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ASPECTS OF CYCLIC AND ACYCLIC PHOSPRORUS-NITROGEN CO)1POUNDS

Robert A. Shaw

Department of Chemistry, Birkbeck College (University of
London), Nalet Street, London WC1E 7HX, U.K.

Abstrat - The reactions of cyclic, NPOl6, NkPkC18,and acyclic, ClP(O)N='Cl,
ClP1MeP(O)Cl2 phosphbrus-.nitroen compounds are compared.
Th reactions discussed include aminolysis, alcoholysis,
hydrolysis, thioalcoholysis. Aminolysis products include
spirocyclic and bicyclic structures. Molecular rearrange-
ments involving migrations of alkyl groups from oxygen to
nitrogen are reviewed and, more briefly, the movements of
silyl groups amongst oxygen and nitrogen atoms. Tautomerism
is discussed; attempts are made to relate it to basicity
and hence to make predictions which of the alternative tautomeric
forms are preferred. Selected physico—chemical properties are
compared. Structure and reactivity are discussed.

INTRODUCTION

The field of phosphorus-nitrogen chemistry has grown, and is continuing to
grow, explosively. Whilst in earlier years most of the work was devoted to
cyclophosphazenes, more recently cyclophosphazanes and acyclic phosphorus—
nitrogen compounds have attracted increasing attention. Whilst a plenary
lecturer has more time at his disposal than those presenting contributed
papers, even he must be selective. This I have been. The choice is inevit-
ably a personal one. I hope however that the subjects I have chosen to
review will be of interest to most of you.

AMINOLYSIS

A great deal of work has been done in the field of aminolysis, and I
surveyed this in some detail in Besanon (1). Hence I will confine myself
now to recent developments in cyclic and acyclic phosphorus—nitrogen
compounds and will also attempt some generalisations.

Primary amines

(a) (1)

When the affinity between the phosphorus substrate and the amine is high,
nongeminal structures are found; when the affinity is low, geminal deriv-
atives result (2). This can be summarised for the three primary amines,

NH2Et, NH2Pr. and NH2But. N P 01

NH2Et (2) NH2Pr1 (3,k) NH2But (5)

N3P3C15(NHR)
+ + +

+ +

N3P3Cl(NHR)2trans + +

gem. + +

N3P3C12(NBR)k gem. + + +
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The dominant role of the attack.tng nucleophile as against that of the sub-.
stituent already present is borne out by the structures and the mode of
formation of the mixed derivatives, N3P3O1k(NBEt) (NilBut) (6).

01 NBt

cl.p p#'cl
cV NQ1

Cl NBBut tfl NaBt

N N
ci.j1 L.NBEt ClN!E, 1,01

(b) Octacblorocyclotetraphosphazatetraene, JIQI (2)
This phosphazene is considerably more reactive than its lower homologue,
NP016 (1) towards nucleophilic attack. The number of possible isomers is-' also considerably greater, and so is the difficulty in determining
their structure, especially —trans relationships. After the tetra stage
of substitution with primary mineiTNkPK01(NBR)kJ only the octa-derivatives,
NkP(NHR)8, have been isolated. Side-ections (see below) are the cause

of this.
The more reactive amin.es give 2,6—disubstituted products (7), the less
reactive 2,L1.-. as well as 2,6-derivatives (8). In contrast to the trimer
system, in the tetramer system no geminal isomers have to date been observed
with primary amines.

As for the trimer, the nature of the nucleophile also determines the
structure of the products in the tetramer system. This is summarised for
the nucleophules, NHEt and NH2But (7,8).

NkPCl7(NBEt)

2,6_NkPCl6(NBEt)2
m.p.116°C

2, 6-NPCl6(NaBut)2
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(c) Dich1orophosphuxy1trich1orophosphaene , C1,PçO)N=PC13 (3)
Bulloch and Keat () have investigated the reations of t11above compoimd
with two primary amines, NH1e and NEI2But. Their conclusions can be suar
ised as follows:

012P(O)N=P013

H2But
012P(O)N=PC12(NHMe) C12P(O)N=P0l2(NKBut)

19

012P(O)N=PC1(NH1'le)2 (ButHN)O1P(0)N=P0l2(NIIBut)

Initial aminolysis with both ainines takes place at the phosphazenyl centre;
further reaction with methylamine gives a geminal2ompound, but with t—
butylamine, a nongeminal compound is obtained. —"P n.zn.r. spectroscopy
shows that both phosphorus nuclei in Cl,P(O)N=PCl0(NHBut) are coupled to an
NH proton [J(-H) = 1k. 5 and k. 9 Hz.]; the authors peculate about a tautomexic
shift

012P(0)N=P0l2(NBBut) Cl2P(O)IBPOl2(=NBut)

n.m.r. chemical shifts (relative to 85% H P0 ) and in
brackets J(P-P) coupling constants in Hz.

Ol2P(0)N==PCl3

—13.9 —O.k (17.0)

Ol2P(0)N=POl2(NH1e) 012P(O)N=P0l2(NKBut)

-9.0 +7.0 (29.9) —10.8 —1.8 (25.k)

012P(0)N=PC1(NHMe)2 (ButHN)C1P(0)N=P0l2(NUBut)

—9.8 +16.9 (35.6) —6.k —3.9 (33.2)

As the phosphinyl phosphorus shows a significant, and approximately constant,
chemical shift in all anlinolysis products containing the P(0)0l2 group, I
prefer an explanation different from the tautomer postulated,. namely, one
based on an intramolecular hydrogen-bond, !•

Cl-.... —
Cl"

0., /Cl
or alternatively on an intermolecularly hydrogen—bonded dimer. This explanat-
ion seems to me to be more in keeping with the chemical shifts and with the
2J(PP) coupling constants, the latter, I consider being too high for a phosph—
phazane structure and more in keeping with coupling across a phosphazene moiety.

This hydrogen-bonded structure could also possibly explain the divergence of
reaction sites on disubstitution. In NPCl6 (1) the predominant mode of
substitution by NH2But, is geminal,by ' -'

NHIe and NLt nongeminal.
For the former a proton abstraction mechanism is postulates (5) for the
latter direct nucleophilic attack by the reagent on phosphorus (2 It is
conceivable that the more reactive smaller amine, NH2Me, reacts with
C12P(O)N=PC12(Ni3}le) by the latter mechanism, whilst the bulkier amine,
NH0But, would have preferred a proton abstraction route. It is probably
prvented from doing this by strong hydrogen-bonding and hence it attacks
the other, less hindered, phosphorus centre, the phosphinyl group. The
structure of 'mixed' derivatives containing one NHMe and one NBBut
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substituent introduced in different sequences would be as revealing, as they
were for N11t and NEBut j the N3P3016 (i) &d in the NPO18 (2) systems.

(d) Phosphorus trich1oride PO1
Sterlc eflects are also not[ceale in the reaction of phosphorus trichloride
with primary amines, NHR, (B = I1e , Et , Pr]. , Bat) (10) . Two types of product
were observed, bis(diclltor ophosphino)amines, (Cl2P)NR, and cyclophosph(III)-.
azanes (mainly dimers), (O1PNR)2.

R (Cl2P)2NR (O1PNR)2

Me +

Et + +

Pr1 +

But +

It would be attractive to rationalise these results by postulating the same
two mechanistic routes:

(1) direct nucleophilic attack by the smaller, more reactive, amines on
phosphorus to give the bis(dichlorophosphino)arnines;

(2) proton abstraction by the bulkier amines to give the cyclodiphosph—
(III)azanes, probably by a dimerisation reaction.

Cl2P—NBR
HOl > Cl—P=NR > (C1PJNR)2

However the isolation of intermediates, e.g., C12PNRPCINHR, mitigates
against, although does not disprove, the second postulate.

(e) Bis(dichlorophosphino)-, (Ol)R. bis(dichlorophosphinyli)-, [ClQ
and bis(dichlorophosp nothibyl—amines, [Oi2P(SflTR

All the above phosphons compounds (R = alkyl) react with 3 mol equivalents
of t-.butylamine to give the corresponding cyclodiphosph[(III) or (V)Jazanes,
[C1P(X)NRJ, (X = lone paiz, 0 or S) (ii). Here we have another example of a
primary anine acting as a bifunctional' reagent, both in the synthesis of
the acyclic precursors, as well as in that of the cyclic products.

secondary amines

(a) Hexachlorocyclotriphosphazatriene N39 (1)
With the exception of aziridiñe, the reactions of secondary amines with
NPOl6 (1) follow predominantly a nongeminal path (1). Only at the tris-
athixfo stage, NPCi(NR2), can major amounts of a geminal isomer be
obtained. This'raciion i strongly solvent dependent, g., with IBEt2in
acetonitrile only nongeminal £— and trans—derivatives, NPOi(NEt2)
are observed,whilst in aromatic solvents, it is mainly the'gmix1al
tris-.isomer which is obtained (1).

(b) Octachloroqyclotetraphosthazatetraene, N44P (j
This has been less well investigated than the trimer system (1). Two general
observations can be made, albeit on somewhat limited data. Geminal isomers,
NkPCl(NBB') (R = R' = Ne) (125 and, in particular, 2,2,6,6_NkPftclk(NRR')4

'[R=R' =Ne (12); R=Ne, B' =Ph(13), have ben
isolated. No such geminal isomers have been observed with primary amines
(contrast the N3P3 system).

The more reactive secondary amines, NHB0, give predominantly the 2,6—bis--.
isomer, NPOi(NB,)2, the less reactive ones a mixture of 2,2... and 2,6—
isomers, parntl similar to results obtained with primary amines, NE2R.

(c) Bis(dichlorophosThino)—. (Cl1TR, bis(dichlorophosphinvl —
jQ,P(OJNL bisdicbl6ropbophtiwtthioyl -arnines, IlS 2NR and
mixd derivatives

The aminolysis, especially with NHMe2, of the above compounds has been
studied by Keat and. co-workers (lLi--.17). As with NPC1 (1) and

NkPkOl8 (a), it follows a predominantly nongeminal radti&i atb,
although geminal isomers are accessible in some cases by other

reaction routes. In the case of nongem.inal bisdimethylamino—derivatives,
both d,l- and meso-.forms have been observed. The results can be summarised
as below.
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To explain the preferential aminolysis of the phosphinothioyl centre in nan—
donor solvents Keat and coworkers (16) postulate an intramolecular effect.

0LP—N 01

S 0' Cl

Et20

NMe2
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This preferential activation would be absent or reduced in a donor solvent
such as Et20, and hence the 'normal' order of reactivity BP(0)0i2> BP(S)Ci
restored. This can be seen in the mixed cyclodiphosphazane (where thi
type of interaction is not possible) and where monoaminolysis takes place
exclusively at the phosphinyl centre both in 0H2C12 and in Et20.

Me

O /N oi ________
S

Me

Me
Me2L ,Cl

P—N——P
/11

Me2N Cl

Similar transfer reactions
compounds (17).

Cl Me
I /

P—N—P
'-IICl Cl

(Me2N)2P01 + (Me2N)P(0)C12 (Me2N)PC12 + (Me2N)2P(O)Cl

ALCOHOLYSIS AND THIOALCOHOLYSIS

The above reactions have received less attention than aminolysis. The
reactions of N3P3C16 (1) with phenol (18, 19) .-bromopbenol (18) and tn—
fluoroethanol (20) proceed by a nongemizial pathway.

On the other hand, thioalcoholysis proceeds exclusively geminally,
NPCl6 (SR) (21,22). In earlier studies. (21) bis—, tetrakis— and hexakis—

derivatives ( = 2,L$.,6) were isolated together with traces of
tris (n = 3) from the reactions of NPC16 (1) with sodium alkanethiolates.
Very recently the reaction of NPZC1g ' (IT with sodium ethanethiolate in
ether was reinvestigated (22). -' ' The predominance in the reaction
mixture of geminal bis—, tetrakis— and hexakis-denivatives was confirmed but
all the other geminal products were isolated as well in the yields stated.
No trace of nongeminal isomers was detected.

Et20
N3P3C16 + NaSEt > N3P3Cl (SEt)

Me

-- N% Cl
vPS

In the dimethylaminolysis of the mixed compound, ClP(O)NMePCl , (17),
kinetic control gives initial substitution at the posph.ino grup, -P012.
The compound then rearranges to the thermodynamically more stable
product with the }Th1e2 group at the phosphinyl centre, -P(0)0i2.

Cl
-

Cl o I1Me2

Cl Me Cl
I -,

P—N----P
-II

Me2N o Cl

MeNSiI'1e3

ci Me Ci
t /P—N —P

'II
Me2N NNe2

occur intermoleculanly in mononuclear phosphorus
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yields (%): , = 1 (3.0), 2 (67.0), 3 (1.0), k (10.6), 5 (2.9), 6 ('i-.5).

Similar observations were made for the reaction

N3P3F6 + NaSEt ---- N3P3F6(SEt) (23)

The tetramer system is again less well investigated. No systematic studies
on partial alcoholysis appear to have been done.

Partial thioalcoholysis has received some attention. The major product is
the 2,2,6,6—tetrakis--derivative, NPkClk(SR)k (22). Again recently (22)
other minor products, including ismrs, all based on a geminal pathway,
were isolated from the reaction

Et 0
NkPIOl8 + NaSEt > NkPOl8_fl(SEt)fl

3 (0.5) 2,2,6.- —-* k (59.2) 2,2,6,6—
Yields (%):

n = i(0),2(18.,/' 5 (1.9) 22L1.66..\
6 (1.2) — 7 (0) — 8 (0.6)

N3 :: 2,2,:—.-9)2,2,.-
REACTIONS WITH. BIFUNOTIONAL REAGENTS

It is convenient to discuss the reactions of all bifunctional reagents,
BX—iH, together. These reagents can in principle undergo four types of
reactions with phosphorus compounds:

(1) both ends of the reagent attack the same phosphorus centre to give a
spiro compound.

P +HX— YR > P0l
(2) the two ends of the reagent attack different phosphorus centres in the

same molecule.

VP—Cl
( + iix—YR ->

P—Ol

(3) the two ends of the reagent attack phosphorus centres in different
molecules

+ HX YR +

P—x Y P

(LI.) only one end. of the reagent is utilised
+ HX—YH —. P—X----- - YR

Most of the work with bifunctional reagents has been carried out with diols
(X = Y = 0), diamines (X = Y = NH or NNe), or hydroxyainines (X = NH, Y 0).

For the purposes of this survey I will restrict myself largely to phosphazene
and phosphazane substrates.

The reactions of aromatic dianiines have been examined (25, 26) thus,
with ortho—phenylenediamine one, two or three residues can be introduced.
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N

Only products containing one spiro-substituent were isolated with this reagent
(H2NCH2CH2NH2) (28). In contrast, its N, '-dimethyl analogue yielded readily

mono(1O) and bis derivatives (11)(31).

(6)

All possess the expected spiro—structure (reaction 1).

Becke.-Goehring and Boppel (27) reported the reactions of the same phosphorus

compound, NPCl6 (iV), with the aliphatic diamines, HN(CH) NH2 ( = 2,
and k). -' ' These workers proposed ansa-strtcturs
(7) (reaction 2) for the products, g.,

H
Cl

(CH2)n
N

CljCl" N Cl

((CH2)fl)

HL ,,NH

N

Cl4iCl Cl
cz2

These structures (2) were disproved by us in favour of those of spiro-'
compounds () (readtion 1) (28,29). Chemical and spectroscopic evidence for
the structure of these compounds was conclusively confirmed by an X-ray
crystallographic investigation of N3P3(NNe2),4(NHCH2CH2NH) (9) (O).
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?1e—N N—Me
—.-P;
N N

oi...jI Ioi

(10)

CU
12

Ne—N N—Me

MeN N

oij 'if2
N_011

(ii) Me

The same phosphorus compound, N P Cl (1) gave with etha±iolamine,
H0H2CH011, good yields of a sio—ono (12) and traces of two isomeric (j—
tt'ans—xltionship) spiro—bis compounds (13) (28).

0112 0112

UN

N' N
Cl%.p p-ClN' Cl

In contrast is the reaction of
the phoàphorane (hi-) could be i.

()

(1) with ortho—aminophenol, where only
(32) (see also below).

The reactions with diols have not been subjected to very systematic studies,
but enough information is available to show that one, two or three diol
residues can be introduced into NPCl6 () to give spiro—derivatives,
although not necesarily all have -'been isolated with the same diol (33).

0 0 0 0 0

N N N N

Cl.,.jI t,,ci CU1 .0'\ (OjI I.o0lCl Clo) Pp
(i)

Particularly interesting is the reaction with óatecbol (3i-). Three residues
are readily introduced (i) but reaction with an excess of the reagent leads
to a complete degradation of the phosphazene ring and formation of a

phosphorane L1V

P.A.A.C. 52/4—u
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NEt3H
+

(ia)

The cátechol derivative of the tetramer () is extremely labile, giving
readily the above phosphorane (ii). Here, as in other reactions, we note the
greater reactivity of the tetramer, NPkC18 (), compared with that of the
trimer, N3P3016 (j).

The catechol phosphazene (ii), its naphthalene analogue (Q), a thio—analogue
(j) and the .ortho-pheny1ene diamine derivative (J all cleave readily with
ortho—aminophenol to give the same phosphorane () (32).

Ne (?2)

The stability of six-membered () and seven-menibered spiro-compounds (3)
[and of non-spiro compounds, NP(OPh)6], towards the same reagent (32)
provides an Intereàting contrast.
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Yy
o__

—.

/ \ oo / \
(22)

Tetramer derivatives of these same two
prepared (32).

Whilst, in view of Westheimer's work (35) the stability of six— and higher—
membered ring spirophosphazenes is perhaps not unexpected, the stability of
the ortho—phenylenediamine derivative ( towards an excess of the diamine is
notewort1y, as is its ready cleavage by ortho-aminophenol. One thus has to
explain the order of chemical stability of cyclophosphazenes towards an
excess of the bifunctional reagents from which they are formed.

> P
/ o

Alicock and coworkers (36) have postulated that attack by nucleopbiles on the
second and third species gives rise to the intermediates

vx

":iii
and

respectively.

The common feature these intermediates share is that they still contain a
P-O--O bond, a structural feature absent in the ortho-phenylenediamine deriv-
ative (6). A possible explanation of this stability might be that further
reaction of derivative (6J with ortho-phenylenediainine would require a trigonal
bipyramidal intermediate with a nitrogen rather than the more electronegative
oxygen in an apical position. Whilst Westheimer (35) has been able to give
a satisfying picture in terms of pseudorotation and release of ring strain
for the five-membered ring phosphates, .,:

?112
OO

C112-_O" OI1e

the same elegance to explain the above phenomena in cyclophosphazene chem-
istry is as yet lacking.

The above findings with aromatic bifunctional reagents must be borne in mind
when comparing these with their aliphatic analogues, where a somewhat
different order of reactivity seems to prevail.

The 3l n.m.r. spectrum of NPCl (a) derivatives with ethylene-diamine and
ethanolamine (28) show some ndmaIous chemical shifts (see below) of the
spiro phosphorus centre compared with those of phosphorus with acyclic

P P

(23)

aromatic diphenols have also

x
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ligands). These shift anonalies disappear when 1.reagents are used which givesix- {N3Pxk[Nu(CH2) 3NH)J, or bigher-memberedtNPX[NH(CH2)N1Q}ring spiro
compounds (29) rather than five-membered fixfg spiro derivatives.

Chemical shift values? b. of some spirocyclic yclophosphazene and some
analogues with non-spiro st±uctures

CH2— r2 CU2

BN
7N11 Pr1UN / NBPr1 O ,NH
P4—22.O PE—6.2

N N N N
ci-JI ICi C1J1 ci..J1 l,Cl
Cl Cl

Cl"f%Nj
Cl

(28) (4) (38)

CU2 CU2 0112 — CU2

UN ,NH U2N ,NU2 O, NH
, P-35.5 .P- 19.2 P— 36.5

II Ne2N 11

NI1e
?le2N II f N]1e

26.7—" 27.3."
(28) (37) (38)

5 relative to 85% EI3FOL (external), downfield is positive.

We must now examine why with some aliphatic bifunctional reagents up to
three residues can be readily introduced into NPC16 (i) whilst with
others only derivatives with one such residue cn-'be isolated. With the
latter group of reagents, the reaction does not stop with the introduction
of one residue; instead, it proceeds to give resinous materials. These
are, in all probability, cross—linked materials (reaction 3), which are
also often observed in the reactions of chlorocyclophosphazenes with
primary aniines, e.g., NH2Et (2,7). This itself gives us a clue to the
mechanism of the resin formation. If, in the case of the bifunctional
reagents, cross—linkin (reaction 3) occurred because of their cxC—
bifunctionality, it is iot apparent why, g., diols and N,N'—dimethyl-
ethylenediaxnine should behave differently from, ., ethylenediamine.

XCH CU 4i 01)/ 22\P P

XCII CU Y2

/N
Taking these observations in conjunction with those on primary amines, one
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concludes that in all probability, it is the P—N--moiety which is responsible
for the resin formation (see also section on bicyclic compounds below)
This P—NH grouping is rather acidic and will readily react by a proton
abstraction mechanism and I believe that it is this structural unit which
is responsible for the resin formation,

X—

N" N
II I

Thus with ethylenediamine (2 N-H)
only mono-derivatives have been
found (28, 38), with ethanolamine
(1 N—H), traces of bis—derivatives,,
can be isolated (28, 38), whilst
with ethylene glycol, its derivat-
ives (33), and with N,N'—dimethyl—
ethylenediamine (no N—H) (31), higher substitution

One is therefore tempted to speculate that N—methyl ethanolamine,
MeOHOHOH, should give rise to mono—, bis—, and tris-spiro derivatives.
Apart !ro the effect of the P—N—H group it remains to be discovered to
what an extent five-membered ring spiro structures cause not only differ-
ences in chemical shifts of the phosphorus nuclei but also differences in
chemical behaviour. We are currently investigating larger diamines,
H2N(OH2) NH2 (a = 3, L1) (29). It should again be noted that the only- authenticated phosphazene ring cleavages by bifunctional
reagents occur with catechol (3Li-) and ortho—aminophenol (32), both of which
give five-meinbered rings with phosphorus. An interesting question also
remains to what an extent the conformation of the lone pairs of electrons
of the oxygen and nitrogen atoms (1, 3914.2) in the spiro ring affect the
chemical and physical properties of these compounds. Obviously, further
X-ray crystallographic data on spiro compounds would be highly desirable.

Before closing this section I would like briefly to examine the behaviour
of some cyclodiphosphazanes. We have seen that on careful examination
(28, 38) the reports of ansa—structures in cyclotriphosphazatrienes (two
phosphorus atoms in the same molecule spanned by a bifunctional reagent)
proved to be incorrect (27).
However, some bona fide examples exist in cyclodiphosph(iII)azanes. The
chioro compound, [OIP1utJ is known to have a 2—structure ('4-3). Keat
and coworkers ('14, £4.5) hav shown that its two chlorine atoms, one on
each phosphorus atom, can be spanned by means of the bifunctional reagents,
INNe(OH,)2NMeH, and HO(CH2)OH (ii = 2, 3) to give genuine ansa-type
compounds. It should be noted that in the resultant products no P-N-H
groupings occur. ____"2 CH2

Me—N Bu N—Me

%%

ut

H
N OH2

OH2

0—OH2

N OH
H 2

is readily attained.

But

Ol N01
N

But

—compound
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0112 0112 0112/ ButN
0 I 0

0112
011

• But 2
:P P: 0 0

But N

ut

Finally, one must draw attention to the fact that the above discussion does
not give a satisfying explanation of the apparent differences towards NPOl6
(j) between related aliphatic and aromatic reagents, g., ethylene

-' -'
diamine (only mono— spiro—derivatives), ortho-plienylenediamine (mono—, bi s—,
tris—spiro compounds), ethanolamine (mono—, and traces of bis—spiro—
derivatives), rb-aminophenol (only ring cleavage to give spirophosphor-
anes), ethylene glycol (up to tris—spiro—structures, no ring cleavage
reported), catechol (tris—spiro compound., which cleaves with excess of
reagent to give spirophosphorane).

BICYCLIO PH0SPHZE1S

In the previous section I discussed the reactions of bifunctional
reagents. These reagents all had their twin functionality on two different
atoms. In a way a primary amine, (or ammonia or water) has twin
functionality on the same atom.

Bulloch and Keat (46), as well as Kukhar' (47), have shown that the reactions
of bis(chlorophosphinyl)amines with primary amines yield cyclodiphosphazanes,
i.e., act as'bifunctional reagents:

Cl2P(0)NRP(0)Cl(1HR') R—N

0 0l
[B = B' = Me, Ph (47); B = Me, B' = But (46)].

Similarly, bis(cblorophosphino)amines, (01 P) ,NR, and bis(chlorophosphino—
thioyl)amines [Ol2P(S) ]NR, are cyclised b pimary amines (46).

Cyclisation occurs in the therrnolysis of phenylphosphonothioic diamides,
PhP(S)(NHR) , (48), and of phospborothioic triamides P(S)(BR) , (49), to
give the cylodiphosphazanes, [PhP(8)NR], and [(R1N5P(S)1tR] rspectively.
All these give rise to monocycles however. The complex spir compound,
P11Cl(N1'1e), although again the product of a reaction involving a primary
aiin, owe its complexity to the polyfunctionality at phosphorus (50).

11e 'Ie
11e

01N -N N 01
Cl—P P P P—Cl
Cl' Cl

The first true bicyclic compound (26) based on the bifunctionality of a
primary amine was observed by Sau when studying the reaction of 2,6-trans-
NPk01(NBEt) (24) with dimethylamine (51). This reaction is markedly
slYenr depeMent and a simplified reaction scheme is shown below.



The crystal structure of this first bicycle (Q) was determined by
Cameron and Iannan and a 2,6-fusion confirmed (52, 53). The molecule
is basket-shaped. Its original eight-membered ring peripheral P-N
framework retains its phosphazene character. The bridging P-N bonds
are however long and the bridgehead nitrogen is approximately pyramidal.

A generalised scheme of the reactions of N,PkCl(NHB)2 wIth amines
giving monocycles, bicycles and resins is ien"below.

RHN%

RttRN.N__4,NRIRt1
ItUB
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Me2N NKEt, PN ,'11e
N P 2

Ie2
P. N

IIeJ N=P
NMe2,,'

' / NMe2
Cl NUEt NHEt

"EtOP.N / Cl ," 2
N -Cl

Cl
Li

P N
Cl"

/ Cl
() NUEt

CHC13

NUEt

-'2
NNe2

NNe2

RHNS.. ,ClCl— Cl
N N

C].."
IC1P N=P

Cl"
—

NHR

Nonocyclic derivative

__ /___NHR'R"

R"R'N\PN P
I ,R 1j\NR'R"
N N N

R"R'NJ' 'NNP
'NBR

Bicyclic derivative

RUN NE' R"

R"R'N II Ir I,'P—NP.--—-N—P—NP
R

Resin



Subsequent to the discovery of the above bicycle a series of related
bicyclic phosphazenes was isolated, N,P,4(tMe2)5(NJffi)(NR) [R = Me (5k), Pr'1

(5Lt)], and NkPk(NBR)6(NR) [R = Ne (55), Et (51)], and others,

NkPk(rNe2)S(NHR)(NR) (R = Bu", CH2Ph), NkPk(NNe2)S(NUBut)(NEt), were
observed in solution (5k).

The crystal structure of two further examples of this type were studied,
that of N P (N1ii1e) (JTh1e) (56), and most recently that of
N P (NM4)'(NHMe )(NMe) (57). The latter structure, a particularly

acuate 5one, was fowid to be a hydrate, [N,Pk(NNe2) 5(NHMe) (NIle) 2'

The effect of a variety of solvents, as well as that of added tertiary
base, on the reaction of NkPkCl(NItEt)2, was studied in some detail, as
was the nature of R in the rection of 2,6.NkP Cl (NBR), with dimetbyl-
amine in chloroform (5k). Branching at the cL-caxontom f NkPkCl6(NBB)2
(., H = Pr1, But, Ph), seems to inhibit bicycle formation.
Only if such branching was absent in H was bicycle formation observed.

Me2N NIle2
—P..

,.N N
Ne2N" N N" NBR

/7'/
_____________/ Me2N NIle2

Me2NN NNe2

N R N..

Me2N
—P N P NHR

N N
•%%%

Ne2N NIle2

Some features of these bicyclic compouns are worth special mention. The
effect of shift reagents (51) is much greater on them than on the related
eight—membered monocycles, the point of interaction being the bridgehead
nitrogen, which is also, at least in some cases, the site of greatest
basicity towards the proton.

Some amino groups, NIle2, NTHEt, NHMe, show much subtler chemical
shift differences in 1H n.m.r. spectroscopy (51, 5k, 55) than the same
groups in related monocycles based on NP or NJIPh skeletons, where often
some chemically different environments not eolved at 100 11Hz or
even 220 11Hz. There is also some indication that reaction with bulky
nucleophiles (see below) is somewhat easier with the bicycle than with
the N3P and NkPk monocycles.

Work to date suggests that two primary amino groups (P-NBR) are necessary
at Pc, and P for bicycle formation (5k). Hence a likely reaction
mechanism i loss of HC1. from one site followed by N—H addition across
the P=N bond generated.

-HCl \\/.. , ___—* P=NR >,,/ NBR

1078 ROBERT A. SHAW

Cl Cl
RHN% N Al

N"

Cl Cl

(H = Me, Et, Pr'1, Bu'1, CH2Ph)

Excess NHMe2
- —

011013

Cl— P—NHR
/ \
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The existence, structure and reactions of related rnonophosphorus species

R2N—P has been discussed elsewhere (L4.O). One apparent exception to

the observation that two P—NBR groups must be present for bicycle formation
to occur has been reported. In the reaction of N1P4Ol with dibenzylamine,

NH(CH2Ph) , bicycle, N P [N(OH Ph)9J(NCli2Ph, ws islated in small yield
(58) 2 Whilst dibenzlmine s 1thon to disproportionate under drastic
conditions (2.• 59)

mi(OH2Ph)2 NH2CIIPh + N(CH2Ph)3
it seems unlikely that this would be the cause of the above bicyclic
compound formation. It may be that a N-dealkylation process by the phos-
phorus halide is involved in the bridge formation. Such N-dealkylations
have been observed, usually however, under drastic reaction conditions,

N3P3016
+ NHMePh

> N3P3C12(NNePh) 3(NHPh) (60)

N3P3C16 + Ph1Ne2 -> N3P3Ol5(N1ePh) (61)

PIiP(S)Cl2 + Jm(oH2Ph)2 ---> PIaP(S)(NIICH2Ph)[N(OH2Ph)2] (59)

P(O)0l3 + Phlffle2 > P(O)(NNePh)3 (61)

P(8)013
+ PhNNe2 ) P(S)Cl2(NNePh) (61)

Remarkable is the complete replacement of chlorine atoms in the above
bicycle by N(OH,Ph)2 residues, when in the related monocycles NPC1 (62)
and NP110l (5the maximum degree of replacement by this amine'sd fr
observed' i N3P3014[N(dH2Ph)212 and N4P4014[N(Oli2Ph)2J4,

I have referred elsewhere (40) to the formation of a 2,4—fused bicycle,
N4P4F6(NSN), from a fluorinated precursor (63).

II

NF' 'N
F F

NOLECUIAR REkRRNGENENTS

Perhaps the best known of these in phosphorus chemistry is the Arbuzov
reaction (64),

g., RP-0R > RRP=0
which involves the migration of an alkyl group from oxygen to phosphorus.
In this process the coordination number of one oxygen atom is decreased from
two to one, that of phosphorus increased from three to four.

In phosphorus-nitrogen chemistry the migration of alkyl and silyl groups has
been observed, as has been that of protons. The first type is irreversible,
the second and third types are reversible. Proton migration will be
discussed in a separate section under tautomerisih.

An example of the Arbuzov reaction, particularly relevant to this lecture,
comes from cyc].odiphosph(III)azane chemistry. Both geometric isomers of
the alkoxy—derivative, [(MeO)PNButJ, were converted on treatment with
methyl iodide (or under more forcin conditions without this reagent) to
the corresponding mono- and di-rearranged products (45).
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But But But
I I

N N N
—,--- MT MT

MeO—P P—OMe eJ!. "P P—ONe P PZor Me or Ne -'O
ut But :ut

In the alkoxyphosphazene-oxophosphazane rearrangement first discovered by
Pitzsimmons and Shaw (65),

RO OR RO 0
\':,

N '
RN NR

RX
,.OR or I O

P P %%p p
N OR RO N

N OR

R
an alkyl group, R, migrates irreversibly from oxygen to nitrogen, whose
coordination numbers decrease by one and increase by one respectively,
that of phosphorus remaining unchanged. This rearrangement can be carried
out thermally or by alkyl halide, R'X, catalysis (65). In the latter case,if the alkyl group in the alkyl halide is different from that of the alkoxy—
phosphazene, (R R') 'mixed' derivatives are obtained and R' is found
attached to the nitrogen atom of the product.

RO OR R-

N N R'N NR'

R'X
RO ,-OR O
RO '

N
OR BO .—

N
OR

The same type of mixed derivative had. been observed earlier in alkyl halide
catalysed traditional Arbuzov reactions (6k), and very recently (LI5) in
cyclodiphosph(III)azanes.

But But But

BtO—PP—OEt Mel> EtO P P Me

N N Me N' Me
I I I
But But But

(EtO)3P
> (EtO)2RP=O

The Arbuzov reaction is believed to go through a qasi-phosphonium. inter-
mediate and an example of this, [Ph,MeP(OCR2CMe3)J Br, has just been
crystallographically characterised '6).

The alkoxyphosphazene—oxophosphazane rearrangement has been examined in
some detail for the methoxycyclophosphazenes, N3P3(ONe)6 (65, 67), and
NkPk(OMe)8 (65, 67). The former gives one,

N3Ne3P3O3(ONe)3, the latter two isomeric rearrangement products,

NkMekPkOk(OMe)k. starting materials and products have been examined by
n.m.r. spectroscopy in solution (67) and all except NP(OMe)6, by X—ray
crystallography in the solid state (. i.0). Whilst -'
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an l3 n.m.r. spectroscopy shows two environments each for
phosphorus, NNe and ONe, in the trimer, NMePO(ONe) , only one
environment each was observed in the tetrme -' 'derivatives,
NkMePkOk(OMe)k.

Crystallographic studies show that in these alkoxyphosphazenes and oxophos—
phazanes, bond lengths and angles change in a predictable manner. On
passing from the posphazene to the phosphazane, the P-N bond lengths
increase and the ]PN angles decrease, whilst the exocycle O=—.-ONe anglesincrease. The rearranged trimer has a trans-structure and adopts a
pronounced boat conformation. Both the tetramer derivatives are highly
puckered and have 2_trans_L1_cis_6_trans_8_, and 2--4-trans-6-trans-8-
structures, respectively (see ref. 140).
Other examples of this rearrangement

N3P3(OR)6 > N3R3P303(OR)3

(R = Me, Et, Px', Pr1, OH2Ph)

N4P (OR)8
-

NRkP4Ok(OR)
(R = Me, Et)

have been reported, as have been mixed derivatives (65)

N3R' 3P303(OR)3 (R' = CH2Ph, R = Me; R' = Pr1,

2C6Hk NO2, R = Et)

N4R POk(OR) (R' = Me, R = Pr1).

Fluoralkoxy and aryloxyphosphazenes however do not undergo this rearrange-
ment. Reasons for this have been discussed elsewhere (65). Instead, the
former undergo a reversible change of ring size with trimer and tetramer
derivatives predominating (68),

N3P3(00H20F3)6 NPJ4(OCH2CP)8

It seems probable that aryloxy—derivatives behave in a related fashion.

Acyclic alkoxyphosphazenes also undergo the oxophosphazane rearrangement.
Thus, Kirsanov and coworkers (69) reported the thermal reaction,

(R0)3P=NS0Lr (RO)2P(O)NS0r
as did Pudovik and coworkers (70).

(EtO)2P=I4Ph > (Et0)—1Th
0—allyl 0 allyl

The alkyl halide catalysed reaction is also well documented for acyclic
phosphazenes, Kabatschnik and Gilyarov (71) showed that

(RO)3P=4Ph
+ R'X (BO)2P(O)—1Ph

______ lie
(MeO)3P=NLr + Mel > (MeO)2P(0)—NLr

These reactions remind one of the well known Pischtschintuka rearrangement
(72),

(RO)3P=s
+ R'X

(R0)2P(o).sR'.
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OO as we].). as ON migrations, thermal as well as catalytic, have been
observed in more complex systems,

(EtO)3P=N—Me (EtO)—N=O?1e (73)
o 0

(RO)3P=N—PR'2 > (RO)—N=rR'2 (7k)

o 0 OR

(I'leO) —Nz=PEt
i 2

0 ONe
(NeO)P=N—Et, (7k)-) Ii

(NeO)—1I—'Et2
0 Ne 0

The polymeric alkoxyphosphazenes, [llP(OR)2in also undergo a thermal rear-
rangement to the corresponding oxophosphazanes [1tRP(O) (OR) J•Thus alkyl shifts O-N are well documented. —

Whilst however proton and silyl shifts N-N appear to have received some
attention (see below), the corresponding alkyl migrations seem to have been
neglected.

Thus under suitable structural and environmental conditions one could
visualise a NN alkyl group migration where one phosphazene centre was
destroyed whilst another, less nucleophilic one, was created,

NR' NAlkR'2NB"

R NB
N N N NB'

RJ LR — R.jJ LR
B

Silyl group migrations have received a good deal less attention. Silyl
groups behave less like alkyl, more like acyl groups. They also have a
very strong affinity for oxygen.

Riesel and coworkers (75) have investigated the acyclic systems:
AiNe3B 0 0 R

II—P=N—P
B"

(B = ONe, OEt, OPr1, 1INe2, 1tEt2, NPr'12)

These contain three potential sites for the Me Si group, two oxygen atoms
and one nitrogen atom. No evidence could be 3adduced for the migration0N in this system to give a phosphazane

RR iMe3
P—N——-- P
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Instead, a rapid 040 exóhange between the two phosphazené structures was
observed.

Kabatscbnik and coworkers (76) came to the same conclusion as Rissel and
coworkers (75).

The above is in contrast to the rapid O±N Ne Si exchange in organic acid
amides. Thus an equilibrium of the 0 and N silyl 3derivatives of the aromatic
acid amides was postulated, based on n.m.r. spectroscopic evidence (77).

/ —1---O-—Ne
R

'
SiNe3

The hypothesis that it was a genuine Ne3Si0NSiNe shift, rather than
hindered rotation about the O=N bond, was stzengthned by similar
observations in a cyclic amide system (77).

OH2

NO\O_SiNe3

A derivative, Ne Si—O---POl =N—SiNe3, with Ne Si attached to oxygen as
well as to nitrogen has bee reported by Glemse and his coworkers (78).

It should be noted however that the starting material, a phosphazane, for
the products studied by Rsel (75) has a proton attached to nitrogen,
whilst the product, a phosphazene, has the Ne Si group attached to oxygen.

SiNe
/ 3

0 HO 0 0
ii,-' ____P—N—P + (Ne Si)2NH PN—P

A similar observation has been made by Vhceanu and Schulz (79) in cyclo—
phosphazene chemistry, although the structures were not rigorously estab-
lished.

N3IiP3(O) (ONe)5 N3P3(OI'Ie)5(OSiNe3)

NBPk(O) (ONe)7 NkP(ONe)?(OSiNe3)

The above phenome2lon seems fairly widespread in organic chemistry, g,,
nucleosides, where NH starting materials give rise to OSiNe products (80).

3—
—) Ne SiO—OH

3

2O8iMe

,SiNe3
0 0

Ii—
P N—P

Me Si

H0
%jJP—N=P

SiNe

/=\
3

R/—N 0 —Ne

OH —OH2 2N
OHV

C

SiNe3

OH —CH
2 2N

H
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Generally speaking organic and inorganic acid amides with structural units
(fle38i)2N- and. N=) appear to be absent, the isomeric Me3Si—N=, and

Me3SiO—M forms being preferred, Z.:.,
0 0—SiMe

— 7 3
(81)

N—SiMe3

,.0—SiMe3
(EtO)2—NH2 ----. (Et0)2P (81a)

0 N—SiNe3

A very recent paper by Neilson and coworkers (82) allows some generalisat-
ions to be made for sily].ated four—coordinate phosphorus compounds.

Y 'I 7X— SiNe3
P P

I" N— SiNe3
— z

(A) (I = 0, NR, CR2)
(B)

With few exceptions, when X = 0 or CRC, the right—hand form (B) is the only
one observed. For X = 1B the situatin is more complex.

If the substituents Y are electron—releasing and the two structures (A) and
(B) are identical, a rapid equilibrium between the two may be observed at
ambient temperature. If the substituentI are electron-withdrawing no
rapid (1, 3)—silyl shifts are observed. If (A) and (B) are non—identical
that isomer alone is observed (whether it requires a rearrangement or not)
which has the bulkiest substituent on the phosphazene nitrogen,

B =But Ne3Si
lie

—---—C

NP=N_But
?le

l'1e38i Me Me SiI
3

N— P:

1Ie

R=Me Ne3Si\
le

N— P=N —SiNe
/ J 3

Ne

MeSi Me . MeSi Me
3 MeSiN 3 N.

N—P: N—PN—SiMe Bu/ ,, 2

Bu"Ne2Si Me
Ne3Si

Ne

2AUT0I1ERISN

Perhaps one of the best known examples of tautomerism in phosphorus chem-
istry is that of phosphorous acid (83).

(H0)3P (HO)2P

There is little reliable evidence for the three—coordinated tautomer,
although it is postulated as a reaction intermediate. The equilibrium
seems to be wholly on the right—hand side, the species containing the
phosphoryl group, P==0.
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The evidence for most types of related compouxxd.s, P(0li).RNP=0
is similar.

$chmidpeter and Rossknecht (8L1) have examined the related aminophosphine
phosphazene tautomerism.

R2P—

They were. never able to observe spectroscopically an equilibrium; only
either the aminophosphine or the phosphazene was detected, Base strengthen-
ing groups (B = Me or Ph) were attached to phosphorus, acid strengthening
groups [Y = 020P, S0206HMe, P(S)(0Th)2J i the nitrogen.

Schmidpeter and coworkers (85) also observed tautomerism in cyclic compounds,
giving rise for. the first time to cyclophosphazenes containing P—H bonds.

+ B"P(OPh)2

2 2
R'L H

N N N

B
N B' R

N

(B = Me, Ph, NMe2; B' = Me, Ph, NMe2; B" = Me, Et, 0Th)

In this cyclic system only evidence for the right—hand form, the phosphaza—
triene, was found.

This tautomerism is similar to that of phosphorous acid (although. in the
acyclic system not always so markedly on the right—hand side, the
form containing a four—coordinated phosphorus atom, in that a three—
coordinate phosphorus species is giving rise to four—coordinate one con-
taining a multiple bonded atom (g., 0 or N) and a P-H bond.

Another type of 0 P or N P shift has been observed by Barrans,
Burgada, Mathis and Wolf and their respective coworkers (86-88). Here too,
the proton shift is similar to the above examples in giving rise to P-H
bonds but instead of a four-coordinate phosphorus (with a multiple bonded
atom) a five—coordinate species, a phosphorane, is obtained,

r° r°
0

. L0."

r°'°
L0v' L0 N

r°
LN L"

B
(R=Horalkyl)

TI B



Thus in all the above examples, the phosphorus atom is directly involved,
its coordination number is changed and the proton resides on it in the
higher-coordinate tautomeric forms.

We now examine the tautomeric shifts 0N and Whilst none of
the latter have been observed in compounds of the type N3P3R6n(NBR')n
to give rise to segments of the type —

B NBR' B NB'

the corresponding 0 > N tautomerism is tacitly assumed to be predominant.

NN proton migration has however been observed when a proton passes to
another phosphazene centre and generates a phosphazene centre at its point
of departure. This can apply in cyclophosphazene hydrohalides,
NP(NHR)6,HCl and NkP(NUR),HCl, if B is small and exchange processesmk è.ll 31p and r].evaut' 1H siials equivalent at ambient temperatures.
An eample of this is the 2,k-.trans—derivative, NP(NNe2)2(NBEt),HCl (37).
The 2IP spectrum of its parent base,
NP3(NMe2)2(NHEt), is of the AB2 type (parameters as indicated).

____ _____ Me2N 3 —
NMe217.3—P2

HC1.

/r'\
EtHN I NIiEt

12.3
= 14.2.1 Hz 2J(AB) = 30.0 Hz

The facts that J&-B) is reduced in the hydrochloride and that both 5 and
change by about the same amount show that some protonation take
place at N(1) and N(5). As the spectrum remains of the AB0 type it also
indicates that fast proton exchange occurs between N(1) slid N(55. A slow
exchange would have changed the spctruzn to an ABC or ABX type. The above
data does not however exclude some protonation on N(3), which also seems
feasible on basicity grounds.

If the substituents are bulky, the proton exchange is sufficiently slow to
allow non-equivalence of otherwise chemiclly equivalent ring nitrogen
atoms to be observed. Thus for N P (NIiBu1) ,HC1, both 3'p and 'H (of
C-CH3 protons) n.m.r. spectra shoe this pheomenon (8).

R—P=N-—P---R X—P=N—P—X
I

+
II I

+ II
N N N N

II I II
R—P—N=P—-R R—P—N=---X

B B X X
k equivalent sites

(R = NilBut, X = NNe2)
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,,,
R 0ff

P
'-"i N

R 0

NH

Me2N 3 ,22.8—--P P ' 22.8
BtKN NUEt

EtBN I NEEt
18.9

4. equivalent sites

X—P=N--- P—X
I

+ II
N N

II I
X—P—N=

x x
I unique site
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Non-equivaléncé was also demonstrated for (the four otherwise equivalent
ring nitrogen atoms of) the 2,6-derivative, NkPk(NitBut)2(NNe2)6,HC1, from

its n.m.r. spectrum. In the 2,k—isomer, even in the free base there are
three non—equivalent èites in the ratio 1:1:2. Whilst in the former
isomer, all ring, nitrogen atoms have the same basicity, this is probably
not the case in the latter and the protonation site shown may be the only
one with a siiificant residence time.

Proton shifts have been reported for spirobi(cyclotriphosphazatrienes) (89)
(all four non—spiro phosphorus atoms are equivalent in solution as shown
by 31P n.m.r. spectroscopy).

Ph2P PPh

II

N

N NH
II

Ph2P PPh
2

They have also been observed in some acyclic aminophosphazenes (90),

R N-Ar B NHLr
N,'

7B 1'Thir' B

where they were initially demonstrated by means of infrared spectroscopy,
(91): -1 —1cm c=o cm

conjugated unconjugated
EtO ,N—Q—Me, II

P 0 1616

EtO' OEt,

Et0 7NH—Sj—Me
P 0 1710

EtO" 0
EtO N—C—Me

LI
P 0 1600

EtO
"

NEPh

EtO< ,N——Ne
P 0 1609 170k

Et0-
0

Et0 ,,,.N—P(OR')2
P 1710

EtO
NH-9—Mé

The basicities of cyclic (i, 39) and acyclic (90) phosphazenes have been
extensively studied and the data are now sufficiently precise to allow
Dredictions of sites of protonetion in most eses.

P.A.A.C. 52/4—v
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One is stu&yixig here the equilibria B' + H ± [B'Hi', the base is
neutral, its conjugate acid positively charged. In tautomerism we deal
with B + H ± [BII) where B = B'- H and thus our base, B, is negatively
charged, whilst its conjugate acid is neutral.

Thus whilst the absolute values of substituent constants may differ
somewhat for the bases B' and B, the relative order might well remain
unchanged and thus allow some semi—quantitative predictions of tautomeric
behaviour.

First of all, let me review h.ydroxycyclophosphazenes. The fully hydroxyl-
ated species, N3P306H6 and NPO8H8, are without doubt entirely in the oxo—

phosphazane forms (. ref. Ll.O). A considerable number of monohydroxylated
species are known, mainly of the trimer,

N3P3R5OH
H = GPh (92), OMe (79), OCH2CF3 (93), Ph (9L.)

gem.-N3P3Ph2R3OH
H = ONe (95), OEt (92), OPr' (92)

gem. _N3P3PhkROH
H = ONe (92), OEt (92)

gem.-N3P3(NBBut)2(OMe)3011 (95)

gem. .-N3P3C12(NEt2)30H (96)

and at least one tetramer derivative, NkP(OMe)?OH (79).

Higher bydroxylated compounds have also been reported,

N3P3(ONe)kO2H2 (92), N3PCH2CF3)kO2H2 (93), NJPPh60H2 (97),
N3P3(OCH2CF3)303H3 (93) and N3P3(OCH2Ph)303H3 (92).

For all of the above, except NPPh,OH (9k) and NkP Ph6O2H2 (97) (which were
described as bdroxyphosphazen ' the oxophosphaztne structure was
preferred.
Four possible tautomeric forms (C —* F) of the monohydroxy trimer are
feasible [one OH(C)., three NH (D — F)], of which the two x—tautomers (D)
and (B) are equivalent, if the two non-hydroxylated phosphorus atoms are
symmetrically substituted (H = H') (x and y indicate positions relative to
P-OH or P=O group).

HO H" 0 H"

R•
N

H H
N

(C) (D)

0 R" 0 H"

N N HN N

H .. .-H' H
P H

N
H

(F) (B)

Hydrogen bonding is possible, indeed likely, in all four cases. For (C)
one has the likely units
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P—O—H '"N"V
Lor (D) -* (F) these are

IP=o- "".. H—N,
Obviously if the bdrogen bonds become particularly strong, as in the very
short and symmetric 1ydrogen bonds in O ' 0 systems, the above ceases to
have any meaning (98).

Tautomers (0 -* E) could form (by interaction with the a-ring nitrogen atoms)
cyclic eight-membered ring dimers which, in inert solvents may well be
concentration independant. By contrast, tautomer (F) would be forming
concentration—dependant oligomeric species.

Only for NZPZThOH tautomer (0) been postulated (9Li); for all others,
structuresd based on N—li tautomers have been explicitly or implicitly
assigned. Thus, ., for

NP3(OPh)5OH, gem.-NP3Ph2(OR)3OH, gem.-
N3P3Phk(OR)OH, infra-red evidence was cited in favour of P=O and N—H

groupings (92).

Molecular weight determinations in solutions indicated dimer formation for
gem.-N P Cl (itEt2) OH (96), N P (OMe) OH (79), N P (ONe) OH (79), gem.-

N3P3Th2(OMe)3OH (95) and gem.-N3P3(NHBu )2(0Me)30H
(95). Whilst perhaps

these determinations might have been carried out over a greater range of
concentrations and in a wider range of solvents, they nevertheless provide
some reasonably firm evidence that the above five compounds are not in the
tautomeric form (F).

General considerations of phosphorus chemistry make tautomer (C) less likely
than (D), (B) or (F). Detailed n.m.r. investigations in solutions should be
informative. One would expect different chemical shift values for P(O)R
than for P(OH)R, which in tuna might be similar to P(OR')R. In
addition, one would expect changes in phQsphorus-phosphorus spin-spin
coupling constants. Thus, a P—NH—P unit would be anticipated to show a
lower -) value than an otherwise analogous PN—P moiety. 3lP N.m.r.
spectroscopy might thus be expected to give the following general results:
tautomer (C) and (F) would give AB2 (or AX2) spectra provided both non-
hydroxylated phosphorus atoms have the same substituents. Tautomer
(D) and (B) would give AB0 (or AX0) spectra unless the two ct-nitrogen
positions became non—equivalent either through (i) both non—bydroxylated
phosphorus atoms having the same substituents but the proton exchange is
slow, or (ii) the above two phosphorus atoms having different substituents,
when spectra of type ABC (or ABX or ANX) would arise. If two or more
tautomers were present under conditions of slow exchange, two or more of the
above spectra would be observed, probably superimposed.
Let us return to basicity measurements and see if we can predict anything
from the experience gained there. As mentioned above, we are dealing with
the system

'± (B' - H) + ff B +

B =
NP3R5O

B =
NP3R5OH

Provided we need to differentiate only between tautomers (D) and (B), we
need to make no assumptions regarding the electron releasing properties ofO '. Gl
the P moiety relative to P . (The P-Cl bond is the standard-' R —" R
for basicity measurements in cyclophosphazene chemistry. No assumptions are
made regarding various possible resonance contributions to PRO). If we
wish to include tautomer (F) in our discussions, however, we need to assess
the contribution of P—0 relative to P—Cl to the basicity of the molecule.
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In organic chemistry U.V. spectroscopy shows an electron-release (in the
perturbed state) to the phenyl ring (99):

Ph0 > > PhONe > ThOR

A similar order is observed in electrophilic aromatic substitution (100).

In phosphorus chemistry we obtain similar information from P-0 bond lengths
in a series of related compounds about electron back-donation in the ground
state.

Compound P-0 bond length (A)

+

Ph3P-0 1. k6(1) (101)

PhNeP-0CH2ONe3 1.568(k) (66)

Ph3P-0H 1.6k(1) (102)

The trend for unsaturated phosphorus is similar to that for unsaturated
carbon indicating electron-release in the ground state:

P-0 > P—0Alk > P-0H

This is likely to be retained, or even enhanced, in the perturbed state
(., on protonation).

I have examined elsewhere (1) likely causes for the exceptionally high
basicity contribution of the triphenylphosphazenyl group, PhP=N, for
which OCR = 10.3. It probably arises from a combination of -' (i) number
of lone pairs (two) of electrons available for back donation,and (ii) a
low coordination number (two) of nitrogen, which allows it plenty of scope
to take up a favourable conformation for this electron—transfer.

An —0 substituent, although more electronegative than nitrogen, has three
lone pairs of electrons available and a coordination number of one. Hence,
a bona fide case can be made for'strong electron—release by this group.
A selection of relevant substituent constants OCR and are given below
(1, 2, 103).

NH2 6.0 2.7

NUe 5.8 3.1

IKEt 5.8 3.6

NNe2 5.6 2.8

ONe 1.8

OEt 3.9 i.9
OPr 2.1

Hence, it seems not unreasonable to give —0 at least as high a substituent
constant as that of an amino group, say, OC.R = 6.0. As in general oc 2yi,I assume = 3.0.

Using the established substituent constants for cyclotriphosphazatrienes
and the earlier calculated value of —20.k for NPCl6 (104), we can now
calculate the relative basicities of the three -' ' precursor con• ate
bases of the tautoiners (D — F but not C) of NZPRcZ0. Tautomer C as I
have discussed earlier is less probable than -' ' ' tautoiners (D — 5. If
all substituents (H, H', H") are the same, tautomers(D) and (E) are equiv-
alent. I will first examine H = Ie2, i.e., N3P3(NNe2)50H.
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Tautomer (D) Tautomer (F)
(precursor base) (precursor base)

6.0

3.0

°'me2
16.8 22.Ll

5.6 2.8
e2

Statistical effect (105) 0.3

of N3P3016 (10k) -20.L1 -.20.k

8.3 7.8

Hence, a—nitrogen protonation is preferred and the formation of tautomer (D)
(or E) is likely.

If we decrease the values of a and y from 6.0 and 3.0 to say, 5.0 and 2.5
respectively, the calculated vlues fr (D) and (F) would both be 7.3.,
for these smaller values (for the substituent —0) both a— and y—tautomers
would be present.

If we carry out similar calculations for a number of other homogeneously
substituted derivatives, N P H 0, we can see at which assumed values of
(and y) both a— and y—tauboes would be present in approximately equal
propcuons.

H a0—

NNe2 5.0 2.5
NUEt k.O 2.0
Ph 3.0 1.5,
OMe 3.0 1.5
OPh 3.0 1.5

OCH2CF3
1.0 0.5

In other words, in the more basic compounds a relatively small decrease in
the substituent constants assumed wouldfvour the y—tautomer (F); for the
less basic compounds a more drastic reduction would be needed.

Obviously any deviation of the actual values from the assumed a,-— = 2y0—ratio would also shift the equilibrium predicted.

Thus these calculations (using a0— = 6.0, y - = 3.0) suggest that tautomer
(D) =(E)J (H = H' = H" = ONe) is the préfered form for NP(0Ne)0H,
which is also indicated experimentally by its dimer
formation in benzene. It is the form postulated by the Roumanian workers
(79). At room temperature its 31P spectrum is of the AB2 type (95).
For N (O)Ql(ItEt) (96) the situation is more complicated, as (D) and
(E) ae xlo loner euiialent. Calculations as above yield values for proton-

ation sites (D), CE) and (F), of 2.1, —2.7
and—3. 3 respectively. Basicity calculations. ,- 2 obviously point to tautomer (D). Crystallo—
graphic investigations confirm this for the

(D)N" N(E) solid state (96)., It is a dimer in benzene,
its 31p spectrum is of the ABX type (shown in
the Figure) whose interpretation is compatible

Et2N -Cl with the calculations and the crystal
EtN- N Cl strcthre.

(F)
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Figure. The 1P [1H n.m.r. spectrwn o N3BP3(O)012(NEt2)3 at 36.k3 11Hz.

The basicity of has been measured earlier in nitrobenzerie.
A value of -.2.7 ws round 106). -'Provided o and y values are not (or not
much) changed in the cyclotriphosphazadiene trom these derived for cyclotri-
phosphazatrienes, sites (E) and. (F) in the phosphazadiene, NBP(0)Ol2(NEt2)

should have basicities in
0 JtEt2 nitrobenzene of —2.7 and—3.3 respectively,

lowered of course by the effect of protonation
at site (D). As mentioned above, —2.7 was

(D) Bt N (E) observed exprimentally. Provided the above
assumptions are all correct, this would imply
either that the effect of protonation at site
(D) was negligible (less likely) or that the

Et2N—" N- Cl values assumed for a1- and are too low

(p (more likely). In ay case, it indicates that
/ the phosphazadiene is probably protonated at

site (E) and that the electron—releasing power
of the —0 substituent is substantial. Finally, two further examples: gem.—
NPPh2(0Me)0H. Calculations suggest that both x—tautoniers (D and E) might

-, -' be present. It forms a dimer in solution in benzene (95) and
its ' P spectrum at -40°C (95) shows the presence of two species. An X—ray
crystallographic investigation (107) of a crystalline sample indicates a
dimeric structure based on the tautomer (D, Rt = Ph, R = = OMe) shown.
Basicity calculations indicate its precursor
base to be marginally more basic than that 0of tautoiner (B).

:::.
- e

For gem._N3P3(NBBut)(0Me)0H, caj.culat-

ions suggest the possibility of the y—
tautomer (F) being of the same order of

11 0 Phbasicity as the a-tautomers (D and )• e-MeO- .- ThIt must be stressed. that small changes in
basicity will cause large changes in the
tautoiner population and. whilst basicity substituent constant calculations
often provide a reliable guide for the determination of structure of
positional isomers (1, 9), they are probably as yet not sufficiently precise
to predict accurately tautomer equilibria, especially when the calculated
values (for different sites) are very close. It is hoped however that in
many cases they will be able to predict accurately the structure of the
major phosphazene tautomer (or tautomers) present.

CONCLUSIONS

I have tried to show some recent, and to me exciting, developments in
phostthorus-nitroRen chemistry. Th particular, I have endeavoured to

0
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demonstrate the fruitful interactions between hypothesis and experiment,
between synthesis, reactivity, and structure. I hope I have succeeded.
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