé5%But isomerises almost completeiy to one isomer
within two days 6r4on vacuum distillation., In every case isomerisation
results in an increased proportion of the isomer with the high field
51p signal (ca & 100 p.p.m.) being formed. Furthermore,in the
reaction of (ClPNBut)2 with four mol equiv. of ethylamine, only the
isomer of (EtzNPNBut)2 with §51p = 91 p.pem. could be detected.
Examinafion of molecular models of these 2,4-bisdimethylamino-
cyclodiphosphazanes'reveals that considerable steric interaction
betweeﬁ dimethylaminq éubstituents appears to be present in these
compounds - especially in the cis isomer. Release of the higher sterie
:croﬁding in the gig isomer would occur on isomerisation to the trans
isomer, which is'exPeéted to be thermodynamically more stable.

The observed isomerisation therefore points to the low field isomers
of the 2 4—blsd1methy1aminocyclodlphospha(III)zanes having cis
configurations. The high steric interaction in the cis.isomer could
also be partially relieved by puckering of the cyclodiphosphazane
ring, or by a slight @wisting of the dimethylamino group phosphorus-
nitrogen bonds away from the normal lowesti energy conformer (see
p.182) in which the plane containing the dimethylamino groups is
perpendicular to the plane of the cyclodiphosphazane ring, and the

phosphorus and nitrogen lone pairs are orthogonal (see Figure 26).

At

Me Me ,Me Me'_",
Me\f\\ N/Me Me"‘\.N\ \ /N‘Me
groe Ny —_ P‘\"' 7] :
_ '~q.rq’r'F) A | "llPQI"JD

Figure 26,
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An alteration in the ground state conformation of this kind will
result in a decrease in pfi-dfr bonding due to increased lone pair-
lone pair repulsion, and this may be mainly respohsible for the
very low field 31P chemical shifts of the 213 isomers. The
temperature dependence of &31P found for these compounds can
similarly be interpreﬁed as being caused by variations in the
magnitude of pfr-de bonding (see pp.188-190)

It is possible that if steric interaction could be further
increased, the cyclodiphosphazane ring may cleave to form a tervalent
phosphazene monomer. Unfortunately the attempt to investigate this
possibility by preparing (PriZNPNBut)z from the reaction of

(ClPN'But)2 with excess di-i-propylamine gave only the monoamino

i 1
derivative, CLPNBu'+P(NPr ,)NBu'.

Formation of the 2,4-bisdimethylaminocyclodiphosphazane

Meleg'NMe-P(NMez)ll’iBut was also achieved by the cyclisation of
bis(chlorodimethylaminophosphino)methylamine, [MeZN(Cl)P]zNMe with

three mol equiv. of t-butylamine
o Me

' b A t 4=
[MezN(Cl)P]QNMe + 3 Bu'NH, —> MeZNP\\N NMe, + 2 Bu NHz Cl

But

(low field:high field isomer ratio 2:3)

Bis(chlorodimethylaminophosphino)methylamine can be prepared in

solution by the reaction of bis(dichlorophosphino)methylamine,
, : )
(Cl2P)2NMe, with two mol equiv. of dimethylaminotrimethylsilane 33

or four mol equiv. of dimethylamine. Only one diastereoisomer is

apparently formed.  However it was found that attempts to isolate
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[Me N(C1)P] NMe Tesulted in the compound decomposing on solvent
‘ 'evaporation. Using ev1dence from n.m.r. and mass spectroscopy,
the decomposition may be expressed ass

{
i

5 [Me,N(C1)P],NMe —> 4 (e N),PC1 + 2 Me NPCL, + P,(NMe)sCL, (of.p.104)

(XXx11)

i

. . ~
The ‘cyclodiphosphazane, MezNﬁ'NMe'P(NMez)NBut, was therefore
formed by the reaction of t-butylamine with a freshly prepared

solution contalning [MezN(Cl)P]zNMe.

The reactlons of the mixed oxidation state cyclodiphosphazanes,

C1P+NMe-P(X)Cl°NBu® (X=0 or S), with dimethylamine were also
investigated. It was found that, like their reactions with
t-butylamine (see Chapter 3), these 2,4-dichlorocyclodiphosphazanes

underwent partialvdimethylaminolysis exclusively at the phosphorus(III)

centre.
Me' : , ﬁ |
\\N:zP(x)CI _fzfﬂ; Me NP’/::>P(X)CI 34
Bu

X = 0 isomer ratio 5:1 X = 0 or S isomer ratio 4:l

A= S isomer ratio 6:1

However, unlike the reaction of cyclodiphosphazanes,

Ciﬁ-NMb’P(X)Cl‘ﬁBut (X = 0 or S), with t-butylamine, dimethylaminolysis

of'these Cyclodiphosphazanes'occurs with a high'degree of stereospecifcitys
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No direct evidence could be found to indicate whether the
mecﬁa.nism'of‘dimethylaminolysis in reaction 34 (or éf other '
cycl§diphoSpha(III)zane$) involves inversion or retention of
configuration at phosphorus. ﬁowever, if the aminolysis of
cyclédifhosphé(III)zanes follows a similé.r course to that of
1-ch10ro-2’,2,:3‘,4,4-pentamethy1phosphetan with ‘nenzyla.m!me,97
'then inversion of éonfiguration at phosphorus would be expected

to occur,.

(94

Lt
o3
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PHOSPHORUS~-NITROGEN BOND TORSIONAL BARRIERS.

Examination of the low temperature 1H n.,m.r, spectra

of the dimethylamino substituted cyclodiphosphazanea

r —————
01P°NR-P(Nme2)ﬁBut, MezﬂP'NR°P(NM92)NBut'(R = Me or But) and

Meznﬁ-Nme-P(x)01oﬁBut (X = 0 or S) in each case indicated that

the dimethylamino methyl groups were chemically non-equivalent.

- On raising the temperature a dynamic process was found to be
‘presént whi¢h.at high enough temperatures caused the methyl groups
to become equivalent (see Figure 27). Similar variable temperature
n.m.r. effects have previously been reported for a considerable
number of.other_aminophosphines of the types RP(X)NRZ', RZPNRZ'

and X,PNR, (R = alkyl or aryl, R' = slkyl, and X = F, Cl or

Br).}09’116,247,248

There are a number of dynamic processes which could éive

rise to this observed effect,
i.e. 1) inversion at phosphorus

2) invérsion at nitrogen

3) substituent dissociation and recombination

4) hindéred rotation of the phosphorus—nitrogen bond.
However there is evidence to show that all but the last process
can'hormally be discounted. Variable temperature n.m.r. spectra
of the chiral aminophosphine Ph(Cl)P'NPri2 show that the i-propyl
methyl groups remain chemically non-equivalent above the
coaléscence temperature.lo9 Pyramidal inversion at phosphorus
would result in all four i-propyl methyl groups becoming chemically

equivalent, thus showing that tervalent phosphorus remains
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The NMe2 region of variable temperature 1H n.m.r, spectra of

| t 4 N
C1P+NBu -P(NMez)NBu. recorded at 60 MHz.

|

TAG
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Figure 27 contd.
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‘configurationally stable. In fact barriers to phosphorus(II1)
inversion are normally too high to be measured by n.m.r. methods.249
In cyclodiphosphazanes, the constraint of the four memberéd ring
might raise the barrier to inversion still further. Furthermore

no isomerisation of the six dimethylamino substituted
cyclodiphosphazanes occurred throughout the variable temperature
experiments, confirming this configurational stability. On the
other hand the barrier to inversion at nitrogen is normally too

low to be measured by variable temperature n.m.r. methods.lo9
pfr-dr Bonding in the phosphorus-nitrogen bond would be expected
" to reduce this barrier to nitrogen inversion still further - and
in fact the geometry at nitrogen in aminophosphines is normally
Planar or near planar (see p. 21 ). Furthermore it is found that

increasing the bulk of the R-group in compounds Ph(Cl)P*NR2

109,116 1f

increases the barrier for the dynamic process.
inversion at nitrogen was being observed, increasing the bulk of

-the R~group would increase steric congestion in the pyramidal ground
state, leading to lower inversion barriers. The observed dynamic
n.m.r. effect both in the above dimethylamino substituted cyclo~
diphosphazanes and other aminophosphines is independent of solvent
and concentration, indicating that a substituent dissociation and
recombination process is not involved. There is now general agreement
that the dynamic n.m.r. process observed in other aminophosphines

is related to hindered rotation about the phosphorus-nitrogen bond,

and the results described here lead to a similar .conclusion.
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Assuming that staggered rotamer conformations are more
: stable than eclipsed conformations, the non-equivalence of the
dimethyiamino methyl groups found in the low temperé.ture lH N.Mm,Te
- spectra of compounds X,PNMe, (X=Cl or CF3) has been used'®? to

show that rotamer a possesses the ground state conformation.

b

- a
(projections assume that the nitrogen atom is planar)
The dihedral angles between the phosphorus lone pair and the
methyl groups are:- : |

Me2 ca ‘1800

O
Me 3 ca 90

Figure 28
It is interesting to note that only in rotamer a are the
~ phosphorus axid nitrogen lone pairs orthogonal. From the trend
found ihrthe magnitudes of the two 35 (P-N-C-H) coupling constants

observed at low temperatures (see Table 11) it can ‘be deduced that
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1) similar rotamers are being observed at low temperatures

2) there is a dependence oflsJ(P~N-C-H) on dihedral angle.ﬁ

TABLE 11
Magnitudes of 3J(P-N-C—H) found'at low temperatures.

3J(P—N—C—H) 3J'(P-N-C-H)

Compound Hz Hz
C1,PNMe , 107 19.2 4.9
(cF5) jPte ;%7 | cald  ca4
Ph(C1)PNHe %7 19.2 6.7
Mb(Cl)PNMezlls. 19.1 8.2
put(c1)Prme, 116 18.1 5.8
C1P-NBu®-P(We,,) NBu® 13.2 2.9
Mezn-§?NMeeP(NMe2)-kBut 13,0 2.3

The low temperaturé 1H n.m.r. spectrum of (CF3)2PNHMe indicates

that two unequally populated rotamers are present (see Figure 29)109
Me H
C“:3 (:Fé C}i3 (:Fé 3?
Me
a | b
major rotamer 3J(P--N-C--H) 13.9 Hz minor rotamer 3J(P—N’-C-H) ca 4 Hz

Figure 29.
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On steric grounds rotamer a is expected to be the major rotamer
(with large 3J(1>-N-c-H)) indicating that 3J(P-N—C-H) is large for
dihedral angles fxear 0° and small for dihedral angles near 1800.
The low temperature 1H n.m.r. spectrum of ClzPBut indicate325 0 
that °J (P-C~C-H) possesses a similar dependence on dihedral angle.

The variable temperature 1H n.m.,r. data for the
dimethylamino substituted cyclodiphosphazanes investigated are
shown in Table 12. Tize Free Energy of Activation AG* was

‘calculated from the Eyring Equation: 251

>*
kT -AG /RT . Xh
K = ce A

where = Boltzmann's constant

= Planck's constant.

k
h
R = Gas constant.
T, = >coa-.1escence temperature (ok)
X

=  rate constant

using the relationship’ 2 K = J-l"_—,- Av,,
2

where A v is the chemical shift difference (in Hz) between A and B

AB

in the absence of exchange.

31

Measurement of Tc and Qv AB was carried out using P noise
decoupled lH n.m.r. spectra in order to ensure that the relationshi-p‘,
between K and'AvABlwas appliéable. 31? decoupling also resulted in

spectral simplification which aided the measurement of coalescence

temperatures.
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The P-N torsional barrier found for Me(Cl)P—NMe2
.QKG* = 49.4>KJ.mol-1)116'is the largest known for any acyclic
dimethylamin6 substituted phosphine. Comparison of this
torsional barrier with the AG* values found in Table 12

emphasises the very high P-N torsional barriers found for some

of these dimethylamino substituted cyclodiphosphazanes. In fact

_ r ]
‘the value obtained for ClP‘NBut’P(NMeé)NBut is only slightly lower

than the highest known P-N torsional barrier ([SG*- 74.5 KJ.mol_l,
obtained for BrzP-NButz).253 Large differences exist between the

P-N torsional barriers of cis and trans isomers; As little

evidence was found on which to make geometrical assignments, care
) *
is necessary when comparingl\G values.
The difference in‘P—N torsional barrier between the

thermodynamically stable isomers of cyclodiphosphazanes
L — W1t
MezNP-NR-P(NMez)NBu

As 1H and 31

(R= Me or But) is approximately 10 KJ.mol-l.

P n.m.r. data indicate that these isomers possess the

. ' *
same ring geometry, the difference in the magnitude of Ac probably

reflects the}differenée in the steric bulk of the ring N-methyl
and N-t-butyl groups. A similar dependence of P-N torsional
barriers on steric bulk of ring nitrogenvsubétituents is found

. — 1t
for the monodimethylamino derivatives ClP-NR-P(NMéZ)NBu

(R = Me or But) - assuming that both compounds possess the same

ring geometry.

The electrbnic environment of the Me,NP-group of these

dimethylémino substituted cyclodiphosphazanes can be altered by

30
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variation of the substituents on the other phosphorus atom of

the cyclodiphosphazane ring, providing'a possible means of
investigating electronic influences on the P-N torsional barriers.
Thus comparison of theAG data in Table 12 indicates that
éminolysis of the other phosphorus étom effectively lowers &he

P-N torsional barrier. However, the electronic effect of oxidising

the other phosphorus atom on the P-N torsional barrier is obscured

by the large difference in P-N torsional barriers between isomers
t

f , ! ' :
of Me NP-NMe*P(X)Cl°NBu (X = O or S). The higher P-N torsional

2
barriers found for monodimethylaminocyclodiphospha(III)zanes
¢ompared with their 2,4-bisdimethylamino analogues‘coincides with
a higher pfr-dﬁ'character expected for the P—NMeé bond; but as
further electronic comparisons are lacking, and as the magnitude
| of lone pair;lgne pair repulsion between phosﬁhorus and nitrogen
lone pairs in these compounds is not known, it cannot be ascertained
whether pfr-dn’Abonding,or lone pair-lone pair repulsion has the-
greater influence on P-N torsional barriers.,

The 'P chemical shifts of dimethylamino substituted
cyclodiphosphazanes are remarkably temperature dependent, qompared

with their 2,4-dichlorocyclodiphospha(III)zane analogues (see

Table 13).
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TABLE 13

31

Temperature dependence of “~P chemical shifts.

Compound 5(3*p)2 (%) - 8(3e)2 (%)
o pcpomo p'p"m’
: -
C1P*NMe+PC1-NBu 226.9 (+107) 225.3 (~56)
Cllg'NMe-P(NMez)i:lBut 150.1 (PNMEz) 138.6
(+60) (-61)
197.1 (pc1) 193.3

|
ClP'NBu#-P(NMezikBut 134.1 (+62) (PNMez) 128.8 (-40)

I ] t
MeZNP'NMe-P(NmeZ)NBu 105.7 102.8 .
| | | (+25) . (~56)
192.3 190.1

2 Obtained from 1H~§?1P2 tickling experiments,

Also, the chemical shift temperature dependence of the

dimethylamino substituted phosphorus nucleus of CllS-NMe-P(NMeZ)I{IBut
is greater than that of the chloro substituted phosphorus nucleus.
This temperature dependence therefore appears to be associated with
the hindered rotation about the P-NMe, bond, The conformation
stabilised at low temperature probably permits greater pm-der
bonding to occur, as only in this conformation are the phosphorus -
and nitrogen lone pairs>orthogona1. Therefore the observed shifts
to high field of the PNMe, phosphorus chemical shifts on lowering 3§
the temperature may be due to increasing pfr -der bonding as the

relotioe population of this rotamer increases. In the mono-

' L IR
dimethylaminocyclodiphosphazane C1P+NMe+P(NMe,)NBu  such an increase
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in p1T-dﬂ'bondiﬁg in the P-NMe2 bond will cause some increase in
pfr—dﬂ'bonding between the ring nitrogen atoms and the chloro~-
spbsfituted phosphorus atom, résulting in a similar shift of
&P to hign field.

A similar temperature dependence of 831P may be expected
to. occur with acyclic amincphosphines which exhibit hindered
P-N rotation, but unfortunately this information is not generally

244

available. However, measurements on Ph(Cl)PNMe2 surprisingly
show ﬁhat a slight low field shift of 831P occurs cn'lowering

the temperature. It is difficult to reconcile this observation with
the data in'Table 13, although it is possible that the fr-donating:

phenyl group may in some way be responsible for the slight low:

| field shift of &P found for Ph(Cl)PNMey.
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N.M.R. SPECTRA OF CYCLODIPHOSPHAZANES.
1l

H and 1p n.m.r. data are given in Table iS.

The 31P chemical shifts of cyclodiphospha(III)zanes are
very sehsitive to substituent changes. parge shiffs‘to high field
occur on oxidation or aminolysis (with the exception of the
thermodynamically unstable isomers of 2,4—diamin§ derivatives).

It is also interesting to note the high sensitivity of SBIPIII
toichanges in substit;ents on the second phosphorus atom in the
same ring (see Table 14). Analogous shift effects are very much
‘smaller in acyclic nitrogen-bridged diphosphorus compounds. This

much higher sensitivity of 831PIII

found for the cyclodiphosphazanes
probably reflects greater changes in electronic environment caused
by the two phosphorus étoms being linked by two N-alkyl groups

and by slight variations in ring bond angles and conformation.
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TABLE 1

Compound 6( slPa or b A 5(511’&) ,4
PePoM. PePeMMe
C1P_ N+ PCL-NBa® 226 |
C1#, - Nite- P(Nife ) NBu® 189 37
C1P, *NieP(5)CL*KBu® 164 62
' 151 75
CLF, +Nfe-P(0)CLNBu® 135 91
134 92
| Meznpa-NMe-écrNBu't 146
, Mesz’b‘}Me-P(NMez)l‘Gmt 103 43
| 189 -43
Mez,}ugb-hmm’-P(S)Cl-x'v}ault 114 32
111 35
Me NP, +NMe - P(0)C1-NBu" 101 45
81 65
C1,P_ *Nie-BCL, 161
c121>b-NMe-P(s)012 168' -7
<:12Pb-m:re-1>(o)012 170 -9

* In each series of compounds this term = (Spa - 5pb)

=0
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The 31p chemical shifts of cyclodiphospha(III)zanes are .also
apparently sensitive to variations in the bulk of ring nitrogen

substituents (see Table 16), 831P shifting to high field with

‘increasing steric bulk,

TABLE 16

The effect of N-alkyl substituents on the
< 31P chemical shifts of cyclodiphosphazanes.

Compound Sg?:?i.
C1P-NR-PC1-NBu® ReMe 226
| R=Et 220

R=Bu® 211
Me NP-NR-P(NMe,)NBu®  R-Me  103;189
R=Et 1013187
R-Bu® 95184
(C1PNR), R=Et 227
RePri 222
ReBu® 211

From the limited data available it appearsAthat a similar trend
occurs on increasing the bulk of dialkylamino substituents.
This parallels the 'Y¥-effect! found in 15¢, >N and 51;>
chemical shifts.254 Applied fo the cyclodiphosphazaneg in

Table 16 this effect results in a shielding of the phosphorus

-~
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nucleus by X—substi;tuted carbon atoms. Thus upfield shifts in
8§51 occur on varying N-alkyl substituents from ReMe (no

¥ carbon atoms) to Re=Bu® (three & carbon atoms). |

, ]'H-EBIP} selective spin decoupling experiments on

ésyxmnetrically substituted 1-t-butyl-3-methyleyclodiphosphazanes.
have revealed interesting changes in the sign of 2 (P-N-P) which
-is dependent on the oxidation states of the two phosphorus nuclei.
However, no change in sign occurs with the analogous acyclie

nitrogen-bridged diphosphorus compounds (see Table 17).

TABLE 1

‘Absolute signs cf 2.]’ (P-N-P)

2 a
: i J(P-N-P)=
Compound Ha -
U - . 1 t
ClP'NMe’P(NTJIez.)NBn +31.5
cﬁ'NMe-P(x)m-?mut X=0 -12.0;-36.3
X=S = 6.03;-36.3.
b
01(0)1'J«NMeoP(s)c17NBut +31.5; 43.0—
2
F P+ Nle-FF, +437°7%
ClzP-NMe'P(X)Clz X=0 +80
X=S  +122
c:12(o)P-NMe-P(s)cl2 ; 43
‘ . 231
2  signs assume 3J (P-N-C-H) is positive 5
] Sign not determined.
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Due to the rigidity and similarity in structure of the three
cyclodiphosphazanes in Tahle 17, the major factor‘causing'fhe
variation in sign of 2J(P—N—P) in these‘compOunds is the
oxidation state of the phosphorus atoms. Applying the theory

256

used by Jameson to explain the sign of two bond spin-spin
coupling constants such as 2J(P—N—P), the observed variation

in the sign of 2J(P-N-P) can be rationalised if it is assumed
that Ferﬁi contact coﬁpling is the dominant nuclear spin-electron
spin coupling mechanism associated with the phosPhorus(V) nucleus,
whereas core polarisation is the dominant coupliné mechanism |
'éssociated with the phosphorus(III) nucleus. The same variation '
in the Sign of 2J(P—N—P) is not found in acyclic nitrogen-bridged
diphosphorus compounds because the magnitude of 2J(P-N¥P) 1§v |
furthér dependent to a large extent on the pfeferre&

conformation about the phosphorus-nitrogen tonds adopted by each-

257

compound. In fact it has recently been shown that the

differing signs of “J(P-N-P) in compounds Ph,P-NMe-P(C1)Ph

(ZJ(P-N-P) positive) and thP-NPri-P(Cl)Ph (2J(P-N-P) negative)

are almost certainly related to changes in preferred conformation
about the phosphorus-nitrogen bonds.

ITI

The magnitudes of 5J(P -N-C-H) between the ring

N?methyl groups andphosphorus(III) nuclei of 1l-t-butyl-3-methyl- 3
cyclodiphosphazanes are invariably considerably larger than those

_ found for their acyclic N-bridged diphosphorus analogues

(e.g. ClzP'NMe-P(X)Clzy X=lone pair, O or S) - see Tables 7 and 15.
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III—N;CfH) (see pp. 182-184).

The angular dependence of 3J(P
éan be shown'to be the major factor causing this difference.

,Examinaiionvof molécular models shows that the dihedral angle
;'betieen the plane containing the N-methyl group and the plane

containing the phosphorus lone pair in cyclodiphosphazanes like

C1P*NMe-PCl-NBu® is close to 45° (see Figure 30).

Figure 30.

III—N;C-H) is expected to be

As this angle is small, JJ(P
relatively large (i.é. 11.2Hz). In comparison, the very small
value of 37(PrII-N-C-E) (3.0 Hz) found for bis(dichlorophosphino)=
‘methylamine, (ClzP)zNMb , would seem to indicate that there is

a preferred conformatien for this compound in which the dihedral

angle is close to 180° (see Figure 31)

X1

Me
CL, N Cl
Clmzp”” JP=Cl

Figure 31.
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A gas phase electron diffraction study102 has established that
the related tetrafluoro derivative (FZP)ZNMe adopts the above

~conformation., This compound also possesses a low value of

III

3J(P -N-C-H) (3.2 Hz)ll, confirming the conformation proposed

for (C1,P) NMe.
It is further expected that increasing the temperature
should result in an increase in the relative populations of

other cohformations (all of which will possess largér values of

I1T

352 ~N-C-H) thus increasing the magnitude of the observed

BJ(PIII

-N-C-H). Such a trend has been observed for
Ph,P*NMe-P(C1)Ph?> | and (CL,P),NMe (see Table 17). ~However,

as expected, nc variation was found in the magnitude of

33(P1IN-C-H) in the cyclodiphosphazane ClBeNMesPCl-NBu®.
TABLE 18.
| 3, IIT .
Variation of “J(P~ " ~~N-C-H) with temperature.
low temp. high temp.
Compound S5 an-c-r)(°c)  Ss(P™T-N-c-H)(%C)
' Hz Hz
a a
Ph,_P+NMe-P(C1l)Ph 2,2= 2.5— ,
2 ‘ | (=30) (+105)
405 4'9
(012P)2NMe 2.6 (-40) 3.6 (+99) |
ClP-NMe.PCL.NBu®  11.2 (-40) 11.2  (499)

2 Coupling to diphenylphosphino phosphorus.
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Similarly, the small dihedral angle between the‘planes containing

the N-t-butyl group and the phosphorus lone pair in

,cyciodiphosphazanes containing N-t-butyl ring substituents is

III

probably largely responsible for 4J(P -N-C-C-H) being larger

than 4J(PV-N-C§C-H) in these compounds (see Table 15).
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EXPERTMENTAL.

Solvents were dried by conventional means., MethodSq
used in the purification of reagents obtained commercialiy can
be found in Appendix A. The compounds (ClPN‘.But)Z12 and
(ClQP)ZNEt11 were prepared by literature methods. Details of
n.m.r. and mass spectroscopic instrumentation and the source of
microanalyses can be found in Appendix B. Analytical data is
given in Table 19,

(a) Oxidation reactions of cyclodiphosphazanes.

Preparation of l-t-butyl-2,4-dichloro-3-methyl-2-thiocyclodiphosphazane,

C1P-NMe-P(S)Cl-NBub:- A stirred mixture of flowers of sulphur

0.978 g (O.OEOSImol) and 1-t-buty1-2,4-dichloro-}-methylcyclo— .
diphosphazane 7.1 g (0.0305 mol) plus a trace of powdered anhydrous
aluminium chloride was heated to 150o for 0.5h, when an exothermic
reactién took placé. The resultant liquid was distilled (62-70°,
0.02 mm Hg) to give 1-t-butyl-2,4-dichloro-3-methyl-2-thio-
cyclodiphosphazane. (6.2 g, 77%), a clear viscous liquid (isomer
ratio 6:1).

Preparation of l-t-butyl-2,4-dichloro-3-methyl-2,4-dithio-

T - % ..
cyclodiphosphazane, C1(S)P:NMe+P(S)C1+NBu :~ Similarly a

mixture of flowers of sulphur 0.705g (0.022 mol) and
1-t-butyl-2,4-dichloro-3-methylcyclodiphosphazane 2.55 g (0.011 mol)
plus‘a trace of;powdered aluminium chloride, heated to 150° for *f
1h, gave on vacuum distillation (840,_0.2 mm Hg) 1-t-butyl-2,4-
dichloro—B—methy1-2,4-dithiocyclodiphosphazane (1.4 g, 4&%),‘a

" clear viscous liquid (isomer ratio 3:2).
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Preparation of 1l-t-butyl-2,4-dichloro-3-methyl-2-oxocyclo-

s r 3.t i :
diphosphazane, ClP.NMe+P(0)Cl+NBu := To a stirred solution

of l-t-butyl-2,4-dichloro-3-methylcyclodiphosphazane 5.8 g (0.025 mol)
in 30 ml methylene chloride at -78° was slowly added dimethyl
sulphoxide 1.95 g (0.025 mol) in 20 ml methylene chloride. The
reaction was ailowed to come to ambient temperatures (1h) after

which time the methylene chloride and dimethyl sulphide were
eVaporated off under.reduced'ﬁressure and collected in a trap held
~at -78°. The liquid residue was distilled (67-70°, 0.01 mm Hg)

to give 1-t-butyl-2,4-dichloro-3-methyl-2-oxocyclodiphosphazane

(4.8 g, T1%), a clear viscous liquid (isomer ratio 5:1).

- Preparation of 1-t-buty1-2;4-dichloro-3-methy1-2,44dioxo-

) : ) . [ o NI 7 N .
cyclodiphosphazane C1(0)P*NMe-P(0)C1<NBu-:~ Using the same

method, 6.75 g (0.029 mol) i-t-butyl-Z,4—dichloro—3—methy1—!

' eyclodiphosphazane and 4.5 g (0.058 mol) of dimethyl sulphoxide-
, iﬁ 60 ml methylene chloride gave on vacuum distillation

(ca 120°, 0.5 mn Hg) 1-t-butyl-2,4-dichloro~3-methyl-2,4~
dioxocyclodiphosphazane-(5.7 g, T4%) a clear viscous liquid
(isomer‘ratio 3:2) which slowly crystallised on standing. The
major isomer was purified by recrystallisation from a diethyl

ether/light petroleum (b.p. 40-60°) mixture, giving white crystals

I ®

m.p. 84-86°.
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Reaction of bis(dichlorOphoéphino)ethylamine with one mol of

dimethyl sulphoxide:- Using the same method, 7.3 g (0.0295 mol)

bis(dichlorophosphino)ethylamine and 2.3 g (0.0295 mol) dimethyl
sulphoxide in 120 ml methyléne chloride gave a clear liquid

after evaporation of methylene chloride and dimethyl sulphide.

This liquid was shown by 31P n.m.r. to consist of a 5:1:5

mixture of bis(dichlorophosphinoyl Jethylamine, dichlorophosphinge
(dichlorophosphinoyl)ethylamine, and bis(dichlorophosphino)ethylamine

~respectively.

- Preparation of'l—tébuty1-2,4-dichloro—3-methyl-2-ox6-4-thio-

cyclodiphosphazane, Cl(O)ﬁ-NM9°P(S)CloﬁBut:- A stirred mixture

of l-t-~-butyl-2,4-dichloro-3-methylcyclodiphosphazane 10.55 g
(0.0453 mol), flowers of sulphur 1.450 g (0.0453 mol) and a
trace of powdered anhydrous aluminium chloride was heated to
150°for 1h. Without further purification, the residue was
dissolved in 80 ml methylene chloride and the solution cooled
to -780. A solution of dimethyl sulphoxide 3.53 g (0.0453 mol)
in 30 ml methylene chloride was then slowly added. After
warming tovambient temperatures, the methylene chloride and
dimethyl sulphide were evaporated under reduced pressure and
collected in a trap held at -78°. The residue was distilled
(gg 1000, 0.7 mm Hg) to give 1-t-butyl-2,4—dichloro;3-methy1-2-
oio-4—thiocyciodiphosphazane (5.9 g, 46%) a clear very viscous

liquid (isomer ratio 2:1).
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(b) Aminolysis reactions of cyclodiphosphazanes.

APrepération-of'1-t-butyl—2—chloro-4—dimethy1amino-B-methyi-\

cyciodiphosphazane, Clﬁ-NMe'P(NMeéSﬁBut:- To a stirred solution
of l-t-butyl-2,4~dichloro-3-methylcyclodiphosphazane 6.15 g
(0.0264 mol) in 200 ml diethyl ether at -78° was slowly added

a solution of dimethylamine 2.4 g (0.053 mol) in 50 ml diethyl
ether. The reaction was allowed to warm up to ambient temperature
(ih) after which time the dimethylammonium chloride precipitate
was removed by’filtratiOn and the diethyl ether evaporated under
reduced pressure. The liquid residue was distilled (50-56°,
0.02 mm He) to give 1-t-butyl-2-chloro-4-dimethylamino~3-

' methyleyclodiphcsphazane (4.3 g, 67%) a clear viscovs liquid.
Similar methqu were used_iﬁ all of the following preparations.

Preparation of 1,3-di-t-butyl-2-chloro-4-dimethylamino-

qyclodinhosnhézane, Clﬁ'NBut9P(NMéég§But:a 1,3-di-t-butyl,-
2,4-dichlorocy¢10diphosphazane 5.3 g (0.0194 mol) was reacted with
dimethylamine 1.75 g (0.0388 mol) in 150 ml diethyl ether at -78°.
The liquid residue obtained after work up was distilled (55~65°,
0.03 mm Hg) to. give 1,3-di-t-butyl-2-chloro-4-dimethylamino-
cyclodiphosphazane (3.7 g, 57%) a clear viscous liquid.

. Preparation of 1,3-di-t-butyl-2-chloro-4-di-i-propylamino-

J t NI A .
cyclodiphosphazane, ClP<NBu -P(NPrlz)NBu = 1,3=-di-t-butyl-
2,4-dichlorocyclodiphosphazane, 5.6 g (0.0205‘mol)-w§s mixed
with di-i-propylamine 8.3 g (0.0820 mol) in 170 ml diethyl ether

at -78°C. The reaction mixture was then refluxed for 15h.
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Work up gave a slightly cloudy viscous liquid which wasi

not purified but éhown by-lH and 3lP n.m.r., to consist almost
completely of 1,j-di-t-butyl-2—chloro—4—di-i—propylamino- |
cyclodiphosphazane.

Preparation of l-t-butyl-2,4-bisdimethylamino-3-methylcyclo-

diphosphazane, Me Nﬁ-NMe-P(NMezjﬁBut:A

2 .
(1) 1-t-butyl=-2,4-dichloro-3-methylcyclodiphosphazane 5.25 g

(0.(‘)225‘mol>)"was mixed with dimethylamine 4.7 g (0.104 mol) in
180 ml diethyl ether at 4780. The reacfion was allowed to waim
to ambient iemperatures and stirred (3h). The brownish
'liquid obtained on work up was carefully distilled (60—660,,
0.01 mm Hg) to give 1-t-buty1-2,4-bisdimethy1amino-5-methy1-‘
’qyciodiphosphazane (3.1 g, 55%) a clear viscous liquid (low
field:high field isomer ratio 3:2).

(2) To a stirred solution of bis(dichlorophosphino)methylamine
12.05 g, (0.0517 mol) in 50 ml methylene chloride at -78°C

was slowly added a solution of dimethylamine 9.3 g (0.207 mol)
in 20 ml methyiene chloride. The reaction was stirred (0.5h)
while warming slowly to around Oo. A filtered sample of the
solution was shown by 1H'n.m.r. to consist of a solution of
bis(chlorodimethylaminophosphino )methylamine in methylene
chloride. To the rest of the solution cooled to -78° was added
a solution of t-butylamine 11.3 g (0.155 mol) in 50 ml methylene h
chloride. The reaction mixture was stirred (2h) after reaching

. ambient temperatures. The precipitate containing diﬁethylammonium

chlbride and t-butylammonium chloride was removed by filtration
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and the methylene éhloriﬁe evaporated under reduced pressure

to give a yellowish cloudy liquid. This liquid after further
separation from the amine hydrochloride precipitate was
carefuily distilled (60-660, 0.01 mm Hg) to give l-t~butyl-2,4-
. bisdimethjlaminé-3—methylcyclodiphosphazane (8.4 g, 64%) a
clear viscous liquid (low field:high field isomer ratio 2:3).

Preparation of l-t-butyl-2,4-bisdimethylamino-3-ethylcyclo=-

2Né-NEt.P(NMe2)ﬁBut:- 1-t-butyl-2,4-

- dichloro-3-ethylcyclodiphosphazane 4.8 g (0.0194 mol) was

diphosphazane, Me

_mixed with dimethylamine 4.4 g (0.098 mol) in 170 ml diethyl
ether at -78°, The reaction mixture was stirred (2h) after
warming upvto ambient temperatures. The yellowish liquid
obtained on work up was carefully distilled (54-60°, 0.005 mm Hg)
to give lft-buty1-2,4—bisdimethylamino-3—ethylcyclodiphosphazane
(2.7 g, 53%) a clear viscous liquid (low field:high field isomer
ratio 2:1).

Preparation of 1,3-di-t-butyl-2,4-bisdimethylaminocyclo-

diphosphazane, (Me2NPNBut)2:- 1, 3~di-t-butyl~2,4-dichloro-

cyclodiphosphazane 5.3 g (0.0193 mol) was mixed with

o
dimethylamine 4.5 g (0.10 mol) in 180 ml diethyl ether at -78".
The reaction was refluxed (3h) after warming up to ambient

. low
temperatures. The yellowish|melting point solid obtained on

work up was carefully distilled (85-90°, 0.01 mm Hg) to give A
1,3—di—t-buty1#2,4-bisdimethylaminocyclodiphosphazane

(2.7 &, 48%) a clear viscous liquid which crystallised on
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standing. Isomer rearrangement ocﬁurred on vacuum distillation,
the low field:high field isomer ratio of 3:2 changing to

- ca 1:10 after distillation.

Preparation of 1,3-di-t—buﬁy1-2,4-diethylaminoqxplodiphospha—

zane, (EtZNPNBut

)2:- 1,s-di-t-butyl-z,4-dichlorocyclodiph§s-
phazane 5.6 g (0.0204 mol) was mixed with diethylamihe 6.0 g |
(0.082 mol) in 170 m% diethyl ether at -780. The'reaction was
stirred (15h) after warming up to ambient temperatures.

The yellowish liquid obtained on work up was carefull& distilled
(78-80°, 0.C2 mm Hg) to give 1,3-di-t-butyl-2,4-diethylamino-
cyclodiphosphazane (2.1 g 30%) a clear viscous liquid. 1y

and 1’(IP n.m.:.‘showed that only one isomer of the produét was
présent before énd'after vacuum distillation.

Preparation ofl1;t-buty1-2-chloro-4-dimethy1amino-3-methy1-»

2-oxocyclodiphosphazane, MeeNﬁ-NMe-P(O)Cl-ﬁBut:— 1-t-butyl-
2,4-dichloro-3-methyl-2-oxocyclodiphosphazane 2.9 g (0.01i7 mol)
was mixed wifh dimethylamine 1.10 g (0.0244 mol) in 110 ml

Aiethyl ethér at -78°, The reaction was stirred (1h) after

warming up &o ambient temperatures. The almost clear viscous
liquid obtained §n work up was not‘purified further, but lH-isle
L.m.r. showed that this liquid almost completely consisted of
'1-t—bufyl-25chloro-4-dimethy1amino-3—methy1—2—oxo§yglodiphosphazane.

S

(isomer ratio 4:1).
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Preparation of 1-t-butyl-2-chloro-4-dimethylamino-3-methyl-

2-thiocyclodiphosphazane, MeoNﬁ'NMe-P(S)Cl-ﬁBut:- l-t-butyi—

2,4-dichloro-3-methyl-2-thiocyclodiphosphazane 3.2 g (0.012 mol)
was mixed with dimethylamine 1.1 g (0.0244 mol) in 100 ml diethyl
ether at -78°. The reaction was stirred (1h) after warming up |
tobambient tempefatures. The liquid obtained on work up was
distilled (60-64°, 0.03 mm Hg) to give l-t-butyl-2-chloro-4=
.dimethylaminofB—methyl-2-thiocyclodiphosphazane (1.2 g, 36%) a

clear viscous liquid (isomer ratio 4:1).

it
3
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APPENDIX A.

Preparative methods, solvent and reagent purification.,

All operétions,were carried out under a flush of ﬁitrogen
(dried by passing through silica gel and phosphorus pentbxide
columns) or connected to a conventional vacuum manifold.

Anhydrous solvents were always used and normally kepf
dry by contact with sodium‘wire or molecular sieve 4A. The
ethanol stabiliser was removed from chloroform beforg use by
contact with basic alumina.

Triethylamine was distilled from sodium and t-butylamine,
i-propylamine, di-i-propylamine and diethylamine all &istilled
from powdered, anhydrous sodium‘hydroxide before usé., Phosphoryl
chloride, thiophosphoryl chloride, phosphorus trichloride,
dimethyl sulphoxide, aniline, dibromomethane and 1,2-dibromoethane
were all purified by distillation. Other anhydrous amines,
diethylaminotrimethylsilane, trimethylsilylchloride, methyl iodide,
tri-i-propylphosphite, phosphorus pentachloride and triphenyl-
phosphine, all obtained commercially, were uSed without
pufification. FMethylammonium chloride, ethylammonium chloride,
t-butylammonium chloride and ammonium sulphate were all vacuum

dried before use,
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APPENDIX B.
Instrumentation and analysis.
1

H and 3IP n.m.r. spectra were recorded on a

Jeol C60HL spectrometer at 60_énd 24.3% MHz respectively, and

seléctive-noise 31P and 1H decoupling carried out using a
Schomandl ND10OM frequency synthesiser and a Jeol SDHC unit.
31P resonance frequencies were measured by a Racal frequency
counter, 1H n.m,r, sfectra at 100 and 220 MHz were recorded
on Varian HA100 and HR220 spectrometers respectively. Mass
spectra were obtained on an A.E.I. MS 12 spectrometer.

C,H,N and Cl analyses were determined by the microanalysis
llaboratory,‘Departmeﬁt of Chemistry, University of Glasgow

aﬁd S analysis by Beller Léboratory;




- 216 -

REFERENCES.

l. H. Schiff, Annalen, 1857, 101, 299.

2. A. Michaelis, Annalen, 1903, 326, 129'.'

3.  A. Michaelis, Annalen, 1915, 407, 290.

4. C.L. Jackson and E.A. Menke, Amer.Chem.J., 1885,V§, 89,

5. P. Lemoult, Compt.rend., 1904, 138, 1223.

6. H.-J. Vetter and H. Noth, Chem.Ber., 1963, 96, 1308,

Te A. Michaelis and ‘G. Schroeter, Chem.Ber., 1894, 27, 490.

8. H.W. Grimmel, A. Guenther, and J.F. Morgan, 7

 J.Amer.Chem.Soc., 1946, 68, 539. |

9. S. Goldschmidt and H.-L. Krauss, Annalen, 1955, 595, 193.

10. A.R. Davies, A.T. Dronsfield, R.N. Haszeldine, and
L.R. Taylor, J.C.S. Perkin I, 1973, 379.

11. J.F. Nixon, J.Chem.Soc.(4), 1968, 2689.

12. R. Jefferson, J.F. Nixon, T.M. Painter, R. Keat, and L. Stobbs,

~ J.C.S. Dalton, 1973, 1414.

13. 0.J. Scherer and P. Klusmann, Angew.Chem,Internat.Edn.,
1969, 8, T52.

14. R.R. Holmes and J.A. Forstner, Inorg.Chem., 1963, 2, 380.

15. E.W. Abel, D.A. Armitage, and G.R. Wiley, J.Chem.Soc.,
1955; 57. |

16, R. Jefferson, J.F. Nixon, and T.M. Painter, Chem.Comm.,
1969, 622.

17. M. Becke-Goehring and H. Krill, Chem.Ber., 1961, 94, 1059.

18. J.S. Harman and D.W.A. Sharp, J.Chem.Soc.(4), 1970, 1935.

19.° N.L. Smith, J.0rg.Chem., 1963, 28, 863.
-20. A.f. Lane, D.A. Morton-Blake, and D.S. Payne,

J.Chem.Soc.(A), 1967,‘1492.




21.
22,

23,
24.
25,

26.

2T.

28.
29.

30.

31,

32.
33.
34.

35.
36.
3T.

3.

39.
40.

- 217 -

M.G. Barlow, M. Green, R.N. Haszeldine, and H.G. Higson,
J.Chem.Soc.(C), 1966, 1592.

Yu.G. Trishin, V.N. Chistokletov, and V.V. Kosovtsev,
J.Gen,Chem.U.S.S.R., 1974, 44, 2551.

0.J. Scherer and P. Klusmann, Z.anorg.Chem., 1969, 370, 171.

J. Heners and A.B. Burg, J.Amer.Chem.Soc., 1966, 88, 1677.
H. Binder and R. Fischer, Chem.Ber., 1974, 107, 205.

L.V. Nesterov, A: Ya. Kessef, and R.I. Mutalopova,
J.Gen,Chem,U.S.S.R., 1969, 39, 2394.

G. Ewart, A.P. Lane, J.McKechnie, and D.S. Payme,
J.Chem.SOO., 1964, 1543.

R. Keat, J.Chem.Soc.(4), 1970, 1795.

0.J. Scherer and J. Wokulat, Z.anorg.Chem., 1968, 361, 296.

E. Niecke and W, Flick, Angew.Chem.Internat.Edn., 1973, 12, 585.

0.J. Scherer and N. Kuhn, Chem.Ber., 1974, 107, 2123.

0.J. Scherer and N. Kuhn, J.Organomet.Chem., 1974, 82, C3.

0.J. Scherer and N.Kuhn, Angew.Chem.Internat.Edn., 1974, 13, 81l.

B.A. Arbuzov and D. Kh. Yarmukhametova, Doklady Akad. Nauk S.S.S.R.,
1955, 101, 675; Chem.Abs., 1956, 50, 3214h.

A.B. Burg and P.J. Slota, Jr., J.Amer.Chem.Soc., 1958, 80, 1107.

Hn Nath a.rld Ho-Jo Vetter, Chem.BeI‘., 1963, 26_' 11090

P.G. Chantreil, C.A. Pearce, C.R. Toyer, and R. Twaits,
J.Appl.Chem., 1964, 14, 563.

B.A. Arbuzov, N.I. Rizpolozhenskii, and M.A. Zvereva,
Bull.Acad.Sei.U.S.S.R., Div.Chem.Sci., 1955, 935:

£

* Chem.Abs., 1956, 50, 11233b.

G.S. Harris, Proc.Chem.Soc., 1957, 118.

K. Issleib and W. Seidel, Chem.Ber., 1959, 92, 268l.




41.

42,

43.

44.
45.
46.

47.

. 48.

49.
50.
51.
52.

53.

54.
55.
56.
57.
58.
- 59.
€0.

- 218 -~

N.L. Smith and H.H. Sisler, J.Org.Chem., 1961, 26, 5145. -

K.A. Petrov, E.E. Nifant'ev, T.N. Lysenko, and
V.P. Evdakov, J.Gen.Chem.U.S.S.R., 1961, 31, 2214.

G.»Ewart, D.S. Payne, A.L. Porte, and A.P. Lane,
J.Chem.Soc., 1962, 3984, ‘

A. Michaelis and G. Schulze, Chem.Ber., 1893, 26, 2937.
P. Otto, Chem.Ber., 1895, 28, 616,

I. Haiduc, 'The Chemistry of Inorganic Ring Systems',
Part 2, Wiley, London, 1970.

A.F. Grapov, N.N. Mel'nikov, and L.V. Razvodovskoya,
RuSSaCheIHoReV., 1970, 2, 200

R.L. Arceneaux, J.G. Frick,Jr., E.K. Leonard, and J.D. Reid,

J.0rg.Chem., 1959, 24, 1419.
A.F. Gerrard and N.K. Hamer, J.Chem’.Soc.(Q), 1969, 369.

G. Schrader, Ger.P. 900,814;Chem.Abs., 1955, 49, 3240h.
W.A. David and B.A. Kilby, Nature, 1949, 164, 522.

H.G. Cook, J.D. Ilett, B.C. Saunders, G.J. Stacey,
J.G. Watson, I.G.E. Wilding, and J.J. Woodcock,
J.Chem.Soc., 1949, 2921. '

G.A. Saul and X.L. Godfrey, Brit.P. 744,484;Chem.Abs.,
1956, 50, 16825c.

P. Lester, U.S.P. 2,678,335; Chem.Abs., 1956, 50, 16825c.
R. Heap and B.C. Saunders, J.Chem.Soc., 1948, 1313,

C. Stélzer and A. Simon, Chem.Ber., 1960, 93, 1323.

G. Olah, A. Oswald, and A, Mlinko, Annalen, 1957, 602, 123, -

E.H. Blair and H. Tolkmith, J.Org.Chem., 1960..22, 1620.
A.M. Kinnear and E.A. Perren, J.Chem.Soc., 1952, 3437.

B. Helferich and L. Schrdder, Annalen, 1963, 670, 48.

Pri e




61.

62.

63.

64.

650

66.
67.
68.

69.

70.

- T1.

T2.

73.
74.
15.

76.

- 219 -

A. Ya. Yakubovich and V.A. Ginsburg,

Doklady Akad.Nauk S.S.S.R., 1952, 82, 273; Ghem,Abs., |
1953, 47, 2685f.

1955, 11, 1156.

H. Tolkmith, U.S.P.2,668,822; Chem.Abs., 1955, 49, 5517a.

N.N. Mel'nikov, A.F. Grapov, and L.V. Rozvodovskaye,
Zh.,Vses.Khim.Obshchestva im.D.I. Mendeleeva,

1965, 4, 463; Chem.Abs., 1965, 63, 14900b,

B. Buchner and L.B. Lockhart Jr., J.Amer,Chem, S50C,
1951, 13, 755. '

G.0. Doak and L.D. Freedman, J.Amer,Chem.Soc., 1954, 76, 1621,

G.0. Doak and L.D. Freedman, J. Amer.Chem.Soc., 1955, 11, 4825,

I.N. Zhmurcva and A.V. Kirsanov, J.Gen.Chem,U.S,S,R.,
1960, 30, 3018.

V. Gutmann, Ch.Kemenster, and K.Utvary, Monaish.Chenm,,

1965, 96, 836.

R. Keat and R.A. Shaw in 'Organic Fhosphorus Compounds?,
eds, G.M. Kosolapoff and L. Maier, Wiley, New York, 1973,
V01.6, ch&l?’

R.N. Das, R.A, Shaw, B.C. Smith, and M. Woods,
J.C.S. Dalton, 1973, 709.

I.N. Zhmurova and A.V. Kirsanov, J.Gen,Chem.U,S,S,R.,

K. Utvery and M, Bermann, Monatsh Chem., 1968, 99, 2369.

H,A. Klein and H.P. Latscha, Z.anorg.Chem., 1974, 406, 214.

A.C. Chapman, W.S. Holmes, N.L. Paddock and H.T. Searle,
J.Chem,Soc., 1961, 1825.

¥. Cutmann, K., Utvazy, and M. Bermann, Mopatsh Chem.,
1966, 97, 1745. '



77 .
78.

79.

80.

81,

82.
83,

84.

85.

86.

87.

88.

89,
90.
91.
92.
93.
94.

95. .

- 220 -

BE. Niecke and‘ W. Bitter, Inorg.Nucl.Chem.Lett., 1973, 9, 127.

. I.N. thurova and A.V. Kirsanov, J.Gen.Chem.U.S.S R., '

1961, 31, 3440.

I.N. Zhmirova and Yu.I. Dolgushina, Khim.Org.Soedin.Fosfora,
Akad.Nauk S.S.S.R.,0td.Obshch.Tekh.Khim., 1967, 195;

Chem.Abs., 1968, 69, 76786la.

I.N. Zhmurova, Yu.I. Dolgushina, and A.V. Kirsanov,
JoGen.ChemoUoS.ScRQ’ 1967’ ﬂ’ 1713.

L. Horner and H. Oediger, Annalen, 1959, 627, 142.

I.N. Zhmurova and A.V. Kirsanov, J.Gen.Chem,U.S.S.R.,
1959, 29, 1664. '

G.M. Kosolapoff, 'Organophosphorus Compounds',
Wiley, New York, 1950, ch.ll. '

D.D. Poulin and R.G.vCavell, Incrg,Chem., 1974, 13, 2324.

Zh,M.Ivanov and A.V. Kirsanov, J.Gen.Chem.U.S.S.R.,
1962, 32, 2554. ' .

R. Schmutzler, Angew.Chem,Internat.Edn., 1965, 4, 496.

A.J. Kirby and S.G. Warren, 'The Organic Chemistry of
Phosphorus', Elsevier, Amsterdam, 1967.

R.F. Hudson, 'Structure and mechanism in Organophosphorus

Chemist'ry', Academic Press, London, 1965.

R.F. Hudson and C. Brown, Accounts Chem.Res., 1972, 5, 204.

I. Dostrovsky and M, Halmann, J.Chem.Soc., 195%, 511.

L. Keay, J.Org.Chem., 1963, 28, 329.

B. Capon, K. Hills, and R.A. Shaw, J.Chem.Soc., 1965, 4059.

200

J.M.E. Goldschmidt and E. Licht, J.Chem.Soc.(A), 1971, 2429.

J.M.E. Goldschmidt and E. Licht, J.C.S. Dalton, 1972, T28.

P.S. Traylor and F.H. Westheimer, J.Amer, Chem.Soc.,
1965, 87, 553«




96.
97.

98.

99.

100.

101.

102,
. 1974, 96, 4417.

103.

104.

105.

106.

107.
108.

109.

110.

111.

112.

- 221 -

A.FP. Gerrard and N.K. Hamer, J.Chem.Soc.(B), 1968, 539.

J.R. Corfield, R.K. Oram, D.J.H. Smith, and S. Trippett,

J.C.S. Perkin I, 1972, T13.

W. Hawes and S. Trippett, J.Chem.Soc.(C), 1969,‘1465.

L.S. Khaikin and L.V. Vilkov, Russ.Chem.Rev., 1971, 40, 10l4.

L.V. Vilkov and L.S. Khaikin,_Topics'Current Chem, ,
1975, 53, 25.

K.M. Gouse, R. Keat, H.H. Mills, J.M. Robertson,
T.S. Cameron, K.D. Howlett, and C.K. Prout, Fhosphorus,

1972, 2, 4T.

E. Hedberg, L. Hedberg, and K. Hedberg, J.Amer.Chem.Soc.,

J.R. Schweiger, A.H. Cowley, E.A. Cohen, P.A. Kroon, andv
S.L. Manatt, J.Amer.Chem.Soc., 1974, 95, 7122. '

R.F. Hudson, Angew.Chem.Internat.Edn., 1967, 6, T49.

P.Y. Sollenberger and R.B. Martin in
'The Chemistry of the Amino Group', ed. S. Patai,

Interscience, London, 1968, ch.T7.

E. Hobbs, D.E.C. Corbridge, and B. Raistrick,
Acta.Cryst., 1953, 6, 621.

D.W.J. Cruickshank, J.Chem.Soc., 1961, 5486.

C. Glidewell, Inorg.Chim.Acta.Rev., 1973, 1, 69.

A.H. Cowley, M.J.S. Dewar, W.R. Jackson, and W.B. Jennings,
J.Amer.Chem.Soc., 1970, 92, 5206.

I.G. Csizmadia, A H.'Cowley, M.W. Taylor, L.M. Tel, and
S. Wolfe, J.C. S. Chem.Comm., 1972, 1147.

M. Barthelat, R. Mathls, J.-F., Labarre, and F. Mathis,
Compt.rend.(C), 1975, 645.

J. Bragin, S. Chan, E. Mazzola, and H. Goldwhite,
J.Phys.Chem., 1973, 17, 1506.

S



113.

114.
115.
116.

117.

118.

119.

120.
121.
122,
123.
124,
125.
126.

127.'

128.
129.
130,

131,
132.
133.
- 134.

- 222 -

H. Goldwhité, P. Gysegem, S. Schow and C. Swyke,
J.C.S. Dalton, 1975, 12. '

H. Goldwhite and D.G. Rowsell, Chem.Comm., 1969, T13.
W.B. Jennings, Chem,Comm., 1971, 867.

S. DiStefano, H. Goldwhite, and E. Mazzola, Org.Magnetic
Resonance, 1974, 6, 1. |

A.H. Cowley, M.J.S. Dewar, J.W. Gilje, D.W. Goodman,
and J.R. Schweiger, J.C.S. Chem.Comm., 1974, 340.

M.F. Lappert, J.B. Pedley, B.T. Wilkins, O. Stelzer,
and E, Unger, J.C.S. Dalton, 1975, 1207.

R.A. Shaw, B.W. Fitzsimmons, and B.C. Smith,
Chem.ReVo, 1962' 22., 2470

HoNo StOkeS, Amel'.Chem.J'., 1896' E, 629. ’

H. N6th and L. Meinel, Z.anorg.Chem., 1967, 349, 225.

0.J. Scherer and W. Gick, Chem.Ber., 1970, 103, 71. . =
A.P. Ingram, Jr., U.S.P.3,401,199; Chem.Abs., 1968, 69, 96211t.

H. Steinberger and W. Kuchen, Z.Naturforsch., 1974, 29b, 611.

0. Glemser and H. Kliiver, Chem.Ber., 1970, 103, 3661.

R. Keat, J.Chem.Soc.(A), 1970, 2732.

M.E. Harman, Ph.D. thesis, University of Glasgow, 1974.

R. Keat, J.C.S. Dalton, 1972, 2189.

T.L. Charlton and R.G. Cavell, Inorg.Chem., 1970, 9, 379.

J.S. Harman, M.E. McCartney, and D.W.A. Sharp,
J.Chem.Soc.(A), 1971, 1547.

H.W. Roesky and W. Schaper, Z.Naturforsch., 1972, 27b,1137.

I. Irvine and R. Keat, J.C.S. Dalton, 1972, 17.

R. Keat, J.C.S. Dalton, 1974, 876.

H.W. Coover,Jr. and R.L. McConnell, U.S.P. 2,798,086;
Chem.Abs., 1957, 51, 16535a.



135.

136,

137.
138.
1.
1490.
141.

142.
143,
144.

145.

146.
147.
148,

149.
150.

Khim.Org.Soédin.Fosfora, Akad .Nauk S.S.S.R, Otd.0Obshch.

- 223 -

P.I. Alimov, O.N. Fedorova, and L.N. Levkova,
Izvest,Akad.Nauk S.S.S.R., Ser.Khim., 1965, 1208;
Chem,Abs., 1965, 63, 13059f.

V.A. Shokol, G.A. Golik, and G.I. Derkach,

Tekh.Khim., 1967, 96; Chem.Abs., 1968, 69, 10511f.,

V.A. Shokol, V.V. Stopkan, G.A. Golik, T.I. Cherepenko,
G.V. Protopapova, and G.I. Derkach, Fiziol.Aktiv.Veshchestva,
1969, 27; Chem.Abs., 1970, 73, 3982q.

I.A. Nuretidinov, E.I. Loginova, L.K. Nikonorova, and
N.P. Grechkin, Izvest.Akad.Nauk S.S.R., Ser.Khim., 1970,9143
Chem.Abs., 1970, 73, 34713g.

B.A. Arbuzov, P.I. Alimov, M.A. Zvereva, I.D. Neklesova,
and M.A. Kudrina, Bull.Acad.S¢i.U.S.3.R., Div.Chem.Sci.,
1954, 913; Chem.Abs., 1956, 50, 216d.

B.A. Arbuzov, P.I. Alimov, and O.N. Fedorova,
Bull.Acad.Sci. U.S.S.R., Div.Chem.Sci., 1956, 9533
Chem.Abs., 1957, 51, 49324.

P.I. Alimov, M.A. Zvereva, and 0.N. Fedorova,
Khim.i Primenie Fosfororgan.Soedinenil, Akad.Nauk S.S.S.R.,
Trudy l-oY Konferents., 1955, 164; Chem.Abs., 1958, 52, 244a.

A. Debo, Ger.P. 1,041,044; Chem.Abs., 1960, 54, 2439Te.

H. Rudy and A. Debo, Ger.P. 1,042,582; Chem.Abs., 1961, 55, 1441i.

" A. Debo, Ger.P. 1,050,766; Chem.Abs., 1961, 55, 3520b.

A. Debo, Ger.P. 1,067,432; Chem.Abs., 1962, 56, 5888b.

V. Gutmann, G. Mortl, and K. Utvary, Monatsh.Chem., 1963, 94, 897.

A. Schmidpeter and H. Groeger, Z.anorg.Chem., 1966, 345, 106

A. Schmidpeter and H. Rossknecht, Z.Naturforsch. 1971, 26b, 8l.

R.I. Wagner and A.B. Burg, J.Amer.Chem.Soc., 1953, 15, 3869.

0.A. Muklacheva and A.I. Razumov, J.Gen.Chem,U.S.S.R.,
1962, 32, 2654, |



- 225 -

168. V.A. Shokol, G.A. Golik, Yu.N. Levchuk, Yu.P. Egorov,
- and G.I. Derkach, J.Gen.Chem.U.S.S.R., 1973, 43, 745.

169. W. Haubold and M. Becke~Goehring, Z.anorg.Chem.., -
1967 ’ ﬁ, 113.

170. V.V. Kireev, G.S. Kolesnikov, and S.S. Titov,
J.Gen.Chem.U.S.S.R., 1970, 40, 2002.

171. V.A. Shokol, N.K. Mikhailyuchenko, and G.I. Derkach,
Khim.Org.Soedin.Fosfora, Akad.Nauk S.S.S.R., Otd.
Obshch.Tekh.Khim., 1967, 78; Chem.Abs., 1968, 69, 10065p..

- 172. - V.A. Shokol, G.A. G’olik, v.T. Tsyba, Yu.P. EZOI‘OV, and
G.I. Derkach, J.Gen.Chem.U.S.S.R., 1970, 40, 1668.

173. M. Becke-Goehring, L. Leichner, and B. Scharf,
‘ Z.anorg.Chem., 1966, 343, 154.

1740 v.Po Ku.k.haar', JoGEH.ChemoU.S-S¢‘}£¢_, 1970, 4_0_,_ 7610

'175. R. Keat, W. Sim, and D.S. Payne, J.Chem.Soc.(A), 1970, 2T15.

'176. E.H. Amonoo-Neizer, S.XK. Ray, R.A. Shaw, and B.C. Smith,
' J.Chem.Soc., 1965, 4296.

177. I.S. Trokhimenko and L.D. Protsenko, J.Gen.Chem.U.S.S.R.,
1974, 44, 61.

178. J.S. Harman, Ph.D. thesis, University of Glasgow, 1970.

179. P.I. Alimov and I.V. Cheplanova, Izvest.Kazan.Filiala
Akad.Nauk S.S.S.R,Ser.Khim.Nauk, 1957, 43; Chem.Abs.,’
1960, 54, 6520e.

180. V.V. Kireev, G.S. Kolesnikov, and S.S. Titov,
J.Gen.Chem. U.S.S.R., 1970, 40, 2627.

181. ‘M.ﬁ. zieglér andJ. Wiess, Z.anorg.Chem., 1968, 361, 136.

' 182. K.M. Ghouse, R. Keat, H.H. Mills, J.M. Robertson,
' T.S. Cameron, K.D. Howlett and C.K.. Prout, unpublished results.

 183. "R.W. Rudolph and R.A. Newmark, J.Amer.Chem.Sdc., 1970, 92, 1195.



184.

'»‘185.q

186.

187.

188,

189.

190.

191,

192,

193.

194.

195.

196.
197.
198.

199.
200.

201.

- 226 -

E. Niecke and J.F. Nixon, Z. Naturforsch., 1972, 27b, 467.

D.E.J. Arnold and D.W.H. Rankin, J.C.S. Dalton, 1975, 889.

~J.F. Nixon andB. Wilkins, Z.Naturforsch., 1970, 25b, 649.

G. Peiffer, A. Guillemonat, and J.-C.Traynard,
CO@pt.rend., Ser C, 1968, 266, 400. '

F.L. Bowden, A.T. Dronsfield, R.N. Haszeldine, and D.R. Taylawx,
J.C.S. Perkin I, 1973, 516.

0.J. Scherer, P, Klusmann, and N. Kuhn, Chem.Ber., 1974,
107, 552.

A.F. Grapov, N.V. Lebedeva, and N.N. Mel‘'nikov,

~ J.Gen,.Chem.U.S.S.R., 1968, 38, 2187.

N.O. Vesterager, R. Dyrnesli, E.B. Pedersen, and
S. Lawesscn; Synthesis, 1972, 548. ‘

E.H.M. Ibrahim and R.A._Shaw, Chem.Comm., 1967, 244.
S. Trippett, J.Chem.Soc., 1962, 4731.

R. Keat, L. Manjlovié-Muir, and K.W. Muir,
Angew.Chem. Internat.Edn., 1973, 12, 31l.

P.B. Hormuth and H.P. Latscha, Z.anorg,Chem., 1969, 365, 26,
J.J. Harris and B. Rudner, J.Org.Chem., 1968, 33, 1392.

R. Schmutzler, J.C.S. Dalton, 1973, 268T.

R.K. Harris, M.I.M. Wazeer, O. Schlak, and R. Schmutzler,
J.C.S. Dalton, 1974, 1912,

R.K. Harris, M. Lewellyn, M.I.M. Wazeer, J.R. Woplin,
R.E. Dunmur, M.J.C. Hewson, and R. Schmtzler,
J.C.S. Dalton, 1975, 61.

[
Rl

0. Schlak, R. Schmtzler, R.K. Harris, and M. Murray,
J.C.S. Chem.Comm., 1973, 23.

K. Utvary and W. Czysch, Monatsh.Chem., 1969, 100, 681,




- 2?7—

202. 00 Schlak, Ro SChl'ﬂutzler, H.-M. Schiebe]., M.I.M. Wazeer’
and R.K. Harris, J.C.S. Dalton, 1974, 2153.

2030 R.K. HarriS, J.R. Woplin’ R.Eo Dunmr, M. Murray,
- and R. Schmutzler, Ber.Bunsengesellschaft.Phys.Chem.,
1972, 10, 44. ‘

204. C.D. Flint, E.H.M. Ibrahim, R.A. Shaw, B.C. Smith, and
C.P. Thakur, J.Chem.Soc.(A), 1971, 3513,

205. J. Wiess and G. Hartmann, Z.Naturforsch., 1966, 21b, 891.

206. L.G. Hoard and R.A. Jacobson, J.Chem.Soc.(A), 1966, 1203.

207. D. Hess and D. Forst, Z.anorg.Chem., 1966, 342, 240.

208. A. Almenningen, B. Andersen, and E.E. Astrup,
ACta.Chem.Scand., 1969, 22’ 21790

209, J.W. Cox and E.R. Corey, Chem.Comm., 1967, 123.

210, M.B. Peterson and A.J. Wagner, J.C.S. Dalton, 1973, 106.

¢ll. E.H.M. Ibrahim, R.A. Shaw, B.C. Smith, C.P. Thakur,
M. Woods, G.J. Bullen, J.S. Rutherford, P.A. Tucker,
T.S. Cameron, K.D. Hdwlett, and C.K. Prout,
Phosphorus, 1971, 1, 153. '

212, X.W. Muir and J.F. Nixon, Chem.Comm., 1971, 1405.

213. L. Manjlovié-Muir and K.W. Muir, J.C.S. Dalton, 1974, 2395.

214. V.A. Granzhan, A.F. Grapov, L.V. Razvodovskaya, and
N.N. Mel'nikov, J.Gen.Chem.U.S.S.R., 1969, 39, 1470.

215, N.H. Tennent, B.Sc. thesis, University of Glasgow, 1971.
216, W.E. Slinkard and W.M.'Devon, Ino:g.Chem., 1969, 8, 1811.

217. H. N6th, D. Reiner, and W. Storch, Chem.Ber., 1973, 106, 1508.

T

218, E. Fluck, Topics Phosphorus Chem., 1967, 4, 332.

219. H.W. Roesky andM. Dietl, Angew.Chem.Internat.Edn.,
1973, 12, 425. . )




220,

221,

222,

- 223,

224.

225. 

226,

2217.

228.
229.

230.
231.

232,

233,
234.
235.

236,

237,

- 228 <

G. Hédgele, R.X. Harris, M.I.M. Wazeer, and R. Keat,

J.C.S, Dalton, 1974, 1985.

J.H. Letcher and J.R. Van Wazer, Topics Phosphorus Chem.,
1967, 5.

E. Fluck and W. Haubold in 'Organic Phosphorus Compounds',
eds. G.M. Kosolapoff and L. Maier, Wiley, New York,

1973, vol.6, p.579.

R.A. Pike and R.L. Shank, J.Org.Chem., 1962, 21, 2190,
U. Wannagat, personal communication.

H.-J. Vetter, H. N6th, and W. Jahn, Z.anorg.Chem..,

1964, 328, 144.

V.P. Kukhar', T.N. Kashera, and E.S. Kozlov,
J.Gen.Chem.U.S.S.R., 1973, 43, T4l.

I.R. Cameron, Ph.D. thesis, University of Glasgow, 1975.

J.W. Smith in 'The Chemistry of the Amino Group',
ed. S. Pétai, Interscience, London, 1968, ch.4.

J.E. Bissey, H. Goldwhite, and D.G. Rowsell,
Org.Magnetic Resonance, 1970, 2, 8i.

J. Emsley, J. Moore, and P.B. Udy, J.Chem.Soc.(4), 1971, 2863.

R.D. Bertrand, F. Ogilvie, and J.G. Verkade,

J.Amer.Chem.Soc., 1970, 92, 1908.

J.J. Richard, K.E. Burke, J.W. O'Lauphlin, and C.V. Banks,
J.Amer.Chem.Soc., 1961, 83, 1722.

W. Althoff, personal communication.

L. Maier, Helv.Chim.Acta., 1965, 48, 133.

K. Sommer, Z.anorg.Chem., 1970, 376, 37.

K.P. Lannert and M D. Joesten, norg.Chem., 1969, 8, 1775.

B. Capon, Quart.Rev., 1964, 18, 45.

BT




238,

239.
240,

241.
242,

243,
244.
245,
246,
247.

248,

249,

250,

251,

252,
253,
254.

255,
256,
257,

- 229 -

M.I. Page, Chem.Soc.Rev., 1973, 2, 295.

H. N6th andR. Ullmann, Chem.Ber., 1974, 107, 1019,

E.R. Falandeau, K.W. Morse, and J.G. Morse,

- Inorg. Chem., 1975, 14, 132,

W. Hewertson and H.R. Watson, J.Chem.Soc., 1962, 1490,
C.H. Roy, U.S.P., 3,251,907; Chem.Abs., 1966, 65, 3408d,

J.W. Emsley, J. Feeney, and L.,H. Sutcliffe,
'High Resolution Nuclear Magnetic Resonance'
Vol.l, Pergamon Press, Loridon, 1965,

R. Keat, unpublished results.

0.J. Scherer and W, Gléssel, Angew.Chem.Internat.Ed,,
1975, 14, 629.

R.K. Harris, Canad.J.Chem., 1964, 42, 2275,

D. Imberg and H., Friebolin, Z,Naturforsch,, 1968, 23b, 759,

M.P, Simmonin, C. Charrier, and R, Burgada, Org.Magnetic
Resonance, 1972, 4, 113.

L. Horner and H. Winkler, Tetrahedron Lett., 1964, 461.

C.H. Bushweller, J.A. Brunelle, W.G. Anderson, and
H.S. Bilofsky, Tetrahedron Lett., 1972, 3261,

A.A. Frost and R.G. Pearson, 'Kinetics and Mechanism'
Wiley Interscience, New York, 1961.

H.S. Gutowsky and C.H. Holm, J.Chem,Phys., 1956, 25, 1228,
0.J. Scherer and N, Kuhn, Chem,Ber., 1975, 108, 2478.

L.D. Quin and J.J. Breen, Org.Magnetic Rescnance,
1975, 2’ 170

J.F. Nim’ JcCh@ﬁhSOGa‘A,, 1969} 10870
c.J. Jameson, J.Amer,Chem,Soc., 1969, 91, 6232,
T.H. Green, Ph.D., thesis, University of Glasgow, 1975,




