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ABSTRACT

A variety of bis(di)alkylaminocyclodiphosph(11l)azanes of the
type, (Rlnzm3)2 (Rl=alkyl, R%=alkyl or H, Ro=alkyl or aryl), have
been prepared. In most cases synthesis has been effected by
aminolysis of the dichloro-derivatives, (Cl]:’NR3 )2, exceptions being
(MeZMNCsH 40Me-P)2 which was prepared by dimethylaminolysis of the
acyclic bis(dichlorophosphino)amine, (C6H4OMe-P)N(P012)2, and

(MeBSiNMe.PNBut)z, which was prepared by treating (ClPNBut)z with

t 1
heptamethyldisilazane. The novel cage compound, P(NBut)zPMde.(CHZ)z.NMe,

has also been prepared, through the action of N,N’-dimethylethylene-

: : 1
diamine. on (ClPNBut)Q. The synthesis of MezNP.NBut.PCI.NBut was

r 2 1 2
NP.NR . PC1.NR

repeated and other monodialkylamino-derivatives, R12
(R'=Me, R%=Fh; R =Pr’, R°=Bu'), prepared by treating (CLPNRZ) , vith two
molar equivalents of the required amine. The action of excess antimony

% 1
triforide or methylamine on MezNP.NBut.PCI.NBut afforded

' t t L Tt
Me NP, NBu .PF.NBu" and Me,NP.NBu .P(NHMe) .NBu~ respectively.

A series of alkoxycyclodiphosph(1ll)azanes of the type,

r .t % .
ROP.NBu .PX.NBu (R=alkyl; X=Cl or OR), plus the cage-derivatives,

| —

P(NBut)zPO. (CHz)n.O (n=2 or 3) have been synthesised via alcoholysis
of (ClI’l\TBl.:,t)2 in the presence of triethylamine. Attempts at isolating
(IBu":OP'NBnt)2 were unsuccessful owing to butene elimination forming

I 1
ButOP.NBut.P(O)H.NBut.

Many of the above cyclodiphosph(1ll)azanes display geometri§£
isomerism and evidence is presented on the basis of n.m.r., i.r.,
Raman, and photoelectron spectroscopic data, dipole moment and basicity
measurements, and X-ray diffraction studies to suggest that when
t-butyl is attached to the ring-nitrogen the cis form is
thermodynamically favoured, whereas when the smaller aryl-groups are

attached, it is the trans form which is more stable., For the first
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time, thermodynamically unstable cyclodiphosphazane isomers
[;t_l;an_g_-(XP}[But)z (x=Me, N, N0, and Et0) | have been isolated.

The compounds, [Cl(X)PNBut]Z (%=0 or S), were surprisingly
unreactive towards dimethylamine; [MeZN(JfC)PI‘IBu.t]2 finally being
produced by treating (MeZNPNBut)z with t-butylhydroperoxide (X=0)
and elemental sulphur (X=S). Unlike (C1ENBu®) ,» which is readily
oxidised, (MeZNPNBut)z is unaffected by dimethyl sulphoxide. These
results prompted an investigation into the oxidation reactions of
cyclodiphosph(11ll)azanes. Cis and Lxm;s—()ﬁ’NBut) 5 (X=M92N or MeO)
react stereospecifically with one or two molar equivalents of elemental
sulphur and selenium to give the respective mono- and di- sulphides
ami selenides with retention of configuration at phosphorus. An
X-ray diffraction study of cis-[Me,N(S)PNBu'], confirmed the structural
assignments. Neither cis nor _'laa_r_x_g-(MeOPNBut) , Teacted with elemental

tellurium, but both cis and trans-(Mezl‘lPNBut) 2 afforded the

I ]

monotelluride, trans-MezN'P.NBut.P(Te)Mez.NBut, which exhibited
intermolecular tellurium exchange at an intermediate rate on the

n.,m.r, time-scale, No ditelluride could be isolated. Selenium exchange

was not observed. However, mixing equimolar solutions of cis-(XZPNZBut) >

N or Me0) with cis or trans- [%(se)PeEu®] , yielded the analogous
| 2
cis, or cis and trans (1:1) monoselenides, XIP.NBut.P(Se)X.KBut.

(x=Me

Treatment of both cis and trans-(MezNPNBut) , with methyl iodide

I ) 1
produced the quaternary salts, cis and trans-l\!ezNP.NBut. +(Me)m!02.lIBut

(retention of configuration at phosphorus). On the other hand, the

action of methyl iodide on both cis and 1:ranss-—(l*IeOPbIBu'k)2 resulted in

[ 1
an Arbuzov-type rearrangement to MeOP.NBut.P(O)Me.NBut and (after

extended reaction periods) to cisg and ‘l:rans-[Me(O)PRBut]2 respectively.

Similarly, treatment of _cgi._g._.-(Ei:OPI*lBut)2 with methyl iodide afforded

g™ ot t
EtOP.NBu . P(0)Me.NBu and ﬁ-[ﬂe(O)PNBu ]2. Tentative evidence is

presented to suggest these Arbuzov-type rearrangements occur with
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. . t
inversion of configuration at phosphorus. Cis- [Me(O)PI\IBu ]2
may also be produced by heating cis-(MeOPNBut) 2 in an evacuated
sealed tube. The thermodynamic insfability of 1'.raucls-()Ci’l‘l]’:‘v.tt)2

(X=Me_N or MeO) is paralleled by their enhanced nucleophilicity

2
relative to the cis isomers, as was shown by qualitative observations
of the considerably faster rates of reaction of the trans isomers

towards sulphur, selenium and methyl iodide. The compounds,

I 1
Et N(X)P.NBu" P(Y)NEt,, NBu® (X=S or Se, Y=lone-pair; X=Y=S or Se),

L It .
CsHloN(Se)P.NBu .P(X)NCSHIO.NBu (X=lone-pair or Se), and

i 1
P(Se).(NBu"),,.Fite, (CH,) .l vere produced similarly from their

respective parent cyclodiphosph(1ll)azanes. By contrast, the reactions

% 1

QNP.ltBut.PCl.NBut with one molar equivalent of dimethyl
—

sulphoxide or elemental sulphur gave a 1l:1 mixture of MezN(O)P.I t.

of cis~-Me

1 ¢

P(0)C1.NBu isomers plus starting material and a 1:1 mixture of
% 1

M92N(S)P.NBut.PCl.NBut isomers respectively. The adduct,

' t o+ 1t -
Me NP.NBu . P".NBu® AlC1 40 VoS formed (though not isolated) on

reacting cis-Me NP.NBu®.PC1.NBu® with aluminium trichloride.

The magnitude and sign of the coupling constant, 25 (2¥P), has
been obtained from the n.m.r. spectra of many of the aforementioned
cyclodiphosphazanes by single, double, and triple-resonance methods.
The mammer in which this coupling is affected by geometrical isomerism,
the electronegativity of the phosphorus substituents, and the oxidation
state of phosphorns is discussed. Triple-resonance experiments used
in determining the sign of 2J(gng) also permitted the sign and

TT5e

magnitude of 3J(2NP§_§) to be determined for the first time.
chemical shifts were calculated for a number of mono- and diselenide
isomers; those in the cis isomers always being considerably upfield

(ca. 35-120 p.p.m.) of the analogous trans isomers,
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Slow rotation about both phosphorus(11l)- and phosphorus(v)-
nitrogen bonds in many of the dialkylamino-substituted
cyclodiphosphazanes has been detected by variable~temperature
ln and 130 n.m.r. spectroscopy. The barriers to rotation about
these bonds along with the preferi‘ed conformations of the

amino-groups are discussed.



CHAPTER 1

GENERAL INTRODUCTION




HISTORICAL

The first preparation of relatively pure white elemental
phosphorug is generally attribufed to Hennig Brandt (in 1669)l as a
result of his alchemical experiments with urine. Although Brandt's
method is not entirely known, the method which developed from it was
to heat a mixture of boiled-down urine, sand and charcoal - a process

not dissimilar to today's electric furnace method:

2 Ca3(P0h)2 + 6 8i0, + 16 C—> PL +10 CO + 6 CaSioj.
Distillétion of such a mixture affords white phosphorus which luminesces
in the dark and led to the name ‘'phosphoros'(Gr. 1ight bearing) which
is synonomous with the ancient name for the planet Venus when appearing
before sunrise., Phosphorus is never found free in nature, but is widely
distributed in combination with a variety of minerals, one of the moat
important being apatite (above), an impure tri-calcium phosphate. Today,
phosphates are mined worldwlde on a large scale and used commercially in
a range of products from fertilisers, detergents, and animal feedstuffs to
pharmaceuticals and insecticides.,

It was not until the middle of the nineteenth century, nearly
two hundred years after Brandt's preparation, that there was the first
report of the synthesis of a number of phosphorus-nitrogen oompounds,2
and by the early twentieth century only Michaelis had made a significant
contribution to this field.B’h Indeed, after Michaelis there was little

progress in phosphorus-nitrogen chemistry till the 1950s when, with the
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aid of modern spectroscopic techniques (especially nuclear magnetic
resonance ), much of the early work was reinvestigated and greatly extended.

Today, phosphorus-nitrogen cbnpounds are of some industrial use
through their action as flameproofing agents, polymer plasticisers and
antioxidants. There have also been numerous studies on the herbicidal
and insecticidal activity possessed by such compounds,which in turn have
led to their development as nerve agents. However, the most widespread
application is the use of ammonium phosphates as fertilisers in thse
agricultural industry.

Finally, one of‘the most important aspects of phosphorus-nitrogen
chemistnf is its role in biological processes. For example, oreatine
phosphate which is present in high concentrations in both the muscle
and nerve cells acts as a reserve sicre of energy by phosphorylating
adenosine diphosphate (ADP) to adenosine triphosphate (ATP) which then acts
as the central energy-transfer agent in the body.

NOMENCLATURE

Two nomenclature systems are in current use for the naming of
Y S

compounds containing the P-~N-P-N unit, The basic four-membered ring
may be termed a cyclodiphosphazane (as proposed by Shaw and co-workera5)
or, according to the Chemical Abstracts system, as a 1,3,2,4~
dlazadiphosphetidine, The former system will be used here,

Compounds can be named as derivatives of cyclodiphosph(11l)azanes
or cyclodiphosph(v)azanes depending on the oxidation state of the ring

phosphorus atoms. Nitrogen takes precedence over phosphorus in the
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ring numbering, and nitrogen and phosphorus substituents are added as

prefixes in alphabetical order. The ring geometry (if known) may also

be indicated eg.

ot
Bu
c1 N c1
~ Np
i
Bu
Bu®
c1 N c1
~~ el
Ny N0
Me
Ph
Ph\P /N></s
Z \n Ph
Ph
Ph

1, 3~di-t-butyl-2-cis-4-dichlorocyclodiphosph(111)azane

1-t-butyl-2-cis-hk=-dichloro-3-methyl-

2-oxocyclodiphosphazane

1, 3-diphenyl-2-trans-4-diphenyl-2,L4-

dithiocyclodiphosph(v )azane

2,2,2,k,4,-hexachloro~1, 3-diphenylcyelodiphosph(v)azane.



CYCLODIPHOSPHAZANES

Although the first report6 of the formation of a
cyclodiphosph azane appeared tow;rds the end of the last century, the
detailed chemistry of these compounds has only been studied in the last
twenty years. Heviews describing the chemistry of cyclcdiphosphazanes
have appeared,7’8 but so great has been the proliferation of work this
decade that a more recent review is desirable. The following survey

outlines synthetic routes to cyclodiphosphazanes with three, four ard

five co-ordinate phosphorus and describes some of their structural features.

CYCLODIPHOSPH(111 JAZANES (three co-crdinate phosphorus)

One of the earliest and most general routes to compounds of the
R

type (1) is the reaction of excess N
RN
C1lpP PC1
phosphorus tri chloride with primary p v d
R
amines or their hydrochlorides (the (1)

latter usually requiring more forceful conditions). When excess amine
(or amine hydroch.oride) is used, the partly or fully aminolysed product
may be obtained. The study of such reactions, however, has resulted in

a number of conflicting reports. For example, early work on the reaction
of phosphorus trichloride with a large excess of aniline claimed 9-11
the formation and isclation of bis(anilino )chlorophosphine, (PhNH )ZPCI,

and tris(anilino )phosphine, (PhN.H)3 « This has simce been questioned12

and has not been substantiated by other workers.6’13-15

Instead,
Michaelis and Schroeter6 maintained that the reaction of phosphorus
trichloride with excess aniline hydrochloride provided a compound of the

general formula (PhNPNHPh),, for which n was found to be two.



Ph

o PC1, + L [Nphﬂ 1 — PhNHP/N\PNHPh + 10 HC1
Ph

Goldschmidt and Kraus 31&

later corroborated this by studying the action
of excess aromatic amine on phosphorus trichloride. They did, however,
challenge the finding6 that (1) (R=Ph) is the product of the reaction
of aniline hydrochloride with excess phosphorus tr chloride. They

1L

reported” ' the isolation of bis(dichlorophosphino )aniline, (C1,P )ZNPh R

15 resolved the situation

as the sole product. Haszeldire and co-workers
by showing that (ClzP)zNPh is isolated under low temperature work up
conditions (at or below 30°) whereas (1) (R:Ph) is isolated at higher
temperatures (100-150°) through thermal elimination of phosphorus
trichloride from (ClzP)QNH:"s . Other primary aromatic amines were found to
behave similarly and the reaotion scheme proposed involved the rapid
dimerisation of an unstable phosphorus imide [phosph(ln)azene]

intermediate - though no direct evidence of this was found,

Ph
xs PC1 -PC1 N
3 3 ; -
AN, 2y (CLP),Nar — [ClP-NAr]———)ClP\N>P01
Ph

Tha reactions of phosphorus trichloride with primary aliphatic amines
and their hydrochlorides, though paralleling in some ways the reactions
with aromatic amines, tend to be more dependent on the nature of the amine.

Michaelis showed’ that dichlo rophosphinoalkylamines, C1,P.NHR (2), are
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the sole products of the reactions of primary aliphatic amines with excess
phosphorus trichloride and yet the analogous reactions with amine
hydrochlorides do not yield (2), but instead form
bis(dichlo rophosphino)aliylanines, (C1,P),NR, (ReMe or Et)'® which unlike
their aryl counterparts show no tendency to decompose thermally to
cyclodipho sphazané S.

The products of the reactions of phosphorus trichloride with three
molar equivalents of primary aliphatic amines vary depending on the

amine.l7 These reactions may be summarised as follows:

PCl3 + 3 MeNH2———) (ClzP)2NMe'- + other products

PCl, + 3 EhNH\Z———% (C1,P),NEt + (CIPNEL) (n=2,3)

3
R
PC1, + RNH, EE—— N\P (R—P!‘:L or But)
3 2 ~y— C1 =
R

The fact that largely acyclic products are formed in the reactions with
methylamine and ethylamine, whereas with isopropylamine and t-butylamine
cyclodiphosphazanes are the major products, suggests the mechanism of
formation of (1) (R=aryl) is different from (1) (R=alkyl). Here the
mechanism proposed 17 is condensation via an acyclic intermediate of

i

the type C1,P.NR.PC1.NHR (R= Pr” or But) which undergoes extremely ready

cyclisation, A directive factor in the cyclisation of an intermediate
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of the above type may well be the presence of relatively bulky
R-substituents because of their ability to reduce the bond angles at
nitrogen and so lower the activation energy for the formation of

a four-membered ring system. (1) (R:But) may also be obtained by the

reaction of phosphorus trichloride with But.NLi.SiMe and (2) (R:But)

18

3)
with triethylamine.

" Bu"Li " PCI .
Bu .I*II«I.S:i.}.{e3 —————> Bu .NI.i.SiMe}————) % (C1PNBu )2
-Bu"H -LiCl

-Me _SiCl
3
But.NH.PCIZ + Bt N 3 (ClPNBut)2 + [NEtBH]Cl

Reactions with greater proportions of t-butylamine lead to aminolysis

of the ring compound,

But

N
2 PCL, + 8 Bu'NA, > mitwe [ N>Pcl + 5 [t ]t
| vy

But

N . :
2 Pc:l} +10 ButNHz__——‘) Bu NHP\ N:PNHBO + 6 [NBut’ﬂj]Cl.

But
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Only quite recently have cyclodiphos ph(11l)azanes with different
alkyl groups on the ring nitrogens been prepared.20 This was accomplished
by the ready cyclisation of bis(dichlorophOSphino)amines,

(012P)2NR (R=Me or Et) with t-butylamine to yield (3).

R
N
N t
ClzP.NR.P012 + 3 ButNHé——————) CIR\\N//PCI + 2 lﬁBu HB]Cl
t
Bu

(3) (R=Me or Et)

No direct evidence was found in the above reaotion for the presence of
the intermediates ClzP.NR.PCI.NBut, nor did the size of the R-group
appear to affect the rate of cyclisation since 1little difference was
observed in the ease with which (ClzP)zNMe and (clzP)ZNBut reacted.

The reactions of (c12P)2NR (R=Me or Et) with other primary amines
led to much reduced jields of qyclodiphosph(lll)azanes.20 For example,
the reaction of (CIQP)zNMe with three molar equivalents of methylamine
produced a mixture of products out of which (ClPNMe)n (n=2-4) and the
cage compound (4) were assigned. (4) is probably a precursor in the
formation of PL(NM°)6 (5) formed from the reaction of phosphorus trichloride

with excess nethylamine.19

CT N l MeN
P\Ml\f/ P p\N‘f/ —~P
W AN W= W
e

(%) (5)
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The corresponding reaction with ethylamine initially produced (ClPNEt)2
which on standing rearranged to a mixture containing (ClPNEt)B. The
compounds (ClPNEt)3 and (ClPNEt)L were originally repor*tedz1 from the
reaction of phosphorus trichloride with EtN(SiMej),Z.

One possible explanation22 as to why t-butylamine gives rise to
nuch higher yields o cyclodiphosph(11l)azanes than other primary amines
is that it is a relatively strong base, but a poor nucleOphile,23
and so will be moreefficient at abstracting hydrogen chloride than
effecting further aminolysis. In contrast, methylamine and ethylamine,
being s?ronger nucleophiles will be more efficient at producing aminolysis
products such as R'NH(C1)P.NR. P(C1)NHR™ which are probable precursors
of the complex mixtures generally obtained with these amines. In fact,
the compound (1) (R=Me) has not yet been synthesised by any route, It
was reported21 to be formed by the‘reaction,

Me

N

. N .
2 1>c13 + 2 (MeBSJ.)ZNM& —_ CIP\N/PCI + 4 ue33101

Me

17,24

but this has since been disputed by other workers who verified
an earlier repor‘t25 whioch claimed the formation of
dichlorophoaphino(trimethylsilyl )me thylamine, ClzP.NMe.SiMeB.

Whereas, as outlined above, aminolysis reactions of phosphorus
trichloride and bis(dichlorophosphino)amines frequently lead to cyclic
products, the same is not true of the corresponding reactions with

phosphorus trifluoride and aryl or alkyldichlorophosphines.
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Difluorophosphinoalkylamines, F,P.NHR, plus (RNH)2PF2H are the

products of reaction of phosphorus trifluoride with primary aliphatic

amine526 unless the amine is t-butylamine when bis(t-butylamino )fluorophosphine,
(ButNH)ZPF, is the product of further aminol&sis. The best route to
2,4-difluorocyclodiphosph(11l )azanes is by halogen exchange with the

respective 2,4-dichloro compounds using, for example, antimony

trifluoride.>’ Similarly, only the diamino-derivatives, (RNH),PAr,

result from the reactions of dichlorophenylphosphine énd
dichloro(pentafluorophenyl Jphosphine with excess primary aliphatic

8-30 31

amin932 or aniline,

t

and bis(methylamino )alkylphosphines,

RP(NHMe)é (R=Bu" or CF3)’ are the products from the reaction of

dichloro(t-butyl)phosPhine32

or dichloro(trifluoronethyl)phosphine33
with excess methylamine. |
In contrast to the above is the recent report3ZF of the reaction of

dichloro(t-butyl)phosphine with bis(methylamino )(t-butyl )phosphine,

Et,N
RP(NHCH5)2 + ButPCIZ ~>  MeNH.PR.NMe,PRC1l
- [NEtBH]Cl

(6) (R=Bu®)

whioh leads to a compound (6) of the same structure as the postulated

17,20 involved in the rapid cyclisation step in the

intermediates
aminolysis of phosphorus trichloride and bis(dichlorophosphino)amines.
Indeed, the action of phenyllithium on (6) results in ring closure to

the corresponding cyclodiphosph(111)azane (7).
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MeNH.,PR.NMe ,PRC1 + C6H

(I ———— RP ::pR + G, + 1401

(7) (R=But)
To date this survey has been contained mainly to the synthesis

of dichlorocyclodiphosph(111)azanes (1), However in recent years many

ring compounds of the type (8) (X=amino, alkyl, alkoxy) have been prepared.

As previously discussed, the reaction of g
14,19 xe/ “Sex
phosphorus trichloride with excess amime™ ” ‘\\ ,/’
or amine hydrochloride’ readily afforded (8) ( ?
8

(X=NHR;R=But or Ph). A number of other amino-substituted
cyclodiphosph(111)azenes have now been produced by a variety of routes,
ore of the most straightforward being aminolysis of (1). In contrast

5 that dimethylsminolysis of (1) (R=Bu‘) 1ea to

to an earlier report
only complicated mixtures, it was 1E‘ounc’122 that the 2,4~
bis(dimethylamino )cyclodiphosph(111)azane (9) was the sole product of

the reaction with excess amine,

But But
/,N
ClP\" /PCI + L Me NH —_— Me2NP\ N>P’*IMe + [NM0252 ]Cl
t
Bu Bu

(9)
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A similar reaction occurred with diethylamine 22 and the reaction with

two molar equivalents of dimethylamine readily gave the t

monodimethylamino-derivative (10). Np/N ~p

It was later discovered3° that a mixture 2 \N

Bu
of (9) and (10) could be prepared by heating (10)

(dime thylamino )(t-butyl=-trime thylsilylamino )chlorophosphine,

MeQN"P(Cl).N(SiMeB)But, with evolution of trimethy 1lchlorosilane,

But But

N N
. - ———_—)
MezﬂvPCI N(SiHQB)Bu MezNP\ N/PNMez + MezNP\ . _FC
But Bu‘t

(9) (10%) (10) (60%)
+ HeBSiCl.
It was found also 22 that ready dimethylaminolysis of (3)

(R=Me or Et) ococurred,

R

N
\PCl + b Mo NH———> Mo xe~ pmu + 2 [Nue Jer
t 2 \"

d"

R
N
N
Bu
(11) (R=Me or Et)

though (11) (R=lMe) could also be prepared22 by the action of
Pkos‘s\v\'\«o
t-butylamine on bis(chlorodinethylalimzf)methylanine.
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(Me ‘J)clp.rme.Pm(NMe )+ 3 Butl\'}i-—-—)Me NP N)Nue +2 [mau HS] c1
Bu

(11) (R=Ye)

The compound (8) (R:Ph,X=NMez) has also been reportedlsthrough the
action of dimethylaminotrimethylsilane either on (1) (R=Ph) or onm
bis(dichlorophosphino)phenylamine, PhN(PClz)z. Surprisingly, the reaction
of dimethylamine with (1) (R=Ph) was not investigated. Haszeldine and
co-workers also prepared37 a muaber of N-arylsulphonyl-derivatives
(8) [x:mre»a’» (R"=aliy1),R=R"50, (R'=aryl)] by treating
bis(dialkylamino )chlorophosphines with aryl sulphonamides in
anhydrous pyridine,
SO Ar
ATSO,,oNH, + (MeRN),PCL ——j—r—i—d—lf) ue(R)VP/ \PN(R).&e

SOzAr

A series of compounds of the type (8) (R=Siues,x=amino) has been

synthesised by Zeiss and co-worker358

through the action of sodium
bis(trhettglsi]yl)mde,NaN(SiMe})z, on

bis(alkylamino )chlorophosphines.

2 X,PCl + 2 NaN(SiMeS)Z——————-) (XPNSiMe;3)2 + 2 NaCl + 4 SiMe,X

2"""';"’

Gy oN» G, HoN,Ph(le V]

[x=e N, Et
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Interestingly, (8) (R=SiMe3,X=M92N) may act as a bridgng ligand
between two M(C0); units 39 (11=Cr,Mo), though this is not the first
report of a cyclodiphosph(lll)azane ring being used as a

ligand: (1) (Mut) having been

40 . Cl B t
complexed” with Fe2(00)9 to \ / \ /
give the species (12), whose P But
structure was proposed on the basis OC\ /
of infrared spectroscopic data, Fe Fe

A final route to amino-substituted OC/ \C/ \
cyclodiphosph(111)azanes is via cO o cO
monomeric tervalent phosphasenes (13). (12)

R
\ =
N-P=N-R
R

(13)

It is only quite recently that a number of such compounds have been made,

the most common route involving lithiated silyl amines.4l-45

R,NECL, + Li-NRRZ ———— RZNP=m’+ LiCl + RC1

(R,R” Me_Si,Bu’)

3

BCLy + 2 Li-NRR© ————— RR” NP=MR + 2 LiCl + RClL

(R,R” =Me_Si,Bu’)

3

In the latter preparation, it was discovered 36 on using phosphorus

‘/
trilzomide that either a monomer or dimer could be formed depending on the
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L6

reaction conditions, It was also found that the bulk of the nitrogen
substituents affected not only the stability of the

monophosph(111 )azene (when formed) but also the course of the reactionm,

MeZN-N<Li 5 . B3t “>N-pe1,—— MezN-N(sme3)P=Nrmt
103
and yet,
9iM M R
MeiN;N::Li °3 + B:;:::BL¢012 -——-—-——-)-But(Me)NP\‘:’:::PN(He)But

NHez

Indeed, the sterioc 5u1k of the nitrogen substituents and the possible
lower basicity of the two co-ordinate nitrogen in these monomers is
possibly why dimerisation of such compounds is either very slow or
non-existent. The first reporth7 of such a process was the slow
cyclisation at 25°C under inert gas of bis(trimethylsilyl)-

ami notrimethylsilylphosph(111)azene, (M0381)2W=Nsﬂo s to the

3
dimeric 1, 3-bis(trimethylsilyl)-2 sh-bis fbis( trimethylsilyl )an:l.no]-

cyclodiphosph(11l )azane, Fnejsi)zNPNBilej]z. More recently, however,

36 which at ambient

& number of such dimerisations have been reported
temperatures take from one or two weeks to over a year. Perhaps most

interesting of all was the observation for the first time of the following

monomer:dimer equilibriu-,36
Sillo3
solid '/N\P
2 (Me_81) N.Nde.P=N3ie K ———> (Me 31 ), N(Me NP, N¢Me )N(SiMe )
53772 5 gas/solution 5772 ' 372
A Sille3

The compound (8) (R:But,x=ue) may also be prepared from the reaction of a
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monomeric phosph(11l)azene with dichlorometiyl p hoaphine followed by a

Grignard reaction.h'8
But But
MePCl /N\ MeMgI -
But (Me 3si )N-P:NBut ___.___2; MeP\ /Pcl _— MeP\ N>Me
-M938161 N t N +
Bu Bu
(14)

It is of note that (14) may also be synthesised through the action of
two molar equivalents of methylmagnesium iodide, MeMgI, on

48 or by

1, 3-di-t-butyl-2,4-dichlorocyclodiphosph{11l )azane, ( ClPNBut)z R
an analogous route described earlier for (7), through the action of
dichloromethylphosphine on bis(t-butylamino )methylphosphine,
MeP(NHBut)z in triethylamine.*®

A recent attemp*l:l*9 to prepare (8) (R=Me,X=Me or Et) from
heptamethyldisilazane and the corresponding dichloroalkylphosphine led

not to the four-membered, but the eight-membered ring system shown below.

Ne

N
RP/ >PR + 2 Me_sicl

\N 3
Me

nj=

RPCL, + (MeBSi)ZNle

+ 2 Me3 sicl
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At present the only lmown compounds of the type (8) (X=alkyl)
are the aforementioned (8) (R:But,X=Me;R=Me,X=But).

Several alkoxycyclodiphosph(21l)azanes (8) (X=alkoxy) have been
reported and generally can be prepared either by the direct action of

alcohol on (1) in the presence of triethylamine as hydrogen chloride

acceptor,5o’51
R R R
N ROE R70H N
e’ et —— ¥ OP/ \PC]. + fretglor— wor Spor”s et Byl
~Nn7 Et,N ~y7 Et,N N~
3 R R

(R=Ph or Bu®;R”,R’=alkyl)

or by thke action of aniline on the dichloroalkoxyphosphine,

15101903_252’53 (R=Me or Et),

Ph
/N\
2 ROPC1. + 6 PhNH.—— ROP POR + & [NPhH lea
2 2 \N/ 3.«
Ph
(R=¥e or Et)

CYCLODIPHOSPH(V JAZANES (four co-ordinate phosphorus)

An extensive range of cyclodiphosph(v)azanes is now kmown. They
may be prepared in a variety of ways, the first of which that will be
considered being by the thermolysis of primary aminophosphinoyl and

aminophosphinothioyl derivatives.7’8 A few examples are given in Scheme 1.
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Ar
c, _N X
2 CL(X)P.NHAr —2 p7 T p” + 2 HC1
Z Ny N
X N~ Sc1
Ar
- X=0,9
A Ar
2 Cl(O)P(NHAr)Q N ArNH\P/ N\P4o v mCL
=
0= N7 “nmar
Ar
A R
2 (RNH).PX £ RNE N X
2 S o,
x7 N NHR
R

R=alkyl or aryl

X=0,3
1 i P"i
2 E8(0)P(NEPr), & , PN N //,
_ + 2 Bt,NH (1)
0% N / NEPr =
however,
Me
2 Me N(O)P(NMMe),  _ L,  Me,N_ /N\ _0 .
~ + 2 MeNHé 2)
0% N/ \‘Nlle

Schene 17’8
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o
Tertiary amines have occasioally been used to aid reactions in which
hydrogen chloride is evo].ve,-dﬁs’slF and fhgre is also one report55 of
dehydrochlorination using Grignard reagents. Reactions (1) and (2),
the thermolysis of the mixed triamino-derivatives RZN(O)P(NHR')Z,
are of interest in that either the primary or secondary amine may be
lost; in fact, it is the more volatile which is eliminated. Similariy,
the reaction of hexamethylphosphoramide, (MeQN)BPO, with primary aromatic
amines yields on heating,56 [#ezN(O)PNAI]Q plus dimethylamine,
presumably via the intermediate (MezN)Z(O)P.NHAr.

Torahin and Shaw’! Pound evidence to suggest that some of these
thermolyses may proceed via nitrogen-bridged diphosphorus
intermediates when they discovered that thermolysis of Ph(s)P(NHEt)2
yields a nitrogen~bridged diphosphorus compound at a lower temperature

than that generally required for cyclodiphosph(v)azane formation.

8 Et s
‘\\P/N ~.Z
—
EtNH | | ™~ NHEt
180° Ph Ph
2 Ph(S)P(NBEt)2
Et
%\ Ph\ \P48
g7 N pn
Et

This behaviour was rot observed, however, for the diamides,

Ph(S)P(NHR)2 (R=Me or CH2Ph).58
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It was later shown that several chloro-derivatives of
nitrogen-bridged diphosphorus compounds may cyclise:

CIQ(O)P.NR.P(O)CINHR (R=Me or aryl) cyclise with ease in the presence

59

of tertiary amine”” and 012P.NMe.P(B)612 is thermally unstable,

cyclising with loss of phosphorus trichloride on heating.®®

2 ClZP.NMe.P(S)Clz ———é-—%

Another common route to cyclodiphosph(v)azanes is by the oxidation

of other cyclodiphosphazanes.

Sulphur - dioxide easily converts the hexachlorocye lodiphosphazanes,
(CIBPNR)Z’ into the corresponding 2,4-dioxo compounds, Bﬂ(O)PNRJz,bl

and similar reactions with hydrogen sulphide in the presence of tertiary

‘g 8
amine produce the 2,4-dithio analogues.7’

17

The first reported” ' route to mixed oxidation state

cyclod iphosphazanes was the controlled oxidation and sulphuration

of (1) (R=But or Pri).
R
N Me_SO
7N 2 //’
ClP PCl —- 5 Qq1P (x)c1
\N/ or § 8¢ N/P
R
R---Bnt or Pri

X=0 or 38



- 22 -

Oxothiocyclodiphosph(v)azanes could also be obtained by a related
method.17 Interestingly, the action of two molar equivalents of
dimethyl sulphoxide on ¢is - (ClPNBut)Z led to tke formation of
trans - [c1(0)PNBu"] , indicating stereospecific oxidation by a
mechanism involving both retention and inversion of configuration.62
t~Butylhydroperoxide has also been used48 to oxidise

cyclodiphosph(1ll)azanes. Oxidation by sulphur is now fairly
20,22,34,38,48,51,63,64

also reportedhs

commonplace, and Scherer and Schnabl have

the mono- (15) and di- (16) selenides and tellurides,

Bu® ‘ Bu®
LN P/N\
N
}< _PcL Me(x)\ /P(X)Me
Me N N
t t
Bu Bu

(15) (X=Se or Te) (26) (X=Se or Te)

prepared by the action of the elemental chalcogen (one or two molar
equivalents) on the corresponding cyclodiphosph(1l1ll)azane. In (15)

it is worthwhile to note that oxidation has occurred exclusively at the
phosphorus-methyl end of the molecule presumably because chlorine, being
more eleotronegative than carbon, results in a less nucleophilig

65

phosphorus, The one other report ™ of a reaction with tellurium is the

preparation of the mono- and ditellurides (17).
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Me
The monotelluride is of
interest in that i \P/N\P/
interest in that it apparently % / \N/ \But
shows both intra~ and Me
(17) (X=lone-pair,Y=Te)
intermolecular exchange of X=Y=Te)

tellurium on the n.m.r. time scale.

An alternative route to cyclodiphosphazanes containing one or two

four co-ordinated phosphorus atoms is the reaction of nitrogen-bridged

20,22

diphosphorus compounds with t-butylamine (Scheme 2). Reaction (3) is

similar to that discussed earlier between (ClzP)zl\lMe and t-butylamine

except _that the bisphosphinoyl compounds, [Cl(O)P]zNMe, are less reactive

and require slightly more forcing conditions. Reaction (4) is dissimilar

to reaction (3) in that the yield of Cl(S)I".MVIe.P(S)Cl.I'\TBut is very low,
the reaction mixture consisting mainly of starting material and unidentified

products - a better route to the above 2,4-dithiocyclodiphosph(v)azane

v pra v b 20,22 s .
being the sulphuration of ClP.NMe.PCl.NBu . Similarly, it was

discovered22 that the reaction of dichlorophosphinothioyl(dichlorophosphinoyl]‘

methylamine, 012(0)P.NMe.P(s)c12, with three molar equivalents of t-butyl- !
amine gave a complex mixture of products, in this case with no trace of the f

!
expected cyclodiphosph(v)azane. In reaction (5), the presence of '

ButNE'P.I‘Me.P(O)Cl.I:IBut was detected by 1H-{31P}n.m.r. during the course of

the reaction, though it was not isolated. However, in the slower reaction

with the thio analogue (6) the reaction did not proceed beyond

Bu'NHP.NMe.P(S)CL.NBu®. It is notable here that partial aminolysis has

occurred exclusively at the phosphorus(11l) cenire. A similar situation was

encountered when the reactions of the mixed oxidation state

cyclodiphosphazanes, c:11'>.»1141<e.1>(1()01.n'uaut (X=0 or S), with dimethylamine

were studied.22

Me Me l ;
/ 2 Me2 :
C1P Q >P(X)Cl — 5 Me NP\ \P(X)Cl + [uMe H ] Cl
¥y Bt
Bu

(¥=0 or S)
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R

N
€1,(0)P.NR.P(O)C1,, + 3 ButNH——} (:1(0)1:/ \P(O)Cl (R=¥Me or Et)
2 2 2 S~y

But

+2 [NButH3]01 (3)

Me

N
[012(s)p]2mm + 3 Bu NH, —— Cl(S)P< N>P(S)Cl + 2 [NButHE]Cl (%)

But

Me
H— cm’N‘p(o)cl 2 imutn‘ cr (5)
C1,P.N¥e .P(0)C1,+ 3 Bu NH, ~y~ * [ 3] =

But

Me

N
t N
c:t21>t,zme.1>(s)012 +3 Butlmz ————> Bu NHP\N/P(S)CI

But

+ C1,P.Nie P{ S.) C1, (6)

Scheme 2
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Recently, a number of other cyclodiphosphazanes containing at
least one four co-ordinated phosphorus have been isolated, examples of
which are shown in Scheme 3. These reactions are difficult to generalise,
but essentially they involve the use of monomeric

phosph(111 )azenes or are quaternisation-type reactions.

CYCLODIPHOSPH(V)AZANES (five co-ordinate phosphorus)

Phosphorus pentachloride readily reacts with primary aromatio/1~ 74
or alkyl75’76 amines and their hydrochlorides to produce either

cyclodiphosph(v)azanes with five co-ordinate phosphorus or phosphine

imines,_the monomeric form, Prequently there is little difference in the

relative thermodynamic stabilities of the two forms and it has bezen

found that aromatic amines of low basicity,71 or highly branched

alkyl amines76 lead to the monomeric form, whereas other amines generally

produce the dimer. In a mumber of cases, however, dimers may be

reversibly converted to monowers in solution and on heating.71’77
Tetrachloroalkylphosphoranes react with aryl amines or their

hydrochlori&es78’79 and alkylammonium chlorides77 in a2 similar fashion.

Dichloro(triphenyl )phosphorane, Ph3P012,80 and
dichloro( triphenoxy Jphosphorane, (Ph0)3P012,81 on reaction with primary
aryl amines may also produce dimers, These and other reactions are
summarised in Scheme k.

Fluorcphosphoranes have also been extensively used in the preparation
of these compounds. For example, phosphorus pentafluoride and primary
alkyl or aryl amines (at times in the presence of tertiary amine) readily

8
produce the 2,2,2,k4,4,4~hexafluoro compounds, (FBPNR)2 (R=alkyl or aryl). 3
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R
AR AN AT 66
R NP=NR + R_NP = -Si
) N\ —_ RzN?\N/P\NR B=Silte,
2
R
Me
MR N NR
= ~ \ F 67
MeNP(MMe, ). + R.NP ————} Me,N) P R=SiM
Me
~ Me
5 Ph,P=MMe + R.NP=NR ——} PhP/\ + Ph.P R=SiMe %8
3 2 Ny \NR 3 3
- 2
e
g R
58 S R, NP=NR N NR
=3 == 2 SN 2 63
—_— $
R, NP=NR Rzmv\NR —~—— R - /P\S R=Silte
R
R
88 “sicl, K. N 6 c1
(e ;51) NPV ———-————-+ ,,> G el R=Bu’,B =C1,E =(Me
e.SiCl Et
ey sme3 Ph
,R -R =Me
R.S;Maa,n =C1,H =Ph

Scheme 3
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“+
But But
N Me N
N ~p- N\ - -
MeP \N/P01 + SbClg or SnCl, —— o /P\N/PCl SbC1~ .op 3,,01379
But : ‘ But
Bu® Bu®
N Me  + N - 48
MeP{  SPX + MeY _ SpC O YT xe1, ver
Ny~ ~" Ny~
N7 Me N
Bu Bu X=Me,Y=I,Br

Scheme 3 (cantd)

8,88 or Ph86°88) may also be prepared through the action

(‘F3PNR)2 (R=Me
of phosphorus pentafluoride on RI\!(SiML?2 (R=Me or Ph)., However, where
N-substituted hexamethyl d isilazanes have been found particularly useful
is in preparing the 2,2 Jii=tetrafluoro compounds, (RPFzNR’ )2

(R,R’:al]qyl or aryl),from the less reactive alkyl or aryl
tetrafluorophosphoranes ,RPFl’_j’ 86-89 When the even less reactive
dialkyl/aryl trifluorop hgsphoranes are involved, reactions with
N-substituted hexamethyl d isilazanes are very 810'88 and it is preferable
to use the more reactive lithiated amine, Mem2.9° The preparation of

a 2,2,k h=tetrafluoro ring compound with different substituents on the

21
ring nitrogens has also been reported.
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Z.’ﬂd

Ve
2 PCl; + RNE, (or [mm5]01) — 0, p{ Pc15 + 4 HC1

.’:UZ

R=a:z'yl7l-74 or alkyl75 176

PCLR + 4 HCL

2 RPC1 R’ . &
4 * 2 BN, (or 2 [R NH3]01) — RCLP

R
2N
n
R

R=le, R’:ary179

R=Ph,R =aryl'® or alkyl!'

Axr

N
v
A .
Ar

x=Ph%0 or omn®l

+ 4 HC1

Ar

2 (ArNH)n 1>(o)013_n +2n PClS ———— n (1 3 <N>

Ar

PCl +2 P(O)Cl

+ 2n HC1

n=1,2, or 37

Me

N
2 Ph _PCl + 2 MeN —_— PhClP/
2 3 AN

Me

\PClPh + 2N, 82

Scheme 4
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Me
2 MePF, + MeN(SiMe,), + PhN(SiMe,). — MNeF P/N\PF Me + L Me,SiF
4 372 - 372 2 \N/ 2 3
Fh

A number of substitution reactions in which the four-membered
ring is retained are now known. Antimony trifluoride fluorinates the
hexachlorocyclodiphosph(v)azanes, (ClBPNR)z,to the corresponding
hexafluorocyclodiphosph(v)azanes, (FBPNR)2,7’8 and on heating together
a mixture of hexachloro and hexafluoro 1,3-dimethylcyclodd4ghosph(v)azanes

92

a range of mixed chloro/fluoro-derivatives is obtained. More recently,

however, a number of methyl and methoxy-derivatives of (FjPNMe)2

(including the first known asymmetrically substituted derivatives) have

90,91

been prepared using MeMgl or LiMe and LiOMe, for example,

Me

N
. VRN
(1‘~'3P1~m@)2 + 3 Meli ———» MerP\N _PRe, + 3 LiF.

Me

Finally, several cyclodiphosph(v)azanes with five co-ordinated
phosphorus have been isolated from cyolodiphosph(111 )azanes using either
ben51153 or biacety1.6h In each case thermal decomposition to a
6l

monomeric species occurs and has been attributed " to the presence of

bulky groups on nitrogen together with electron donor groups on phosphorus.
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R

e

S1R, 00 | ¢ SiRs
R NP/N\PNR , 2 RM:R -70° \L/N\P/NRZ
2N RN ~y~ \\\j .
3iR, 3iRy 0 (‘
R
20°
R -0
2 >”/ \P/Nﬁil(e3
VN \\‘NR2

STRUCTURAL FEATURES

A consequence of the fact that the geometry about phosphorus may be -
either pseudo~tetrahedral (three or four co-ordinate phosphorus) or
trigonal-bipyramidal (five co-ordinate phosphorus) is that
cyclodiphosphazanes can exist in one or both of two possible isomeric

forns (assuming a near planar geometry about nitrogen), Figure 1.

eis trans
) X
I\P.--vnn...l/x N\ ,,..-N--.__P/
(X=lone-pair, oxygen, sulphur etc.)
a
gauche trans
RX N X
R YN EN N2 N2
27 Ny~ X 7 Ny
) .
l | X
b

Figure 1
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In many cases isomers have been detected, though frequently structural
assignments have proved difficult without the aid of X.ray crystallography.
58

The first observation of the existence of two geometrical isomers
was made during the study by 18 nom.r. of 1,3~dimethyl-2,4-diphenyl-
2,4=dithiocyclodiphosph(v)azane, [Ph(S)PNMe]Q, when two methyl proton
triplets in a 10:1 ratio were found. Since then many isomeric mixtures
have been discovered using n.m.r., though seldom have conclusive

structural assigmeents been made using this method alone. An exception

to this is where symmetrical compounds

R
CH,

of the general type (18) have been B /,N\\ .
- R (X)P\\ /,P(X)R
studied, as the methylene protons in the N
CH
trans isomer are diastereotopic (giving rise R 2
to an AB quartet of signals), whereas in the (18)

cis isomer they are magnetiocally equivalent, assuming free C-N bond

rotation (Figure 2).

R R
)(§§§F)--1(;;;¥;;;}r..4:)57§)< )(§§§F)...!(;;;T;;;kr,_+F),/"FQ,
R HH SRR O X

212 trans

Figure 2

Tt has also been established”*’?1*9> by nom,r. that in five
co-ordinate cyclodiphosph(v)azanes of the type, (RFZPNHO)Z, concerted
pseudorotation at each phosphorus can occur leading to

gauche ———> trans isomerisation. Frequently this isomerisation may
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be slowed on the n.m,r. time scale allowing the observation of
both isomers.9o’91’93 In compounds of the type, (RZFPNMe)Q, interchange
9L

of analogous isomers may occur’ and is likely to be a relatively high
energy process as intermediates with at least one R-group axial must be
involved, and so the pseudorotation exchange process in, for example,
(PhZFPNMe)z,gh is slow enough at ambient temperatures on the n.m.r. time
scale for both isomeric forms to be deteoted. Additionally, in the
study of fiva co—ordinate cyclodiphosph(¥)azanes, mn.m.r has been
particularly useful in determining whether a monomeric or dimeric

90,94

species is present,

Vibrational spectroscopy has been employed95’96 in structwral
elucidation, for instance, in determining which isomer of [Ph(s)PNEt],””
is cis and which is trans. The trans isomer, being centrosymmetric,
showed complementary infrared and Raman spectra (no coincident bands),
whereas for the cis isomer, ten coincident bands (3;3cm-1) were found.
This structural assignment method can probably be extended to other
cyclodiphosphazanes, although there are drawbacks in that the method is
restricted to symmetrically substituted cyclodiphosphazanes and not one
but both isomers may have to be isolated to avoid ambiguous results.
Other than this, vibrational spectroscopy has not played a major role
in determining the structures of cyclodiphosphazanes,

There are two reports of the use of physical properties inm
distinguishing geometrical isomers. It was discovered e that the

trans isomer is eluted first from a mixture of isomers in column
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chromatography, and dipole moments have been usec? %:ith some success,
employing the fact that the cis isomershould have a greater dipole moment
than the trans isomer; however, inaccuré,cies both in the measurement and
calculation of dipole moments restrict the latter method to cyclodiphosph-
azanes in which the cis isomer dipole moment is expected to be high.

Because many cyclodiphosphazanes are not amenable to definite
structural assignment using the aforementioned techniques, the onus has
fallen largely on X-ray crystallography. A number of crystal structures
on these small ring compounds have been determined and selected data
are shown in Table 1. In all cases the structures were determined by Xwray
crystallography except that of (F3191\II"Ie)2 which was derived from an electron
diffraction study.t%* Earlier work on (%;Fe) (=4 or €17%) employing
infrared and Raman spectroscopy had predicted planar rings for both these
compounds. In fact, all the compounds except the two cis isomers possess
planer rings, and all the P...P and N...N distances across the ring are
ca. 30% shorter than the sum of the Van der Waal's radii, implying some
dependence of ring geometry on cross-ring in1;era.c1:ions.108

In the cyclodiphosph(v)azanes containing five co-ordinate phosphorus
a distorted trigonal-bipyramidal geometry is found at phosphorus with
small N, —F— Neq angles of ca. 80° necessitated by its inclusion in a
four-membered ring. As the ring spans axial/equatorial sites, two different
P-N bond lengths are found, the longer P-N bond, which approximates to the
generally accepted P-N single bond length (1.77 X), being axial. Sheldrick

103,104

and co-workers noted a correlation between the increase in P-N axial

and equatorial bond lengths with decreasing electronegativity in the series

(R, P%e),, (r=F, %1 cc1 10306F5}°4Ph1°2). Furthermore, a direct

3’
relationship was found®?'22710% petween the electronegativity of R and the

two-bonded phosphorus-phosphorus coupling constant,aJ (e¥p) (Table 2).
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Table 2

2
Varization of 2J(PNP) with R}R,and the P...P

intramolecular distance in the compounds

(R'RFPNYe),
Rt R? 25 (NP) P...P
[
Hz A
? co1, 125 2.579
F CeFs 111 2.59%
F Ph 80 2,61
Ph Ph 28 2,659

As expected, replacement of a second fluorine by a phenyl substituent

9l

reduces the value of 2J(§Ng) in (thFPNHe)Z to 28 Hz. Concurrent

9 of the good correlation between

with this trend is the observation
P...P intramolecular distance and 2J(§Ng) which is as predicted on the
basis of simple orbital overlap considerations (Table 2).
It is also of interest to note that in an earlier preparation of
86,88
(PhZFPNle)2

structure established by X-ray crystallography (P-N bond length, 1.6&1.3%
oL

only the monomer, PhZPP=NMe, was reported and its

though this- work has since proved unrepeatable.
Cyclodiphosphazanes with three and four co-ordinate phosphorus,
with the exception of trans-(ClSHiSNzPS)z, (19), all possess P-N bonds

which are considerably shorter than the pure single bond length (1.77 &)
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X
T N—N B—N , B—N, 1.74(2)
_Qr\ /Nl\ S 1755
S/PI\ NQ/PZ\I.\J /—— » Pl—NQ’PZ——N]_ 1.80(2)
TN\ 7/
(19)

o
The unusually long P-N distances in (19) of 1.7k and 1.80 A have been

explained by Cameron and co-workers113 in terms of the non-planarity of
the bonds to the ring-nitrogen atoms which are, therefore, largely :3p3
hybridised. The very long N...N interatomic distance of 2.4,8 8% within
the ring is also in accordance with ssp3 hybridisation as this requires
more 3pace 17 than sp2 hybridisation. What detracts from this explanation
is that 1t is only in trans- [Ph(3)PNEt],"'® that an accurately plenar

(and hence oclose to sp2 hybridised) phosphazane-nitrogen environment

107 from the

ocours; displacements of the nitrogen atoms of up to 0.28?\
plane defined by adjacent phosphorus and carbon atoms being reported for
the other compounds studied, so that planer co-ordination is, in faoct, the
exception rather than the rule for the ring-nitrogen atoms.

The slight non-planarity of the ring in the two cis isomers may be
due to the steric interactions of the phoaphorus substituents, glthough it
has been suggested 105 that the non-planarity in _g_ig_—(ClPNBnt)z may be the
result of crystal packing forces, It is also interesting to note that
oxidation of cis-(CIPNBu®), to trans- [c1(0)PNBu®], reduces the P...P
interatomic distance aocross the ring by a shortening of the P-N bond

A
lengths and an increase in the NPN angle,
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A
Finally, in trans- [(1«19331) NPUSile, |, the two ENSi bond angles

512
at the exocyclic nitrogen are 108.4 and 131.00. This unexpsctedly large
difference is caused by the steric strain of the bulky trimethylsilyl-
groups.47 The larger angle results from one of the trimethylsilyl-
groups on the exocyclic nitrogen being bent away from the trimethylsilyl-
group bonded to the ring, the other trimethylsilyl-group being free from

such an interaction as the amino-group bisects the plane of the ring.

PHOSPHORUS-NITROGEN BONDING

Phosphorus-nitorgen bonding has been a subject of considerable
interest in recent years. In particular, controversy has arisen over the
participation and importance of phosphorus 3d—orbitals, especially in
T-bonding. The topic is still poorly ﬁnderstood, probably as a result of
the number of orbitals which may be used and the varying extents in
which they may be involyed.

The formation of a formal single phosphorus-nitrogen g=bond
involving tervalent or (four co-ordinate) quinquevalent phosphorus can
be described (using molecular orbital theory) as the combination of a
phosphorus xsnp3 hybrid orbital with a nitrogen sp2 hybrid orbital. The
use of an sp2 hybridised nitrogen orbital (or one closely approaching
sp2 hybridisation) instead of an sp3 hybridised orbital is substantiated
by structural data on a variety of aminophosphorus compounds which show
planar (or near planar) geometry about nitrogenlls’ll9 (Table 3).

In almost all the compounds studied the P-N bond length (generally
between 1.65 and 1.70 R) is considerably shorter than the generally
accepted formal single P-N bond length of about 1.77 X. The one notable
exception is P[N(CH2) 2]3 in which the nitrogen atoms are constrained in
three-membered rings. Here, the average valence angle at nitrogen is

only 101° and the P-N bond length is longer than found in other



-39 -
Table 3

Selected structurel data for scm2 aminophosphorus compounds

Compound Sun of N P-N bond Source
bond angles length (%)

P(NMOZ)3 352.5° 1.700(5) o120
(ue,),PCL 360° | 1.730(5) e.a, 12121
(e )ECL,, 360° 1.69(3) e.a, 18,113
(xe,M)P(0)01, - 3,8° 1.67-(11-) e, 118,113
P[N(CHZ)Z]s | 303.5° 1.75(1) e.a.t?°
nezm,‘; 360° 1.628(5) X—ray 22

| Me PR, © 3,8.1° 1.684(8) e.a. 123
¥e _NPP, 360° 1.66 nar 2%
H,NF7, 3,5° 1.661(7) e.d.122
H_NFF,, 360° - 1.650(%) o, 120
(c1,P), e 360° 1.664(10) nom.r 126
(,P), Mo 360° 1.680(6) . e.a. 127
Ph,P.NieP(3)PR, 353° L7 B ey 2®

1.680(4.)
P,(tie), 35° 1.68(3) X-ray'2?
P,0,(1ie), - 33° 1.66(3) X-ray’ >
P, Ooie)s, 356" 1663) - Tray P
P, (10le) 8, 358° 1.656(14.) Xeray 2
Ph(MQ)GOL 351° 1.667(20) | X-ray o2
P, (1tle) el - 352° 1,”@(3 ) L X-ray 133
| 1.65(1)

P, (tte), 356°- 1.695(10) X-ray* 3+
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aminophosphines, being 1.75 3.120 It is a general observation that
while the valence angles at phosphorus become wider on passing from
three co-ordinate (tervalent) phosphorus to four co-~ordinate
(quinquevalent) phosphorus, the P-N bond becomes slightly shorter
(Tables 1 and 3), and this has been used to argue greater p-character
in the P-N bonds of the former type of compound.:"la’119

The trigonal bipyramidal geometry about five co-ordinate phosphorus
may be accounted for in terms of spsd hybridisation, although I-Iudson13 >
has offered a description in terms of s and p-orbitals alone which may
be preferable as the phosphorus 3d-orbitals may possess energies which are
too great to participate in 0 -bonding. Hudson's description comprises
of an axial three centre, two electron bond using a phosphorus p-orbital,
with three sp2 hybrid orbitals bonding equatorially.

T —Bonding between phosphorus and nitrogen has been a subject of
much debate and controversy. There is considerable evidence to suggest
some degree of bond multiplicity, and this will be outlined below, but
the actual nature of the TT-bonding in many cases is still unknown.

Bond lengths themselves have been most extensively cited as evidence

for P-N IT-bonding: in cyclophosphazene rings7

and in phosphine imines
possessing four co-ordinate phospho::us:,n8 bond lengths between 1.55 2

and 1.65 ' are generally found which may be -

0
compared with the P-N O\“-P NE
3
bond length of 1.77(2) & in the anion (20) g
which has been considered as a good (20)

approximation to the pure P-N single bond
leng'l;h.l%’ly7 The shorter bonds have been thought to arise from
overlap of the filled sp2 hybridised nitrogen orbitals with the vacant

phosphorus 3d-orbitals;
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the P-N bonds in cyclophosphazene rings and phosphine imines thus closely
resemble formal double bonds. Further evidence for this double bond
character comes from infrared studies on phosphine iwines for which the
P=N stretching frequency has been assigned to the range

71 138, 139 as against 650-850 cm-l, the range assigned to the

140

1240-13%30. ca
P=-N single bond vibration by Corbridge. The low barriers to rotation
about P-N multiple bonds are said to provide more evidence of (p-d)T

138’139. This may be explained in terms of rotation of the

bonding.
P=N bond through 90°, whereupon overlap with a second phosphorus d-orbital
may occur, thus lowering the electronic barrier to rotation, This is in
contrast with, for example, carbon-nitrogen double bonds in which the
participation of d~orbitals is not significant.lhl Furthermore, if
fp-ler bonding is prominent in P-N bonds, more ele ctronegative substituents
on phosphorus should contract and lower the energy of the Bd-orbitals,lhz-lhh
increase the Ti-overlap, and so increase the bond order. This in turn should,
and does, result in an increase in the P=N gtretching frequency.139

These observations, while not proving conclusively the presence of
gg-d§7r bonding in what may be regarded as formal double bonds between
four co-ordinate phosphorus and nitrogen, do preclude a zwitterionic

description of the bond (Figure 3).

\+O
/o\

Figure 3
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The only known structural study to date of a compound
containing a formal double bond between three co-ordinate phosphorus

and nitrogen is that of compound (21) 7 in which the

phosphorus has a planar Mo.si 1.6%5 R///N31Me
3

distribution of bonds, and the t>N Q§f’”"_"‘l .503% 8
.91 iM

P=N bond length of 1.503 & | MesSt oy O

is at the lower limit of all known values for phosphorus-nitrogen bondsx..:m6

It was proposed L5 that this is the result of planarity at phosphorus
favouring very strong SQR—}EZTT bonding, which probably also helps to
stabilise the co-ordinatively unsaturated phosphoxus. Very short bond

lengths of around 1,54 % bave been measured in the nonophosphasenes (22)]'1"7

ana (23)148
[o] o
s 1.625 e 104.9° e 51 1,678  108.4
3TNy VL >=NBu Ny 5 == Nsile,
Bu~" ) Mo s1” \
1,564 R €3S 1.54 &
(22) (23)

in which extensive 5222322TT bonding has been argued in the P=N bond,
especially in view of the NPN bond angles of 104..5° and 108.4° which
imply considerable participation of the phosphorus p-orbitals.

Many P=-N formal single bonds have lengths between those discovered
fﬁr formal double P-N bonds and the 1.77(2) X found for the anion (20)
(see Tables 2 and 3). In the past these have often been explained in terms
of a small degree of (p-d)T bonding, The evidence which has been presented
on behalf of gE-dzTT bonding in these formal single P-N bonds is varied.

Firstly, there is the aforementioned shortening of the bond length.
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Secondly, as was found with P=N compounds (above), the bond length is
decreased by electronegative substituents on phosphorus118 and increased
by the presence of ﬁ;donor suﬁstituents on nitrogen as expected if
Sg-d}TT bonding is present.lhz Thirdly, planar geometry about nitrogen,
which is found for many aminophosphorus compounds (Table 3), has been
interpreted as evidence of (p-d)T bonding in P-N bonds as this geometry
149

allows greater TT-overlap. Mathis and co-workers in an infrared study
of a number of aminophosphines of the type, XQP—NHR (R=alkyl) found that
the hybridisation state of the nitrogen atom varies widely, depending on X.
When the subatituents, X, are electron-releasing (such as But) the valence
bonds <;f the nitrogen atom are in a pyramidal configuration, whereas when
the substituents, X, are strongly electronegative (such as Cl) the

geometry about nitrogen is near plamar, This they attributed to the
enhanced (p-d)TT bonding associated with eleotron-attracting substituents
attached to phosphorus, though such results are perhaps open to question.

In addition, both the coupling constants 1J(§§) 150

and 1J(g§)151 are
thought to be sensitive to the geometry at nitrogen and the result s
interpreted as being consi;tent with (p~d) T bonding when nitrogen is planar,
though the precise dependence of lJ(gE)on geometry at nitrogen is disputed.152
While it is generally accepted that the geometry at nitrogen is an
important consequence of thetype of P-N bonding, reasons other than SE-d21T
bending have been proposed to explain why nitrogen adopts a trigonal planar
geometry. One of the strongest arguments is that of Glidewelll5B’l5h who
suggested that planarity at nitrogen could be due, at least in part, to steric

interactions tetween substituents causing the bond angles to open out,
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with the result that d-crbital participation then arises largely as

a result of the more favourable geometry. In addition, ab initio
theoretical calculations on the aﬁinophosphine, HZNPHz’ indicate that the
near planarity at nitrogen when the molecule is in the ground state
conformation originates from the ele ctron-releasing inductive effect of the

155 though other workers have since disagreed with this.156’157

phosphorus,
Pinal evidence in support of (p~d)T bonding comes from n.m.r

studies, especially frammeasurements of torsional barriers about P-N

single bonds. In a number of cases the magnitude of the barriers has been

158-162 Typical evidencelso is

interpreted in terms of (p-d)W bonding.
the graa;er barrier found in Ph(x)P(S)NPrg when X=Cl as against X=Ph. Since
the chlorine atom is more electronegative and supposedly a worse

T -=donor than the phenyl-group, the enhancement in barrier when chlorine
is present has been attributed to a contribution from (p-d)TTbonding.lso
On the other hand, whether (p-d)T bonding is present or not, there is
good evidence to suggest it makes little contribution to rotational barriers
in that phosphine imines, containing a P-N formal double bond, possess
extremely low barriers to rotation (below 8 kcal mol-l) possibly because :
of the availability of more tham one phosphorus d-orbital for 11-bonding.138’137

Nitrogen inversion during rotation 163,16k

and lone-pair-lone-pair I
repulsions 165 have been offered as alternative explanations for the

substantial barriers about tervalent P-N single bonds. N.m.,r. chemical

shifts have also been used to explore the bonding between phosphorus

and nitrogen; (p-d)m_bonding being a possible explanation

for the transmission of / \
]
Ar —N N NMe
substituent effects on the * >P< <:> 2
X Ph

chemical shift of the
(24) (X=lone-pair or 0)
dimethylamino-group protons

in compound (24),1%°
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Recently the importance in P-N bonding of the conformation of the
P-N bond itself and the consquent non-bonded electron interactions
between phosphorus anrd nitrogen have been realised, with the result
that there has been increasing use of ultraviolet photoelectron
spectroscopy (peees.) in the study of phosphorus-nitrogen compounds,

particularly aminoPhosphines.167.170

It could be hoped that as the
optimum condition for (p-d)T overlap is where the nitrogen and phosphorus
lone-pairs are mutually orthogornal, p.e.s., in affording information on
the conformations of the lone~pairs of electrons, may also reveal the
degree to which Sn-d!Tr bonding is present in the molecule. However,
recent 32 initio moleoular orbital calculations have shown that molecules
with adjacent electron-pairs or polar bonds exhibit a *gauche effect'.

In other words, a tendency to adopt that structure which has the maximum
number of gauche interactions between the adjacent electron-pairs and/or

171

polar bonds. An example of this is the preferred conformation of
biphosphine, PZHA’ in which the dihedral angle between the two lone-pairs

of electrons is 90-100° (Figure 4).172-17ZF Hence, mutual

H

Figure 4
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orthogonality of the lone-pairs of electrong in phosphorus-nitrogen
compounds may not be a consequence of Sg-dzrr bonding but an expression
of the 'gauche effect', though it should be remembered that this by no
means precludes the presence of such bonding.

The main advantage of p.e.s. is that even in molecules with very low
barriers to bond rotation the spectrum produced is that of the predominant
conformation (or conformations) bécause of the rapid time scale of the
ionisation process involved (Franck-Condon Principle). ‘Time-averaged'
spectra which detract ffom the use of n.m.r. in conformational studies
are avolded. The main disadvantage of p.e.s. is that interpretation of
the 3pec_:tra is often complicated and ambiguous, even when dealing with
relatively simple molecules, An example of the type of confusion which may
exist is in the p.e.s. studies of tris(dimethylamino)phosphine, (MezN)3 .
An electron diffraction studylzo of this molecule had already suggested tﬁat
all the nitrogen atoms should be considered to be sp2 hybridised and the
phosphorus atom sp3 hybridised. A p.e.s. study of (MezN)BP was then
undertaken by Cowley and co-worke:n:'=3167 to determine the lone-pair
interaotions and conformations within the molecule., In short, to discover
which of the four structural models in Figure 5 with three, two, one, or no
lone-pairs mutually orthogonal was the more correct (2,b,c,d respectively).

By comparing the spectra of the aminophosphines, (Me N) PP and

3en
(Me ,N) PP, (n=2,2 or 3) they conoluded 167 that (ue JN);P wust have two

of the nitrogen lone-pairs interacting in .a O -fashion, while the third
interacts in a Tl-manner with the phosphorus lone-pair (Figure 5b). Later,
however, Lappert and cc:--wor)a:ers]‘68 criticised this interpretation and
suggested that ‘MezN)3P has no nitrogen lone-pairs mutually orthogonal to

the phosphorus lone-pair (Pigure 5d). This view, in turn, was attacked by
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Figure 5 (R=Me)

Cowley and co-workersl69 who argued that the T -interaction between
nitrogen lone-pairs (of O.IA-éD as proposed by Lappert168 was unreasonably
small and the steric hindrance between the three dimethylamino-groups

was too considerable for such a conformation to be preferred. Cowley's
structure was later confirmed by other workersl7° but they disagreed

with the original interpretation of the spectra. Such disputes are not
restricted to phosphorus-nitrogen compourds either. Recent moleoular
orbital calculations/® on the bicyolic phosphites, P(OCH, ) ;Cle and

P(CHZO)BCMe, while in good agreement with the p.e.s. data published
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169

by Cowley and co-workers, again radically disagreed with their
interpretation. Almost simultaneously with this recent theoretical
publication,l75 however, Cowley and co-workers revised 176 their
interpretation of the p.e. speotra of acyclic phosphites such that it is
in close agreement with the theoretical treatment, but they were highly

critical of the approach used by Hargis and Wbrleyl7o

in their p.e.s. study
of (HezN)3 . Therefore, at present, while p.e.s. could prove to be a most
valuable tool in giving an insight into the lone-pair-lbne-pair interactions
and conformations within phosphorus-nitrogen compounds, the results and
conclusions drawn from such studies must be treated with a great deal of
caution,

Another type of bonding interaction which may be of importance in
many phosphorus-nitrogen compounds ig that of so-called negative
hyperconjugation, Ryperconjugation itself is an old idea177 and is most
readily described as an interaction between the best donor lone-pair or
bond and the best acceptor bond (in other words, the bond with the lowest
lying antibonding orbital). Negative hyperconjugation is an n-——+c7*
interaction which is a function of the geometry of the interacting fragments
and so displays strong directional preferences which in turn may be
responsible for the relative stability of geometrical isomers, This
tybe of bonding could be of particular significance in cyclodiphosphazanes

which may exist in either cis or trans forms. A brief description of the

effect of negative hyperconjugation is outlined below using the diimides,

X2N2(x=}x or F), as examples (Figure 6).178’179 The molecule diimide,

H2N2, may exist in cis and trans geometries for which the dominating
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X X X
N"""‘I\l . N—N
d O d N
X
*
n—— o NX(anti) n—G o {sym)

Figure 7 (X=H or F)

stabilising interactions which are dependent on conformation are the

* #
negative hyperconjugative n— o interactions. 6 — G interactions

*
depend on geometry too, but, since the energy gap separating » and G
P
orbitals is generally much smaller than that separating ¢ and ¢ orbitals,

this will not be considered here, The orientation affording maximal

178,179

*
n— o interaction is anti and not s and so H, N, will be expected

22
to exist in the sterically crowded cis geometry, provided the n—+0'

interaction is strong enough to overcome this wdverse steric effect., In fact,

the trans isomer is found to be more stable than the cis isomerlBo’ 181 and

8o geometrical isomerism in N, H2 is dominated by steric effects. If, however,

the protons are replaced by the more electronegative fluorine atoms, the
N .
n— g interaction should be increased, and is indeed now strong enough to

overcome the adverse steric effects; the cis isomer being found experimentally

to be more stable than the trans.182 A further consequence of this

hyperconjunction is that, as in the case of N2F2 where it is the dominant

factor, one would expect the cis fluorines to be more negative than the
fluorines in the trans isomer, since charge transfer from Dy to O-*N-F is
greater in the cis isomer. However, this is a rather simplistic view as
electrostatic and non-bonded interactions have been ignored. The important
point is that deviations from steric control may occur whenever strong
n—vO'* interactions obtain, and this could be ome reason why, for exawple,

%
(C1PNBu )2 exists in the ois rather than the trans form (Figure 7).105,106
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Cortainly negative hyperconjugation has been a useful (though not
necessarily unique) explanation for a number of chemical phenonoma
including: the barriers to inversion in sulphenylaziridines,183 the

106-108 fold rate increase in the hydrolysis of cyclic over acyclic

cis trans
Ci Ci Cli
p 0 d \
) ' Cl
. *
np —> O-PCI (anti) Dy —> Opny (syn)
Figure 7: a view of (ClPNBut)gthrough the plane
of the ring (t-butyl-groups omitted)
184,185 186,
phosphates,” '’ the conformational properties of 1,3,2-dioxaphosphorinanes

and phosphates,lah

and the sensitivity of J(gl‘_l) to both electronegativity
and conformation 151 [which may also be explained in terms of (p-d) T bonding
as discussed earlier] .

Finally, before leaving the topic of P-N bonding, the novel compounds

(25) and (26) are of some interest. The ring compound (25), which is

sme’3
/
Cl-.. P/ 97.4° _o7
T § 2 Y—P. N
/ \ / \0\ p
¢ N T—~1.a% \0 e
SiMe Sy

3
(25) (26)
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unusual in that it possesses a two co-ordinate cationic phosphorus, has
A
a short formal single P-N bond length of 1.51 X and this and the NPN angle
R 18
of 9[.40 have been usad to postulate the presence of (2p-3p)T bonding. 7

In the cyclic phosphatrane (26) a well-developed transannular P ¢——N

bond is formed when the phosphorus lone-pair is strongly polarised by a

positively charged Lewis acid (such as Y=H' or Ph30+), while no P-N
interaction is apparent with less polarising neutral substituents.188 In
the latter case, X-ray crystallographic evidence189 suggests the phosphorus
is tetrahedral and the nitrogen nearly planar, whereas in the forxmer case
the phcsphorus is five co-ordinate and trigonal-bipyramidél with gn axial
P-N bond 1length of 1.986 % in the fluoroborate salt of (26) (Y:H+ .190

One may conclude that the complete nature of P-N bonding is still not
well understood. !g-dlrr Bonding may be of significance in some cases,

but its importance as a general phenonomen is now certainly open to question.

Factors such as the geometry at nitrogen and the non-bonded interactions

|
%
between nitrogen and phosphorus lone-pairs, which are both subject to outside i
influences such as the electronic and substituent effects of subatituent |
groups, have to be considered. The situation is further complicated in !
that many of the e ffects discussed above are complementary, and consequently i
experimentally indistinguishable. Thus care must be exercised when drawing
conclusions especially from earlier werk., What is certain about the P-N

bond is that it is not a singular entity; it may vary greatly from one
molecule to another, and because its nature should be explicable in one class

of compound does not necessarily mean that such an explanation should hold

for all phosphorus-nitrogen compounds.



PHOSPHORU3-NITROGEN BOND TORSIONAL BARRTIERS
191

The first report of the detection of restricted rotation about

a farmal single P-N bond using va;iable-temperature n.»,r, techniques was
that of Simonnin and co-workers in 1967 who discovered coalescence of the
me thyl-proton signals of Ph(Cl)PNM92 at -52°C. Cowley, Dewar, and Jackson192
also claimed the first measurement of a P-N bond rotational barrier from
their work on the same compound, but their manuscript (also preceded by
reference 193) did not appear till a year later. Nowadays, the measurzment
of rotatiomnal barriers about P-N bonds by variable-temperature n.m.r. is

22,158-161,151~201 though barriers involving P(111)-N bonds

well-established,
have generally been found more accessible by this technique than those about

P(V)-N bonds.

31P spin decoupling,

In many cases the'lﬁ n.m,r, effect, on complete
comprises of two uncoupled singlets which coalesce with increasing temperature
eventually to produce one sharp signal. Under such conditions, the
approximation that the rate constant at the coalescence temperature,
Kc=(TTA/§')zyopgg=separation of the two singlets (in Hz) in the absence of

exchange:]is valid,202

*
and so the free energy of activation, A‘GTc’ may be
calculated from the Eyring Equation (assuming a transmission coefficient

of unity):

n
-AG /RT.  £rom which it may be derived that,

* -
A'GT0= Tc [hS.G} + 4,58 loglo(TcAAO )] cal mol 1

where, KB= Boltzmann's constant

T,= coalescence temperature (K)
h = Planck’s constant
R = gas constant
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In fact T

P decoupling facilities do not appear to be widely available.
Under these circumstances, or whem the rate process involves a nuaber of
sites and cannot be determined aécurately with a simple analytical equation
like above, then computer bandshape analysis has to be used to obtain the
exchange rate 2057205
Theré are, in fact, a number of dynamic processes which could give rise
to variable-temperature 1H n.m.r, éffects of the above type. These are:
inversion at phosphorus, inversion at nitrogen, and substituent dissociation
and recombination. It is wise to consider evidence which discounts these
processes before discussing factors which may influence P-N torsional

i 159

barriers. Cowley and co-workers studied the chiral aminophosphine,
Ph(Cl)PNPr;, and discovered that above the coalescence temperature the
i-propyl methyl-groups were still chemically ron-equivalent, which would not
have been the case had there been pyramidal inversion at phosphorus.
Furthermore, variable-temperature n.m.r, experiments on dimethylamino-
substituted cyclodiphosphazan8322 did not result in any isomerisation at,

or above,'the coalescence temperature, indicating again that the phosphorus
is configurationally stable., In fact, barriers about P(111)-N bonds are
generally too low to be attributed to inversion at phosphoru3,206’207
On the other hand, the barrier to inversion at nitrogen is generally too low

159

to be measured by dynamic n.n.r. and where such barriers have been

measured2°7’208

the nitrogen has never been bonded to phosphorus. In
addition, it is found that increasing the bulk of the R-group in the

aminophosphines, Ph(Cl)PNRz, increases the barrier for the dymamic process.
If nitrogen inversion was the cause of the exchange process then increasing

the bulk of the R~-group would increase the steric congestion in the

pyranidal ground state and so lower the inversion barrier, Goldwhite and

i

159,193,198

|
|
|
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198

co-workers discovered that there was no effect, within experimental
error, of solvent polarity or solute conéentration on the barriers found
for XCHZ(CI)PNMe2 (X=H or Cl). Hence the observed process is an
intramolecular change in which there is no significant charge separation
between the ground and transition states. In other words, the barrier
does not arise from substituent dissociation and recombination.

However, it is worthwhile to point out that substituent exchange which

can be slowed down on the n.m.r. time scale may give rise to n.m.r.

effects of the type described above., For example, on monitoring

the t-butyl signal in the Bu®

1p n.m.r. spectrum of the ’ /N’——-PENBut
monophosphazene (27), two doublets MeBSi

are observed at -30°C (AY =6.0Hz) which (27)

coalesce at 0°C and form a single doudblet at room temperature. This is

the result of the trimethylsilyl-group fluctuating between the two nitrogen
atoms above coalescence Q&G;c = 1.5 keal mol-l). Nevertheless, there is
now general agreement that the dynamic n.m.r. process generally encountered
in the study of aminophosphines arises from hindered rotation about the P-N
bend,

Attempts at identifying the factors comprising P-N rotational barriers
have had mixed success. That there is a steric dependence both on the
nitrogen and phosphorus substituents is certain., PFor instance, on decreasing
the size of the nitrogen substituent in C1,PNR, from Bu® 199 to ue, 179
ZSG* drops from 17.5 to 8.4 keal mol-l, and lower barriers are found in
Cl(R)PNMe2 relative to CI(R)PNPr; (R=Me,198’2°0 or Ph 159’200). The

barrier increases marginally (0..4 kKocal mol.l) witn increasing size of the
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t
phosphorus substituent in the series Cl(R)PNPr; (R=Me or Bu ),200 but

unexpectedly decreases with increasing size of the phosphorus substituent

198,200

in the series Cl(R)PNMe2 (R=Me,Ph, cr But). The reason for this

|
inverse steric effect is not readily apparent, though it has been suggested200

that in Cl(But)PNMeQ the low barrier may arise from a ground state which is
more hindered than the transition state., A similar explanation has been

proposed by Cowley and co-workers from their studies on HZNPH'Z.163 It has

198

also been found that fluoroaminophosphines, F(R)PNR; (R=Me or Ph,R” =alkyl)
have lower barriers (by ca. 2 keal mol-l) than the corresponding
chloroaminophosphines.

Study of dialkylaminocyclodiphosph(1ll)azanes by variable-temperature
nem,r, shows22 they exhibit hindered rotation about the (exocyclic)

P-N bonds too. The barriers to rotation are largely determined by steric

' *
effects as is illustrated by the decrease in szTc from 11.4 to ca. 9.5
- T
keal mol 1 for MeQNP.NR.PNHez.NBut, R=But and Me respectively. A similar
dependence of P~N torsional barrier on the steric bulk of the ring-nitrogen
substituents was founa22 for the monodimethylamino-derivatives,
f .t t . . .
Me,NP.NR.PC1.NBu (R=Me or Bu ) where the ring with the less sterically
demanding methyl-group attached had a smaller barrier by around 2.4 kcal mol.-l

~The most dramatic differences in torsional barrier were between geometrical

isomers where, for example, cis and trans isomers of MezN]'?.NHe.P(O)Cl.ﬁBut

| |
and HezNP.NBut.PNMe +NMe showed differences in barriers of around 4 and 3

2
kcal mol-l respectively, Unfortunately, as geometrical assignments for these

compounds were only tentative, the reasons for this were unclear.

Cross-ring interactions between the dimethylamino-groups in the cis isomers

could destabilise the normally preferred conformations of these groups, which

lie in, or close to, the plane bisecting the ring, and so lower the barrer.



- 56 -

s

On the other hand, on a steric basis alone, such cross-ring interactions

might result in a higher-barrier in the cis isomers, Indeed, those isomers

with the higher barriers possessed tentatively assigned cis structures.22

A further feature which arose from the variable~temperature lH—{BlP} Ne.m,r.

experiments on dialkylaminocyclodiphosph(11l)azanes was the temperature

dependence of the phosphorus chemical shifts: upfield shif'ts, on lowering

the temperature, of the order of 5 x 10-2 PeDole DETX °c being discovered.22

These are generally greater than those found for acyclic aminophosphines.209

22

It was also found”™  that those compounds with relatively high torsional

barriers about the exocyclic P-N bond(s) have the greatest dependence of
phosphorus chemical shift with temperature. - A possible reason for this effect
is that the dialkylamino-group spends a greater proportion of time in a
preferred conformation at low temperature in which the strength of the

exocyclic P-N bond is increased through (p~d)m bonding.22 However, as yet

31

the effect of changes in P-N bond strength on P chemical shift is little

L7

understood. Hindereq rotation has also been observed’™  about the exocyclic
P-N bond in trans- [(Me,81),NPNSiMe,],. The extremely high barrier in the
latter compound Q&G;°>'27 Kcal mol-l) is the largest yet reported about a
formal single P-N bond, and is almost certainly the result of the extreme
steric hindrance of the trimethylsilyl-grouﬁs.

Hindered rotation about the exocyclic P-N bond has also been notedZIO’211

in the novel compound (28) 1
and has been attributed to a N \\ ;
Il /P —NR,
steric interaction between the N
\\‘N
di-i-propylamino—~group and the R’

(28) (R=prf R =Bnt)

t-butyl-groups bound to the ring.
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So far the factors which have been considered in influencing the
P-N torsional barrier have been mainly steric in origin. It appears certain
that electronic effects are olten important, but the nature end magnitude

of such effects are still open to question. The origin of the P-N rotational

191

barrier was originally postulated to be a result of lone-pair-lone-pair

repulsions between the nitrogen and phosphorus atoms end of (p-d )T bonding.
Cowley and co—workersl92 re jected explanations in terms of gp—d!TT bending

since it had earlier been shown that MT-bonding does not lead to hindered

212

P-N bond rotation in phosphonitrilic chlorides, Goldwhite and.anselll58

later presented strong evidence in support of gp-d[Tf bonding, but recently
the results of photoelectron spectroscopy on thevseries of aminophosphines,
PCl2-n(CF3)n(NM62) (n=0,1 or 2) have been used to indicate the barrier arises
from steric effects and lone-pair-lone-pair repulsion effects rather than

(B~62TT bonding.165 However, the interpretation of the photcelectron spectrs

has since been disputed by other warkers.168 In addition to this, theoretical

163,164

studies on the aminophosphine, HZNPHZ’ have been used to deduce that

the P-N torsional barrier is not a pure rotational barrier at all, but a
hybrid process involving both rotation and pyrsmidal inversion at nitrogen,
with phosphorus d-orbitals having no significant role in the bonding. This

appeers to explain why increasing the steric bulk at phosphorus decreacses

198,200

the barrier since larger groups on phosphorus preomote the

63

pyranidality at nitrogen which is predicted1 in the transition state.

However, as there are no experimental data on H2NPHé this theory remzins
unjustified, especially as other workers have proposed a different geometry

157 164

about nitrogen in the ground state configuration eand that the method

A A
of restraining HNH such that it equals ENP is erroneous.
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Some evidencefor the involvement of lone-pair-lone~-pair interactionms
is the fact that barriers about P(V)-N bonds at four co-ordinated
phosphorus usually tend to be much lower than those aboutP(111)-N bonds.
For example, barriers in compounds of the type, Cl(R)P(X)NR; (R=Me or Ph,
R =Me or Pri), tend to be 2-3 keal mo1™T lower when X=8 as against
X:lone-pair.200 However, it is alsc possible that tervalent phosphorus,
possessing a lone~pair of electrons, intrcduces more conformational
dependence into the bond rotation than quinquevalent phosphorus. Evidence
against repulsion with the nitrogen lone-pair is that in the
dithiaphosphorinane, (29), the barrier about the P(S)-N bond is greater than

that about the P-N bond in the analogous three co-ordinate Species.201

S S Me S
NP t N
P Bu PNMe
<(:::S/// ‘\\?,/’ s’// 2
Pri
(29) (30)

Finally, the incorporation of phosphorus into a five-membered ring,

213 to result in an increase in the

such as in compound (30), has been shown

barrier to P-N bond rotation compared with the acyclic compound, (EtS)zPNMeZ.

The reasons for this are probably related to those which determine the higher

barriers discovered in dialkylaminocyolodiphosph(lll)azanes.22
Hence, the factors which influence P-N torsional barriers are still

not fully understood: steric effects certainly exist, as do electronic effeofs

but whether the latter arise through vicinal lone~pair repulsion and/or

TT-bonding in the P-N bond, or some different mechanism, is still a matter

of controversy,



Variable—temperature n,m.r. has also been used to provide information
on the stereochenmicaldependenc2 of a number of coupling constants involving
tervalent phosphorus, especiallf in non;rigid,~acyclic phosphines.,

Gagnaire and co-workerszlh in their studies of the 3,4-dimethyl-1-
phanylphosphacyclopentene (31) discovered two 25 (PCH) coupling constants
of different magnitude and Me

sign which they attributed
to the lone-pair orientation 51////’
of the phosphorus atom.

Since then there has been

2J(gch)=i'25 Hz
215-228 (31)

considerable interest 23(§9§§)=:6 Hz
in two and three-bond phosphorus-proton and phosphorus-carbon coupling
constants: in all cases it being found that the coupling constants were

strongly dependent on the dihedral angle,O, subtended by the bond and

the lone~pair on phosphorus (Figure 8),

—>}
'

©

Figure 8
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The angular dependence of these coupling constants along with leading
references, is summarised in Table 4. Generally when the dihedrel angle
is 0° the coupling constant is large and positive - almost certainly the

result of a 'through-space' interaction _228,229

whereas a smaller coupling
constant (either positive or negative) is associated with 180° angles.

3J(§OQ§) is alsc dependent on the orientation of the phosphorus lone-pair,

Table 4

Angular dependence of coupling constants

Coupling Comnstant —— Dihedral Angle —— Reference(s)

(o] . o

0 180
25(pcH) ca. +20 Hz 0 &2 214,216-219
2
J(pce) 3545 Hz 0+3 Hz 220-223
27(pNC) ca. +50 Hz ca. -10 Hz 22}4,,225
23(poC) ca. +18 Hz 0+3 Hz 226
33(pecH) ca. +20 Hz 342 Hz 191,227
33(prca) +18+3 Hz 3:2 Hz 22,159,198, 225
>3 (ENCC) 23 Hz 343 Hy 228

2 A minimum, correspogding to a small negative coupling constant,
was obtained at 120 .

although no correlation between this and © has yet been wnade, as only the

dihedral angle between the phosphorus lone-pair and the 0-C bond has been

considered.230’231
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There have been a number of reports of quinquevalent phosphoris
~-proton or -carbon coupling constants being stereochemically dependent
[ Z3(ecen), 232 3a(pocz)?2° 3s(ence),?? 33(poce), 233725, s (pocny, 220
and 3J(ECQQ)237 ] although because the effect of lone-fair orientation is
now absent, the range of wvalues which these coupling constants adopt is not
usually as extreme as that found when phosphorus is in the tervalent oxidation
state. Indeed some coupling constants involving phosphorus (V) have been
shown to have very little conformational dependence, unlike their

phosphorUSOll),‘counterparts.201’221’227’228

As well as being of theoretical interest,215’218

the stereochemical
dependence of two and three-bond phosphorus-proton and phosphorus-carbon-
couplings is of use in determining the ground state conformation, in solutiom,
of non-rigid molecules such as aminophosphin=s, For example, the
Jow-temperature 1H n.m,r, spectrum of the methylaminobis(trifluoromethyl )-
phosphine, MeND.P(CFB)Z, indicates.the presence of two unequally populated
rotamers which, as a result of steric considerations and the magnitudes of

the 3J(£NQ§) coupling constants, are assigned as rotamer a (80%) and

rotamer b (20%), but not rotamer ¢ (Figure 9)»19h

F3C

B ‘< Me o0 .8
Me D
2 b o
najor rotamer, minor rotamer, rotamer not
SJ(ENQE) 13.9 Hz EJ(ENQE) ca. 4 Hg observed

Pigure 9
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Finally, several two and three-bond couplings between phosphorus

and nuclei other than carbon or l’iydrogen have alsc been shown to be

stereochemically dependent. Of particular note are 2J(gcg‘_),218

218 2

>3(pccr), 3(eN31),%% ana 23(prp).>2r238
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CHAPTER 2

AMINOCYCLODIPHOSPH(111 )AZANES




INTRODUCTION

Cyclodiphosph(11l)azanes (32) are phosphorus-nitrogen four-membered

rings, the first of which, . R;
(32) (R'=R%=Ph, X=Y=Cl), was XP<N>PY
reported6 towards the end of the last gz
century, although it has not been until (32)

recently that a detailed study of the chemistry of these compounds has

been undertaken.7’8’15’20’22'36‘38’50

Some of these compounds display

geometrical isomerism (Figure 1 z), presumably through the different mutual
orientations of the exocyclic phosphorus substituents in a ring containing
planar, -or near planar, nitrogen atoms.106 These isomers are characterised

31 22,34,50
P chemical shift.

by exceptionally large differences (65-90 p.p.m.) in
In some cases isomerisation has been observed, and in compounds of the type
(32) (R'=Bu®, R%=alkyl, X=Y=amino) this has always been from the isomer with
the 'low-field' phosphorus shift (6p ca. 190 p.p.m.) to that with the
‘high-field' shift (6p ca. 100 p.p.m.).22 The actual mechanism of
isomerisation is unknown. It may be via,

i) phosphorus inversion

ii) a monophosph(1ll)azene intermediate,

G - = .V
\g 2 [-Pam] — \N/\

R R ) R
\ N, \ u( N N .
\N/P" A ‘-P\N- \P+ p———— -.P-\N';P'
R R R\
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The first case is unlikely as the barriers to phosphorus inversion are

generally quite high, especially when the phosphorus atom forms part of a

239

small strained ring system. The last two mechanisms are reasonable

possibilities. A number of monophosph(1lll)azenes have now been isolated
and are characterised by extremely low-field 31P chemical shifts

.36

(ca. 300 p.p.m. o45 Such shifts have never been observed during the

isomerisation of cyclodiphosph(11l)asanes, so if the monomer is formed it

must have a very short lifetime. On the other hand, there are recent reports

of the dimerisation of monophosph(11l)asenes to the four-membered ring

36,41 The ring-opening mechanism too is quite feasible, but again

species,
there is no direct evidence for this.

In dialkylaminocyclodiphosph(11l)azanes torsional barriers of
considerable magnitude about the exocyclic P-N bonds have been measured.22
Furthermore, substantial differences in4AG;c for pairs of isomers have been

noted22; for example, the difference in barrier between cis and

trans - (32) (R'=Me, B°=Bu’, X=Y-NMe ) is ga. 3 kcal mol.™  Thus,

as dialkylaminocyclodiphosph(1ll)azanes possess rotational barriers well
within the range measurable by variable-temperature n.m.r. (5—25 kcal mol-l),
systematic changes in the groups R;,Rz,x, and Y in (32) may well provide
interesting information about the torsional process. The one major drawback
is that, to date, no definite assignment of the geometrical isomers has been
made, although on the basis of n.m.r. evidence, Bulloch22 tentatively
assigned gie structures to the isomers of (32) (R'=Bu®,R%- 1, X=Y=1%e,)

with 'low-field' phosphorus shifts.
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Thus it is of interest to extend the range of alkylaminocyclodiphosph-
(lll)azanes known and reinvestigate some of the work already done in order
to,

a) discover which isomer is cis and which is trans,

b) separate individual cis and trans isomers in order to study
the effects of geometrical isomerism on chemical and physical properties,

c) extend present knowledge on the aminolysis reactions of compounds

of the type RN(FCL,), and (C1PMR),,

2)2

d) extend present knowledge on the chemistry of
alkylaminocyclodiphosph(1ll)azanes, and,

e) produce series of compounds of intefest for a study by
variable~temperature n.m.r. (particularly with a view to measuring
P-N torsional barriers).

The domain of this chapter is principally the synthesis and
physical properties of alkylaminocyclodiphosph(1ll)azanes, points

d) and e) (above) being dealt with in subsequent chapters (3 and 5).
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RESULTS

(1) The preparation of N-arylcyclodiphosph(11ll)asanes

The preparation of N-arylcyclodiphosph(1lll)azanes (34)

(Y:H,Cl,Me, or OMe) by the reaction of arylamine hydrochlorides with
phosphorus trichloride in refluxing sym-tetrachlorcethane has recently

been described]‘5 :

2 [N(C 68, ¥-D)E ] + 4 FCL _—ém_ ., (CgH,Y-p)N(FCL,),
(33)
O6Ta TP -y
: c1P <N>PCl &
Ceiy -2

(34) (Y=H,C1,Me, or OMe)

The bis(dichlorophosphino)amines (33) (Y=H,Cl,Me, or OMe) were isolated in
high yield only if the temperature during work up was kept at or below 30°C,
whereas a temperature of 100—150°C led to thermal elimination of phosphorus
trichloride and formation of the dimer (34).l5 These preparations were found
to be repeatable only when Y=H or Cl, but not when Y=Me or OMe. When

Y=Me, the cyclodiphosph(1lll)aszane was only obtained by heating the
intermediate bis(dichlorophosphino)amine under reduced pressure (0.1 mmHg)

for several hours at 145°C. When Y=0Me, there was no thermal elimination of

phosphorus trichloride even under such extreme conditions.
Dimethylaminolysis of the chlorocyclodiphosph(111)azanes (54)

(Y=H,C1, or Me) readily gave the bis(dimethylamino)-derivatives (35)
(Y=B,C1, or Me):
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CH Y-p CoHyY-p
/Ns\4 RN
Cl.
011>\N ot + 4 Me N —— MezNP\N _Eille, + 2 [NMe2H2]
- : H Y-
6 4Y P 64 P

(35) (Y=H, C1 or Me)

The p-methoxyphenyl-derivative was obtained by the dimethylaminolysis of
the bis(dichlorophosphino)amine, (06H 40Me-B)N(PCl )2,

C H,OM e-p

N6 4

2 (c 4o~1e-g)N(P012)2 + 16 Me,NH —> Me2m> \PNM +2 P(IID'Ie2)3

C 6H 40Me-2

+ 8 [I\IMe H2 ]Cl

Mass spectroscopy, and in the case of (MezNPNPh)Z, molecular weight

determination by osmometry in benzene solution showed that the products were
dimers,

The various routes by which dimethylaminocyclodiphosph(1ll)azanes might

be formed in this reaction could not be distinguished. Careful examination

of the products of the reaction of PhN(P012)2 with four molar equivalents
of dimethylamine by ]'H n.n.,r. spectroscopy showed that the cyclisation step
. " .

is extremely facile, for only ClP.NPh.PbMez.NPh ' [also prepared by the

reaction of (34) (Y=H) with two molar equivalents of dimethylamine]
Me,NFC1, and (MeZN)zPCl could be detected.
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Only the N-phenyl-derivative, (MezNPNPh) 2’ha,s been previously :r:e;po::"t:ed,15
and this apparently as one isomer,
Ph Ph
. N ,
PRN(PCL,), _Me,N.SiMe; . ye ZNP/ N FilMe, e . Site, o1/ el
\ / N
Ph Ph

1
In three out of four cases (Y=H,Cl, or OMe) a mixture of isomers was found 1
initially. As was found?? for (32) (R'=Bu’;R’=Me,Et, or Bu';X=Y-le,) these
isomers showed very large differences in 31 P chemical shifts. In all three
cases, on standing in solution for several weeks, isomerisation occurred to
the isomer with the 'low-field! 311’ chemical shift, in contrast to the
N-alkyl-derivatives where the isomers with the 'high-field' shifts were

favoured (Table 5).

Table 5

31? chemical shifts and isomer ratios of

(e NPNC H Y-D) .

6 Isomer Ratio
Y DPeD.l. Initially After several weeks
H 101.0 1l 0
166.5 1 1l
Cl 100.8 1 0
166.1 1l 1
Me 166.8 1 1
Ote 101.5 1l 0
168.9 10 1

a .
= Downfield shifts are positive;relative to external 85% H3P0 "

b .
= In bensene solution at ambient temperatures.
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Diethylaminolysis of (34) (Y=H) readily afforded one isomer of (E'I:ZNPE‘IP‘I'l)2
and this had a 'low—field' -'P chemical shift (5p 161.2 p.p.m.). This is
again in marked contrast to the N-alkyl-derivatives, for which the single
isomer of (EtzNPNBut)z had a 'high-field! shift (6p 91.3 p.p.m.).

(2) The reaction of cis- (ClP'NBut)Z with amines

Although it had been reported 25 that dimethylaminolysis of (3) (R:But)

led only to complicated mixtures, it was later found 22

that (36) (X=Y=-.NMe2)
was the sole product of reaction with excess amine. The reaction is

straightforward therefore,

R But

1P /N\PCI x:p/N\ PY
But But
(3) (36)

except that a mixture of geometrical isomers is found with 31ZF’ chemical
shifts of 95 and 184 p.p.m. Similar results were found when (3) (R=Me or Et)
was treated with four, or more, molar equivalents of dimethylamine.
Isomerisation of these 2,4-bis(dimethyiamino)cyclodiphosph(1ll)asanes was
found to occur; in each case isemerisation resulting in an increased proporiin
of the isomer with the *high-field!' 5 1P signal (6 P~100 p.p.m.).

22

Qualitative observations showed““ that the rate of isomerisatioﬁ increases

with increasing bulk of the ring-nitrogen substituents; isomerisation of
MezNP.NMe.Pm{ez.NBut only being apparent after standing for several weeks

at ambient temperatures, whereas isomerisation of (MezNPN.But) p occured within
a few days. Similar reactions with two molar equivalents of dimethylamine

on (3) (R=Me or But) gave the mono(dimethylamino)~derivatives (37)

t
(R=Ye or Bu") which differed from the bis(dimethylamino)~ R
N
derivatives in that only one isomer was ClP < \PNMe
\N/ 2
formed in each ca,se.22 Bu®

(37)
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Reaction of (34) (R=Bu®) with excess diethylamine afforded (F.:*:;2m>1\n3u*‘)2

in one isomeric form only and this with a 'high-field! 31P chemical shift.
The reactions of _<_:_:i._s_.-(ClPN]-3u‘t")2 with a variety of other amines were

investigated.

(a) Reactions with primary amines:- The reaction of g_gg-(c:lPNBut)z-

with four molar equivalents of methylamine, ethylamine, and t-butylamine

readily afforded the bis(alkylamino)-derivatives (36) (X=Y-MeNH,EtNH, or

ButNH),
Byt | . But
ClP/N\PCI + 4 RNH, ———> R(E)NP /N\P\I(H)R + 2 [ ]01
\N/ 2 \N/ * N E3 °
t t
Bu Bu

R=Me,Et, or But

In only one case was a mixture of isomers produced, (36) (X=Y=MeNH),
isomerisation occurring very rapidly (93_. 0.5h at 3300) to the isomer with
the *high-field' - P chemical shift. The preparation of (36) (X=Y=Bu'NH)
has been reported 15 before, and a minor product was found which may have
been the less stable isomer. This was not detected in the present work,

the t-butylamino-derivative, like the ethylamino-derivative, existing in
only the one form, that with the 'high-field' > P chemical shift. Hereafter,
until a definite structural assignment is made, isomers will be termed *low’

or 'high-field' depending on the phosphorus chemical shift.
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(v) Reactions with cyclic amines:- The products of the reactions of

c:i_s--(ClPl\IBut)2 with the secondary cyclic amines, pyrrolidine, piperidine,

and morpholine were examined:

But But
ClP/N\PCl + QHENCHZ —> ZCHNP/N\PNCHZ
\N/ 48 48 \N/ 48
Bu® Bu®

Z=nothing (pyrrolidine),

+
CH,(piperidine), or

0 (momholine)' 2 [NC4H8ZH2 ] Cl.

Pyrrolidine and piperidine gave very low yields (< 10%) of the 'low-field'
isomer., On the other hand, with morphdireno 'low-field' isomer could be
detected (n.m.r.). However, the reaction with morpholine did give a

small quantity of unidentified material (§ PNCE, 75.5 p.p.m.), which
increased markedly in proportion on heating in benzene. Mass spectiroscopic

evidence, in particular, suggested compound (38) was obtained,

evidently by water-induced CH CH IBut

( 27 UT2NU N
1 —
cleavage of . N—P .

o8, —cn” Ny 0
an exocyclic P-N 2 2 Bu
bond. (38)
(c) Reactions with other secondary amines:- The reaction of cis-(ClPNBut) 2
2

with dimethylamine 2 has already been discussed. However, when this was

repeated it was found for the first time that a thermodynamically unstable
cyclodiphosph(lll)azane could be isolated; the kinetically favoured, higher

melting isomer of (36) (X:Y:.NMez) being separated by repeated fractional

crystallisation from pentane. In the solid state, no isomerisation of this
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isomer could be detected after three months, in contrast to its solution

35

properties. Earlier confusion”” about the products of this reaction
possibly arose from the complexity of the 18 n.m.r. spectrum (Figure 10)

which initially shows six signals in the m_V_I_gQ region. Four of these

signals belong to the kinetically favoured isomer which exhibits restricted

rotation about the exocyclic P-N bonds at ambient temperatures on the
n.n.r. time scale (see Chapter 5).
The reaction of cis-(ClI’J.\TBut)2 with two molar equivalents of

dimethylamine to produce (37) (Rﬁut) was also repeated. Again only one

isomer, with an intermediate 51p chemical shift (5BNMe 131.5 p.p.m.) relative
= 2

- to the other N-t-butyl-derivatives, was observed. This compound could be
readily fluorinated using antimony trifluoride, or reacted with methylamine

t0 produce a mixed amino-derivative:

But But
_—X ~ S$bF3 or \

Me NP L / PC1 ——5——>2 W Me2NP\N _JFX, X=F or N(H)Me.
But But

l ]
t . .
Me(H)NP.NBu .PI‘II‘Iez.l\IBut was initially spectroscopically identified as the

'low-field' isomer, but on standing this produced a mixture of products all

of which were 'high-field' isomers (relative proportions in parentheses),

gut Bu® But
P N
2m>\ >PN(H)Me — Me NP “SEN(E)Me + Me e \PNMe
Bu Bu But
cis or trans (6) (1)
+
-
S NG
Me(H)N‘D ~y PN(H)Me
Bub

all trans or cis.

|
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The components of this isomerisation/exchange process were identified

by 3]‘P n,m.r. (lH n.m.r. data were too complex to establish this). No
evidence was found to suggest whether the exchange process occurs by simple
interchange of amino-groups with the ring remaining intact, or by the
intervention of monomeric phosph(1lll)azenes, MeZNPrl\IBut and MeNH.P:NBut.

A further surprising feature was that the 'high-field' isomer of

(36) [X;:MezN, Y=N(H)Me] gave only one 31p nom.r. signal.

As it has been established4

5 that bulky nitrogen substituents

stabilise monomeric phosph(1ll)azenes, it was hoped that one route to such
compounds might be via the cleavage of sterically congestéd.
cyclodiphosph(1ll)azanes. Hence, c_ig,__-(ClIPI\IZBut)2 was reacted with four molar
equivalents of di-isoprofylamine. However, only the mono(di-isopropylamino)-
derivative was produced, even under extremely forcing conditions.
Interestingly, it was recently resported 36 that the monophosph(111)azene,
(Pri)zNP=NBut, produced by heating (Pri)zN.PCl.N(SiMeB)But with elimination
of MeBSiCl, slowly dimerises at ambient temperatures to the

bis(di-isopropylamino)-compound.

Bu® (oot Bu® s Bu®
N 2 (pr) NE N . 2 (pc7) NH XN .
N 2 7N i 2 i \
cir{ rc1 S C1P{  PN(Pr'), —%—Ss (Br') NP{ PN(Pr)
\N/t -[N(Prl)2H2]Cl \N’t 2 W . 2

g
g

Bu
1-4 months
(ref. 36)
2 (Pri)zNP=NBut
On treatment of g_ig-(ClPNZBv.lt)2 with N,N/ ~dimethylethylenediamine,
Me(H)N(CHZ)ZN(H)Me, the new crystalline bicyclic compound, (39), was

formed. Yields were low due to other, presumably polymeric, materials

being formed, but were found to be (CH2)2
higher when the diamine, rather than t\
MeN Bu NMe
triethylamine, was used as hydrogen \p A7
. N\, F
chloride acceptor. No cage compound N/t
Bu

of this type was isolated on treating (39)
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013-(01P‘\IBu ) m.th N, N -dimethyltrmethylenechamne.
(@ )cls-(01pw3u )., with N, N ~dimethyltrimethylenediamine.

equ

(d) Aminolysis of c1s—(ClP\T.Bu ), with heptamethyldisilazane:- Two molar

equivalents of heptamethyldisilazane slowly reacted with cia-(ClPNBut) > to
pro : -

produce the single 'high-field' isomer of (36) (X=Y=MeNSiMe3),

But But
/N\ /N\
PCl 2 (Me,Si M NP PN(S
ClP\N/ + ( es 1)2NMe —s  Me( eBSi) g ( iMeB?Me
Bu® Bu®
+ 2 MBBSiCl.

This compound has also been recently reported.3 6 as the result of the slow

dimerisation of Me(MeBSi)NP=NBut, though it was not fully characterised.

(3) Physical properties of alkylaminocyclodiphosph(111l)azanes

One of the most striking features which became evident from the

e

synthesis of the above alkylaminocyclodiphosph(111)azanes was the marked i
influence of geometrical isomerism on the physical and chemical properties K
of these compounds. Differences between isomers such as chemical reactivity'
and exocyclic P-N torsional barriers will be dealt with in separate cha.pters!
(3 and 5 respectively). Here, the emphasis will be on physical properties, l
especially those used to determine whether the 'low! or *high-field' isomer .
is ¢is or trans as without such a structural determination many future
conclusions become exceedingly tenuous. As the only pair of
alkylaminocyclodiphosph(1lll)azane isomers which have been separated is that
of (MezNPNBut)z, most of the studies are on this compound.

(a) Relative basicity measurements:~ A convenient method of measuring
relative base strengths is to compare the strength of the hydrogen bond
formed between the base [:Ln this case the cyclodiphosph(lll)azane] and a
reference acid. The extent of the interaction can be determined

spectroscopically in one of two ways: by infrared spectroscopy 240,241 or

nuclear magnetic resonance.242’243 Deuteriochloroform is used as the
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reference acid in infrared spectroscopy because the C-D stretch at

2252.3 em L (1iquid phase)244 is free from other absorptions and it is
useful in that it has only one site to which the base will complex.
Chloroform itself is a convenient receptor acid in n.m.r.; the shift of

the complexed proton being measured at infinite dilution in hexane relative
to the free chloroform peak. Both methods indicated the 'low-field!

isomer of (Me2NPN".But)2 to be the more basic (Table 6). Results for other
alkylaminocyclodiphosph(11ll)azanes are also shown,245 and generally they
have similar basicities to (MeZNPNBut)Z(Gp 95.0 p.p.m.) and on this basis

all 'high-field' isomers have the same geometrical configuration.

(b) Vibrational spectroscopy:— The i.r. spectra of alkylaminocyclodiphosph~ |

(111)aza.nes tend to be complex, the most diagnostic bend being the strong
asymmetrical P-N vibration of the P-N-P group which usually occurs in the
range 845-935 cm—l 16,96,246-248
is still regarded as a matter of some uncerta:!_nty.249 It can be seen

(Table 6) that the cage compound (39) possesses a considerably smaller

P~N-P stretching frequency than either of the two (I/Iezl\TPl\TBv.t)2 isomers,

implying weaker P-N bonds in the ring possibly as a result of the cage being

strained. (l‘IeBSim/Ie.I’NBut)2 shows the smallest frequency (837 cm-l),
probably on account of the considerable steric interactions imposed by the
buiky amino-groups. The isomeric forms of (MeZNPNBut) , Provide quite
distinet i.r. spectra; that of the *high-field' isomer being far more
complex (see, for example, those bands quoted in Table 7). On a purely
qualitative basis, this suggests this isomer is cis, as the trans isomer,

being centrosymmetric, should have fewer i.r. active absorptions.

s
i
|
t

though the exact assignment of this vibration

i
|
|
i
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Table 6

iphosph

Relative basicities and V(P-N-P) asym. of
azanes

Compound ép 2 AN fem -1b AV /Hz £ \)(P-N—JP)as_ym./cm-':L g
(MezNPNBut)z 95.0 22 21 872,862
(MezNPNBut) 5 184.7 42 42 880
(MeNH.PNZB“ut)Z 98.1 32 24.5 882
(EthH.HlBut)2 94.7 34 23.5 900,892

t .
(c 4H8NP1\[Bu )2 76.7 25 16 873
. t
(csﬂlolmnau )2 91.9 28 22 865,852
(MeBSim/Ie.PI\IBut)E, 89.9 e e 837
(cx,),
e/
P
Ny~
t
Bu

a
‘Downfield shifts positive; relative to external 85% H3PO

b

4.

“I.r. shift of ¥(C-D) for cocl (0.04 M)/compound (1 M) mixture in

hexane, relative to pure CDCL

c

to the same solution with compound added (0.5 M).

4
In nujol.

e
Not measured.

3.

-1}1 n.n,r. chemical shift (60 MHz) of CHClB, 0.02 M in hexane relative
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Table T

Compaxrison of the i.r. 2 and Raman b active bands of
ZMezllPNZButsz in the range 300—7900 cm-1

Yhigh-field' isomer "low-field' isomer
i.r./ emt Raman/ em ™t i.r./ cm ™t Raman/ et
646 645 616
659 662 665
688 687
192 798 197 810
862
872 880
897 (902)
2 > ' ;
In nujol. Solid state, ‘

It was hoped that a definite structural assignment could be made by
comparing the i.r. and Raman spectra of both isomers of (MezN'PNBut)z, as
the trans isomer should have i.r. and Raman spectra which show no
coincidences. This technique had been successfully employed in distinguishing
the isomeric forms of [PhP(S)NEt]2.95 Unfortunately, in this case the
results were slightly ambiguous. However, the 'high-field' isomer
possessed a greater number of coincidences within the 600-900 cm-l range
vhich should encompass all the ring vibrations242 (Table 7), thus ~favoﬁring

a cis assignment to this form.
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(¢) Phnotoelectron spectroscopy:- The photoelectron spectra of both

the cis and transisomers of (I"Ie21\1']?1\1131.11;)2 and the 'high-field! isomer of

the dipiperidino~derivative (CSH]_ONPNBut)z, were recorded. In all the
spectra there is a broad mound above about 11 eV that is due to o -bonding
levels and from which no features can be reliably isolated. Table 8 (P-81 )
shows the groups of bands found below 11 eV, which are the result of
nitrogen-phosphorus nonbonded electron~pair interactions which are

difficult to assign in these complex systems.169’170

What is clear is that
the two dimethylamino-derivatives possess quite different spectra, and
further, that as the spectrum of (CSH.l01\113’1\1'Bv.a.t)2 is almost identical to that
of the 'high-field* (MeZNPNBut) 2 isomer, it appears likely that the orbital
pattern and geometry in both these isomers are very similar. The
photoelectron spectra also reveal that the lowest energy bands are

ca. 0.5cVlower in binding energy in the 'low-field' relative to the
'high-field! isomers., This is consistent with the increased basicity of
this isomer.

(a) Dipole moments:-. Dipole moments have been used to distinguish cis
and trans cyclodiphosph(v)azanes with some success though the method has
never been applied to the P(111) species. The dipole moments of the
‘high-field' isomer of (cs*frmnpmau")2 and both isomeric forms of
(IJIeZISTP'I.‘IBut)2 were measured by dielectric constant and refractive index
measurements on solutions of the compounds in benzene using the Dehye

250

theory. The 'low=-field' isomer of (l‘dezlxll’lxlieut)2 had a dipole moment of

zero D implying it is centrosymmetric, ie. trans. Both the *high-field!
R t

isomers of (M92NPI‘IBu )2 and (CsﬂloNPl\IBnt)2 had substantial dipole moments
of 2.2 and 2.8D respectively, implying cis structures. (ClP’bIBut)2 s of

known cis configuration, had a dipole moment of 3.3 D.
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Iable 8
Compound . Photoelectron spectrum
eV
(e, NPNBu®),  (Low-field' isomer) 7.1,7.5,8.5,10.0
+
(Mezmmu‘)z ('high-field' isomer) 7.5,8.2,8.8
(CSHloNPN'But)Z (*high-field' isomer) 7.5,8.3,8.7

(e) X-ray diffraction:- While dipole moments and, to a lesser extent,
vibrational spectroscopy point to the 'high-field' isomers of the compounds
studied as being cis, the evidence is not entirely conclusive. Why, for
example, should (E{'.zl‘Il:’N’Bu'l;)2 exist exclusively as the cis isomer, with
no evidence at all for the frans form which one would expect on steric
grounds? In particular, it had recently been established that the

251 In

'high-field' isomer of (MeOPNPh)2 possesses a trans structure.
view of the need for a definite structural assignment to the above compounds,
an X-ray analysis of the highly crystalline and relatively stable

dipiperidino~derivative (5p 91.9 p.p.m.) was undertaken., 222

This revealed
almost exactly 22 molecular symmetry and that the piperidine rings are
mutually cis with respect to the PN, ring (Figure 11). The cis
configuration leads to cross-ring steric interactions between the
piperidino-substituents [C(9)...C(14)=3.64 & ] which are relieved partly
by opening of the P(1)-N(3)-C(9) and P(2)-N(4)-C(14) angles [respectively,
126.4(2) and 125.8(2)° compared with 118.2(2) and 118.6(2)° for P(1)-N(3)-
€(13) and P(2)-N(4)-c(1e)] and partly by twisting of the co-ordination

planes of N(3) and N(4) so that they make dihedral angles of 100° with the
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mean P2N2 ring plane. The sum of the angles at N(3) and N(4) is

357.6° in comparison with the 346.4° found for N(1) and N(2). Pronounced

puckering of the ring is found; successive atoms lying + 0.138 % from the

t
Figure 11 X-ray analysis data for cis-—(CSHIONPNBu )2

(reproduced by courtesy of the Clemical Society).

mean ring plane [c_f + 0.045 % in cis—(ClPNBut)zlos and the planer

rings found in tiagg_-cyclodiphosph(v)azanes“’zsl ]. The P...P and N...N
intramolecular distances are 2.59 and 2.24 2 respectively. Other novel
features of the ring are that the P-N bond lengths are the longest yet
observed for P(111)-N bonds, and they alternate in length significantly
(Figure 11).
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DISCUSSICN

The presence of geometrical isomers in a variety of N-aryl and
N-alkylcyclodiphosph(1lll)azanes has now been established. The crystal
structure of (Csﬁ:‘_ol\IZPN?But)2 (6p 91.9 p.p.m.) proves that this isomer has
a cis structure, a result supported by dipole moment measurements and
vibrational spectroscopy. The latter two methods, along with relative
basicity measurements, photoelectron spectroscopy and trends in the

exocyclic P-N torsional barriers and 23 (PNP) coupling constants (Chapter 5)

t

indicate that all 'high—field" ﬁ“
isomers of (36) (X,Y=amino) are cis. ~y
t

Although evidence is weaker concerning ( Bl)l

36

the analogous N-aryl-derivatives, the

magnitude of the torsional barriers about the P—I\IMe2 bonds in both
isomeric forms (Chapter 5) indicates again a cis structure for the
‘high-~field' isomer,

The fact that thermodynamically favoured cis isomers are produced on
heating the trans isomers of (36) (X,Y= amino) is interesting in view of the
adverse cross-ring steric effects in the fommer isomers. It is possible
that these are overcome by a negative hyperconjugative (nP — G-;-N )
interaction, similar to that which determines the relative stabilities of

azo—-compounds .178 !

179 Twisting of the cyclodiphosph(1lll)azane ring in
Q.g-(CBH10NPI§But)2 may be to reduce destabilising interactions between the
nitrogen and phosphorus lone-pairs as well as reducing steric interactions,
although the latter could well be the dominant interactions here as
m-cyclodiphosph(lli)azanes have planar rmgs.47’251 Another puzzling
point is why increasing the size of the amino-group in compounds (36) (X=Y)
from e, to NEt, and MeNSiMe; or from MeNE to EtNH and Bu'NH should result
in no observation of the trans isomer. One might naively expect, again

from steric considerations, that increasing the size of the amino-group
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should decrease the stability of the cis relative to the trans structure,
vwith a concomitant increase in the amount of trans isomer observed. One
possible explanation is that the rate of isomerisation increases with the
size of the amino-group. This could be true, especially if isomerisation
is via the monomeric phosph(1ll)azenes, XP:NTBut, which are known to be

stabilised by bulky nitrogen substituents.A'S

No evidence was obtained

during isomerisation for the formation of monophosph(1l1ll)azenes which

are best characterised by their low-field 51p chemical shifts (6p~300 p.p.m.)
This argument also loses credence in that large amino-groups, while perhaps
encouraging the formation of stabilised monomers, may consequently discourage
their dimerisation back to the four-membered ring. The slow dimerisation

over a period of years of Me SillMe.P=NBu® to (36) (X=Y=Me

36

SiNMe) is a case

3 3
A ready answer to this problem is not forthcoming except that

in point.
it probably involves a subtle interplay of electronic and steric effects
which are not well understood. The N-aryl-derivatives behave as might be
expected on steric grounds; a l:1 mixture of isomers of (MezNPNPh)2 is
initially formed, whereas only the trans isomer of (EtZNPNPh)2 is observed.
An important difference between the compounds (11) (R=Me,Et, ox But)

and (35) (Y=H,Cl,Me, or OMe) is that

Me NP/II;\ /gsélY-p
2Py t/PNMez MezNP g _CFte,,
Bu C6H4Y-p
(11) (35)

in the former cis isomers are thermodynamically favoured, whereas in the
latter trans isomers are the more stable. It was found22 that the stability
of the trans isomer with respect to isomerisation in (11) (R=Me,Et, or But)

increases with decreasing size of the alkyl-group. The sterically less



- 85 -
demanding aryl-groups in compounds (34) may well be one reason why trans

isomers are favoured here. Further evidence of this is that mixtures of
isomeric aminocyclodiphosph(1lll)azanes (40) can be obtained by heating the
acyclic diphosphinoamines, (MeZN) 2P.NR.P(MVIe2)2 (R=Me or Et), in sealed
253

tubes,

2 (MeZN)zP.NR.P(I\MeZ)Z —>  Me WP P, + 2 (Mezn)3p.

~
~

R
X
NN
R

(40) (R=Me or Et)

Both (40) (R=Me and Et) were obtained as 1:1 mixtures of isomers, but
crystallisation of the methyl compound converted it almost exclusively to
253

the trans form. In addition, Zeiss and co-workers recently disoovered38
that in compounds of the type (XPNSille;), [mqez,n(cuz) 4 OF N(CH2)5]

the trans isomer is again favoured. This might a.rise from the long N-Si
bond reducing the steric interactions associated with the bulky
trimethylsilyl-groups.

Since dimethylaminolysis of gjﬁ-(01PNBut)2 initially produces almost
exclusively m-(MezNPNBut) 2 under low-temperature work up conditions
(traces of the other isomer are assumed to arise through isomerisation
during the reaction time), the reaction is probably a two step procedure
involving both retention and inversion of configuration at phosphorus.

This is in contrast to the inversion of éonfiguration at phosphorus found on
nucleophilic displacement of chlorine by amino-groups in phospheta.n3254

but similar to the oxidation of cis-(CLPNBu'), by dimethyl sulphoxide to
t_r_a_gg-[Cl(O)PNBut ]2.62 Assignment of configuration to the

1
monodimethylamino—derivative, MezNP.IIBut.PCI.IIBut, is made slightly
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difficult as only one isomer with an intermediate glﬁviez chemical shift

(6p 131.5 p.p.m.) is formed. The 2J@Ng) coupling constant of +32.5 Hz,

however, is a good indication that this compound is cis (Chapter 5). This

being the case, the nucleophilic displacement of the first chlorine atom

must be with retention of configuration (assuming no rapid isomerisation has

occurred); displacement of the second occurring with inversion of configurat—@
|

ion at phosphorus. !

i
|
i

But But
Ccl MMe
cl\P/ /N\\P Po 2 HNMe, R \P'_,,N\\ 2
N -[NMeH ] ca \N/P
t 22 t
Bu Bu
2 Hl\lMe2
- [NMezﬁz] c1
t t
Bu Bu
..82N N NMe:2 N. NMe2
N S A S
P P € P- ‘P
~ae wo xS
Bu 2 Bu

Since the thermodynamically unstable _g_i_g—(Me2NPNPh)2 is produced in the
dimethylaminolysis of (ClPNPh)z this could imply a different, or less
stereospecific, mechanism operates here, but as the geometric configuration
of (ClI’l\I'.E’h)2 is unknown, it is unwise to infer too much from this.

Basicity measurements (Table 6) reveal the trans-derivatives of
(36) (X=Y=amino) are more basic than the cis. Reasons for this are unclear
as the hydrogen-bonding could occur at one of three sites in the
cyclodiphosph(111)azane ring, viz. the phosphorus or the endo- or exocyclic

nitrogen atoms. However, these results do parallel those obtained by
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photoelectron spectroscopy (Table 8) which reveal that the lowest energy
bands are ca. 0.5 eV lower in energy in the irans relative to the cis
isomers, which is consistent with greater phosphorus-nitrogen nonbonded
electron-pair interactions in the former isomer. I.r. spectroscopy
(Table 6) indicates that in a given pair of alkylaminocyclodiphosph(11ll)-
azane isomers the cis isomer has the smaller asymmetric P-N ring ‘
vibrational energy. This is as expected where strong steric interactions E
obtain, causing puckering of the ring and long endocyclic P-N bond lengths
[1.721(2) and 1.749(2) R in cis - (CsHloNPNBut)z ] . On the other hand,
were a substantial n_p-»(T;_N bonding interaction present, one might have
expected the endocyclic P-N bonds in the cis isomer to be the stronger,
associated with a v (P-N-P)asym. at highér frequency than is found.

The crystal structure of _c_:_i_s_—(C5H10NP}IBut)2 showed the
piperidino-groups lie close to the mirror plane passing through the
phosphorus atoms and bisecting the P2N2 ring. By making use of the
conformational dependence of > J(ENC§)22’159’198’225 and 2J@N9)224’225
it is found that a similar conformation holds for the cis isomers,

. % " L I
(MeBSJ.NMe.PNBu )2, Me NP.IBu . PX.NBu (X=F or C1), (Pr )ZNP.MBu .PC1.NBu ',
and lxlng-(MezNPNBut)z (Tables 10 and 11). For example, the relatively
small couplings to the N-methyl protons and carbon atom of ca. 4.8 and
3.6 Hz respectively in @_—(MeBSiM‘Ie.PNBut)z and the quite large
43(pNSiCH) and 3(ENSiC) couplings (ca. 2.1 and 11.7 Hz respectively)
J'.mplyzz5 a conformation in which the plane containing the amino-group is
approximately perpendicular to the plane of the cyclodiphosph(1ll)azane

ring with the N-methyl-group trans to the phosphorus lone-pair (Figure 12).
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Figure 12. The preferred conformation of the
trimethylsilyl (methyl )amino-group in cm-(Me SiNMe.PNBu )

Similar conformations hold for the other compounds and these agree

with the conformations found by Bulloch®? for cis-(11) (R=Me or But).

The cage compound, (39), which is restrained to a conformation in which
the N-methyl and N-methylene—groups are mutually cis and trans respectively
to the phosphorus lone-pair, also illustrates the angular dependence of
3J(13Ncg) and 2J(_I_’_N_C_:_) (Tables 10 and 11).

It is still very difficult to explain the large S'P chemical shift
differences found between pairs of isomers. Bul].oc:h22 proposed that this
may be related to conformational changes about the exocyclic groups.
However, the X-ray analysis of gj_.g—(CSHIONPNBut)z and the lH and 15 C n.n.r.
data as discussed above for cis and trans-dialkylaminocyclodiphosph(11l)-
azanes indicate that in both geometrical forms the preferred conformation
is roughly the same; in every case being one in which the
dialkylamino-group lies in, or close to, the mirror plane paasing through
"the phosphorus atoms which bisects the ring. Perhaps it is the rotamer
‘populations which affect the 'P chemical shifts. In trans isomers the
dialkyl amino-group may spend most of its time in the preferred conformation,
whereas in the cis isomer, although the preferred conformation is the same,
‘the populations of other rotamers may be increased as a :éesult of the
enhanced steric interactions of the cis configuration. There may be an
element of truth in this for in the sterically rigid cage molscule, (39),
which must be cis, a quite *low-field! 3]'P chemical shift (155.0 p.p.m.) is

observed. Another effect which might be considered is conformationdchanges
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within the ring itself and that ring puckering, as found in the cis
isomers, in some way causes an upfield shift. This is unlikely to

be significant, though, as the cage compound, (39), probably possesses
a fairly puckered ring [‘\)(P—N-P)asym., 846 cm—l ], as does

106 (69 207.3 p.p.m.). Whatever it is that causes these

cis—(ClPNBut)z
dramatic changes in the 5 1P chemical shift, it would appear to be
intrinsically involved with the exocyclic nitrogen atom and the presence

of a lone-pair on each phosphorus atom [alkylaminocyclodiphosph(v)azanes

and their mixed oxidation state analogues generally have 3:"IE’ chemical shifts

which differ between isomers by less than 20 p.p.m., eg ref. 38] .

EXPERIMENTAL

Methods used in the purification and drying of solvents and reagents
can be found in Appendix A. Instruments used in the recording of i.r.,
Raman, photoelectron, n.m.r. (Tables 9, 10 and 11) and mass (Table 12)
spectroscopic data, plus the source of microanalyses (Table 12) along with
instruments used in the measurement of dipole moments and collection of
X~ray diffraction data can be found in Appendix B. The compounds, |
(crewpu®),, 17 cis-(Mepnrnmn®),,?? (EtzNPNBut)z,zz (Bu*wa. Buma®) 7 |
MezNP.N.But.PCl.NBut,zz (I-Ie3Si)2NIVIe,255 (C1,P) NC H, Y-p (Y=E,CL,Me ox oMe), 12 i
and (CLENC(E,Y-p), (Y=E,CL or 0Me)'? were prepared by slightly modified |

literature methods. Other preparative details are outlined below. ‘i

2, Q-Biss dimethylamino)-1, Edi;@_e_nxlcxclodighosghg 111)azane:~ Dimethylamine

(5.6 g, 120m0l) was added to a stirred suspension of 2,4-dichloro-l,3-
diphenylcyeclodiphosph(11l)azane (9.9 g, 31 mmol) in methylene chloride
(20 cn’) at ~78°C. The solution was stirred (0.5 h), brought to ambient
temperature, 2nd diethyl ether (30 cm3 ) was added. The precipitate was

removed and evaporation of the solvent left a white solid. Recrystallisation
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from methylene chloride-light petroleum (b.p. 40-60°C) (1:2) gave
2,4A-bis(dimethylamino)-1,3-diphenjcyclodiphosph(1ll)azane (crude yield
5.6 g, 54%) as colourless, ﬁoisture—sensitive needles, m.Pp. 125—12700

(1it.,? 188,206-208°C?).

1,3-Bis-(4-chlorophenyl)-2,4~bis(dimethylamino)cyclodiphosph(111)azane:~

Dimethylamine (2.4 g, 53 mmol) and 2,4-dichloro-l,3-bis-(4~chlorophenyl)-
cyclodiphosph(11l)azane (5.0 g, 13 mmol) in methylene chloride (30 cma)
at -78°C on similar treatment to the above, gave the compound (4.5 g, 86%)

as colourless prisms, m.p. 117-11800.

2,4~-Bis(dimethylamino)-1,3~bis~(4-methylphenyl )cyclodiphosph(lll )azane:~-
Dimethylamine (3.6 g, 80 mmol) and 2,4-dichloro-1l,3-bis-(4-methylphenyl)-
cyclodiphosph(11l)azane (6.9 g, 20 mmol) in diethyl ether (30 cm3) at

-78°C on similar treatment to the above, gave the compound (6.2 g, 86%) as

colourless needles, m.p. 111-113°C,

Dimethylamine (11.3 g, 251 mmol) and bis(dichlorophosphino)-(4-methoxyphenyl-
amine (10.0 g, 31 mmol) in diethyl ether (30 cm5) at -78°C on similar
treatment to the above and with careful removal of tris(dimethylamino)-

rhosphine, gave the compound (7.8 g, 65%) as colourless needles, m.p. 112°C. '
i

~Bis(diethylamino )-1,3-diphenylcyclodiphosph(11ll)azane:-~ Diethylamine
(8.8 g, 121 mmol) end 2,4-dichloro-1,3-diphenylcyclodiphosph(11l)azane
(9.5 g, 30 mmol) in methylene chloride (20 cm’) at 20°C on similar treatment

to the above, gave the compound (6.8 g, 58%) as colourless plates, m.p.
104-105°¢.

2-Chloro~4-dimethyl amino-1, 3~diphenylcyclodipho sph‘ 111 Qazane 2=

Dimethylamine (2.9 g, 64 mmol) and 2,4-dichioro-1,3~diphenylcyclodiphosph-

(111)azane (10.1 g, 32 mmol) in a mixture of methylene chloride (10 cxn})
and diethyl ether (30 cm3) at -78° C on similar treatment to the above,

gave the compound (9.2 g, 89%) as colourless needles, m.p. 84°C.
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1, 3-Di—t-butyl—2—trans-4-bis(dimethylamino)cyclodiphosph(11l)azane:~

1,3-Di-t-butyl-2,4-dichlorocyclodiphosph(111)azane (10.9 g, 40 mmol)

was mixed with dimethylamine (7.2 g, 160 mmol) in diethyl ether (500 cms)

at —78°C. The solution was brought to ambient temperatures and stirred

(1 h). The dimethylamine hydrochloride was removed by filtration and the
solvent carefully evaporated under reduced pressure at or below room
temperature. The white solid produced (10.8 g, 92%) was shown (1H n.m.r.)
to consist of a (9:1) (trans:cis) mixture of isomers. Repeated
recrystallisation of this solid from pentane gave the compound (4.3 &, 3T%)
as colourless crystals, m.p. 114-116°C. Distillation under reduced pressure
of the o0ily residues gave the cis isomer (5.2 g, 45%) as a clear viscous

liquid, b.p. _85—9000 (0.1 mmHg), which crystallised on standing, m.p. 38—4(90.

Attempted preparation of 1,3-di-t-butyl-2-methylamino-4-dimethylaminocyclodi=

ph,osph('lll)ag.ane:- To a rapidly stirred solution of 1,3-di-t-butyl-2-

chloro-4-dimethylaminocyclodiphosph(11l)azane (4.45 g, 15.7 mmol) in
diethyl ether (100 cm3) at ambient temperatures was slowly bubbled an
excess of (0.97 g, 31.4 mmol) methylamine. Removal of the methylamine
hydrochloride and solvent left a colourless oil which was shown by 1H n.m.r.
to c;onsist of a 1:1 mixture of isomers. Isomerisation to the cis isomer
was complete after ca. 1 h at 33%¢ (0.1 M solution in deuteriochloroform).
Vacuum distillation of the oil gave a clear colourless liquid (3.0 g), ?
b.p. 62-65 °C (0.06 mmHg), which analysed for the compguﬁd (Table 12), but |
was shown (31P n.n.r.) to consist of a mixture of the compound, | |
1,3-di-t-butyl-2,4~bis(dimethylamino)cyclodiphosph(11l)azane, and !
1,3-di-t-butyl-2,4,-bis(methylamino)cyclodiphosph(1lll)azane (all cis

isomers) in a 6:1:1 ratio respectively.
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1, 3-Di-t-butyl—2-fluoro-4~dimethylaminocyclodiphosph(111)azane:~

1, 3-di-t-butyl-2-chloro-4-dimethylaminocyclodiphosph(11l)azane (2.97 g,
10.5 mmol) in pentane (20 cm3) was stirred with anhydrous antimony
trifluoride (3.46 g, 19.3 mmol) at ambient temperatures for 12 h. The
dark coloured solid and the solvent were removed to leave a colourless oil
which was purified by distillation under reduced pressure to give the

compound (1.4 g, 50%), b.p. 62°C (1.2 mmHg).

1,3=Di-t-butyl-2~chloro-4-di-isopropylaminocyclodiphosph(1lll)azane:—

1,3 -di-t-butyl-2,4-dichlorocyclodiphosph(111)azane (3.5 g, 12.7 mmol) in
benzene (40 cm3) was mixed with di-isopropylamine (7.7 g, 76.2 mmol) and
sealed in a thick-walled glasstube. The tube was heated (18 h) at 13000.
Di-isopropylamine hydrochloride (1.6 g, 11.6 mmol) was removed and the
filtrate was evaporated to dryness. The residue was extrac‘ted with hot
light petroleum (25 cm’, b.p. 40-60°C) to give a white solid, which on
crystallisation from benzene gave the compound (3.6 g, 86%), m.p. 162%.
There was no evidence to suggest the formation of any 1,3-di-t-butyl-2,4-
bis(di-isopropylamino)cyclodiphosph(111)azane. A further experiment in
which the above mono(di-isopropylamino)-derivative was heated with excess

di-isopropylamine in a sealed tube at 175°C for 11 d led to extensive

decomposition of the starting material.

1,3 ~Di-t-butyl-2,4-bis }(trimethylsilyl)(methyl )amino|cyclodiphosvh(111)~
azane:- Heptamethyldisilazane (5.95 g, 34.0 mmol) and 1,3-di-t-butyl-2,4-
dichlorocyclodiphosph(1ll)azane (4.67 g, 17.0 mmol) were refluxed with
rapid stirring in benzene (20 cm’) for 7 d. Removal of the solvent and
trimethylchlorosilane left a light brown solid which on crystallisation from

pentane gave the compound (2.1 g, 30%), m.p. 123-124°C.
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1,3-Di-t-butxl—2zg-bisgmetg*,:lamino!cxclodi;ghosgh{ 111)azane:- To a rapidly
stirred solution of 1,3-di-t-butyl-2,4-dichlorocyclodiphosph(1ll)azane
(6.3 g, 23 mmol) in diethyl ether (150 cm3) at 20°C was slowly bubbled an
excess of (2.9 g, 94 mmol) methylamine. Removal of the methylamine
hydrochloride and solvent left a white solid which 1H n.m.r. showed to
consist of a 3:2 (cig:trans) mixture of isomers. Isomerisation to the

" cis isomer was rapid (ca. 20 min at 33°C in deuteriochloroform solution).
The solid was melted and distilled under reduced pressure to give the
compound (3.9 g, 64%), a colourless oil, b.p. 88% (0.01 mHg) which

crystallised on standing, m.p. 39-4200.

1,3-Di~t-butyl-2,4-bis(ethylamino)cyclodiphosph(11l)azane:~

Ethylamine (2.6 g, 58 mmol) in diethyl ether (20 cm’) was mixed with
1,3-di~-t-butyl-2,4-dichlorocyclodiphosph(11l)azane (4.0 g, 14.5 mmol)
in diethyl ether (100 cm3) at -78°C. The reaction mixture was brought to
ambient temperatures after 0.5 h and the ethylamine hydrochloride and
solvent removed to produce a white solid which was readily crystallised
from light petroleum (b.p. 40-60°C) yielding the compound (3.2 g, 76%)

1

as colourless crystals, m.p. 91°C. H n.m.r. indicated the presence of one

isomer (cis) both during and after work up.

1,3-Di~-t-butyl-2,4-dipiperidinocyclodiphosph(11ll)azane:~ To a rapidly
stirred solution of 1,3-di-t-butyl-2,4-dichlorocyclodiphosph(111l)azane
(6.0 g, 21.8 mmol) in diethyl ether (300 cm3) at 0°C was slowly added
dropwise a solution of piperidine (7.4 g, 87.1 mmol) in diethyl ether

(100 cm3). The mixture was allowed to warm to ambient temperatures and on
work up produced a white selid (cis:trans ca. 20:1) which on crystallisatior
from light petroleum (b.p. 40-60°C) afforded the pure compound (4.1 g, 50%)

(cis:trans, 1:0) as colourless crystals, m.p. 97-98°C.
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1,3-Di-t-butyl-2,4-dipyrrolidinocyclodiphosph(11ll)azane:~ As above,

1,3-di-t-butyl-2,4-dichlorocyclodiphosph(1ll)azane (2.95 g, 10.7 mmol)
in diethyl ether (150 cm3) was mixed with pyrrolidine (3.04 g, 42.8 mmol)
in diethyl ether (50 cm’) at 0°C. After warming to ambient temperatures,
the solution was filtered and the solvent removed yielding a white solid
(cis:trans ca. 10:1) which on crystallisation from light petroleum

(b.p. 40-60°C) afforded the pure compound (2.2 g, 60%) (cis:trans, 1:0)

as white plates (colourless in solution), m.p. 107-108°C.

1,3-Di~t~butyl-2,4-dimorpholinocyclodiphosph(111)azane:~ 1,3-Di-t-butyl-2,4-

dichlorocyclodiphosph(11ll)azane (5.10 g, 18.5 mmol) in light petroleum

(100 cﬁB, b.p. 40-60°C) was mixed with a solution of morpholine (3.22 g,
37.0 mmol) and triethylamine (3.74 g, 37.0 mmol) in light petroleum

(50 em’, b.p. 40-60°C) at 0°C. The mixture was allowed to come to smbient
temperatures, stirred for 0.5 h, and the solvent and triethylamine
hydrochloride removed to yield a white solid (6.0 g) which g {BlP }n.m.r.
showed to consist mainly of a 1l:1 mixture of products (6p 75.5 and 94.8 p.pmb
Crystallisation of the crude product from pentane afforded the pure compoundé
(0.6 &, 9%) (6P 94.8 p.p.m.) as colourless needles, m.p. 155-157°C. On |
heating in benzene solution (75°C for 5 d), the compound was almost
quantitively converted to the impurity kSP(111)75.5 p.p.m{]which was
tentatively identified by mass spectroscopy as 1l,3,-di-t-butyl-2-morpholino-

4-oxocyclodiphosphazane; found B/e 307, calc. ®/e 307.

1,8,-Di~t—butyl—2,5—dimethxl—2,5,7,8—tetraaza-1,6-diphos ha(1ll)bicyclo—
|4.1.1 loctane:- A solution of N,N/-dimethylethylenediamine (2.75 g, 31.2

mmol) in diethyl ether (30 cm3) was slowly added with stirring at ambient

temperatures to a solution of 1, 3-di-t-butyl-2,4~dichlorocyclodiphosph(111)-
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azane (4.30 g, 15.6 mmol) in diethyl ether (120 cm3). The precipitate

and solvent were removed to leave a colourless oil which was purified

by distillation under reduced pressure to give the compound (0.90 g, 20%),
‘ b.p. 73°C (0.1 mmHg). The distillation residue, a very viscous
intractable oil, appeared to consist (lH n.m.r.) solely of polymeric
material. Yields of the compound were dramatically reduced (<:5%D when
triethylamine was used as hydrogen chloride acceptor.

No bicyclic compound of the above type was isolated in a similar
reaction of N,N/:—dimethyltrimethylenediamine with 1,3-di-t-butyl-2,4-

dichlorocyclodiphosph(111)azane.
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Table 9
Phosphorus chemical shifts of (C12P) VR and

(CLPNR), (R=alkyl or aryl) &

Compound op b
P.p.m.

(ClzP)zNMe 160.8
(012P)2NEt ' 152.5
(012P)2N3ut ‘169.1
(C12P)2NPh 155.3
(012P)2N063401-g 155.0
(CL,P)NC,H, Me-p 157.3 <
(012P)2N06340Me-g 157.7
(ClPNEt)2 - 227.3
(crenBu®), 207.3
(ClPNPh)2 202.5
(ClPNC6H4CI—g)2 202.4
(ClPN06H4Me-g)2 203.2
2 At ambient temperatures in CDCl3 solutions unless stated otherwise.
b

Downfield shifts are positive; relative to extermal 85% H5P0 A’

jo

PCl3 solution.
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CHAPTER

PRODUCTS OF THE OXIDATION OF AMINOCYCLODIPHOSPH(111)AZANES
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INTRODUCTION

The controlled oxidation and sulphuration of cyclodiphosph(11l)azanes

17

was first reported ' in 1973. This was the formation of ClP.NR.P(X)Cl.NR
and [Cl(X)PNR]z (R=Pri or But, X=0 or S) from the action of one or two
molar equivalents, ;espectively, of dimethyl sulphoxide or sulphur on
(ClPNR)2 (R=Pri or But). More recently, oxidation has been effected by

t-butylhydroperoxide 48 58

and elemental oxygen,” whereas sulphuration by
elemental sulphur has remained the most convenient route to the

mono~ and dithiocyclodiphosphazanes.20’22’34’38’48’51'63’64 There are
no reports to date on the action of selenium or tellurium on
alkylgminocyclodiphosph(111)azanes, though very recently the compounds

(15), (16), and (17) have been J'.sxola.’ted.48'’'65

t
But Bu Me
X\ N /N\ x\ N //Y
Np PC1 Me(X)P P(X)Me Np P
e N, 7 N VRN / \
e~ Ty Ny Bt ¥ Bu®
Bu Bu Me
(15) (X=Se or Te) (16) (X=Se or Te) (17) (¥=lone-pair, Y=Te;
X=Y=Te)

The aminolysis of 2,4-dichlorocyclodiphosph(v)azanes, {bl(X)PNR ]2

(X=0 or S), provides an alternative route to aminocyclodiphosph(v)a.zanesz’8

Interestingly, Bul].och22 found that treatment of the mixed oxidation state

f \
cyclodiphosphazanes, ClP.NMe.P(X)Cl.NBut, with two molar equivalents of

dimethylamine resulted in partial dimethylaminolysis exclusively at the

f ~
phosphorus(111) centre, producing MezNP.NMe.P(X)Cl.NBut (x=0 or 8).
Quaternisation of cyclodiphosph(lll)azanes has been achieved using

methyl iodide, 58,48 methyl bromide,48 or ethyl bromid938 - for example,
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. TN
S']Me5 MezN SJ_Ine3
7N \+/N\ -
Me, NP PMfe, + RY —0 > P PNMe Y
2N e % 2
N ) R 7 \N
SiMe SiM
3 ey
RMe, Y=I -0
R=Et, Y=Br
Bu® Bu®
N Me . ¥
TN N /N -
MeP PX + MeY —— P PX Y
Ny S Ny
N7 Me N7
Bu Bu
48
X=Cl, Y=I
X=Me, Y=I,Br

. [ N |
Scherer and Schnabl have also repo:rted48 the adduct, I&eP.NBut.P+.NBut

A1C1 4‘ (in which phosphorus is still formally in the +3 oxidation state),
formed on treatment of MeP.NBut.PCI.NBut with aluminium trichloride.
Finally, several transition metal complexes have been prepared 39,40
using eyclodiphosph(1ll)azanes as ligands.

To date, apart from the very recent :r:epo:r:t36 of Zeiss and co-workers,
the oxidation of alkylaminocyclodiphosph(1lll)azanes has received little
attention. It was therefore of interest to examine in detail the oxidation
products of some of the alkylaminocyclodiphosph(1ll)azanes discussed in
Chapter 2.

RESULTS AND DISCUSSION
An initial attempt to prepare (41) (X=Y=0 or S) by dimethylaminolysis

of [Cl(X)PNBut] 2 (X=0 or S) was unsuccessful at ambient temperatures.

I 1 '
However, MezN(S)P.NBut.P(S)Cl.I}IBut was formed in very low yield and
identified by mass spectroscopy as a result of heating excess

dimethylamine and [Cl(S)PKBut] , in a sealed tube at 85°C for 16 h.

Bu® Ph
M N(X)P/N\P(Y)We Me N(x)P/N\P(Y)me
€2 Ny” 2 2 Ny 2
Bu® Ph

(41) (42)
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On heating a mixture of dimethyl sulphoxide and c_ig_—(MezNPNBut) 2
or _t_g_g_n_s_—(MegNI’NPh)z in benzene at 70-80 °C for 24 h no reaction occurred.
Both cis and trans-(41) (X:Y;O) were eventually prepared using
t-butylhydroperoxide as an oxidising agent. In contrast to the reaction
with dimethyl sulphoxide, treatment of cis or trans - (I'IezNPNBut) o with
one or two molar equivalents of sulphur or selenium results in a smooth,
stereospecific, stepwise addition of the chalcogen, affording (41)

(X=S or Se, Y=lone-pair) and (41) (X=Y=S or Se) respectively (Figure 13).

t t %
Bu | Bu Bu
MezN\ N, /NMe2 MezN N /I\lMe2 MezN\ N, /NMe2
B P —3¥%—> P P —3%X—> P P
i NN ) 1 \x
Bu Bu Bu
t t t
Bu Bu Bu
N e R A QA e
‘P P, —#X3—> P P —dXg— B P .
o)\ 4 / NN N7\
Me N By Me N Bu® X Me, N gyt X
“ 2

Figure 13 (X=S or Se)
Notably, the mixed oxidation state cyclodiphosphazanes are less reactive
towards sulphur or selenium than the cyclodiphosph(11l1)azanes, presumably
because the electron deficient P(V) atom affects the activity of the
P(111) atom in the mono-oxidised product.

Corresponding reactions with elemental sulphur on 11_'a._n_g-(MezﬂPNPh) 5
and :gz_j_._s_-(E*’:.ZISII’}IBv.xt)2 and with elemental selenium on g_g_s_-(EtzNthut)z
gj._s_—(CSHIONPNBut)e, and the cage compound, (39), readily afforded again
the mono- and disulphides, (42) and (43) (X=S, Y=lone-pair or S), the
mono- and diselenides (43) and (44) (X=Se, Y=lone-pair or Se), and

compound. (45).
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(ca,),
MeN 0 SN
e, e
Bu® Bu® \ Bu®
Et N(X)P” N\P(Y)NEt c.H N(x)P~ N\P(Y NC AN /
t t t Se
Bu ) Bu Bu
(43) (44) (45)

That retention rather than inversion of configuration at phosphorus
occurs (as indicated in Figure 13) is shown by assigning structures to

the above compounds.

Structures

i) Yariable-temperature lH n.m.r. mneasurements of torsional barriers

about the exocyclic P-N bonds where pairs of isomers are available show
that in all cases the isomer with the lower barrier(s) arises from the
alkylaminocyclodiphosph(1ll)azane with the lower barrier, implying retention
of the (cis) configuration (Chapter 5). Also, the 311>(111) chemical

shifts found in the mixed oxidation state cyclodiphosphazanes which are fo
thigh-field' (Table 15) arise from the cis-cyclodiphosph(1ll)azanes which

31P chemical shifts. Similar arguments hold in turn

have 'high-field*
for the trans isomers. It is of interest that the P chemical shift f
differences between isomeric forms of mixed oxidation state ,
alkylaminocyclodiphosphazanes and alkylaminocyclodiphosph(v)azanes is
considerably smaller (generally 25 p.p.m.; Table 15) than that found
for the tervalent analogues (60-95 p.p.m.; Table 10).

ii) Vibrational spectroscopy too is of some, though limited, value in
assigning structures. The asymmetric PhN vibration of the P-N-P group in
gggr(MezNPNBut)z occurs at lower vibrational energy than that for
ﬁggggr(MeZNPNBut)z (Table 13). In every case the .isomer of (41) arising
from gggr(MezNPNBut)z shows an asymmetric P-N vibration in the i,r.

spectrum at lower energy than that for the analogous isomer arising from
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Table 13

V(P-N-P)asym. in compounds of the type

1] )]
MeQN(X)P.NBut.P(Y)M’IeZ.NBut 2

cis trans |

X Y Y (P-N-P)asym. /. em L V(P-N-P)asym. /cm_l ‘g
lone-pair  lone-pair 872,862 880
Te lone-pair - 884
Se lone-pair 879 890
S lone-pair 884 897

Se Se 898 904 P

s S 905 912 |
0 0 919 930

a

All spectra run as nujol mulls.

trans—(Me2NPN'But)2, favouring (though by no means conclusively) retention
of configuration (Table 13). Inspection of Table 13 also shows that
N (P-N-P)agym . is at higher energy in the cyclodiphosph(v)azenes than

in the mixed oxidation state species and also that on passing from

chalcogens of lower electronegativity to ones of higher electronegativity
in both types of compound increases the vibrational energy of the
aforementioned group. If withdrawal of electron density by the chalcogen
results in increased P-N TN -overlap and so strengthening of the P-N bonds
then this is the trend expected. I.r. and Raman comparisons of cis and
trans-cyclodiphosph(v)azanes, as for the cyclodiphosph(11ll)azanes
(Chapter 2), were again slightly ambiguous, both cis and trans isomers
showing coincidences. In each case the isomer of (41) (X=Y=0,S, or Se)
arising from _gi._s_-(MeZNPNBut)z possessed a greater number of coincidences

within the 600-950 — range (which should include all the ring vibrations)



- 116 -

than the other isomer, implying cis and trans forms respectively (Table 14).

The lower symmetry of the mixed oxidation state cyclodiphosphazanes

precludes such a structural assignment by this method.

Table 14

a b
Comparison of the i.r. and Raman

‘active bands of cis and trans-—

[MezN(S)PNBut] , in the range 600-950 cm™

1

cis-[He N(s)mBu"], trans-[Me N(s)mwEa’ |,
i.r. /cm_:L Rama.n/cm-l i.r./ — ' Raman/cn ™
626 620 622
728 727 738 724
743 740 742
762 758 767 : 763
818 816
823 826 877
905 927 912 925
934 935 932 933
2 1}
In nujol. Solid state.

iii) Chemical Reactions: it was recently shown that on mixing equimolar

solutions of the tertiary phosphine diselemide, thP(Se)CHZP(Se)PhZ, with

the tertiary phosphine, Ph2PCH2PPh2, a quantitive reaction occurred

immediately, producing thP(Se)CHZPPh2.256 Similarly, it was found by
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1 {51P }n.m.r. that rapid equilibration (<2 min) via intermolecular

r )
selenium exchange to MezN(Se)P.NBut.PDMe NBu® occurs on mixing equimolar

2.

solutions of (I'Iezl\IPI‘IBut)‘2 and [MezN(Se)PNBut] . Furthermore, this

2
affords an elegant route to the determination of the geometric forms of
the mono- and diselenide isomers. It was found that on mixing
_c_j.g-(MezNPl\IBut) o with its diselenide, only one isomeric form of the
monoselenide was produced. Addition of the other diselenide [prepared
from j;_x;a_xlg-(MezNPNBut)z] afforded a 1l:1 mixture of the monoselenide
isomers. The former result implies that both compounds are of the

same configuration (gg), the latter, opposite configurations. It would
also appear reasonable to assume that the monoselenide producedon

mixing 9_3'=_s_s_—(Me2NPNZBut)2 and _g;g_-[MezN(Se)PNBut] o must be cis too, and

as this is the same isomer as afforded by the reaction of _g_j_._s_,.—(MezNPMBut)z

with one molar equivalent of elemental selenium then the latter reaction

would appear to involve retention of configuration at phosphorus

(Figure 14).
%
Bu t t
Mo N S ™omen P e Me N D% e
. p 2N N 2 2N\, N 2
Ny + - P —> 2 27 P
% Z NN N NN N\
Bu Se But Se t 'Se
Bu
t t
Bu Bu
Me N Me, N Se
2°\ "‘N\"P/ 2 2 \p’ ,N\P/
'\N/t' + se? Ny \NM
Bu Bu 2
t t
Bu Bu
Me N 0 N, MeS . ,Se
Nppl + p p?
s N7 NI N
Bu Bu 2

Figure 14.
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iv) X-Ray diffraction: a study of (41) (X=Y=S), produced by treatment

of cis—(MezNPNBut)z with two molar equivalents of elemental sulphur,
257

was undertaken. This established that the symmetry is close to

Sov
with dimethylamino-groups mutually cis with respect to the ring

(Pigure 15 a). The greatest distortation from §_2v symmetry arises

mainly from twisting of the dimethylamino-groups about the P-N bonds

by ca. 40 from the plane passing through the phosphorus atoms and normal |
to the mean P2N2 ring plane. This is almost certainly a consequence of
intramolecular crowding, as is the non-planarity of the P2N2 ring in
which there is a torsion angle about the P-N ring bond of 130, somewhat

larger than the 8° found in cis- [Ph(S)PNEt ] » the only other structurally

97,111

2
characterised cis—dithiocyclodiphosph(ﬁ)aza.ne.

Steric congestion
is also shown by the number of close intramolecular contacts (Figure 15b).
The dimethylamino PN02 units are flat, whereas the co—~ordination of the
endocyclic nitrogen atoms is appreciably pyramidal, each nitrogen atom
lying 0.21 2 from the plane defined by adjacent phosphorus and carbon
atoms.

The other isomer of (41) (X=Y=S) was shown=> | by oscillation and
Weissenberg photographs to have crystallographic _(_)_i symmetry which is
consistent only with a trans configuration.

Points i)-iv) above establish that the stepwise addition of
elemental sulphur or selenium to alkylaminocyclodiphosph(lll)azanes

proceeds with retention of configuration at phosphorus. This is

258-260 261

consistent with the addition of elemental sulphur or selenium

to optically active tertiary phosphines which proceeds with retention of
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Figure 15 a) A diagrammatic representation of 1,3-di-t-butyl-2-cis-4~

bis(dimethylamino)-2,4~dithiocyclodiphosph(v)azane showing selected bond

lengths (&) and angles ( °). |
b) The same molecule, projected on to the SPN(2)PS plane

(one But-group is overlapped) showing intramolecular contacts (X).
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configuration. By comparisoﬁ of the vibrational spectra of cis and
trans-(41) (X=Y=S or Se) with those of (41) (X=Y=0) it was confirmed
that cis and Egg-(MeZNPNBut) o» On treatment with t-butylhydroperoxide
(which is assumed to effect oxidation with retention of configuration at
phosphorus 262), yield cis and trans- [MezN(O)PNBut]2 respectively.

t
In contrast to the action of selenium on cis or trans-(MezNPNBu )2,

tellurium produced only the one monotelluride, trans-(41) (X=Te,Y=lone-pair,

No ditelluride could be obtained.

]311t But IBu.t
BN Te PN N
Me NP_ _PlMe, —> Me N(Te)P 4 _Pite, ——*—> Me N(Te)P\I P(Te)Nb‘bc
N N7
Bu® Bu® Bu®
cis or trans trans

The ambient temperature 1H n.m.r. spectrum of the dimethylamino-protons
of this monotelluride consisted of a single, slightly broadened doublet
which could be collapsed to a singlet at either of two separate 3lP
decoupling frequencies (Figure 16). This is attributed to tellurium atom
exchange at an intermediate rate on the n.m.r. time scale. The

spin-lattice relaxation times for the 31P nuclei must be greater than the

normal M AJ\JV\/\
Pm} or{% MJ\M} and{ PV}

NMe-signals

Figure 16.
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exchange lifetime to allow complete lH_ {31p} spin decoupling by
irradiation at either of the two 31? signals though there is no precedence
for spin relaxation effects of this type. The study of this exchange
process by low-temperature n.m.r. was complicated by the slowing of
rotation about both exocyclic P-N bonds so that at -60°C the
dimethylamino-proton signals consisted of four doublets (Figure 16) as

a result of both slow tellurium exchange and restricted rotation

(Chapter 5). That the tellurium exchange is at least partly intermolecular

was suggested by the concentration dependence of this process. Rapid

exchange of tellurium has been observed in tertiary phosphine/tertiary

263,264 65

[ t ]
phosphine telluride mixtures and also in cis-But(Te)P.Mer.PBu JMe.
The latter compound is interesting in that the cis form [produced from

cis-(ButPl\Me)z] is stable and that the ditelluride, cis-[But(Te)PM'Ie]

2’
65 -

may also be synthesised.
Tellurium is clearly much more mobile than selenium or sulphur in

these systems 2s neither the cis nor the irans isomers of (41) (X=S or Se,

Y=lone-pair) exhibited chalcogen exchange on the n.m.r. time-scale,

even at ca. 140°C. At ca. 160°C, however, the phosphorus-selenium bond

does become labile, the cis isomer isomerising completely to the trans

form. It would therefore appear that it is the lability of the

phosphorus-tellurium bond which precludes the formation of more than one
isomer of (41) (X=Te, Y=lone-pair). No isomerisation of the monosulphides
was detected. Attempted syntheses of the chalcogen-derivatives, (41) |
and (43) (X=S, Y=Se) from cis-(41) (X=S, Y=lone-pair) and cis-(43) ‘
(X:Se, Y=lone~pair) were hampered by 'scrambling' of the chalcogen atoms, |
producing in each case mixtures of the sulphide-selenide, disulphide, and

diselenide species (approximate percentages in parentheses),



But
/N\
% cis-Me N(S)P_  >P(Se)iMe, (80%)
Bu S
N 3 Se " Bu
cis-le N(S)P/ SPte, —— 2>
==""2 N 2 .
N " +1:
Bu _ Bu
/N N
cis-Me N(X)P P(X)NMe, X=S (10%%)
=="""2 g/ 2
Bt X=Se (10%)
By
/N\
cis-Et N(Se)P P(S)NEt (50%)
—_— "2 Ny’ 2
% Bu®
n &
N S
cis-Et_N(Se)?” \PNEt, — O > +
—— 2 NN /t 2
Bu
Bub

N
s o VAR _ 0/
cis EtzN(X)P\ /P(X)NEtz X=S (25%)

N ] .
Bt X=Se(25%)

In the latter reaction, QE-EtzN(Se)Il’.NBut.P(S)N’Etz.gIBut could not be
isolated from the mixture of products.

A slightly different situation obtained on addition of one molar
equivalent of sulphur to trans-(41) (X=Te, Y=lone-pzir), tellurium being
displaced and trans-(41) (X=S, Y=lone-pair) being produced along with
trans-(41) (X=Y=S). Unreacted monotelluride could not be observed in the
1H n.m.r. spectrum owing to the complexity of the signals and broadening
effects in the dimethylaminc-proton region arising from hindered rotation
about the P(S)NMe2 bond in the monosulphide. This provides an altermative
route to the irans-monosulphide as the trans-monotelluride may be made

from the thermodynamically stable cis-(Me2NPl\lBut)2.
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Cis or trans—(Me2NPNBut)2 may be readily quaternised using methyl

iodide,
Bu® Bu®
N Mel : N
N wa 0”7 \pt -
MeZNP\N JPle, ————> Me NP P (Me)I\IMe2 I.
Bu’ Bu®

The higher barriers to rotation about the exocyclic P-N bonds

(Chapter 5) and the 'low field' 1P chemical shifts (Table 15) found

in the product from the itrans isomer indicate retention of configuration
at phosphorus. No diquaternised products were obtained on further

addition of methyl iodide,

The reactions of compound (10) Bu®
/’N\\
with one molar equivalent of sulphur, MezNP\\ /,PCI
N

dimethyl sulphoxide, and aluminium But
trichloride were also investigated (10)
(Scheme 5).

Sulphuration occurs exclusively at the P — NMe, end of the

2
molecule producing compound (46) though surprisingly, unlike the

reactions of (RZNPNBut)2 (R=¥e or Et) with sulphur, the reaction is less
stereospecific, a 1l:1 mixture of isomers being produced. The feaction
with one molar equivalent of dimethyl sulphoxide is even more
surprising. As gs‘--(cu’mmt)2 was readily oxidised by dimethyl
sulphoxide,17 yet _c_i_s_;_-(MezNPNBut)z was not, mono-oxidation at the P-Cl
centre might have been expected. Instead a 1l:1 mixture of dioxide
isomers,(47), plus starting material.is produced., Therefore, the

reactions of dimethyl sulphoxide with cyclodiphosph(1ll)azanes are not
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But

N
™, / \
11e2N(S)P\N/PC1

B

(46)

isomer ratio ca. 1l:1
/% ’

But But But
N dmso N P
7N oap 2N y N
IIezNP\N/PCI —_— % Me HP \N/PCl + % IIezN(O)P\N/P(O)Cl
Bu® Bu® Bu®
(20) \ (10) (47)

41C1
T3
cis cis cis: trans ca. 1:1
Bu
/N\ + -
Me NP P AC1
2 Ny 7/ 4
B’
(48)
Scheme 5.

straightforward. A possible explanation for this is that reactions of
phosphines with dimethyl sulphoxide may proceed by one of two distinct
types of mechanism as proposed by Shaw and co-worker3265: either
nucleophilic attack by phosphorus on sulphur as in the case of
tris(dimethylamino)phosphine which is a strong electron donor and poor
acceptor (Figure 17a) or one in which there is electrophilic attack
by phosphorus on oxygen, as with phosphorus trichloride which has

negligible donor but strong acceptor properties (Figure 17b).
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Me Me
N (Y + o
‘ - _ X
a) (Me2N)3P. /s 0 (MezN)BP S
Me ) Me
0"

.

../
<—— (Me N),P —S
‘ 3\/ \Me

0

(e 21\1)31>0 + SMe,

b) Cl,P: —— O=r§Me ——> C1,P0 + SMe
I~ 2 3 2

Figure 17.

It may be the case, therefore, thaf (ClPNBut)z, being a good acceptor,
is readily susceptible to nucleophilic attack by the oxygen atom of
dimethyl sulphoxide whereas the bis(dimethylamino)-derivatives, being
worse acceptors, and also perhaps not good enough electron donors,
react very slowly or not at all., Interpretation of the reaction of
I'IeQNP.NBu.t.]?C]..I\IBu.Jc with one molar equivalent of dimethyl sulphoxide is
difficult. Apparently, the mono-oxidised form must react more rapidly
than the starting material, ‘but whether oxidation occurs initially at
the P-Cl or P-NMe2 end of the molecule is unknown. The adduct, (48),
was readily prepared in a similar fashion to the methyl analogue,

F—t + 48 . .
MeP.NBu'.P* I\[Bu AlCl 4 ’ though a pure sample was not isolated owing
to its extreme air and moisture sensitivity.

Finally, it is significant that reactions of a 1:1 mixture of
isomers of (Mezm:'l\llau.';)2 (total one molar equivalent) with sulphur,
selenium, or methyl iodide (0.5 molar equivalent) result in the
formation of the trans mono-oxidation products, (41) (X=S, Se, or 'Mel';

Y=lone-pair), from the trans isomer leaving the cis isomer unchanged.

Such dramatic differences in chemical reactivity resulting from
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geometrical isomerism in inorganic ring systems are unique, For
example, in cyclophosph(v)azenes small differences in reactirity
could only be indirectly inferred from observed reaction patterns.266
What causes these differences in reactivity is not clear but the
results do parallel the higher basicity of _*l_;_;'_a_n_g,_--(1*'Ie2].\1'PI\IBut)2
relative to g_i_s_—(MeQNPNBut)Z and the fact that the lowest energy bends
in the photoelectron spectra are ca. 0.5 eV lower in energy in the
trans isomer (Chapter 2). Both these observations are in accordance
with a mechanism involving nucleophilic attack by phosphorus on
sulphur, selenium, or the carbon atom in methyl iodide. As cross-—ring
n, —> o—;__N bonding interactions (if significant) will be greater in
178,179

the cis isomer and so reduce the nucleophilicity of the
phosphorus atoms in this isomer, then perhaps the observed reactivity
pattern is a manifestation of this. Similarly, it was found on
adding elemental sulphur or selenium (0.5 molar equivalent) to a 1l:1
mixture of cis and trans-(41) (X=S or Se, Y=lone-pair) that the trans
isomer again reacted more rapidly. However, in this instance the
difference in reactivity between the isomers (as followed by lH n.m,r.)
was not so marked, some of the cis isomer reacting before complete
removal of the elemental chalcogen.
EXPERIMENTAL

Solvents were dried by conventional means. Commercially obtained
reagents were purified as described in Appendix A. The compounds,
9_i_§-(Me2NP1\T.But)2,22 (EtzNPNBut)2,2%‘4e2NP.NBut.PC1.NBut,22 trans-
[Cl(O)PNTBut]Z,Gz and [Cl(S)PI\TBut]zz53 were prepared using literature
methods. Other cyclodiphosphazanes were obtained as described in
Chapter 2. Information on the instruments used in the measurement of
n.n,r, (Table 15), i.r., Raman and mass (Table 16) spectroscopic data,
the collection of X-ray diffraction data, and the source of microanalyses

(Table 16) can be found in Appendix B, Other preparative details are

summarised below,
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Attempted preparations of 1,3-di-t-butyl-2,4-bis(dimethylamino)—2,4—

dioxocyclodiphosph(v)azane:- 1,3-Di-t-butyl-2,4-dichloro-2,4-

dioxocyclodiphosph(v)azane (0.6 g, 2 mmol) was mixed with dimethylamine
(0.4 g, 9 mmol) in methylene chloride (35 cm3) at -10°C. The solution
was brought to ambient temperatures and stirred (3 h). Examination

of the reaction mixture by 1H n.,m.r. indicated that no reaction had
taken place. In a further experiment, dimethyl sulphoxide (0.83 g,
10.6 mmol) was added to a solution of 1,3-di-t-butyl-2-cis—-4-
bis(dimethylamino)cyclodiphosph(11l)azane (1.55 g, 5.3 mmol) in

%)

benzene (60 cm”’) at room temperature. The mixture was refluxed (24 h)

whereupon examination by 1H n.m,r, indicated no reaction to have occurred.

1,3-Di~t—butyl-2-cis—4-bis(dimethylamino)~2,4-dioxocyclodiphosph(v)-

azane:- To a solution of 1,3-di-t-butyl-2-cis-4-bis(dimethylamino)-
cyclodiphosph(11l)azane (5.2 g, 18 mmol) in benzene (35 cm3) at 0°C
was carefully added dropwise a solution of t-butylhydroperoxide

(3.3 g, 37 mmol) in benzene (20 cm3). After the mixture was allowed to
reflux and return to ambient temperatures, the solvent and t-butanol
were removed affording a light yellow solid which was washed with cold
pentane (30 cm3) and crystallised from methylene chloride-light
petroleum (b.p. 40-60°C) (1:4) to give the compound (2.6 g, 44%) as

white air-stable needles, m.p. 194—19600.

1,3=Di-t-butyl-2-trans-4-bis(dimethylamino)-2 dioxocyclodiphosoh{v)-

azane was prepared similarly from 1,3-di-t-butyl-2-trans-4-
bis(dimethylamino)cyclodiphosph(111l)azane and crystallised from
methylene chloride - light petroleum (b.p. 40-60°C) (1:4) yielding the
compound (53%) as colourless needles (which become white on exposure to

air), m.p. 205°C.
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Attempted preparations of 1,%-di-t-butyl-2,4-bis(dimethylamino)=2,4~-

dithiocyclodivhosph(v)azane:~ Dimethylamine (1.6 g, 36 mmol) was

mixed with 1,3-di—t-butyl-2;4—dichloro-2,4—dithiocyclodiphosph(v)azane
(2.9 g, 8.6 mmol) in diethyl ether (60 cms) at -78°C. The solution
was‘allowed to warm to ambient temperatures and stirred (3 n).

Examination of the product by 1H n.m.r. showed that no reaction had
occurred., A further experiment in which the above dithiocyclodiphosph(v)-
azane (2.7 g, 8.0 mmol) was heated with excess dimethylamine

- (ca. 20 g) in a sealed tubs at 85°C for 16 h provided evidence after

work up for the starting material and traces of 1,3-di-t-butyl—2-

chloro~4—dimethylamino-2,4-dithiocyclodivhosph(v)azane, identified by

mass spectroscopy; found m/e 347, calc. “/e 347 (3501).

1,3-Di—t—butvl-2—cis-4—bis(dimethylamino)-2,4—dithiocyclodiphosgh$v)-

azane:~ To l,3—di—t-butyl-21g;§¢4-bis(dimethylamino)cyclodiphosph—
(111)azane (3.2 g, 11 mmol) in benzene (60 cm3) at ambient temperature
was added flowers of sulphur (0.7 g, 22 mmol). After an initial mild
exothermic reaction the mixture was stirred at 60°C for 4 h by which time
all the sulphur had dissolved. Concentration of the benzene solution

afforded the pure compound (2.9 g, 73%) as colourless octahedral
crystals, m.p. 255-256°C.

1,3-Di~t-butyl-2-trans-4-bis(dimethylamino)~2,4-dithiocyclodiphosph(v)-
azane:- 1,3-Di-t-butyl-2-trans-4-bis(dimethylamino)cyclodiphosph(111)-

azane (1:1 g, 3.8 mmol) and flowers of sulphur (0.24 g, 7.6 mmol) in
benzene (30 cmB), on similar treatment to the above gave the compound

(0.9 g, 66%) as colourless needles, m.p. 214°C.
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Cis and trans—lL}—di—t-butyl—2,4ebis(dimethy1amino)-2,4-diseleno—

cvclodivhosph(v)azanes:— To a 1:1 mixture of cis and trans-l,3-di-

t-butyl-2,4-bis(dimethylamino)cyclodiphosph(11l)azanes (6.25 g,

21.4 mmol) in benzene (50 cma) at ambient temperature was added
finely powdered elemental selenium (3.38 g, 42.8 mmol). The mixture
was refluxed (2 d), traces of unreacted selenium and the solvent were
removed, and the off-white residue crystallised from methylene
chloride affording the compound (7.4 g, 77%) as colourless crystals.
The cis and trans forms were separated by fractional crystallisation
from benzene (the trans isomer being the less soluble); cis isomer,

m.p. 253-255°C; trans isomer, m.p. 264°C.

1,3-Di-t-butyl—2—cis—4-bis(dimethylamino)-2-thiocyclodivhosphazane:-
To a rapidly stirred solution of 1,3-di-t-butyl-2-cis-4-bis(dimethyl-
%)

amino)cyclodiphosph(11l)azane (6.5 g, 22 mmol) in benzene (80 cm
at ambient temperature was added flowers of sulphur (0.71 g, 22 mmol).
After 6 h the solvent was removed and the white solid residue
crystallised from a pentane-methylene chloride mixture (10:1) to

yield the compound (3.6 g, 50%) as colourless needles, m.p. 73-75°C.

1,3=Di=t-butyl-2-cis—4-bis(dimethyl amino)-2-selenocyclodiphosphazane:~-
The compound was prepared using a similar method to the above; white

needles (54%), m.p. 102-104°C.

1,3=Di=t=butyl-2-trans-4-bis(dimethylamino)-2-thiocyclodiphosphazane:~

To a mixture of cis and trang (1:4 respectively) 1,3-di-t-butyl-2-4-
bis(dimethylamino)cyclodiphosph(11l)azanes (6.20 g, 21.2 mmol) in
benzene (50 cm3) at ambient temperature was added flowers of sulphur
(0.544 g, 17.0 mmol). A mildly exothermic reaction occurred and the
mixture was stirred (1 h). Removal of the solvent left an oily white
solid which was carefully washed with cold pentane (ca. 2 cm3) and then
crystallised from light petroleum (b.p. 40-60°C)-pentane (1:1) to yield

the pure compound (3.3 &y 59% based on sulphur) as white needles,
m.p. 127-129°C,
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1, 3-Di~-t-butyl-2-trans—4~bis(dimethyl amino )-2-selenocyclodiphosphazane :—

The compound, was prepared using a similar method to the above; white

needles (69%), m.p. 126-127°C.

1,3-Di-t-butyl-2-trangs-4-bis (dimethyl amino )=2—tellurocyclodiphosph—

azane:- (1) To a solution of 1,3-di-t-butyl-2-cis-4-bis(dimethylamino)-

cyclodiphosph(1lll)azane (3.30 g, 11.3 mmol) in benzene (10 cm3) at

ambient temperature was added finely ground tellurium (1.44 g, 11.3 mmol).

There appeared to be no immediate reaction, but the tellurium

dissolved after reflux (4 h) and the solution turned green. Removal

of the solvent and crystallisation of the residue from a light

petroleum (b.p. 40-60°C)-methylene chloride (4:1) mixture afforded

the pure compound (1.40 g, 29%) as pale yellow crystals, m.p. 120°%

(decomp.). The compound is stable on exposure to light and air but

slowly decomposes when left in solution for extended periods.

(2) To a soiution of 1,3-di-t-butyl-2-trans-4-bis(dimethylamino)-

cyclodiphosph(1ll)azane (4.5 g, 15 mmol) in benzene (15 cm3) at

ambient temperature was added fiﬁely ground tellurium (1.2 g, 9 mmol).

The solution immediately turned green, was stirred (2 h), and on removal

of the solvent and after work up afforded the compound - (2.3 g, 60%).
On refluxing the compound with an equimolar amount of tellurium

in benzene for 3 d there was no evidence (IH n.m.r.) of a ditelluride

species.
1,3-Di=t-butyl=2—cis—4-bis( dimethxlamino);g-seleno-d,-thiocxclo—

cyclodiphosph(v)azane:- To 1,3-di-t-butyl-2-cis—4-bis(dimethylamino)-

2-thiocyclodiphosphazane (6.7 g, 21 mmol) in benzene (100 cms) at ambient

temperature was added powdered selenium (1.7 g, 21 mmol). The mixture
was refluxed (24 h) and studied by M nom.r. This showed it to consist

of a ca. 8:1:1 mixture of the compound and the analogous 2~-cis-4-dithio
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and 2-cis-4-diselenocyclodiphosph(v)azanes respectively. The mixture
was separated after work up by careful crystallisation from light
petroleun (b.p. 40-60°C)-methylene chloride (3:1) yielding the

compound (3.9 g, 465%) as colourless crystals, m.p. 236°C.

Attempted oreparation of 1,3-di-t-butyl-2,4-bis(dimethylamino)=2-

telluro—4-thiocyclodiphosph(v)azane:~ Flowers of sulphur (0.102 g,

3,20 mmol) were added at ambient temperatures to a solution of
1,S-di—t—butyl—2—3;32574—bis(dimethylamino)-2—tellurocyclodiphosphazane
(1.345 &, 3.20 mmol) in benzene (15 om’). The solution immediately
appeared black due to deposition of elemental tellurium. On

refluxing (60 h) there was no evidence for the recombination of
tellurium, lH n.,e,r, indicating the solution to consist mainly of

the cis-2-thio and 2-cis-4-dithio-derivatives in a ca. 6:1 ratio
respectively. Signals from the starting material (if present) may

be obscured by those of the other species in solution.

1,3-Di—t—butvl-2~cis-4rbis(dimethylamino)—2—methylcyclq§iphosph—

azanium iodide:- 1,3-Di-t-butyl-2-cig~4-bis(dimethylamino)-

cyclodiphosph(11ll)azane (4.47 g, 15.3 mmol) and methyl iodide (8.5 &,
60 mmol) were mixed in benzene (25 cm3) at ambient temperature. The
mixture warmed slightly and was stirred (6 h) during which time a white
flocculent precipate appeared. This was removed by filtration and
crystallised from benzene to yield the compound (4.00 g, 60%) as white

needles, m.p. 132-134°C.

azanium jodide:- To a mixture of cis and trans (1:3 respectively)

1,3-di-t-butyl-2,4-bis(dimethylamino)cyclodiphosph(111)azanes (1.20 g,
4.11 mmol) in benzene (5 cm3) at ambient temperature was added methyl
iodide (0.44 g, 3.10 mmol). Almost immediately there was a vigorous

exothermic reaction and the production of a copious white precipitate.

This was filtered and washed with benzene (3 x 10 cm3) to yield the pure
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compound (1.16 &, 86% based on methyl iodide), m.p. 150-153°C.
Crystallisation proved difficult{ owing to the very poor solubility
of the compound in most common orgaﬁic solvents. Study of the
filtrate by 1H n.m.r. indicated it to consist almost entirely of

1,3-di-t-butyl-2-cis—4-bis(dimethylamino)cyclodiphosph(111)azane.

Attempted preparation of 2,4-bis(dimethylamino)-2,4-dioxo-1,3—

diphenylcyelodivhosph(v)azane:—~ Dimethyl sulphoxide (0.2 g, 2.6 mmol)

was added to a solution of 2—trans—4—bis(dimethylamino)—l,B-diphenyl—
cyclodiphosph(11l)azane (0.6 g, 1.8 mmol) in benzene (5 cm3). The
mixture was refluxed (24 h) and studied by 'Y n.m.r. which indicated

no reaction had taken place,

2-Trang-4-bis(dimethylamino

azane:- Flowers of sulphur (0,48 g, 15 mmol) were added to a solution
of 2-trang~4-bis(dimethylamino)-1,3~diphenylcyclodiphosph(11l)azane
(2.5 g, 7.5 mmol) in benzene (100 cms) at ambient temperature. After
reflux (6 h) the solution became cloudy. The mixture was allowed to
cool and the solvent removed, affording the pure compound (2.7 &y

92%) as a fine white powder, m.p. 302-305°C, only sparingly soluble

in most common organic solvents,

2-Trans—4-bis(dimethylamino)-1, 3-diphenyl-2-thiocyclodiphosphazane:-
2-Trans-4-bis(dimethylamino)-1,3-diphenylcyclodiphosph(111)azane

(2.57 g, 7.74 muol) in benzene (100 cm’) was mixed with flowers of
sulphur (0.25 g, 7.8 mmol) at ambient temperature. The mixture was
refluxed (2 h) and after work up and crystallisation from benzene

afforded the compound (1.90 g, 68%) as white crystals, m.p. 219°¢.

1,i:Di—t-butyl-Z—cis-4—bis(diethylamino!—2,g—dithiocxclodighgsggsv!-

azane:- To 1,3-di-t-butyl-2-cis-4-bis(diethylamino)cyclodiphosph(111)-

azane (4.68 g, 13.45 mmol) in benzene (60 cm3) was added flowers of
sulphur (0.86 g, 26.9 mmol). The mixture warmed slightly, was stirred

at ambient temperature (0.5 h) and refluxed (2 h),
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Removal of the solvent and crystallisation of the residue from light
petroleunm (b.v. 40-60°C) afforded the pure compound (3.85 g, 69%)

as white needles, m.p. 169°¢.

1,3-Di-t-butvl-2—cis-A-bis(diethylanine)-2,4-diselenocyclodiphosph(v)-

azane was prepared similarly; colourless needles (59%), m.p. 219—22100.

1,3=-Di-t—butyl-2—cis-A-bis(diethylanino)-2-thiocyclodivhosphazane:~

As above, flowers of sulphur (0.69 g, 21.6 rmol) and 1,3-di-t-butyl-2-
cis-4-bis(diethylamino)cyclodiphosph(1ll)azane (7.5 g, 21.6 mmol)

were mixed with rapid stirring (0.5 h) at ambient temperature in
benzene solution (60 cm3). Removal of the solvent left a brownish
low melting point solid., This was washed with cold pentane (1 cm3)
and crystallised from pentene giving the compound (3.82 g, 47%) as

colourless needles, m.p. 93—9500.

1,3-Di-t—butyl-2-cis~4-bis(diethylamino)~-2-selenocyclodiphogphazane was

prepared similarly in refluxing benzene (2 h); colourless needles

(79%), m.p. 101-102°C.

Attempted preparation of 1,3-di-t-butyl-l-cis—4-bis(diethylamino)=2-

seleno-4-thiocyclodiphosph(v)azane:~ Flowers of sulphur (0.41 g, 12.8

mmol) were added at ambient temperature to a solution of 1,3-di-t-butyl-

2-cis-4-bis(diethylamino)-2-selenocyclodiphosphazane (5.5 g, 12.9 mmol)
in benzene (60 cm3). The mixture was stirred (0.5 h) at 6060. Removal
of the solvent and work up yielded a white solid (5.6 g) which was
shown by 31P n.m.r., to consist of a 2:1:1 mixture of the compound and
the 2-cis-4-dithio and 2-cis-4-diseleno analogues respectlvely.
Isolation of the compound by fractional crystallisation from a variety
of solvents, solvent mixtures and by thin layer chromatography proved
impossible, the components of the mixture being too physically and

chemically similar for separation by such techniques.
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1,3-Di—-t-butyvl—2-cis—4-dipineridino~2,4-diselenocyclodiphosph(v)azane:-

To a solution of l,3—di—t—butyl—2-gi§74—dipiperidinocyclodiphosph(lll)—
azane (1.559 g, 4.185 mmol) in benzene (25 cm3) at ambient temperature
was added finely powdered elemental selenium (0.661 g, 8.370 mmol ).
The mixture was refluxed with rapid stirring (1 n), allowed to cool

to ambient temperature, the solvent removed and the white solid

residue crystallised from methylene chloride and pentane (1:1) to

o
give the compound (1.1 g, 50%) as colourless prisms, m.p. 214-215 C.

1, 3-Di-t-butyl-2-cig-4-dipiveridjno-2-selenocyclodiphosphazane:-

Similarly, a solution of 1,3-di-t-butyl-2-cis-4-dipiperidinocyclodi-
phosph(111)azane (1.476 g, 3.968 mmol) and elemental selenium

(0.313 g, 3.968 mmol) in benzene (50 cm3) was refluxed (1 h). After
work up, crystallisation from pentane afforded the componnd (1.4 &,

78%), colourless crystals, m.p. 110%.

7,8-Di-t—butyl-2,5-dimethyl-2,5,7,8-tetraaza-1-seleno-1,é~diphospha~

bicxclo[&.l.l]octane:- Finely powdered selenium (2.0 g, 25 mmol) was
added at ambient temperature to a solution of 7,8-di-t-butyl-2,5-
dimethy1—2,5,7,8—tetraaza—1,6—diphospha(lll)bicyclo[4.l.l]octane

(7.2 g, 25 mmol) in methylene chloride (10 cm3). An exothermic

reaction occurred and the solution came to reflux. After stirring

(0.5 h), the reaction had gone to completion (1H n.m.r.). Traces of
unreacted selenium were removed by filtration and the solvent evaporated
leaving a cloudy oil which was crystallised from pentane and methylene
chloride (1:1) and recrystallised from pentane to yield the compound

2.9 g, 32%) as colourless needles, m.p. 80-82°C.
( g ’ P

1,3-Di-t-butyl-2-chloro-4-dimethylamino-4-thiocyclodiphosphazane:-

Flowers of sulphur (0.64 g, 20 mmol) were added at ambient temperature
to a solution of 1,3-di-t-butyl-2-chloro-4-dimethylaminocyclodiphosph-

(111)azane (5.6 g, 20 mmol) in benzene (100 cm3). The solution was
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heated (3 h) with rapid stirring at 7000. Removal of the solvent
left a colourless oil which was purified by distillation under reduced
pressure to give the compound (1.5 g, 24%), b.p. 98-100°C (0.02 mmHg).
Examination of the product by H—{31 } and 31P n.m.r, indicated a

1:1 mixture of isomers to be present both before and after purification.

1, 3-Di-t-butyl-2-chloro-4-dimethyl amino-2,4-dioxocyclodiphosph(v)azane:-

To a stirred solution of 1,3-di-t-butyl-2-chloro~-4-~dimethylamino-
cyclodiphosph(1ll)azane (3.43 g, 12.1 mmol) in methylene chloride
(50 cm5) at ~-78°C was slowly added dimethyl sulphoxide (0.94 g,
12.1 mmol) in methylene chloride (30 cma). The solution was allowed to
warm to ambient temperaturesafter which time the methylene chloride

and dimethyl sulphide were removed under reduced pressure and collected
in a trap held at -78°C. The oily residue was shown by H f31 }'n.m.rm
to consist of a 1:1 mixture of the compound and starting material.
Partial purification was effected by distillation under reduced pressure,
yielding 1, 3-di-t-butyl-2-chloro-4-dimethylaminocyclodiphosph(111)azane
(1.36 g, 40% recovery), b.p. 70-80°C (0.1 muHg) [11t.22 55-65°C

(0.03 mmHg)]. The distillation residue now consisted mainly of the
compound, which H {31 } n.m,r, showed to be a 1:1 mixture of isomers

both before and after distillation.

1,3-Di=t-butyl-2-dimethyl amino-4-y] iumcyclodiphosphazane=tetra~

chloroaluminate:— To a stirred solution of 1,3-di-t-butyl-2-chloro-

4-dimethylaminocyclodiphosph(11l)azane (0.82 g, 2.9 mmol) in methylene
chloride (1 cm’) was added anhydrous aluminium trichloride (0.53 &,

4.0 mnol). The solution became warm, turned green and was stirred (0.5 h).
Excess aluminium trichloride was carefully removed by filtration. A

pure sample was not obtained, but the integrated H and 31 {lH }spectra

are consistent with that expected for the compound.
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CHAPTER 4

ALXOXYCYCLODIPHOSFHAZANES
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INTRODUCTION

Until the very recent reports of Kawashima and Inamoto (1976)5 5
and Zeiss and Weis (1977)50 there had been little detailed work on

52 that treatment of the

alkoxycyclodiphosphazanes. An earlier report
dichloroalkylphosphine, EtOPClz, with aniline led to the

monophosph(111)azene, EtOP=NPh, was refu‘t:ed,SO’53 the product being

shown to exist as a dimer, (49) (R=Et), which could Fh
N
also be prepared through the ROP/ \POR
\N/
action of ethanol on (ClPNPh)2 using Ph
50 (49)

triethylamine as hydrogen chloride acceptor.”  (Cis
and trans isomers, which display large differences in phosphorus chemical
shift (ca. 50 p.p.m.), were :L'epor'l:edso’53 for (49) (R=Me or Et). 4n
X-ray diffraction study 27T of (49) (R=Me) (5p 142.0 p.p.m.) showed this
isomer exists in the trans form and it is assumed 20 that all compounds
of type (49) with 'high-field® 5lp chemical shifts exist as trans isomers.
Isomerisation was observed in (49) (R-Me or Et) from the cis to the

trans forms which is similar in direction to that proposed for

(Me2NPN06H 4Y—P) 0 (Y=H,C1l, or Me0) (Chapter 2), but an important difference
is that the trans isomers in the latter compounds were assigned the
'low—field' J1P chemical shifts. The compounds, (49) (R=But0; trans
isomer only), MeOP,NPh.POEt.NPh (two isomers) and ROP.NPh.PC1l.NPh

50 McFarlane and

(R=Me or Et; trans isomers only) were also prepared.
Colquhoun reported 51 the pfepa.ration of (MeOPIIBv.t)2 from treatment of
(ClI’J.\IBv;t)‘,2 with methanol, though only the thermodynamically more stable
isomer (6P 133.8 p.p.m.) was isolated. No structural assignment was made.
Few oxidation reactions of alkoxycyclodiphosph(11ll)azanes have been

reported. In refluxing benzene, or acetonitrile at room temperature,

treatment of (49) (R=Me or Et) with benzil gives a cyclodiphosph(v)azane
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with five co-ordinate phosphorus, (50), which in the case of (50) (B=Et),

decomposes in refluxing o-dichlorobenzene to the compound (51).53

Ph Ph
N /
ROP< SPoR RO\ Pho 00— b NI
N / ) .
N 0o—p” NP —0 A N
Ph —_— / Ne” N\ —> 2 0 NPh
Ph: J OR (R=Et) P/
: P A
. OEt
2  PhCOCOPh
(50) (R=le or Et) (51)

Addition of two molar equivalents of sulphur to the thermodynamically

stable form of (MeOPNBut readily gave [MeO(S)PNBut

)y ]2, the
1

. ] 1t . lH 31
monosulphide, MeO(S)P.NBu .POMe.NBu , being observed by ~H- P {n.m.x.

during the course of the reaction.
It was therefore of interest to study the reactions of (ClPNBut)2
with alcohols in order to,
i) extend our present knowledge of the chemistry of
alkoxycyclodiphosph(1ll)azanes
ii)} for the first time undertake a systematic study of the oxidation |
reactions of these compounds (with sulphur, selenium, and
methyl iodide) and,
iii) compare and contrast the propgrties of all these compounds with
those of the related alkylamino-derivatives (Chapters 2 and 3).
RESULTS
The reactions of (ClPNBu#)zwith primary alcohols in the presence
of triethylamine as hydrogen chloride acceptor gave the 2,4-dialkoxycyclo-

diphosph(111)azanes, (52),in good yield:
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But But
//N\\ ,/N\\
C1P P .
\N/ Cl + 2 ROH + 2 EtBN —_— ROP\N/POR + 2 [NEtBH ]Cl
But But

(52) (R=Me,Et or CF CH2)

3

31

When R=lMe or Et goemetrical isomers with a difference in “"P chemical

shift of around 70 p.p.m. were obtained initially in roughly equimolar
proportions. When R=CFBCH2 the isomer with the 'low-field! 31P chemical
shift was found in relatively low yield and not isolated, although the

other isomer was readily obtained. In the former two cases the mixture

.of isomers was purified by vacuum distillation; the distillate containing |
l

an increased proportion of the isomer with the 'high-field! 3lP chemical

shift (isomers will hereafter be termed 'low' or 'high-field! depending

31

on their 7P chemical shift until a definite structural assigmment is
made). On standing, both (52) (R=lMe and Et) deposited crystals which cn
repeated recrystallisation from pentane afforded the pure 'low-field'

isomers. Prolonged heating resulted in isomerisation to the pure

thigh-field' isomers. The monomethoxy- %

Bu

derivative, (53) (X=0Me) was N
: ClP\\ /,PX

obtained in good yield from an N "

Bu

analogous reaction with one molar equivalent (53)

of methanol.

The di-t-butoxy-derivative, (52) (R:But), identified by i.r. and
n.m.r. spectroscopy, could not be isolated in a pure state owing to what
is assumed to be butene elimination, the product of which, (54), could
be isolated. Butene elimination has been observed for acyclic

t-butylphosphites.267 The reaction of (ClPNBut)2 with one molar
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equivalent of t-butanol gave a mixture of (53) (X:Buto), (54), and

starting material in a 2:1:1 ratio respectively.

/(CHZ)n\
% 0 g O

Bu 1 \\ Bu

ButOP/N\ < P/N\P
AP ' N/

N7, 0 N
Bu Bu

(54) (55)

The new cage compounds (55) (n=2 or 3) which must have a mutual

cis-orientation of oxygen atoms were prepared in somewhat low yield

by the reaction of (ClPNBut)z with 1,2-ethylene and 1,3-propylene diols
in the presence of triethylamine. Appreciazble amounts of other,
presumably polymeric, materials were also formed. Compounds (55) could
be purified by distillation or sublimation under reduced pressure as
the 'polymeric materials' were considerably less volatile. Unfortunately;
yields of (55) were further reduced by heating during purification.

The oxidation reactions of cis and trans-(52) (R=lMe) with clemental

sulphur and with selenium were also investigated. The reactions were
stereospecific, and both isomers of the mono-(56) (X=S or Se, Y=lone-pair

and di-(57) (X=S or Se) oxidised forms were obtained in each case.

But But
AN AN
MeO(X)P POMe MeO(X)P P(X)0Me
Nyg” Ny~
But But
(56) (57)

No tellurides could be isolated, even from extended reactions with

elemental tellurium.
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Reactions of cis and trans-(52) (R=Me) with methyl iodide did not
result in a quaternary salt, but an Arbuzov-type rearrangement to give
both isomeric forms of (58) and (59), the latter only being formed after

extended reaction periods.

% . %

Bu Bu Bu
N MeI N Mel N
MeOP POMe —00 > Me(0)P” “POMe —> Me(O)P N\ p(0)Me
Ny~ MeI \n7/ Mel Ny/
t - t —e t
Bu Bu Bu
(58) (59)

The same products, (58) and (59), could also be produced under more
forcing conditions by heating the 'high-field ' isomer of (52) (R=lfe)
in vacuo at 130°C [the 'low-field'! isomer of (52) (R=Me) isomerises
under such conditions ].

Reaction of a 1:1 mixture of cis and trans (52) (R=Me) (total one
molar equivalent) with sulphur, selenium, or methyl iodide (total 0.5
molar equivalent) resulted solely in the mono-oxidation product of the
'low-field' isomer in each case, indicating the lower reactivity of the
'high-field' isomer. There was little or no difference in the relative
rates of oxidation of (56) (X=S or Se) and (58) with sulphur, selenium,
and methyl iodide respectively.

DISCUSSION

As with the alkyiaminocyclodiphosph(lll)azanes (Chapter 2) and their
oxidation products (Chapter 3) it is of primary importance to establish
which isomer is cis and which is trans. Indeed, this problem may be

solved in part by realising the many chemical similarities between the

compounds discﬁssed here and those examined earlier.
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The presence of a four-membered ring rather than a phosph(lll)azexie
monomer is clearly indicated in a number of ways:-—

i) The H and 17¢ n.m.r. signals from the bridging N-t-butyl-group
in (52) (B=le, Et, or CFBCHZ) show triplet structure because of equal
coupling to two equivalent phosphorus nuclei (Tables 21 and 22).

ii) The mass spectra indicate a dimeric, rather than a monomeric,
species is present (Table 23).

iii) Monomeric phosph(1lll)azenes are generally characterised by
exceptionally low-field 31p chemical shifts (generally> 300 p.p.m.)3 6,45
for which there was no evidence here (Table 21).

The reactions of (ClPNBut)z with alcohols and amines (Chapter 2)
are closely related. Both result in a 'low=field' isomer which on
standing (in solution) slowly reverts to the thermodynamically favoured
'high-field' isomer, which has a cis structure in the amino—derivatives'.
By contrast, in the alkoxy-derivatives, (ROFNPh) 0 (R=alkyl), the
'high~field' isomer has a irans arrangement of alkox;y—g’::oups5 0,251 and
s0 there is no ready correlation with the compounds reported here. It
was hoped that the synthesis of the caged derivatives (55) with cis

31P chemical shift to

structures would provide a clear indication of the
be expected for a cis isomer. Unfortunately, compound (55) (n=2) has a
51p chemical shift intermediate between that of (52) (R=Me or Et), but the
analogous trimethylene compound, (55) (n=3),has a shift similar to those
of the 'high-field' isomers. These somewhat inconclusive results only
tentativ.ely suggest that the 'high-field' isomers have cis structures,
though they do indicate a strong dependence of the 5 lP chemical shift
on the phosphorus substituents.

The dipole moments of the 'high' and 'low-field' isomers of (52)
(R:Me) were measured in benzene solution and found to be 2.1 and 1.5

Debye units respectively. Again these results are ambiguous, though

again they weakly favour a cis assignment of structure to the

thermodynamically favoured 'high-field' isomer.
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An examination of the i.r. and Raman spectra of both isomeric
forms of (52) (R=Me) did not reveal which isomer is centrosymmetric.
However, there did appear to be more coincidences between the i.r.
and Raman bsnds in the *high-field' isomer (selected i.r. and Raman

data are shown in Table 17). It was noted (Chapter 2) that

Table 17

Comparison of the i.r. and Raman active bands of

(MeOPNBut) in the range 600-950 ——
2

high-field' isomer ~ 'low-field' isomer
i.r./cm -la Rauzxaxx/cm‘-':L 2 i.r./cm_l 2 Raman/cm_l 4
613 615
633
648 650
668
704 707 699
731 736 733
799 813 800 811
878
897 916 892 914
928 928 928 928
2 1iquid fiim. £ Nujol mull.

® Liquid. 2 so1id.
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alkylaminocyclodiphosph(lll)azanes have a strong asymmetric P-N ring
vibration in the range 845-935 cm—l._ The same is true of the
alkoxycyclodiphosph(11l)azanes studied here, but in this case the
'high-field' isomers have a band at greater vibrational energy than the

'low-field' isomers (Table 18) which is opposite to that found in

Table 18

J(P-N-P)asym. in compounds of the type,

I )
RO(X)P.NBut.P(Y)OR.NBuY

- V(P-N-P)asym. / em ™t

thigh-field! isomer tlow-field' isomer
R X Y (cis) (trans)
2 b c
Me l.p.~ l.p. 897— 890~
Et 1.p. 1.p. 890> 882%
CF_CH 1l.p. l.p. 9051)'
3772
Bu.t l.p. 1l.p. 873-}l
Me s 1.p. 9032 9022
b b
Me Se 1. P 899- 895-
Me s s 9222 921
Me Se Se 916< 914%
a . b .. . . c .
= l.p.=lone-pair. = Liquid film, = In nujol.

(e NPBu") ), for example, (Table 6). If the *high-field!

alkoxyeyeclodiphosph(11ll)azane isomers are indeed cis then their
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relatively large V(P-N-P)asym. vibrational energies are possibly the
consequence of a strong np —> o‘;_o interaction which should be
stronger than that found in alkylaminocyclodiphosph(lll)azanes
(np —> o';_N ) owing to the greater electronegativity of oxygen. The
asymmetric P-N ring vibration in the cage compounds (55) (n=2 or 3)
occurs at 860 and 900 cxn.-1 respectively. This band is, therefore, at
considerably lower energy in (55) (n=2) and this is probably the
reflection of a considerable strain imposed on the four-membered ring by
the dimethylene bridge.

The above results do not show clearly which isomer is cis and which
is 't_r_g_n_g_ and such a definitive assignment will probably have to await a
crystal structure determination. The assignment that the
thermodynamically favoured 'high-field' isomers have cis structures is
favoured here. This is contrary to the assignment applied to the
compounds, (ROPNPh)2 (R:allcyl),5o but an important factor here is the
similarity in properties with those of the amino-derivatives (Chapter 2).
Though 1ittle difference in basicity was noted>4? between the two
isomeric forms of (52) (R=Me), the'low-field' isomer had bands of
considerably lower energyin the photoelectron spectra (Table 19). The
tlow-field' isomer of (52) (R=Me) was also the more reactive towards
sulphur, selenium, and methyl iodide and possessed a negative P...P
coupling constant (Chapter 5). In these respects, the 'low' and
thigh-field' isomers of (52) (R=Me) ciosely parallel the 'low' (itrans)
and "high-field' (gis) isomers of (Me NENBu'), and, accordingly,

similar structures are proposed.

Table 19
The photoelectron spectra of (MeOPNBut)Q._
Isomer eV
'high-field" 8.4, 10.1
tlow-field? T.7, 8.3, 10,1

(bands observed below 1l eV only)



This structural assignment agaiq raises the intriguing question of
why cyclodiphosph(lll)azanes tend to form cis structures despite adverse
steric effects. This has yet to be éxplained, and the problem is
highlighted by the observation of only one Qg;g) isomeric form of
(52) (R=But) whereas both isomers of (52) (R=le) are found. The only
explanation at present is the somewhat speculative one that in some
way bulky alkoxy- (like amino-) groups facilitate the isomerisation
process.

An attempt was made to discover the preferred conformations of
the alkoxy-groups in both c¢cis and trans- alkoxycyclodiphosph(lll)azanes.
It was anticipated that these would bé reflected in the relative signs

226 na 35(pocE). Y% Tt is predicted that

and magnitudes of ZJ(EQQ)
the preferred conformation of the alkoxy-group will be that in which
- the mumher of gauche interactions between nonbonded electrons on
phosphorus and oxygen is maximised (unless steric effects are

171

dominant). This will be either conformation A or B (Figure 18),

the former being found in the crystal structure of trans- (MeOPNPh)zgsl

Figure 18.
2J(2Qg) should be small (sign unkmown) in A and relatively large
and positive in B. The 3¢ n.m.x. spectra of (52) (R=Me, Et, and

. 1
CF3CHé) generally consist of a 'triplet' (assuming "H and g
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decoupling) in the POC region due to inequivalence of the phosphorus

nucle:i..268 The spacing of the outer components of this 'triplet' is

|2J@_O_C_) + 4J(_EI‘TP0Q) . As 4J(_13NPog) is small [it is 1.3 Hz in (53)
(X=0Me) ] this spacing is a close approximation to 25 (PoC). The

situation is more complicated in the cage compounds, (55) (n=2 or 3)

as spin coupling may also be transmitted via P-0-C-C (n=2) and
P.0.C.C-C (n=3); similarly, deceptively simple proton 'triplets' in

the 1H n.m.r. spectra of these cage compounds may be affected by coupling
over P-0-C-C-E and P-0-C-C-C-H bonds respectively. In (55) (n=2) a
series of 130— {lH} double-resonance experiments established that

2J(gog) + 3J(gocg) + 4J(2NPO_C_) (4.5 Hz) is opposite in sign to

3J(g_ocg) + 4J(_leCC_I_I_) + 5J(gm>ocg) (9.1'Hz). The latter

combination will be positive as four and five bond couplings are small
and J(POCH) is assumed to be positive.r” Given that *J(ENPOC) is
likely to be small ( <2 Hz) and 3J(_lzocg) is likely to be positive

[it is 2.1 Hz in (55) (n=3) ] , then this compound possesses the first
known negative 2J(131110_q) coupling, although it cannot be measured
accurately.

Inspection of Table 22 shows siriking differences in |2J (Poc) +
4y (_ENPOQ)' when cis and trans isomers of (52) (R=Me, Et and CF3

are compared. In the cis isomer this coupling is always larger and

CH2)

this may be interpreted in terms of greater population of conformers
analogous to B (Figure 18) which perhaps is to be expected owing

to the greater cross-ring steric interactions implicit in A. The
emall negative coupling attributed to 2J(P0C) in (55) (n=2) is
consistent with this assignment, but the reason why the analogous
coupling, 23(20g) + 43(poccg) + 43(mPOC), is 8.4 Hz in (55) (n=3)

is not clear. Further, 130- {lH } double~resonance experiments
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indicate the latter coupling to be the same sign as 3J(_.?_OQ}_i_) +
5J(gocc:c_:t;) + 5J(gm>ocg_) which is probably positive. It would
appear, therefore, that 2J(gqg) may be extremely sensitive to
slight changes in conformation when the alkoxy-group spends most
of its time in a conformation similar to A4, and indeed, even in the
cis isomers in which conformation B is important, the dominant
conformer may still be that of A.

Comparing |3J(goc_g) + 5J(grmocg) | obtained from the 1y spectra
of both isomers of (52) (R=Me and Et) shows that this coupling is |
again slightly smaller in both trans isomers, but the results
obtained for (55) (n=2 and 3) do not indicate that the proton
couplings have a marked stereochemical dependence (Table 21).

The conformational dependence of the couplings discussed above
is congiderably less when bonding is to phosphorus(v) as inspection
of Tables 21 and 22 shows.

The coupling constants, 2J(£}11Ng) (quaternary carbon) and
4J (glllNOCE )depend on the isomer examined and vary in the same way
as the amino~derivatives (Tables 21 and 22 and 10 and 11 respectively).
2J(2}11NQ) is always larger (>10 Hz) in the cis isomers relative to
the trans isomers (<7 Hz) whereas 4J(2111NCC§) is greater in the
trans isomers. The dichloro-derivative, gigr(ClPNBut)z, is an enigma
in that 2J(§’_N_q) is only 6.8 Hz (Table 11) and 4J(2N-CC§)is 1.0 Hz. 17

The oxidation of cis and trans-(52) (R=Me) by sulphur, selenium,

or methyl iodide is likely to occur by nucleophilic attack of
phosphorus on the chalcogen or the carbon atom in methyl iodide.
That treatment of the aforeentioned alkoxycyclodiphosph{lll)azanes
with sulphur or selenium results in retention of configuration at

phosphorus is shown in several ways:—
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i) The 31p chemical shifts of cis isomers of [Mezu(x)msut]z

i % | .
and Me NP.NBu .P(X)NMez.NBut (X=S or Se) are upfield of the shifts
for the analogous trans isomers (Chapter 3). Assigning structures

on this basis to the sulphides and selenides from cis and trans—

(52) (R=Me) implies retention of configuration at phosphorus
(Table 21).

ii) As was found when mixing equimolar amounts of cis--(IVIeZNPI\HBut)2

with cis or trans— [MezN(Se)PNZBut] p» cis- (52) (R=Me) and its
diselenide resulted in one monoselenide [the same isomer as that
found on treating cis- (52) (R=Me) with one molar equivalent of
selenium ] whereas addition of the other diselenide resulted in a 1l:1

mixture of monoselenide isomers (Figure 19).

t % t
MeO 2% oMe MeO ﬁu OMe . MeO fru OMe
N s NN S NN s
N + P P —s 2 P P!
\N/t 5 4 \N/t \S S Vi \N/t
Bu e Bu e e Bu
m.p. 141°C m.p. 34—3600
t %
Bu Bu
MeO OMe MeO Se
N Np
S VS AN
Bt Se B OMe
m.p. 152-155°C
% %
Bu Bu
oM MeO Se
MeO\P,,N\P/ ° N7
VS 7l N7\
. Se But But OMe

m.p. 34-36°C

Figure 19.

b.p. 80°C (0.07 mmig)
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iii) The 1

and I/Iezl\II!.I\lBut.P(Se)Nl\’Iez.l\'I?But are well upfield (35-100 p.p.m.) of
the shifts for the analogous trans isomers (Chapter 5, Table 26).
Assignment of structure on this basis to (56) and (57) (X=Se) also
implies retention of coxifiguration at phosphorus as the cis and
trans mono- (56) and diselenides, (57), arise from cis and trans-
(52) (R=MMe) respectively.

Spin couplings, ~J(BSe),?°? in the range 890-960 Hz indicate
that the P(Se)(0Me) rather than the P(0)SeMe group is present
(Table 20). However, on heating either of the isomeric forms of
(57 ) (X=Se) with methyl ic;d.ide, sequential rearrangement of the

31

P(Se)CMe groups to P(0)SeMe was observed by " P n.m.r. [IJ(_P_S.e)

ca. 500 Hz ] (Table 20).

Se chemical shifts of cis isomers of [MeZN(Se)PNBut] o

Table 20
Compound | bp & lJ(_P_$_g) 6p 2 1J(_P;S_e)
. P.P.m. Hz Pepoll. Hz
Pt Tt
cis-MeOP.NBu .P(Se)OMe.NBu 53.8  891.9 96.2
¥ |
trans-‘Meop.NBut.P(Se)OMe.NBut 72.3  893.5 119.3
cis-[Meo(se)muma® ], 46.4 9505
r 3 1t |
MeO(Se)P.NBu .P(0)SeMe.NBu 46.5 955.5 9.4 511.8
[Mese(0)PmBu® | ) 5.2  493.2
1:1'31'15—[D"IeO(Se)ZE’NBLtt ]2 53.0 952.7
f 1
M.eo(Se)P.NBu.t.P(o)seMe.NBut 51.4 957.9 13.2 516.5

[Mese(0)mmu® ] ,

10.9 532.8

2 shifts are downfield, relative to 85% (external) H3PO 4
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It is interesting to note that cis and trans isomers of (56)
and (57) (X=S or Se) camnot be distinguished by their V(P-N-P)asym.
vibrational energies (Tablé 18) unlike their bis(dimethylamino)-
counterparts (Chapter 3, Table 13). Nevertheless, it is again found
that consecutive addition of sulphur or selenium to the
cyclodiphosph(11l)azane raises the energy of the V(P-N-P)asym.
vibration and that this vibration is at higher energy in the
sulphides compared with the analogous selenides.

In the oxidation of (52) (R=Me) by methyl iodide it was
established that the alkyl- group bonded to phosphorus as a result
of the Arbuzov rearrangement arises from the methyl iodide (and not
the alkoxy-group). This was shown by the reaction of methyl iodide
on cis-(52) (R=Et) in which compounds (60) and (59) were the sole

products as shown by 1H— {311’ }n.m.r.

But But But
N MeI N MeI N
gtop” pogt —>  Et0P] SP(0)Me ——> Me(0)P7 DP(0)Me
Ny » N/ N
N7 —EtI N7 -EtI N7
Bu Bu Bu
cis , (60) cis-(59)

The compound, (58), produced by the action of methyl iodide on
cis—(52) (R=Me) would appear to have a mutual cis arrangement of
methoxy and methyl-groups as the 3]‘P(lll) chemical shift of this compound

is to high-field of the other isomer (Table 21).

t ’ t

Bu Bu
MeO\ . OMe MeI MeO\ N, /Me
LN > P Np
0 B -MeI N N\
\N/t N7 AN o

Bu Bu
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The above structural assignment suggests overall inversion of
configuration at phosphorus, though whether inversion occurs at

the first or second stage of the mechanism proposed (below) is

unknovn.
. Oie \//O\\ Yie \[\ . 0
\\P / —_— \\\P + ‘I.— —_— \P/
."_\ - _ — / \
-0 -~ \ Me
Me — 1 Me +
Mel

The thermodynamic instability of tramns-(52) (R=Me) is
paralleled by its enhanced nucleophilic reactivity relative to the cis -
isomer. Lta__l}_q—'(!’lezl\l'PNBut)z behaved similarly (Chapter 3). This
- difference would not appear to be steric in origin: a conclusion
supported by the fact that the lowest energy bands in the
photoelectron spectra of (52) (R=Me) are ca. 0.5 eV lower in binding
energy in the trans relative to the cis isomer. (Table 19). These
bands are likely to arise from interactions between nitrogen (or less
likely, oxygen) and phosphorus lone-pair orbitals169 but a thorough
investigation into the bonding in geometrical isomers of (52) (R=lMe)
will be needed to provide further insight into the reasons for their
reactivity (and stability) differences. |

EXPERIMENTAL

Methods used in the purification of solvents and reagents can be
found in Appendix A. Instruments used in the recording of i.r., Raman,
photoelectron, n.m.r. (Tables 21 and 22) and mass (Table 23)
spectroscopic data along with those used in the measurement of dipole
moments plus the source of microanalyses (Table 23) can be found in
Appendix B. The compound, (Cll?’].\IBut)z,]"7 was prepared as in literature.

Other preparative details are briefly outlined below.
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1,3-Di-t-butyl-2-cis—4 (end 2-trans-4)-dimethoxycyclodiphosph(111)azanes:—~

Methanol (1.2 g, 37 mmol) and triethylamine (3.7 g, 36 mmol) were

added dropwise to a stirred solution of 1,3-di-t-butyl-2,4-dichloro-
cyclodiphosph(1ll)azane (5.0 g, 18 mmol) in light petroleum (b.p. 40-60°C;
150 cm’) held at 0°C. On completion of the addition, the mixbure

was refluxed (0.5 h), the triethylamine hydrochloride removed by
filtration, and the solvent e\faporated from the filtrate. The oily
residue was distilled under reduced pressure [b.p. 75—8000 (0.2 mmHg)]
and left to stand (72 h) at ambient temperatures. During this time

a crystalline solid was formed which was removed and recrystallised from

pentane to give the trans-compound (0.9 g, 16%) as colourless needles,

m.p. 56-60°C. The 0ily product was heated at 100°C (10 h) 2nd redistilled

to give the cis—compound (3.1 g, 64%), a colourless oil b.p. 66°C

(0.1 mmHg). The yield of the cis isomer could be increased to ca. 80%

by heating (24 h) the initial distillate at 120°C.

1,3-Di—t-butyl-2—cis-4(and 2-trans-4)-diethoxycyclodiphosph(111)azanes:~

These were prepared similarly:
cis isomer (55%), colourless oil, b.p. 86-90°C (0.1 mmHg);

trans isomer (20%), colourless crystals, m.p. 56-60°C.

1,3-Di-t-butyl-2-cis-4-trifluoroethoxycyclodiphosph(11l)azane:-

Trifluoroethanol (4.32 g, 43.2 mmol) and triethylamine (4.36 g, 43.2 mmol)
were added dropwise to a stirred solution of 1,3,-di-t-butyl-2,4-dichloro-
cyclodiphosph(111)azane (5.93 &, 21.6 muol) in diethyl ether (150 cm’)
at 20°C. The resulting mixture was stirred (0.5 h) and on work up
afforded a cloudy oil which was shown by lH-{BlP }and 19F n.m.r. to

‘be the 1,3-di-t-butyl-2,4-trifluoroethoxycyclodiphosph(11l)azanes
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(cis: trans ca. 4:1). The irang isomer did not crystallise from the
0il on standing (7 4) at ambient temperatures. Distillation of the
crude product under reduced pressure‘éltered the cis: trans isomer
ratio to ca. 10:1 respectively and the distillate on standing

(ca. 1 month) gave the compound (5.65 g, 65%), a colourless oil,
b.p. 58-60°C (0.04 mmHg).

2—Trans-4—di—t-butoxyh1,3—di—t4butxlcxclodiphosph(111)azane:—

t-Butanol (2.47 g, 33.4 mmol) and triethylamine (3.37 g, 33.4 mmol)
were slowly added to a stirred solution of 1,3-di-t-butyl-2,4-
dichlorocyclodiphosph(11l)azane (4.60 g, 16.7 mmol) in light petroleum
(b.p: 60-80°C; 120 cms) at 20°C. On completibn of the addition, the
mixture was refluxed (3 h) and after work up gave a colourless oil
which was identified by lH— {31P} n.m.r. as the compound. Purfication
of this oil by distillation under reduced pressure proved impossible

owing to decomposition to 2-t-butoxy-1,3-di-t-butyl-4-hydro-4-oxocyclodi~

phosphazane. Decomposition to the latter compound alsoc occurred on

standing at ambient temperatures (14 d). 2-t-Butoxy-1,3-di-t-butyl-

4-hydro-4~oxocyclodiphosphazane was readily crystallised from light

petroleum (b.p. 40—6000), colourless needles (65%),m.p. 114-116°C.

1,3-Di-t-butyl-2-chloro-cis—4-methoxycyclodiphosph(111)azane:-

Methanol (0.49 g, 15.3 mmol) and triethylamine (1.62 g, 16.0 mmol) were
added to a stirred solution of 1,3-di-t-butyl-2,4-dichlorocyclodiphosph-
(111)azane (4.21 g, 15.3 mmol) in light petroleum (b.p. 40-60°C; 100 cm})
at 20°C. The resultant mixture was stirred (0.5 h) and after work up

yielded the compound (3.3l g, 80%), a colourless oil, b.p. 60-62°C
(0.03 mmHg).
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2-t-Butoxy-1, 3-di-t-butyl-4~chlorocyclodiphosph(111)azanes—

t-Butanol (1.38 g, 18.7 mmol) and triethylamine (1.89 g, 18.7 mmol)
were added to a stirred solution of 1,3-di-t-butyl-2,4-dichloro~
cyclodiphosph(11l)azane (5.15 g, 18.7 mmol) in light petroleum (b.p.
40-6000; 150 cm3) at 2000. On completion of the addition, the mixture
was refluxed (2 h). Work up gave a slightly cloudy oil which was
shown by 31P n.m.r. to consist of the compound, the 2,4-dichloro-, and
the 2,4-di-t-butoxy-derivatives in a ca. 2:1:1 ratio respectively. On
standing, the latter compound was quantitively converted to

2-t-butoxy-1,3-di-t-butyl-4~hydro-4-oxocyclodiphosphazane (see above).

7 ,8=Di~t~butyl-2,5-dioxa~7,8—diaza~1,6-diphospha(111)bicyclo[4.1.1]~

octane:~ 1,2-Ethylene diol (0.7 g, 11 mmol) and triethylamine

(2.4 g, 24 mmol) in chloroform (30 cm3) was added slowly to =

solution of 1,3-di—t—buty1—2,4-dichlorocyclodiphosph(111)azane

(3.2 g, 12 mmol) in light petroleum (b.p. 40-60°C; 200 cm3) at 0°C. On
warming to ambient temperatures, the solution was stirred (0.5 h).

Work up afforded the compound which was separated from other, presumably
polymeric, materials by two vacuum sublimations [gg. SOOC (0.1 mmHg)];

colourless needles (0.7 &, 23%), m.D. 65-6700.

8,9-Di-t-butyl-2,6-dioxa-8,9-diaza-1,7-diphospha(111)bicyclo [5.1.1]- -

nonane:- This was prepared similarly to the above and recrystallised

o
from pentane; white needles (20%), m.p. 182 C.

1, 3-Di-t-butyl-2-cis-4-dimethoxy-2,4-dithiocyclodiphosph(v)azane:—

1,3-Di-t-butyl-2-cis-4-dimethoxycyclodiphosph(11l)azane (1.04 g,

3.91 mmol) and sulphur (0.25 g, 7.82 mmol) were heated (6 h) under
reflux in toluens (6 cm3). The solveht was evaporated aud the residue
crystallised from a light petroleum (b.p. 40-60°C) - methylene chloride
mixture (3:1) to give the compound (0.96 g, T74%), white needles, m.p.

159-160%¢ (1it.”t m.p. 124°C).
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1,3-Di-t-butyl-2-trans-4-dimethoxy—2,4-dithiocyclodiphosph(v)azane:~

This was prepared similarly from 1,3-di-t-butyl-2-trans-4-dimethoxy-

cyclodiphosph(111)azane; white needles (56%), m.p. 152-154°C.

;JjeDi—t-butyl-Z-cis-4—dimethoxyh2,4—diselenocyclodiphosph(v)azane:—

This, t00, was prepared similarly; white needles (41%), m.p. 141°C.
The compound slowly degrades to a red solid if kept at ambient

temperatures.

1,3—Di-t-butyl-Z-trans-g-dimetho;x—Z,g—diselenoczclodiphospggvzazane:—

This was prepared similarly from 1,3-di-t-butyl-2-trans-4-dimetho:gy-

cyclodiphosph(1ll)azane; white needles (which slowly turn pink if

kept at ca. 20°C) (61%), m.p. 152-155°C.

1,3-Di-t-butyl-2-cis-4-dimethoxy-2-thiocyclodiphosphazane:—

1,3-31-t—buty1-2-2;§¢4-dimethoxycyclodiphosph(111)azaﬁe (L.84 g, 6.91
mmol) and sulphur (0.221 g, 6.91 mmol) were stirred (0.5 h) together
in benzere (10 cm3) at ambient temperatures. The benzene was

evaporated and the residue distilled under reduced pressure to give

the compound (1.32 g, 64%), a colourless oil, b.p. 54°C (0.02 mmHg).

1,3-Di-t-butyl-2-trans-4-dimethoxy-2-thiocyclodiphosphazane:—~

This was obtained similarly from 1,3-di-t-butyl-2-trans-4-dimethoxy-

cyclodiphosph(111)azane; colourless oil (88%), b.p. 60°C (0.03 mmHg).

1,3-Di~t-butyl-2-cis=-4(and 2-trans—4)-dimethoxy-2-selenocyclodiphospha~

zanes:— These were again obtained similarly to the above, using one
molar equivalent of selenium instead of elemental sulphur:

. o .
cis isomer (63%), a colourless oil, b.p. 72-76 C (0.07 mmHg) which

crystallised on standing, m.p. 34—3600;
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trans isomer (83%), colourless oil, b.p. 80°¢C (0.07 mmHg) .

Attempted preparation of 1,3-di-t-butyl-2,4-dimethoxy-2-telluro-

cyclodiphosphazane:~ 1,3-di-t-butyl-2-cis-4-dimethoxycyclodiph~

osph(111)azane (0.227 g, 0.854 mmol) and finely ground tellurium
(0.109 g, 0.854 mmol) were heated together (72 h) in benzene

(0.5 cu’) at 80°C. Study of the mixture by  H n.m.r. showed that

no reaction had occurred.

(1) To a rapidly stirred solution of 1,3-di-t-butyl-2-cis-4-dimeth-
oxycyclodiphosph(1ll)azane (2.27 g, 8.53 mmol) in benzene (10 cm3)

at 20°C was added methyl iodide (2.42 g, 1706 mmol). The mixture
was refluxed (24 h), the solvent and methyl iodide were removed, and
the white residue crystallised from a light petroleum (b.p. 40-60°C)-
methylene chloride mixture (1:1) to yield the compound (1.86 g, 82%),
colourless needles (turning white on exposure to air), m.p. 160°C.
(2) 1,3-Di-t-butyl-2-cis-4-dimethoxycyclodiphosph(11l)azane (0.5 g,

2 mmol) was placed in an evacuated, sealed, n.m.r.-tube and heated
(130°C). The reaction was followed spectroscopically and after 16 h
complete rearrangement to the compound had occurred.

(3) 1,3-Di-t-butyl-2-cis-4-diethoxycyclodiphosph(11l)azane (0.2 g,
0.7 mmol) and methyl iodide (0.2 g, 1.4 mmol) were mixed at 20%¢

in deuteriochloroform (0.5 cm3) in a sealed tube. On heating at

90°C (0.5 h) the products were identified by n.m.r. as solely consisting

of the compound and ethyl iodide.

1,3-Di-t—buty1—2—trans—4—dimet§xl—2,g-dioxocxplodighosggfv}azane:-

This was prepared similarly to method (1) above from 1,3-di-t-butyl-

2-trans-4-dimethoxycyclodiphosph(1ll)azane: colourless crystals (78%),

m.p. 230-232°C.
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1, 3-Di—-t-butyl-2-methoxy—-4-methyl-A4-oxocyclodivhosphazanes—

1,3-Di-t-butyl-2-cis—4-dimethoxycyclodiphosph(11l)azane (1.19 g,
4.48 mmol) and methyl iodide (0.64 g, 4.51 mmol) were mixed in
methylene chloride (10 cm’) at 20°C. After stirring (6 h), the
solvent and methyl iodide were removed under reduced pressure leaving
a white solid which was crystallised from pentane giving the compound
(0.78 g, 65%) as colourless prisms, m.p. 97-98°C.

A second isomer of the compound was obtained in a similar
fashion from 1,3-di-t-butyl-2-trans-4-dimethoxycyclodiphosph(111)azane

[stirring time (0.5 h) ] : colourless oil (88%), b.p. 64°C (0.05 muig).

1, 3~-Di-t-butyl-2-ethoxy-4-methyl-4-oxocyclodiphosphazane:-

1,3-Di-t-butyl-2-cis-4-diethoxycyclodiphosph(111)azane (0.2 g; 0.7 mmol)
and methyl iodide (0.1 g, 0.7 mmol) were mixed at 20°C in
deuteriochloroform. Examination of the products by 1H- {31P}n.m.r.
(0.1 after mixing) indicated quantitative conversion to the compound
and ethyl iodide.

The relative rates of reactions of isomeric forms of (MeOPbIBu.t)2
with sulphur, selenium, or methyl iodide (all in benzene solution)
were carried out monitoring the progress of the reaction by 1H N.M.Te
spectroscopy. IH—P lP} experiments were also used to confirm the nature

[ 1
of the products. Reactions of isomers of MeOP.NBut.P(X)OMe.l\IBut

f |
(X=S or Se) and MeOP.NBut.P(O)IVIe.NZBut with sulphur, selenium, and
methyl iodide respectively were also carried out on an n.m.r.-tube
scale, as were the reactions of cis—(MeOPNBut)z with equimolar amounts

of cis or trans-[MeO(Se)PNBut] and the reactions of cis or trans-

2

[MeO(Se)PI\[But] with methyl iodide.

2
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CHAPTER 5
N.M.R. STUDIES ON CYCLODIPHOSPHAZANES
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A The Sign and Magnitude of 27 (znp)

INTRODUCTION

The study of spin-spin coupling constants not involving protons
is of considerable interest because of the possibility of several
coupling mechanisms being of importance and because, where the known
ranges of these couplings tend to be large, they are therefore more
sensitive to alterations in the chemical environment (such as
substituents and :31:ereoc:!’xer:cu‘.si:::’,:,').270

The coupling constant, 2J (_EN_E), covers a wide range
(ca. =35 to 665 Hz). Despite the fact that a considerable mmber of
such couplings have been measured, very little is known about the
factors which affect this coupling. This is largely for two reasons:
firstly, because many of the species studied have not been amenable
to sign determination, and secondly, because it has been recently
shown 227238 that the magnitude of this coupling (when it involves
two tervalent phosphorus atoms) is strongly influenced by the
conformation which the P-N bonds adopt in solution, This last point
clouds other issues which might be considered, such as the
electronegativity of the phosphorus and/or nitrogen substituents. On
increase of the co-ordination number at phosphorus, 25 (PNP) decreases
greatly 2 and indeed in all phosphorus(v) compounds containing the
P-N-P unit, 2J(ENP) is typically <100 Hz. 22¢7%2T1-2T5 gpiases of
substituent effects on 2J (;mg) in cyclophosphazenes have pointed to the
importance of substituent electronegativity.271’276

The isolation of a number of cyclodiphosphazanes (Chapters 2-4)
provides an opportunity to systematically study the effects .of
substitution and co-ordination number at phosphorus on 2 (ENP) without
large changes in the mutual conformations of the two phosphorus atoms.
The fact that many of these compounds are symmetrical with magnetically
inequivalent phosphorus atoms provides an advantage in that the sign
of 23 (PNP) is frequently obtainable by double-resonance methods as 1.?



briefly outlined below.

The 1H n.m.r. signals arising from the X-groups of

syrmetrical cyclodiphosphazanes : R

N
of the general type (61) usually x(Y)p < ™ p(Y)X
consist of a deceptively R

simple triplet (assuming fast - % -
(61) |R=Bu or aryl

rotation about the P-X bond),
‘ X:.MezN or Me0
the central line being < 4
Y=lone-pair, O,
a broad (often unresolved)

S or Se.

- -

multiplet. An example is shown

in Figure 20. These spectra are examples of the XBAAIX; 277,

lOer
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-—eme ™o - w--
e sswemme

& 2(pNp) —>

<——2pnp) >

Figure 20, IH n.m.r. spectrum, O-methyl region, of

cis-[reo(s)meu’],, [|%5(mp)|=28.5 B2 .
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278()&'.=0Me) and XGAA/XGI 219 (X:MezN) spin systems (ignoring coupling
to the aryl or t-butyl pro;tons). Harris 268 developed formulae to
describe the general XnAA/X/n case, subject to three conditions:-
i) J(xx")=0
ii) Only nuclei of spin quantum number I=% considered
iii) The chemical shift between the A and X nuclei is large
compared with the coupling constant. :

These limitations are adhered to in the compounds discussed here,
where A=P and X=H, When the coupling constant, 2 (PP”), is small
with respect to L [;_:IJ(P...H)-J(P/...H)I] then weak 'outer' lines
may be visible in the proton spectrum and these can be used to obtain
the magnitude of 2J(PP/) by spectral analysis 268 (Figure 20). The
relative sign of 2 (PP/) may be obtained by 1H--<[3 IP} double~resonance
experiments, These take advantage of the comnection between the
components of the N doublet [_1g= |7(P...H) + J(P7...H)| ] in the 1H
spectrum and a multiplet in the 31]? spectrum which is separated from
the main P signal by (approximately) 25 (PP”). The connection between
this multiplet and the components of the N doublet determines the sign

of 2J(PP/) relative to J(P...H) + J(p’...H).280,281

The position of
this group of outer lines may be determined either by conventional
IH-{BJ'P }double—resonance or, more accurately, by recording the
lH-P lP} INDOR spectra. An alternative method of finding the relative
sign of 25 (ENP) exists in compounds of the type, (61) (R=.But), where
coupling to the t-butyl protons is easily resolved. 1H-«{3 lP}‘ double-
resonance experiments in this case allow the signs of 2J (gmg’) and
45 (ENCCH) to be compared.sl

In the symmetrical cyclodiphosph(v)azanes, (61) (Y=Se), 25 (evp)

31

may be obtained by direct observation of the “"P n.m.r. spectrum as

7
the spin system for molecules containing 77Se is of the AA X type
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(ignoring couplings to the protons). 778e, the only naturally
occurring magnetic isotope of selenium, possesses a spin quantum number
I=% (natural abundance 7.6%) and so the selenium satellites in the
phosphorus spectrum consist of an eight line pattern, the three

couplings being J(PSe), J(P Se), and J (PP/) (Figure 21).

I 2 34 56 7 8

Figure 21: A diagrammatic representation of the A spectrum of an
22"X spin system, assuming J(AX)> J(aa”)> J(a7X), (a=2'P,
x=77Se). The separation between lines,

1 and /=2 and 8=J(PSe)

1 and 2=3and 5=k and 6 = 7 and 8=3(pp")

3 and 4= 5 and 6 =J(P Se)

The eign of 2J(gnz) relative to 3.7(_13m>_s_e) may be obtained by
keteronuclear 3]'P--{]'IEI, 7738} triple-resonance, employing selective

irradiation of the 77Se resonant frequencies and observing the two

touter' pairs of selenium satellites. No measurements have been reported
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to date of 3J(_Pm>§_e). However, 1J PSe) is both substantial2o?

and

R 282 . 3 . 1
always negative, The sign of “J(PNPSe) relative to ~J(PSe) may be
determined by homonuclear .311-’-{1H, 31P]r'l:riple-—resona.nce, selectively
irradiating at the phosphorus resonant frequencies, When the
'inner' two pairs of selenium satellites are clearly resolvable,
311’--{1lii, 7789} triple-resonance allows the signs of 1J(_I_’§§) and
2J(ENP) to be compared.

In asymmetric cyclodiphosphazanes of types (62) and

But ZBut
N N_ X
/N AN
x® \rz xe{ p
g SNy Ny
Bu
(62) (63)

(63), |23(2vE) | is readily obtained by direct observation of P

spectrum, As above, there are a number of ways of determining the

sign of 25 (ENP), and these often depend on the nature of X,Y, or Z:-
i) If there is resolvable coupling to the t-~butyl protons,

25 (ENP) may bé compared in sign with 45 (ENccH) by 1H-{31P} double-

resonance.

ii) If there is a long-range coupling from phosphorus to X or

Z, then the sign of 25 (ENP) may be compared with that of the analogous

short-range coupling. This is especially useful if X or Z=F as
33(BNPE) is usually quite large, facilitating “F-{>'P } double-

resonance experiments, and the sign of 1J Qrg) is known to be negative,

When X or Z=alkoxy or amino, S5 (B...HE) may be zero or too small for this

technique to be viable.

283,284
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iii) In compounds (63) (Y=Se), as above, heteronuclear
3]'P- [IH, 77Se} triple-resonance will permit comparison of the signs
“of 23(BNP) and 2J(ENBSe). JJ(ENPSe) usually has to be measured by
triple-resonance as broadening of the phosphorus(111) signal obscures
the selenium satellites. This broadening also precludes a sign

comparison between 1 (Pse) and 25 (P¥P) in compounds of this type

- RESULTS AND DISCUSSION

The sign and magnitude of 25 (P¥P) for the compounds studied,
including the method of sign determination are shown in Table 25.
One compound in particular, (FPNBut)z, deserves special mention as
this illustrates a spin system, XAL X~ (ignoring proton couplings),

268

in which the condition of J(XX")=0 is not met. Accordingly,

analysis of this spectrum has yet to be discussed. Nixon and \fl:i.lkins?_7
originally examined the 'JF n.m.r. spectrum of (FPNBut)z and the
results here are similar to those originally obtained except that
19F- {3 lP }double—resonance experiments have now been used to
establish the signs of 25 (BNP) and 45 (EPNPF) relative to lJ(_LEF__) and
35 (ENPF). The energy level diagram for this x42"X” spin system indicaigz
that each component of the intense N doublet in the 19F spectrum is
connected with the N doublet and two of the transitions (5 and 7 or

6anda)inthe31

P spectrum (the numbering of transitions is taken
from reference 285). The connection between the two spectra was
obtained by 19F— {311’ }double—resonance as outlined in Figure 22,
This distinguished the two pairs of couplings, 25 (eNR) + 4JLFM),
(125.5 Hz), and “J(PF) + JJ(EPNPF), (1158.5 Hz), snd established that
they are opposite in sign. 4s 1; (PF) is large and nega1::i.ve285 »284
then 2J(ENP) and “J(FPNPF) (30.7 and 94.8 Hz) are both positive, but
they are not distinguished. An assignment of 92.5 Hz to 2J(_I:Ng) was

originally made 21 for this compound., This is now disputed on two

counts. Firstly, inspection of Table 25 shows that changes in
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(50 Hz ,

12 6 7 34 12 8

b) 1 1

c)‘l | |

Figure 22: a) Lp n.m.r. spectrum of (FI’NBut)z;

p)

P transitions detected by monitoring transitions 1,2 in
a) (diagrammatic); c¢) as in b), now monitoring transitions

3,4

3(2&2) in cyclodiphosph(11l)azanes appear to be dominated by
_electronegativity effects. This being the case, 30.7 Hz represents

the best progression from other symmetric cyclodiphosph(11l)azanes.

1
Against this, it should be noted that 2J(ENP) in FP.NBu®.PCl.NBu®

is +49.6 Hz and so perhaps the larger coupling to the difluoride

might be the correct assignment. However, compariéon of the values

t

1
of 2J(ENP) for Me NP.NBu®,PX.NBu® [X=F (+14.0 Hz) and X=Cl (+32.5 Hz)]

2

indicates that a chlorine, rather than a fluorine, substituent gives

the larger P...P coupling. Secondly, Table 24 shows that in compounds
! t l t, .

of the type, FP.NBu ,PX.NBu (X=F, Cl, or Nnez), there is a close

parallel between 2J(_P_Ng) and 3J(_r;NP_F_), but only when 2J(_13Ng) is

30.7 Hz in (FPNBut)a.
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Table 24

Comparison of 195 n.n.r., data with 25 (PNP) in

' t t a
compounds, FP.NBu ,PX.NBu =~—

X sp2  Li@Em 1 (zvep) 2s(aE)
PePelle Hz Hz Hz
F -21.9 ~1181+1 +22,5+1 +30.741 £
Cl =26.5 -1189+1 +59.0+1 +49. 61-0. 5
a . )
= In CDC1 3 solution at ca. 33 °C.
b Upfield (negative) relative to extermal CCl 3}?.
c

45 (FPNPF)=94.8+1 Hz.

One drawback is that this assumes the compounds in Table 24 are all
isostructural (Q._s_s) and totally unembiguous evidence for this is
lacking. The value of 94.2 Hz which is now assigned to 45 (EPNPF)
is very large,especially when compared with the same parameter in

diphosphinoanines, F,P.NR.PF, (2,25 anigy1, 2870288 1 .1 28T

2
where it is less than 11.7 Bz, or the values of “J(EPNPE) in the
complexes, [m.4] [M:-Ni or Pt, L=FP0r-C_6]—i;6 or PF(OPh)2 ] ,289 where it

is less than 8.4 Hz, One possible explanation for this anomalously
high value is that }J(FPNFF) has a sizeable 'through-space'
contribution and that (F‘I’I\IBut )2 must therefore have a cis

arrengement of fluorine atoms. This is supported by the fact that the
analogous dichloride, (ClPNZBut)z, has a cis s‘l:z:uc‘l:v.zre,106 but on the
other hand the CL...Cl nonbonded distance is 4.10 & 200 ana the view
has been expressed that at distances of greater than 2.5 £, F...F

*through-space' coupling effects will be small.29o_
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Inspection of Table 25 shows that there is a much smaller

range of values of 23 (ENP) in cyclodiphosph(lll)azanes than that

51,238,287

found in the acyclic diphosphinoamines and this is

reflected in the reduced conformational mobility of the ring

relative to these acyclic systems.51s238 2

J(ENP) generally becomes
more positive on substitution at phosphorus by more electronegative
groups; its magnitude usually increasing in the series,

Me <Me2N <MeO<F <Cl, when compounds of like structure are compared.
The major exceptions are the positive P...P coupling found in
_c_:_:j._a_a_-(MezNHIPh) o» compared with the negative value found in
gi_q-(I{eOPNm)z (see below), and the somewhat large (if positive)
value of 33,0 Hz foundd‘8 for g::.i—MeP.NfBut.PCJ..NBut. The extreme
cxample of this electronegativity effect is found in the adduct
MeQNP.NBut.P+.NBut A1017, in vhich the =P" atom can be regarded as
being bonded to a subsfituent of very high electronegativity and in

which the most positive P...P coupling of all (+58 Hz) is found.

% 1
1Z3@) | is 36.0 Hz in MeP.Ba® P w01, 4°
All four pairs of geometrical isomers, (}CPNR)2 (X:-MezN or

MeO, R:-.But or Ph), have P...P couplings of opposite sign and in all

but one case, {(MeOPNPh)z], it is the trans isomer which possesses

the negative coupling. There is no ready explanation for this
anomalous Tesult, though it may be noted that both gis-(MeOPNFR),’"?7>
and trans—(Me,NFNFh),, which have P...P couplings of the same
(negative) sign are the thermodynamically favoured isomers. Reasons
for the difference in sign on comparing cyclodiphosph(1lll)azane isomers
are not clear, though this may be related to the marked difference
found in the nonbonded electron-pair interactions which have been
indicated by photoelectron spectroscopy (Chapters 2 and 4). A similar
dependence of 2J (PP) on the relative configuration of the substituents
on phosphorus was observed in studies of the cyclomonocarbaphosphanes,

(64)-(66), in which negative P,..P couplings were found between



- 165 -~

Phosphorus atoms with trans substituents and more positive couplings

were found when the substituents on phosphorus are cis.291’29 2

R R

| I

P
e '\l | I/ '\l
| \CH / \ /
R
(64) (R=alkyl or aryl) (65) (R=le)

N

\/P

CHy

(66) (B=dte)

Oxidation of one phosphorus atom to produce mixed oxidation
state cyclodiphosphazanes in some cases results in remarkably little
change in the P...P coupling (Table 25). For example, the values

of 2J(BNP) for cis and trans-(Me NPNBu'), and cis end trans-

| 1
MezNP.NBut.P(Se)M'IeZ.NBut respectively, ave the same within

experimental error. Unfortunately, the sign of 25 (BNP) in cis

| 1
and trans-MeZNP.NBut.P(S)MIeZ.KBut was not obtained as coupling to

the t-butyl protons was not resolvable and there was no long-range

coupling to phosphorus from either set of N-methyl protons. The

mono-oxidation products of the methoxy-derivatives, MeOlg.NBut.P(x)OMe.
NBu® (X=S or Se), provided quite different results. When X=Se, the
cis isomer had a more negative P...P coupling (-17.3 Hz) than the
trans isomer, though again the P...P coupling in the trauns isomer
(-11.1 Hz) was almost identical to that of 3_1.:'_;_a.n__s_-(I'IeOPI‘IBv.lt)2 (~9.5 Hz).
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! 1
The sign of 2J(_EN_E) was unobtainable for cis—MeOP.NBut.P(S)OMe.NBut,

but the value of -17.6 Hz for the P...P coupling in the trans isomer

I t 1
closely resembles that for trans-MeOP.NBu .P(Se)OMe.X ¥ The final

enigma is that while 2.1(21\1_3) is positive (+7.2 Hz) in

I
cis-CsHloN'P.NBut.P(Se)NC5H10.I:IBut (as it is in the analogous
dimethylamino-derivatives), the P...P coupling in the cage compound,
(45), is negative (-20.6 Hz).

The above results may be compared with those found by Bulloch.22

[ ]
for C1P.NMe.P(X)CL.NBu® [ X=0 (two isomers), 2J(ENP)=—12.0 and

-36,3 Hz; X=S (two isomers), 2J@N_E)=—6.0 and -36.3 Hz | and

! 1
Me NP, NMe, P(X)CL.NBu"

2J(_13N2)=—12 + 2 and ~10 + 4 Hz ] in which all the P...P couplings are

[%=0, 23(2NP)=—8+2 Hz; X=S (two isomers),

negative and seem little effected whether oxygen or sulphur is
attached to phosphorus (no structural assignments were made to these
compounds). This is in contrast to a :re;oortz73 that in compounds of
the type, (RO)ZP(X).NMe.P(OR)z (R:Buto or Et0), |2J(gm2)| depends
on the nature of X (X=0, S, or Se), and increases according to the
series, 0 <S <Se.

At present no discernible trend in 25 (BNP) is obvious in the
above mixed oxidation state cyclodiphosphazanes. It is probably
suffice to state that 2J (EN_?;) is small and may be either positive ox
negative., It may be affected by singly bonded substituents to
phosphorus as more negative P...P couplings are found in the
chloro-de::':i.va,tives,22 but whether oxygen, sulphur, or selenium is
bonded seems to have little effect.

Inspection of the P...P couplings found in cyclodiphosph(v)azanes

(Table 25) shows that three general points can be made:-—
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i) A1l the P...P couplings are positive as is generally found
for compounds containing the P(V)-N-P(V) skeleton (cf. ref. 272).
ii) Replacement of dimethylamino-groups by the more
electronegative methoxy-groups results in a less positive P...P
coupling.
iii) The size of the P...P couplings increases in the order,
Se <5<0. This is somewhat surprising as studies of compounds of
the type, [RZP(X)] 0 (R=alkyl; X=0 or S),293 and bis(phosphinoyl)-
and bis(vhosphinothioyl)amines® 2 showed that 2J(PP) did not differ
greatly whether oxygen or sulphur was attached to phosphorus,
The 31P-{1H, 77Se} triple-resonance experiments used in
determining the sign of 2J(ENP) relative to “J(PSe) also permit the
calculation of the !|!Se chemical shifts on the basis that == ('Se)

for Me, Se is 19,071,520 Hz,294 (Table 26). The 77Se chemical shifts

2
are clearly dependent on the isomer studied: in every case, for a
given pair of isomers, that which is cis has a higher field 77Se

shift by ca. 35-120 p.p.m. The reason for these | 'Se chemical shift
differences is not clear, but it has been shown294 that the resonance
hybrid, Pr— Se, is important, especially when T-bonding substituents
are attached to phosphorus, and further that such a hybrid moves the
77Se shift to higher field..294 If the conclusions in ref. 294 are
correct, it would appear that there is more pt— Se” character in the
phosphorus-selenium bond in the ¢is cyclodiphosphazanes. Finally,

it is apparent that lJ (_Pie) becomes more negative on replacing the
dimethylamino by the more electronegative methoxy-group. This is
consistent with the observations of McFarlane and Rycroft° 4 though
opposite to the trend found for a nmﬁber of other one bond coupli.ngs,295

notably 13(28),%% L5(cE), %7 ana tu(cp).?®
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EXPERIMENTAL

Instruments used in the recording of 1H, 19F and 3:"P n.,m,r. spectra
and double and triple-resonance experiments are described in
Appendix B. The compounds, (FPI\IBut)z,27 (MePNBut)2,48 (MeOPNPh)2,53
MezNP.NBut.PCl.N'But, 22 [MezN(O)PN'Ph]z,% 256

vere prepared by literature methods. The other compounds were prepared

and [MezN(O)PNCHZPh]

as outlined in Chapters 2-4 except for l,3-di-t-butyl-2-chloro—4-

fluorocyclodiphosph(11ll)azane which was obtained by heating

1,3-di-t-butyl-2,4-dichloro- and 2,4-difluorocyclodiphosph(111)azanes

together at ca. 100°C for 24 h after which time the proportions of
the three compounds were ca. 2:1:1 respectively. lH and 311” NeM.T.
data for the compound (C])Cl3 solution): § P(C1) 197.1, SE(F) 180.3,
2.1(_131«:3), +49.6 Hz; 6 5, t 1.40, 4J(gnccg) 0.9 Hz (both) [all positive

31

shifts (in p.p.m.) downfield; “ P shifts relative to 85% (external)

H;P0, ].
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B P-N Torsional Barriers in Dialkylaminocyclodiphosphazanes.

The measurement of torisional barriers about P-N bonds by
variable-temperature n.m.r. is now coxz:monplace,22’47’158_16]‘’:"9]'"'20l
*
the free energy of activation at the coalescence temperature,AGTc,

being calculated using the relationship (below) which is valid when

* -1
AGy o [45.63 + 4.58 loglo(Tc/A\))] cal mol,
where, Tcethe coalescence temperature (X)

AV =the chemical shift separation of the

two uncoupled singlets (in Hz).

observing the coalescence of two equal-intensity singlets with
temperature.202 (A detailed discussion of the n.m.r. effect is
contained in Chapter 1).

On examining the low-temperature 1H n.n,r, spectra of the

. . . f 't
dimethylamino-substituted cyclodiphosphazanes, ClP.NR.PMIeleBu ,

NP, MMe . P(X)CL.NBu®

|
2NP.I\IR.PMe2.NBut (R=ite or Bu'), and Me,

(x=0 or 8), it was found?? in each case that the methyl protons of

Me

the dimethylamino-group were non-equivalent, The dynamic process

giving rise to this effect was attributed22 to hindered rotation about

the exocyclic P-N bond(s), the first time it had been reported in

relation to a cyclodiphosphazane ring. A list of the barriers t

22

measured”  is shown in Table 27. Most of the dialkylaminocyclodiphosph-

azanes reported in Chapters 2 and 3 exhibited a similar effect. The
torsional barriers and variable-temperature n.m.,r. data are shown in
Tables 28 and 29. Examples of variable~temperature 1H and 130 nm7x, specirej

!

.o
areshown inFigures 23 and 24 respectively. Exrors in A Gipe (usually ,
|
|
l
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Table 27
_ * ~1 2
Compound Te (X) LGy, (kcal mol )=
01ﬁ.m4e.P\mer2.ﬁBut 280 14.5
— 4
CLP.NBu" . FiiMe,, . NBu 319 16.9
{ 1 t 'b
Me, NP, Nife . PMe, . NBu 239 12.5 2
9&"193 ca. 9.5
(Me2NPNBut)2 216 11.5
|
MezNP.mae.P(o)CLN'But 297 15.5 2
ca. 213 ca. 11.5
| i
MeZNP.I\Me.P(S)Cl.N'But 301 16.2 2
Cae. 223 ca. 12

£ 711 barriers taken from ref. 22.

] Major isomer.

ca. 0.3 kecal mol-l) arise mainly from temperature measurements:
calibration was by the method involving measurements of the shifts of

*
methanol or ethylene glycol signals., Measurements of AG o about the

T
R
exocyclic P-N bonds in cis--(l?’lezl\IP:'.\l?Bu.l;)2 and cis—MeQNP.NTBut.PCl.EBut

gave values (of 11.4 and 16,9 kcal mo1 ™t respectively) in excellent
agreement with those found earlier-? (Table 27).

At first sight it does not appear valid to compare rotational
barriers found in different compounds as A(};‘c almost certainly has
been measured at different coalescence temperatures, and from the
relationship,

AG= 2K JzAs®,
where, AH*.—.enthalpy change,

and. AS*-entropy change, A %
: it is seen tha.tAG,xc is
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|20°’

12 Hz 30 Hz
9 b)

Figure 23: Variable-iemperature lH n.m.r. spectra (1\311432 region)

t : et 1t
of a) _c_j_._g_-—[MezN(S)PNBu ]2 b) trans-Me NP.1Bu . P(S)ilMe,.1MBu .

temperature~dependent. However, as the dynamic process (of rotation
about a P-N bond) is always the same, differences in entropy effecis

¥*
between compounds should be minimal and comparisons of AGTC valid,
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PN 25" | +60° o vy

[ SRV |
100 Hz
a) b) <)
. : 13 ' .
Figure 24: Variable-temperature ~“C n.m.r. spectra (§§§2) region
. t . t
of a) trans-[rIezN(S)mBu ]2 b) Q_Ls_-[ldaall(S)PNBu I,
T 1
c) cis—-MeZNP.N.But.P(S)IMez.NBut.

Before discussing the barriers in detail, the preferred
conformation of the exocyclic dialkylamino-groups will be determined.
The low~temperature “J(P MHCH) (Table 28) and 25(B1he) (Table 29)

coupling constants clearly demwonstrate that the preferred conformation
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-of the dimethylamino-group is one in which the methyl-groups lie in,

or close to, the plane passing Me
through the two phosphorus atoms I!I
and perpendicular to the \\‘P/ \Me
cyclodiphosphazane ring (Figure 25). /

Figure 25

This is similar to the preferred

conformations of the trimethylsilylamino-group in cis-(MeBSimer.PNZBut) N
(Chapter 2, Figure 12) and the piperidino—groups in _q_i_g—(CSHloNPNBut)z
| (Chapter 2, Figure 11). The methyl-group cis to the phosphorus
lone-pair has relatively large -J(ENCH)Z22'199:198,225 g 25(pyg)224+225
couplings, whereas the methyl-group trans to the phosphorus lone-pair
has relatively small JJ(BNCE) and 2J(ENC) couplings, the latter being
negative (Table 29). The same conformation ic true of the ethyl-groups
in trans-(Bt NPNFh), and _c_i_s_—(EtzNPNBut)z as inspection of Tables 28
and 29, respectively, shows. The X-ray diffraction study of

cis- [MezN(S)PKBut]Z established’”! a similar conformation to that in
Figure 25 for the dimethylamino-groups. However, the low=temperature
couplings, SJ(P/NCH), show little conformational dependence (13.7 and
10,0 Hz), assuming the same conformation holds in solution. A similar
observation has been made by Martin and Robe:x':t..20:L On the other hand,
25 (_IBYN_C_) does, for the first time, exhibit an obvious conformational
dependence, though considerably less than that found foi 2J (gl 1]'Ng)
(Figure 24). By analogy with the low-temperature couplings in the

1H n.n.r. spectrun for _c_:_i__s,;—[PIeQN(S)PNZBut] it is assumed that the

2
preferred conformation of the dialkylamino-group attached to four
co-ordinate phosphorus in the cyclodiphosphazanes in Table 28 is like

that in Figure 25.
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An attempt to discover which of the two low-temperature
35(BVNCH) couplings in [Me N(0)PBut], is associated with the
methyl-group cis to the oxygen atom was made using the lanthanide
shift reagent, Eu(fod)B. The use of shift reagents is now widespread
in n.m.r. spectroscopy.299 1500 Complexation of [Mezl\l(O)J?l\ﬂ':‘ut]2
by Em(fod.)3 should occur at the oxygen atom and so it was hoped that
a larger downfield shift would be shown by the methyl-group cis to
the oxygen atom in the cis isomer. Ambiguity might exist in the
results for m—[MezN(O)PNBut]Z as the methyl-group trans to the
oxygen atom would also be adjacent to the oxygen atom» on the other side
of the ring. Complexation readily occurred: large downfield shifts of

the N-methyl and t-butyl-groups (up to ca. 4 pP.D.m.) and large upfield

shifts of the phosphorus signals (up to ca. 100 p.p.m.) being
recorded with additions of up to two molar equivalents of the shift
reagent, indicating complexation at both ends of the molecule.
Unfortunately, extreme broadening effects arising from the presence
of europium(11l) and the slow rate of exchange between the complexed
and uncomplexed species at low temperature rendered the two N-methyl
signals indistinguishable.

The various factors which influence the P-N torsional barriers

in cyclidiphosphazanes include:

i) Structure:- One of the most striking features of Table 28

is the considerable difference in rotational barriers when pairs of isomers
are considered. In (MezNPN'But)z, for example, this difference is as

large as 6.2 kcal mo1 ™t

although in the dioxidised compounds,
[Me,N(X)PBu"],, (%0, S, or Se) it is emaller (ca. 2-4 keal mol ™).

In all cases where structural assigmments are known it is, mmprisingly,
the trans isomer which has the greater barrier. This is contrary to

what might at first be expected on steric grounds as cross-ring
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interactions between the dimethylamino-groups in the cis isomers
should increase the barrier. On the other hand, the preferred
conformation is one in which steric interactions are minimised in

the trans isomers. Thus the destabilisation in this conformation,
brought about by cross-ring interactions in the cis isomers, might
lower the barrier, This would appear to be the case, and is a
conclusion supported by the observation that the difference in barrier
between isomers in [DILeZI\I(X)PI\CBut]2 (x=0,8, or Se) is less, as expected,
since in both isomeric forms there is a moeity cis to the
dimethylamino-group. Finally, it is noteworthy that the relatively low
barrier associated with .c_z_i.__s_-(CSH:'_OI\II"l\l'.But)2 (structure determined by
X~ray aralysis) is a further indication that the structural assignment
to _q_i_.g—(Me2NPNBut)2 is correct.

The above shows that when studying other effects on P-N rotational
barriers it is imperative that cyclodiphosphazanes of like structure
are compared.

ii) Electronic effects:- Little is understood about the influence
electronic effects exert on P-N bond rotation., In particular, there

have been a number of arguments presented both for 158,191

163-165,192

and against
the contribution of gﬂzn bonding to P-N rotational
barriers. A problem which is frequently encountered is that of
maintaining constant steric interactions about the P-N bond whilst
varying the substituents on the phosphorus and nitrogen atoms to induce
different ‘electronic effects.,' This difficulty should be overcome by
varying only the para-substituent, Y in compounds of the type,
(MezNPNC6H 4‘I—£ )2 ;(Y=H, ci, Me or OMe). However, in the above compounds

the barriers are all equal within experimental error (12.5-12.7 kcal mol—l).v
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The barrier of 20.2 keal mol™ found in the adduct,

f t _+.t - .
MeQNP.NBu .P.NBu AlClL 4 is the largest yet measured about a
P--NI*Ie2 bond. This is probably because, consistent with the ideas
proposed in i) above, removal of the chlorine atom from

‘ t

cis-Me NP,NBu .PCl.NBut should stabilise the preferred conformation

2
of the dimethylamino-group and so increase the barrier as observed.

While this proposition might be termed an 'electronic effect! in that
the preferred conformation of the dimethylamino-group is one in which

the number of gauche intera.ctions”l

between the phosphorus and nitrogen
lone-pairs is maximised, there is no evidence in Table 28 to suggest
that P-N torsional barriers are dominated by classical electronic
effects such as (p-d) 7T bonding (if it exists) or the electronegativity

of the substituents on phosphorus or nitrogen.

iii) The effect of size of the group on phosphorus:-

Increasing the size of the dialkylamino-group attached to phosphorus
results in a slight increase in barrier as evidenced by comparing the
barriers found in trans-(RNENPh), and cis- [RZN(X)PNBut]Q(X:S or Se)
on increasing the size of the R-group from methyl to ethyl (Table 28).
Similarly, an increase in barrier is found on going from R=Me to R=Pr*
in RZNP.NBut.PCI.N’But (Table 28). Increasing the steric congestion
in thesecompounds obviously outweighs the deficit in barrier arising

from destabilising the preferred conformation as discussed in i) and

o . ' t ¢
ii) above. When the barriers found in cig-Me, NP.NBu . PX.NBu
(MezN , F, or Cl) are compared, a sharp increase of ca. 5 kcal mo1 L

is observed when X=F or Cl relative to X=Me2N. This probably does
reflect the presence of a small group at one end of the ring

stabilising the preferred conformation of the amino-group.
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iv) The effect of size of the group on the ring-nitrogen:—

IBulchh22 found that increasing the size of one of the ring-nitrogen
substituents from methyl to t-butyl resulted in an increase in barrier
of ca. 2 kecal mol-1 (Table 27). This steric dependence is also
illustrated when both phenyl-groups are replaced by t-butyl-groups

in the trans isomers of (MezNPNR)z, [MezN(O)PNR]z, and

Mezmé.rqn.P(s)NMez.ﬁR (R=Ph or Bu®) (Tasble 28). Interestingly, the
barrier in [Me,N(0)PNPh], is greater than that in [Me,N(O)FNCE,Ph],),
though the structures of these compounds are unknown.

v) The effect of oxidation at phosphorus:~ Only a few rotational
barriers about P(V)-N bonds at four co-ordinate phosphorus have been

160,200,201

measured as generally they are not accessible by

variable-~-temperature n.m.r. Ncne have been reported about a

P(V)-NMe2 bond except for one claint®? that

Me
restricted rotation occurs about the Me Cc 2 0
\C/ \P//
P-N bond at ambient temperatures H/ \0/2 \NMe2
Me
(on the n.m.r. time-scale) in compound 1)

(67). However, variable-temperature n.m.r.

experiments will be needed to confirm this and further doubt is added
to the claim in that geometrical isomerism was not considered as giving
rise to the observed lH n.M.T. effect.l62

In many cyclodiphosphazanes containing the I-”(V)-I\lMe2 group,

barriers about the P(V)~NMe, bond have been measurable (Table 28),

2
probably as a consequence of the steric congestion inherent in these
small ring systems. An upper limit of 8 kecal mol-l is the largest
barrier yet reported16o for a P(S)-NMe2 bond and this compares with the
range of values from <9 to 16.7 kecal mol ™t reported here.

In all the mixed oxidation state cyclodiphosphazanes the barriers
about the P(111)-N bonds are greater than those about the P(V)-N bonds.

This may be because phosphorus-nitrogen lone-pair-lone-pair repulsions



contribute to the barriers about P(111)-N bonds. 97191 1In the

cis isomers it is particularly notable that oxidation at one
phosphorus atom results in an increase in the other P-N rotational
barrier. This is especially marked on oxidation of _cgg,_---(I‘Iezl\ll’NBut)2

by one molar equivalent of methyl iodide, where the P(111)-N barrier

) -1 ! t _+ %
increases from 11.4 to 17.3 kecal mol, Trans-MezNP.NBu .P (Me)NMez.NBu

is interesting in that the barrier about the P(111)-N bond is 17.7
kcal mol-,'l only marginally greater than that in the cis isomer. The
lower barrier than anticipated in the trans isomer may be explained,
as before, in terms of a cross-ring interaction by the methyl-group
destabilising the preferred conformation of the dimethylamino-group.
On the other hand, the P(V)-Mie, rotational barrier is 15.9 keal mol;"
ca. 4 kcal mol™! greater than in the cis isomer, This is to be |
expected as there are no destabilising cross—-ring interactions with

the P(V)-NMe, group in the irans isomer.

2
Studies of cis and trans- [IVIezN(X)PI\I‘Bch]2 (Xx=0, S, or Se) show

that all the cis isomers have similar rotational barriers (ca. 12 kcal

mol-l) indicating little or no electronegativity effect depending on

the X-substituent., These barriers are also similar to that found

in gggr(meZNPNBu?)z and this implies that P(111)-N rotational barriers

are not (always) augmented by lone-pair-lone-pair repulsions. In

the trans isomers the barriers (13.5-15.9) kcal mol™ are gfeater

than those found in the cis isomers, as expected, but less than that

found in Eggggr(MezﬂPNBut)z (17.6 kcal mol‘l). This again is

predictable as there is now a destabilising cross-ring steric interaction

between the X-substituent and the dimethylamino-group. As oxygen is

smaller than sulphur or selenium this may explain why the P-N

torsional barrier in 't;:cans—[X"Lez(X)P‘N]S‘ut]2 is greatest when X=0,
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In light of the above, the P-N rotational barriers in
s 1
MezN(S)P.NBut.PCl.NBut enable a structural assignment to be made;
the isomer with the higher barrier having a mutually cis

arrangement of sulphur and chlorine atoms. Such an assignment

r L
is not readily made for MezN(O)P.NBut.P(O)Cl.NBut, and so reasons
for the largest measured rotational barrier about the P(V)-NMe2
bond (17.5 kcal mol-l) in one isomeric form of this compound are

unclear.
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APPENDIX A

Preparative methods, solvent and reagent purification.

All operations were carried out in an atmosphere of nitrogen
(dried by passing through silica gel and phosphorus pentoxide columns)
and/or by use of a conventional vacuum manifold.

Anhydrous solvents were always used and dried by contact with
sodium wire or molecular seive type 4A. The ethanol stabiliser
was removed from chloroform before use by contact with silica gel.

A1l amines were distilled from sodium hydroxide pellets before
use except for dimethylamine and methylamine which were passed
through sodium hydroxide columns. Phosphorus trichloride,
trimethylchlorosilane, methyl iodide and dimethyl sulphoxide were all
purified by distillation. Anhydrous alcohols, t-butylhydroperoxide, '
aluminium trichloride, and elemental sulphur, selenium, and tellurium
were obtained commercially and used without further purification.
Amine hydrochlorides and antimony trifluoride were vacuum dried

before use.



APPENDIX B.

Instrumentation and analysis.
19F,

51

. 1
Continuous-wave "H, and “ P n.m.r. spectra were recorded

on a Jeol C60HL spectrometer at ca. 60, 56l and 24.3 MHz respectively.
31

Selective-noise lH and P decoupling were carried out using a

Schomandl ND1OOM frequency synthesiser and a Jeol SDHC amplifier unit.
31? resonance frequencies were measured by a Racal frequency counter.

1H n.m,r. spectra at 90, 100 and 220 MHz were recorded on

Perkin Elmer R32 and Varian XI~100 and HR-220 spectrometers respectively.
51

Pulsed-Fourier-transform P and 130 n.m.r. spectra were obtained on

a Varian XI~100 spectrometer at ca. 40.5 and 25.2 MHz respectively.
3lP—{]'H, 31P} triple~resonance experiments were performed on the

X1~100; the decoupler transmitter coil was double-tuned to accept 100
MHz from the power amplifier of the Gyrocode decoupler and 40 MHz direct
from the output of the (above) frequency synthesiser. Sp. {1H, 77Se}
triple-resonance experiments were performed similarly, except the
decoupler coil of the spectrometer was tuned to accept the 77Se
resonance frequency of ca. 19.1 MHz. Phosphorus-31 chemical shifts
measured by 1H; {31P}>doub1e-resonance were determined in a manner

similar to that outlined in ref. 303, Selenium-77 chemical shifts were

also obtained similarly, but with the modification that,
"~ 1ock. N (TTse)/ v 1ock = — (TTse),

as the spectra were run in the Fourier-transform mode using

deuteriochloroforn as lock (. CD01,=15.350719 MHz).
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Mass, infrared, and Raman spectra were recorded on A.E.I. MS 12,
Perkin Elmer 257, and Spex- Ramalog IV spectrometers respectively.
The photoelectron spectra were obtained by Dr. S. Cradock,
University of Edinburgh, on a Perkin Elmer PS 16 photoelectron
spectrometer with He(l) (21.22 eV) excitation.
X-ray diffraction data were collected on a Hilger and Watts Y290
diffractometer, equipped with a graphite monochromator, using
Mo radiation. Dipole moments were measured using a universal
bridge TF 2700 and a variable condenser to measure capacitance.
Microanalyses were determined by the microanalysis

laboratory, Department of Chemistryy'University of Glasgow.



- 232 -

REFERENCES

1. H, Peters, Arch, Geschichte Naturw., 1912, 4, 206,

2, H. Schiff, Annalen, 1857, 101, 229.

3. A, Michaelis, Annalen, 1903, 326, 129.

4. A. Michaelis, Annalen, 1915, 407, 290.

5 R. A, Shaw, B, W, Fitzsimmons, and B. C. Smith, Chem. Rev., 1962,
62, 247.

6. A. Michaelis and G. Schroeter, Chem, Ber., 1894, 27, 490.

7. I. Haiduc, 'The Chemistry of Inorganic Ring Systems', Part 2,
Wiley, London, 1970.

8. 4., P, Grapov, N, N. Mel'nikov, and L. V. Razvodovskaya, Russ. Chem.
Rev., 1970, 39, 20.

9, A, Tait, Z. anorg. Chem., 1865, 648,

10, C, L, Jackson and E. A, Menke, Amer, Chem, J., 1885, 6, 89.

11, P, Lemault, Compt. rernd., 1904, 138, 1223,

12, H,~J. Vetter and H, Noth, Chem. Bexr., 1963, 96, 1308.

13, H, W, Grimmel, A, Guenther, and J, ¥. Morgan, J, Amer., Chem,
Soc., 1946, 68, 539.

14. S. Goldschmidt and H.-L. Krauss, Annalen, 1955, 599, 193.

15. A, R, Davies, A, T. Dronsfield, R. N, Haszeldine, and D. R. Taylor,
J.C.S. Perkin I, 1973, 379.

16, J. F. Nixon, J. Chem. Soc. (4), 1968, 2689.

17. R. Jefferson, J. F. Nixon, T, M. Painter, R. Keat, and L. Stobbs,
J.C,S. Dalton, 1973, 1414.

18, 0. J. Scherer and P. Klusmann, Angew. Chem, Internat. Edn., 1969,
8, 752.

19. R. R, Holmes and J. A, Forstner, Inorg. Chem., 1963, 2, 380.

20. G. Bulloch and R. Keat, J.C,S. Dalton, 1974, 2010.



22,

23.

24.

250

26,

27.

28,

29.

30,

31.

32.

33.

34.

35.

36.
3T

38.

- 233 -

E. W. Avel, D, A, Armitage, and G. R. Willey, J. Chem. Soc.,

1965, 57.

G, Bulloch, Ph.D. 'bhesis, University of Glasgow, 1976.

J. W Smith in 'The Chemistry of the Amino Group', ed. S. Patai,
Interscience, London, 1968, ch. 4.

R. Jefferson, J, F. Nixon, and T. M, Painter, Chem. Comm.,
1969, 622,

M. Becke-Goehring and H. Krill, Chem, Ber., 1961, 94, 1059.

J. S, Harman and D, W. A. Sharp, J. Chem. Soc. (4), 1970, 1935.

J. F. Nixon and B. Wilkins, Z. Naturforsch., 1970, 25b, 649.

N. L. Smith, J. Org. Chem., 1963, 28, 863.

A, P, Lane, D. A, Morton-Blake, and D. S. Payne, J. Chem. Soc. (&),

1967, 1492.
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.

0. J. Scherer and G. Schnabl, Angew. Chem., Internat, Edn., 1976,

15, T72.
0. J. Scherer and P, Klusmann, Angew., Chem. Internat, Edn., 1969,

8, 752.

0. J. Scherer and W. Glassel, Chem, Ber., 1977, 110, 3874.

P, L. Bowden, A, T. Dronsfield, R. N, Haszeldine, and D. R. Taylor,
J.C.S. Perkin (1), 1973, 516.

W. Zeiss, Ch, Feldt, J. Weiss, and G, Dunkel, Chem. Ber., 1978,

111, 1180,



39.
40,

41.
42.
43.
44.

45.
46.

47.

48.
49.

50.
51.
52,
53+
54.
55.

56.

57.
58.
59.
60.

W. Zeiss and Ch. Feldt, J. Organomet, Chem., 1977, 127, C5.

P, N. Hawker, L. S. Jenkins, and G. R. Willey, J. Organomet. Chem.,
1976, 118, C44.

E. Niecke and W, Flick, Angew. Chem, Internat. Edn., 1973, 12, 585.

0. J. Scherer and N. Kuhn, J. Organomet, Chem., 1974, 82, C3.

0. J. Scherer and N. Kuhn, Chem, Ber., 1974, 107, 2123,

0. J. Scherer and N, Kuhn, Angew, Chem, Internat. Edn., 1974,

13, 81l.

E, Niecke and O, J Scherer, Nachr, Chem, Tech., 1975, 23, 395.

0. J. Scherer and W. Gldssel, Angew. Chem., Internat. Edn.,

1975, 14, 629.

E. Niecke, W, Flick, and S. Pohl, Angew, Chem, Internat. Edn.,

1976, 15, 309.

0. J. Scherer and G, Schnabl, Chem, Ber., 1976, 109, 2996.

W. Zeiss, W. Schwarz, and H., Hess, Angew, Chem., Internat. Edn.,
1977, 16, 407.

W. Zeiss and J. Weis, Z. Naturforsch., 1977, 32b, 485.

I. J. Colquhoun and W, McFarlane, J.C.S. Dalton, 1977, 1674.

0. Mitsunobu and T, Mukaiyama, J. Org. Chem., 1964, 29, 3005.

T. Kawashima and N. Inamoto, Bull., Chem. Soc. Japan, 1976, 49, 1924.

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. 0. Vesterager, R. Dyrmesli, E., B. Pedersen, and S. Lawesson,
Synthesis, 1972, 548. |

E. H. M. Ibrahim and R. A. Shaw, Chem., Comm., 1967, 244.

S. Trippett, J. Chem. Soc., 1962, 4731.

V. P. Kukhar', J, Gen, Chem. U.S.S.R., 1970, 40, 76l.

R, Keat, J.,C.S, Dalton, 1972, 2189,



6l. M. Green, R. N. Hasgeldine, and G. S. A. Hopkins, J. Chem. Soc. (4),

1966, 1766,

62. R, Keat, L. Manjlovié-Muir and XK. W, Muir, Angew. Chem, Internat.

Edn., 1973, 12, 311.

63, BE. Niecke and W, Flick, J. Organomet. Chem., 1976, 104, C23.

64. W. Zeiss, Angew. Chem. Internat. Edn., 1976, 15, 555.

65. 0. J. Scherer and G. Schnabl, Angew, Chem. Internat. Edn., 1977,

16, 486.

66. R. Appel and M, Halstenberg, J. Organomet. Chem., 1975, 99, C25.

67. R. Appel and M. Halstenberg, Angew, Chem, Internat. Edn., 1977, 16,

263.

68, R. Appel and M. Halstenberg, Angéw. Chem, Internat, Edn., 1975, 14,

768,
69. U. Klingebiel, P, Werner, and A, Meller, Monatsh., 1976, 107, 939.
70. O, J. Scherer and G, Schnabl, Z, Naturfirsch., 1976, 31b, 1462,

71, I. N. Zhmurova and A, V. Kirsanov, J. Gen, Chem., U.S.S.R., 1960,

0, 3018,

72. I. N, Zhmurova and A, V. Kirsanov, J. Gen.. Chem. U.S.S.R., 1962,

32, 2540.
73. K. Utvary and M, Bermann, Monatsh., 1968, 99, 2369.

74. H. A, Klein and H, P, Latscha, Z, anorg..Chem., 1974, 406, 214.

75. A. C, Chapman, W, S, Holmes, N, L., Paddock, and H, T. Searle,
J. Chem, Soc., 1961, 1825.
76, V. Gutmann, K. Utvary, and M, Bermann, Monatsch., 1966, 97, 1745.
77. I. N. Zhmurova, Yu. I. Dolgushina, and A. V, Kirsanov, J. Gen,
Chem, U.S.S.R., 1967, 37, 1713.

78. I. N, Zhmurova and A. V, Kirsanov, J. Gen. Chem, U.S.S.R.,

1961, 31, 3440.



79.
80,
8l.
82.
83.
84.
85.
86,
87.
88.
89.
90.

91.

92,
93.

%4.
95.

96.

I. N. Zhmurova and Yu. I. Dolgushina, Xhim, Org. Soedin.

Fosfora, Akad, Nauk S.S.S.R., Otd. Obshch, Tekh., Khim., 1967, 195;

Chem. Abs., 1968, 69, 7678la.

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.

P. B, Hormuth and H. P, Latscha, Z, anorg. Chem., 1969, 365, 26.

Je J. Harris and B, Rudner, J, Org. Chem., 1968, 33, 1392.

G. C. Demitras, A, G. MacDiarmid, and R, A, Kent, Chem. and Ind.,

1964, 1712,

G. C. Demitras and A, G. MacDiarmid, Imorg, Chem.,, 1967, 6, 1903.
R. Schmutzler, Chem. Comm., 1965, 19.

R. Schmutzler, Angew. Chem,, 1965, 17, 530.

R. Schmutzler, J.C.S. Dalton, 1973, 2687.

R. XK. Harris, M. Lewellyn, M. I. M. Wazeer, J. R. Woplin, R. E.

Dunmur, M. J. C. Hewson, and R. Schmutzler, J.C.S. Dalton, 1975, 6l.

R. K. Harris, M, I. M, Wazeer, O, Schlak, and R. Schmutzler,

J.C.S. Dalton, 1974, 1912,

0. Schlak, R. Schmutzler, R. K. Harris, and M. Murray,

J.C.S. Chem, Comm., 1973, 23.

K. Utvary and W. Czysch, Monatsh., 1969, 100, 681,

R. K. Harris, J. R. Woplin, R, E., Duamur, M. Murray, and R. Schmutzler

Ber, Bunsengesellschaft. Phys. Chem., 1972, 76, 44.

R. K Harris, M. I. M. Wazeer, O, Schlak, R. Schmutzler and W. S.

Sheldrick, J.C.S, Dalton, 1977, 517.

C. D. Flint, E. H, M. Ibrahim, R. A. Shaw, B. C. Smith, and

C. P, Thakur, J. Chem. Soc. (&), 1971, 3513.

N. N. Mel'nikov, A, ¥, Grapov, L. V. Razvodovskaya, and T. M.

Ivanova, Zh, Obshch, Khim., 1976, 37, 239.



97.

98.

99.
100,

101.

102,
103.

104.

105.
106.
107.
108.

109.
110.

111.
112 [ ]

113,

114.
1l15.
116.

117.

E. H. M. Ibrahim, R, A, Shaw, B. C. Smith, C. P. Thakur,
M. Woods, G. J. Bullen, L S. Rutherford, P. A. Tucker, T. S.
Cameron, K. D. Howlett, and C, X, Prout, Phosphorus, 1971, 1, 153.

V. A, Granzhan, A. F. Grapov, L. V. Razvodovskaya, and N. N,

Mel'nikov, J. Gen. Chem, U.S.S.R., 1969, 39, 1470.

L, G. Hoard and R, A. Jacobson, J. Chem, Soc (A), 1966, 1203.

D. Hess and D. Forst, Z. anorg, Chem., 1966, 342, 240,

A, Almenningen, B, Andersen, and E. E. Astrup, Acta Chem. Scand.,

1969, 23, 2179.

J. W. Cox and E. R, Corey, Chem. Comm., 1967, 123.

W. S. Sheldrick and M, J. C. Hewson, Acta Cryst., 1975, B3L, 1209.
M, Fild, W. S. Sheldrick, and T, Stankiewicz, Z., anorg. Chem.,
1975, 415, 43.

K, We Muir and J. ¥. Nixon, Chem. Comm,, 1971, 1405.

K., W, Muir, J.C.S, Dalton, 1975, 259.

L. Manjlovic-lMuir and X, W, Muir, J.C.S. Dalton, 1974, 2395.

M, B., Peterson and A, J. Wagner, J.C.S. Dalton, 1973, 106.

7, S. Cameron, K. D. Howlett, and C. K, Prout, Acta Cryst., 1975,
B3l, 2333.

G, J. Bullen, J. S. Rutherford, and P. A. Tucker, Acta Cryst.,
1973, B29, 1439.

G. J. Bullen and P. A. Tucker, Acta Cryst., 1973, B29, 2878.

J. Weiss and G. Hartmaon, Z. Naturforsch., 1966, 21b, 891.

T, S, Cameron, K. D. Howlett, and C. K. Prout, Acta Cryst., 1977,
B33, 119.

A, J, Downs, Chem, Comm,., 1967, 628.

G. W. Adamson and J. C. J. Bart, Chem. Comm., 1969, 1036.

C. W. Adamson and J, C. J. Bart, J. Chem. Soc. (4), 1970, 1452,

C. A. Coulson, 'Valence', Oxford University Press, 1961.



118.
119.
120,

121.

122,

123,

124.

125.

126,

127.

128,

129.

150.

131,

132,

133.
134.

135.
136.

L. S. Khaikin and L. V. Vilkov, Russ. Chem. Rev., 1971, 40, 1014.

L. V. Vilkov and L. S. Khaikin, Topics Curr. Chem., 1975, 53, 25.

L. V. Vilkov, L. S. Khaikin, and V. V. Evdokimov, J. Struct. Chen.,

1969, 10, 978.

N. M. Zaripov, V., A, Naumov, and L. L. Tuzova, Phosphorus,
1974, 4, 179.

E. D. Morris and C. E. Nordman, Inorg, Chem., 1969, 8, 1673.
G. C. Holywell, D. W. Rankin, B, Beagley, and J. M. Freeman,

J. Chem. Soc. (A), 1971, 785.

P, Forti, D. Damiani, and P. G. Favero, J. Amer. Chem.Soc.,

1973, 95, 756.

A. H. Brittain, J. E. Smith, P. L. Lee, K. Cohn, and

R. H. Schwendeman, J. Amer. Chem. Soc., 1971, 93, 6772,

I. J. Colquhoun and W. McFarlane, J.C.S. Farad, II, 1977, 722.

E, Hedberg, L., Hedberg, and K. Hedberg, J. Amer. Chem. Soc.,

1974, 96, 4417.

XK. M. Ghouse, R. Keat, H, H, Mills, J. M. Robertson, T. S, Cameron,

K. D, Howlett, and C. K, Prout, Fhosphorus, 1972, 2, 47.

W. Van Doorne, G. W, Hunt, R. W. Perry, and A, W. Cordes,
Inorg. Chem., 1971, 10, 2591.

J. W, Gilje and K. Seff, Inorg. Chem., 1972, 11, 1643.

G. W. Hunt and A. W. Cordes, Inorg. Nucl, Chem., Letters, 1974,
10, 637.

¥. Casabianca, F. A, Cotton, J. G. Reiss, C., E, Rice, and
B. R. Stults, Inorg. Chem., submitted for publication.

G. W, Hunt and A, W. Cordes, Inorg, Chem., 1974, 13, 1688,
F, A. Cotton, J. M. Troup, F. Casabianca, and J. G. Reiss,
Inorg, Chim. Acta, 1974, 11, L33.

R, F, Hudson, Angew, Chem, Internat. Edn., 1967, 6, 649.

E. Hobbs, Do E, C. Corbridge, and B. Raistrick, Acta Cryst.,

1953, 6, 621.



- 239 -

137. D. W. J. Cruickshank, J, Chem. Soc., 1961, 5486,

138. J. Bragin, S, Chan, E, Mazzola, and H., Goldwhite, J. S.
Chem., 1973, 77, 1506,
139. H. Goldwhite, P, Gysegem, S. Schow, and C. Swyke,

J«CeS, Dalton, 1975, 12.

140. D. E. C. Corbridge, Topics Phosphorus Chem., 1967, 6, 235.

141. P. Y. Sollenberger and R, B. Martin in 'The Chemistry of the
Amino Group' ed. S. Patai, Interscience, London, 1968, ch. 7.
142, D, P. Craig, A, Maccoll, R, S. Nyholm, L. E. Orgel, and

L. E. Sutton, J. Chem. Soc., 1954, 332.

143, H. H, Jaffe, J. Inorg, Nuclear Chem., 1957, 4, 372.
144. K. A. R. Mitchell, Chem, Rev., 1969, 69, 157.

145. S. Pohl, E. Niecke, and B. Krebs, Angew. Chem. Internat. Edn.,

1975, 14, 261.
146, H. R. Allcock, 'Phosphorus-Nitrogen Compounds,' Academic Press,
New York, 1972.

147. S. Pohl, Angew, Chem, Internat. Edn., 1976, 15, 687.

148, S. Pohl, Z. Naturforsch., 1977, 32b, 1344.

149. R, Mathis, P, Mathis, N, Ayed, A. E. Borgi, and B-G. Baccar,

J.C.S, Chem, Comm,, 1977, 614.

150, A, H, Cowley and J. R. Schweiger, Chem, Comm., 1970, 1492,

151. G. A, Gray and T. A, Albright, J. Amer, Chem, Soc., 1977, 99,

3243.
152, J. H., Hargis, S. D. Worley, W. B. Jennings, and M. S. Tolley,

J. Amer. Chem, Soc., 1977, 99, 8090,

153. C. Glidewell, Inorg, Chim. Acta Rev., 1973, 7, 69.

' 154. C. Glidewell, Inorg. Chim, Acta, 1975, 12, 219.

155. I. G. Csizmadia, L. M. Tel, A. H. Cowley, M. W. Taylor, and S.

Wolfe, J.C.S. Chem. Comm., 1972, 1147.



157.

158,

159.

160.

161.

162.

163.

164.

165.

166.
167.

168,

169.

170.

171,

172,

175.

174.

175.

M.

Barthelat, R. Mathis, J.-F. Labarre, and F, Mathis,

Comp. rend., 1975, 280C, 645.

e ——————

If.

Barthelat, R, Mathis, and F. Mathis, J.C.S Chem, Comm.,

1977, 615.

H,

Goldwhite and D, G. Rowsell, Chem. Comm., 1969, T13.
H. Cowley, M. J. S. Dewar, W. R, Jackson, and W. B, Jennings,

Amer, Chem, Soc., 1970, 92, 5206.

B. Jennings, Chem., Comnm., 1971, 867.

Hung and J. W. Gilje, J.C.S. Chem. Comm., 1972, 662.

Emsley and J. K. Williams, J.C.S. Dalton, 1973, 1576.

H. Cowley, M. W, Taylor, M.-H. Whangbo, and S. Wolfe,

J.C.S. Chem., Comm., 1976, 838.

I.

G. Csizmadia, A. H, Cowley, M, W. Taylor, and S. Wolfe,

J.C.S. Chem. Comm., 1974, 432.

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.
A.

Je

K, Das and J. J. Zuckerman, J., Amexr., Chem, Soc., 1977, 99, 1354.

H., Cowley, M. J. S. Dewar, D. W. Goodman and J. R. Schweiger,

Amer, Chem, Soc., 1973, 95, 6506.

M.
E.
A,
Je
J.
S.
E,
M,

M,

¥, Lappert, J. B, Pedley, B, T. Wilkins, 0., Stelzer, and
Unger, J.C.S. Dalton, 1975, 1207.

H. Cowley, D. W, Goodman, N, A, Kuebler, M, Sanchez, and
G. Verkade, Inorg. Chem., 1977, 16, 854.

H. Hargis and S. D. Worley, Inorg. Chem., 1977, 16, 1686.

Wolfe, Acc., Chem, Res., 1972, 5, 102.

R. Nixon, J, Phys. Chem., 1956, 60, 1054.

Baudler and L. M. Schmidt, Z. anorg. Chem., 1957, 289, 219.

Baudler, M. Vogel-Raudschus, and J., Dobbers, Z, anorg. Chem.,

1977, 241, 78.

L.

W. Yarbrough, II, and M, B, Hall, J.C.S. Chem, Comm,,

1978, 161.



176,

177.

178.

179.

180.

181.

182.

183.

184.

185,

186.

187.

188.

189,

190.

191.

192,

193.
194.

A, H. Cowley, M. Lattman, R. A. Montag, and J. G. Verkade,

Inorg, Chim, Acta, 1977, 2%, Ll151.

G. W. Wheland, J. Chem., Phys., 1934, 2, 474.

N, D, Epiotis, W. R. Cherry, S. Shaik, R. L. Yates, and

¥. Bernardi, Topics Curr. Chem., 1977, 70.
N. D, Epiotis, R. L., Yates, J. R, Larson, C. R. Kirmaier, and

¥. Bernardi, J. Amer. Chem. Soc., 1977, 99, 8379.

J. W. Nibler and V. E. Bondybey, J. Chem. Phys., 1974, 60, 1307.

N. Wiberg, G. Fischer, and H. Bachhuber, Angew., Chem. Internat.

Edn., 1977, 16, 780.
R. K. Bohn and S. H. Bauer, Inoig. Chem., 1967, 6, 309.

D. Kost and M., Raban, J, Amer. Chem. Soc., 1976, 98, 8333.

Jo-M. Lehn and G. Wipff, J.C.S. Chem, Comm., 1975, 800.

D. G. Gorenstein, B. A. Luxon, and J. B, Findlay, J, Amer. Chem,

Soc., 1977, 99, 8048.
W, G. Bentrude, H.-W. Tan, and X, C, Yee, J., Amer, Chem, Soc.,
1975, 21, 573.

S. Pohl, Z. Naturforsch., 1977, 32b, 1342,

D, S. Milbrath and J. G. Verkade, J. Amer. Chem. Soc., 1977, 99,
6607,

J. ¢, Clardy, D, S, Milbrath, and J. G. Verkade, J. Amer, Chem.

§_9.(_3.o, 1977’ 22’ 631'
J. C, Clardy, D. S. Milbrath, J. P. Springer, and J. G. Verkade,

J. Amer. Chem. Soc., 1976, 98, 623.

M. P, Simonnin, J. J. Basselier, and C. Charrier, Bull. Soc.

chim, France, 1967, 3544.

A, H.'Cowley, M. J. S. Dewar, and W, R. Jackson, J. Amer,

Chem. Soc., 1968, 90, 4185.

D. Imberry and H. Friebolin, Z, Naturforsch., 1968, 23b, 759.

A. H., Cowley, M. J. S. Dewar, W. R. Jackson, and W. B. Jennings,

J. Amer. Chem. Soc., 1970, 92, 1085.



195. R. H. Nielson, R. Chung-Yi Lee, and A, H. Cowley, J. Amer.
Chem, Soc., 1975, 97, 5302.

196. R. H. Nielson, R. Chung-Yi Lee, and A. H. Cowley, Inorg. Chem.,
1977, 16, 1455.

197. M. P. Simonnin, C. Charrier, and R. Burgada, Org. Magmetic
Resonance, 1972, 4, 113.

198. S. DiStefano, H. Goldwhite, and E. Mazzola, Org. Magnetic
Resonance, 1974, 6, 1. |

199. 0. J. Scherer and N, Kuhn, Chem. Ber., 1975, 108, 2478.

200. J. Burdon, J. C., Hotchkiss, and W, B. Jennings, J.C.S. Perkin II,
1976, 1052,

201: J. Martin and J. B. Robert, Tetrahedron Letters, 1976, 2475.

202. D. Kost, E. H. Carlson, and M. Raban, Chem. Comm., 1971, 656.

203, C. S. Johnson, Adv., Magmetic Resonance, 1965, 1, 33.

204, L. W. Reeves, Adv, Phys., Org, Chem., 1965, 3, 187.

205. G. Binsch, Topics Stereochem., 1968, 3, 97.

206, L. Horner and H, Winkler, Tetrahedron Letters, 1964, 461.

207. A. Rauk, L. C. Allen, and K. Mislow, Angew, Chem, Internat. Edn.,
1970, 9, 400.

208, C. H., Bushweller, W. G. Anderson, P. E Stevenson, D. L. Burkey,
and J. W. O'Neil, J., Amer, Chem, Soc., 1974, 96, 3892, and
references therein.

209, M. D. Gordon and L. D. Quin, J, Magnetic Resonance, 1976, 22, 149.

210, E. Niecke and H.-G. Schifer, Angew, Chem. Internat. Edn., 1977,

e —————

16, 783.

211. S. Pohl, E, Niecke, and H.~G. Schifer, Angew. Chem, Internat, Edn.,
1978, 17, 136.

212, M. J. S. Dewar, E. A, Lucken, and M. A, Whitehead, J. Chem. Soc.,

1960, 2423.
213. H. Boudjebel, H. Gonga.lves, and F. Mathis, Bull, Soc. chim. France,

1975, 628,



214.

215.

216.

217.

218,

219.

220,

221,

222,

223.

224.

225.

226.

227.

228,

229.

- 243 -

D. Gagnaire, J. B. Robert, and J, Verrier, Chem. Comm., 1967, 819.

G. Mavel, Ann. Rep. N.M.R., Spectroscopy, 1973, 5B, 1.

J. P. Albrand, D. Gagnaire, and J. B. Robert, Chem. Comm.,
1968, 1469.
J. P, Albrand, D. Gagnaire, J. Martin, and J. B. Robert,

Bull, Soc. chim. France, 1969, 40.

G. Mavel, J. Chem. Phys., 1968, 65, 1692.

R. M. Lequan and M, P, Simonnin, Tetrahedron, 1973, 29, 3363.

G. A, Gray and S, E. Cremer, J.C.S Chem. Comm., 1972, 367.

Je Jo Breen, S. I. Featherman, L. D, Quin, and R. C. Stocks,

J.C.S. Chem. Comm., 1972, 657.

S. Sorensen, R. S, Hansen, and H., J. Jakobsen, J., Amer, Chem. Soc.,

1972, 94, 5900.

J. P. Dutasta and J. B. Robert, J.C.S. Chem. Comm., 1975, 747.

M. P. Simonnin, R. M. Lequan, and F, W. Wehrli, J.C.S. Chem, Comm.,
1972, 1204.

G. Bulloch, R. Keat, and D. S. Rycroft, J.C.S. Dalton, 1978, 764.

M. Haemers, R. Ottinger, D. Zimmermann, and J. Reisse,
Tetrahedron Letters, 1973, 2241.
C. H. Bushweller and J. A. Brunelle, J. Amer. Chem. Soc., 1973,

9%, 5949.
J. Burdon, J. C. Hotchkiss, and W. B. Jennings, Tetrahedron

Letters, 1973, 4919.
W. B. Jennings, D. R. Boyd, C. G. Watson, E., D. Becker,

R. B Bradley, and D, M, Jerina, J. Amer., Chem. Soc., 1972, 94, 8501.




230,
231,

232,

233,

234,

235

236.
237.
238,
239.
240.
241.
- 242,

243,

244.

245.
246.
247.
248.
249.

250,

- 24 -

D, W. White and J. G. Verkade, J. Magnetic Resonance, 1970, 3, 111,

W. G. Bentrude and H.-W. Tan, J. Amer, Chem. Soc., 1973, 95, 4666.

L. Evelyn, L. D, Hall, P. R. Steiner, and D. H., Stokes,

Orz, Magnetic Resonance , 1973, 5, 141.

R. D. Lapper, H. H., Mantsch, and I. C. P. Smith, J. Amer. Chem.

Soc., 1972, 94, 6243.

R, D, Lapper, H. H., Mantsch, and I. C. P. Smith, J. Amer., Chem.

Soc., 1973, 95, 2878.
A, A. Borisenko, N. M., Sergeyev, E., Ye, Nifant'ev, and

Yu., A, Ustynyuk, J.C.S. Chem. Comm., 1972, 406.

H, Paulson and W. Greve, Chem. Ber., 1973, 106, 2124.

G. A. Gray and S. E.Cremer, Tetrahedron Letters, 1971, 3061,

R. J. Cross, T. H. Green, and R. Keat, J.C.S. Dalton, 1976, 1424.

J. B, Lambert, Topics Stereochem., 1971, 6, 19.
D, Hadzi, ed. 'Hydrogen Bonding,' Pergammon Press, London, 1959,

D, W. Gordy and S. C. Stanford, J. Chem, Phys. 1941, 9, 204.

A. D, Buckingham, Canad. J. Chem., 1960, 38, 300.

E. W. Abel, D. A, Armitage, and S. A, Tyfield, J. Chem. Soc (4),

1967, 554.

E. W. Abel, D. A, Armitage, and G. R. Willey, Trans., Farad, Soc.,
1964, 60, 1257.
A, MacPhee, B.Sc. Thesis, University of Glasgow, 1977.

R. Keat, W. Sim, and D, S, Payne, J, Chem. Soc (A), 1970, 2T15.

A, B, Burg and J. Heners, J. Amer, Chem, Soc., 1965, 87, 3092.

V. Gutmann, D. F. Hagen, and K. Utvary, Monatsh., 1962, 93, 627.
L. C. Thomas, ‘Interpretation of the Infrared Spectra of
Organdphosphorus Compounds, * Héyden, London, 1974.

G. J. Moody and J. D. R. Thomas, 'Dipole Moments in Inorganic

Chemistry,! University Press, Aberdeen, 1971.



251.

252.
253.
254.
255.
256.

257.

258,

259.
260.

261 L]
262.
263.
264.

265.

266.
267.

268,
269.

270.

271.

272.

W. Schwarz, H. Hess, and W. Zeiss, Fourth European
Crystallographic Meeting, Oxford, 1977, Abstracts, p. 500.
A, N, Keith and K. W, Muir, unpublished work,

R. Keat, unpublished work.

W. Hawes and S. Trippett, J. Chem. Soc. (C), 1969, 1465.

L. Birkofer and G. Schmidtberg, Chem. Ber., 1971, 104, 3831.

D. H. Brown, R. J. Cross, and R. Keat, J.C.S. Chem. Comm.,

1977, 708.

K. W. Muir, Acta Cryst., 1977, B33, 3586,
L. Horner, H. Winkler, A. Rapp, A. Mentrup, H. Hoffmann, and

P. Beck, Tetrahedron Letters, 1961, 161.

L. Borner and H, Winkler, Tetrahedron Letters, 1964, 175.

D. P. Young, W. E, McEwan, D, C, Velez, J. W, Jommson, and

C. A, VanderWerf, Tetrahedron lLetters, 1964, 359.

W. Stec, A. Okruszek, and J. Michalski, Angew. Chem., Internat.
Edn., 1971, 10, 494.

W. E. McEwan, Topics Phosphorus Chem., 1965, 2, 1.

W.-W. Du Mont and H.~J. Kroth, J. Organomet. Chem., 1976, 113, C35.

D. H., Brown, R, J. Cross, and D, Millington, J. Organomet, Chem.,

1977, 125, 219
E. H. Amonoo-Neizer, S. K. Ray, R. A. Shaw, and B. C. Smith,

J. Chem. Soc., 1965, 4296.

R. A, Shaw, Z. Naturforsch., 1976, 31b, 641.
W. Gerrard and H. R. Hudson, Organic FPhosphorus Compounds, 1973,

5, 32.
R. K. Ha.rris, Canad. J. Chemo’ 1964, 4_2-, 22750

C. Glidewell and E., J. Leslie, J.C.S, Dalton, 1977, 527.
E. G. Finer and R. K. Harris, Progr. N.M.R. Spectroscopy, 1971,

6, 61.

E. G. Finer, J. Molecular Spectroscopy, 1967, 23, 104.

G. Hagele, R. K, Harris, M. I. M. Wazeer, and R. Keat,

J.C.S., Dalton, 1974, 1985,




274,

275.
276.
277.

278.

279.

280.
28l.
282,
283,

284.

285.

286,

287,
288,
289.
290,

291.

292,

293.

294.

P, Grechkin, I. A, Nuretdinov, L. K. Nikonorova, and

I, Loginova, Zzh, Obshch. Khim., 1976, 46, 1753.

Biddlestone, R. Keat, H. Rose, D. S. Rycroft, and R. A. Shaw,

Naturforsch., 1576, 31b, 1001.

F.

A,

Keat, R. A. Shaw, and M. Woods, J.C.S. Dalton, 1976, 1582,

Heatley and M. Todd, J. Chem. Soc. (4), 1966, 1152.

A. Bothner-By and C. Naar-Colin, J. Amer. Chem. Soc., 1962,

84, 743.

F.

A. L. Anet, J. Amer, Chem. Soc., 1962, 84, 747.

R. K. Harris and R. G. Hayter, Canad. J., Chem., 1964, 42,
2282,
W. McFarlane and D. S. Rycroft, J.C.S. Faraday II, 1974, 377.

R.
V.
R.

A,

Jo Goodfellow and B, F. Taylor, J.C.S. Dalton, 1974, 1676.

McFarlane and D. S. Rycroft, J.C.S Dalton, 1973, 2162,

R. Dean and W. McFarlane, Chem, Comm., 1967, 840.

V. Cunliffe, E. G. Finer, R. X. Harris, and W. McFarlane,

Mol. Phys., 1967, 12, 497.

R,

J. Abraham, ‘'Analysis of High Resolution N.M,R. Spectra!,

Elsevier, Amsterdam, 1971, p. 310,

D.
Je
R,
C.
A,
M.

Z,

E. J. Arnold and D. W, H, Rankin, J.C.S,Dalton, 1975, 889,

F. Nixon, J. Chem. Soc. (A), 1969, 1087.

W, BRudolf and R. A. Newmark, J, Amer., Chem. Soc., 1970, 92, 1195.

Crocker and R. J. Goodfellow, J.C.S, Dalton, 1977, 1687,

D. Buckingham and J. E. Cordle, J.C.S. Faraday II, 1974, 994.
Baudler, E, Tolls, E. Clef, B. Kloth, and D. Koch,

anorg. Chem., 1977, 435, 21.

P,

G.

R, Hoffman and K. G. Caulton, Inorg. Chem., 1975, 14, 1997.

Hagele, W. Kuchan, and H., Steinberger, Z. Naturforsch.,

1974, 29b, 3493.
W, McFarlane and:D. S. Rycroft, J.C.S. Dalton, 1973, 2162,




295.
296.

297.

298.

299.

300.

301.

W. McFarlane, Quart. Rev., 1969, 23, 187.
Wo McFarlane, and R. F. M, White, Chem. Comm., 1969, 744.

E. R. Malinowski, J. Amer. Chem, Soc., 1961, 83, 4479.

R. K. Harris, J. Phys. Chem., 1962, 66, T768.

R. von Ammon and D. Fischer, Angew. Chem. Internat. Edn.,

1972, 8, 675.
F. S. Mandel, R. H. Cox, and R. C, Taylor, J. Magmnetic
Resonance, 1974, 14, 235.

W. McFarlane, Ann. Rev. N,.M.R. Spectroscopy, 1968, 1, 145.




