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ASPECTS OF CYCLIC AND ACYCLIC PHOSPHORUS-NITROGEN COMPOUNDS
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London), Malet Street, London WCAE 7HX, U.K.

Abstract - The reactioms of cyclic, e.g., N, P.Cl., N,P Cl,,
and acyclic, e.g., Cl,P(0)N«PC1,, -8 573776 4478

Ccl eP(O)Cl2 phosph rus-nitroéen 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

s8ilyl 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 Besangon (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) Hexachlorocyclotriphosphazatriene, NBEECIE gil

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,
NHZEt, NH2Pr1 and NﬂzBut.

N3%5016
NE_R NH.Et (2)  NEPrt (3,4)  NHBu® (5)
2 2B Fre (3, 2 2
N5P3015(NHR) + + +
cis + +
N3P5014(NHR)2 trans + +
gem. + +
N3P3012(NHR)4 gem. + + +
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The dominsnt rOle of the attacking nucleophile as against that of the sub-
stituent already present is borme out by the structures and the mode of

formation of the mixed derivatives, NaPEClu(NHEt)(NHBut) ).

t
c1 NHE
C1_ NHBu o VEES
A AN
N N N N
01\! 1’,/c1 Cl\n Il,/01
€17 N\g# o1 €1’ Ny#Z o1
NHZBut; \Ynfzt NH By’ NH_Et
b b % t
c NHB Bu "HN NHEt c1 NHEt
Bu HN\P/ l\P/ " Np? N oo
A N N TN
" N Oy ¥ W N N
o1l | c1 01>| | ~NHEt gl>| 1|D<gl gl\l 1|><§1;Et
cLr ~c1 o©1 ~NCl1 ¢l 1 c1-
~y”? ~y? Ny Ny Z

(b) Octachlorocyclotetraphosphazatetraene, N,P,Cl (g)

This phosphazene is considerably more reactive than its lower homologue,
N5P5016 (1) towards nucleophilic attack. The number of possible isomers is
"~ also considerably greater, and so is the difficulty in determining
After the tetra stage
P,Cl (NHR)4] only the octa-derivatives,
Side-tedctions (see below) are the cause

their structure, especially cis-trans relationships.

of substitution with primary amines LN

NAPA(NHR)B’ have been isolated.
of this.

The more reactive amines give 2,6-disubstituted products (7), the less
reactive 2,4- 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 nucleophiles, NH,Et and NHzBut (7,8).

N,P,C1, (NHEt)
4FyCly .
”EV 2NH Bu
2,6-N,P,C1(NHEt) 2,6-N,P,C1, (NHEt) (NHBu®)

m.p.116°C m.p. 145-46°C
+

2,4-N,P, C1 (NHEt) (NHBu®)

liquid
NP, C1, (NEBu?)
4FuCly .
mzny 2NH,Bu
2,6-N,P,C1(NEEt) (NHBu®) 2,6-N,P,C1 (NEBu"®)
m.p. 145-46°C m.p. 171°C
2,4-N,P,C1,(NEBu®) ,

m.p. 128°C
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(e) Dichloro§hosp%%z' ltrichlorophosphazene, C1.P(O N—FC1, (3

Bulloch and Keat have i1nvestigated the reactions o the" above compound
with two primary amines, NHZMe and NHzBut. Their conclusions can be summar-
ised as follows: :

(3121’(0)1‘T=2E'C'«15

gt A

C1,P(0)N=FC1, (NHMe) 012P(0)N=P012(m3u")

C1,P(0)N=FC1 (NHMe) , (Bu"Ei)ClP(O)N:Pclz(NB:Bu")

Initial aminolysis with both amines takes place at the phosphazenyl centre;
further reaction with methylamine gives a geminal giompound, but with t-
butylamine, a nongeminal compound is obtained. 3P n.m,r. spectroscopy
shows that both phosphorus nuclei in ClﬁP(O)N=P01 (NHBut) are coupled to an
NH proton [J(B-H)= 14.5 and 4.9 Hz.]y the authors gpeculate about a tautomeric
shift

C1,P(0)N—PC1,(NEBu®) == C1,P(0)NHFC1,(—NBu®)

3P n.m.r. chemical shifts (relative to 85% Hgqu and in
L DD DY mmi . -
brackets “J(P-P) coupling constants in Hz.

012,P(o)1>r=-_-1=013
-1%.9 -0.4  (17.0)

C1,P(0)N—FC1,,(NHMe) 012P(0)N=rc12(m\1*’)
9.0  +7.0  (29.9) -10.8  -1.8 (25.4)
C1,P(0)N=FCL (NHMe) , (BuHN)CLP(0)N—PC1, (NEBu")

-9.8 +16.9  (35.6) 6.4 -3.9 (33.2)

As the phosphinyl phosphorus shows a significant, and approximately constant,
chemical shift in all aminolysis products containing the P(O)(‘;‘l2 group, I

prefer an explanation different from the tautomer postulated, namely, one
based on an intramolecular hydrogen-bond, e.g.,
Cl~p —
/P NN ~Cl
c1”|| ) 7
.. Cl
“~-H—N
R

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

2§_(_E—_I_>) coupling constants, the latter, I consider being too high for a phosph-
phazane structure and wore in keeping with coupling across a phosphazene moiety.

This hydrogen-bonded structure could also possibly explain the divergence of
reaction sites on disubstitution. In N5P5016 (1) the predominant mode of
substitution by NI-IzBut, is geminal, by ~ NH and t nongeminal.
For the former a proton abstraction mechanism is“postulate8 (5); for the
latter direct nucleophilic attack by the reagent on phosphorus @ It is
conceivable that the more reactive smaller amine, NH2Me, reacts with
Cl,P(O)N=FCl,(NHMe) by the latter mechanism, whilst® the bulkier amine,
NHS5But, would“ have preferred a proton abstraction route. It is probably
prévented 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 NHBub
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substituent introduced in different sequences would be as revealing, as they
were for NHEt and NHBub in the N, P,Clg (1) and in the N,P,Cly (2) systems.

(d) Phosphorus trichloride, PC1

Steric effects are also notlceaéle in the reaction of phosphorus trichloride

with primary amines, NH,R, (R = Me, Et, Pri, Bub) (10). Two types of product
were observed, bis(dichfor ophosphino)amines, (ClzP)zNR, and cyclophosph(III)-
azanes (mainly dimers), (CLPNR).,.

R (C1,P) MR (C1PNR) ,
Me +

Et. + +

Prt +

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)amines;
(2) proton abstraction by the bulkier amines to give the cyclodiphosph-
(III)azanes, probably by a dimerisation reaction.
0L,P—NiR — b5 Cl—P—m > (CLPIR),,
However the isolation of intermediates, e.g., Cl,PNRPCINHR, mitigates
against, although does not disprove, the second = postulate.

(e) Bis(dichlorophosphino)-, (C1.P) bis(dichlorophosphinyl)- clagggjagg
and bis(dichlorophosphinothi6yl)-amines, [Cl

All the above phosphorus compounds (R = alkyl) react with 3 mol equivalents
of t-butylamine to give the corresponding cyclodiphosphl (III) or (V)Jazanes,
[C1P(X)NR], (X = lone pair, O or S) (11). Here we have another example of a
primary ne 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, N525616 (3)

With the exception of aziridine, the reactions of secondary amines with
N,P,Clc (1) follow predominantly a nongeminal path (1). Only at the tris-
adino stage, NBP Cl,(NR,),, can major amounts of a geminal isomer be
obtained. This réacéion ié strongly solvent dependent, e.g., with NHEt2 in
acetonitrile only nongeminal gggf and trans-derivatives, 3 Cl (NEt2)5

are observed,whilst in aromatic solvents, 1t is mainly the gémiéal
tris~isomer which is obtained (1).

() Octachlorocyclotetraphosphazatetraene, N,P,Cl Qg)

This has been less well investigated than the trimer system (1). Two general
observations can be made, albeit, on somewhat limited data. Geminal isomers,
NAPA015(NRR') (R = R' = Me) (123 and, in particular, 2,2,6,6-N,P Clq(NRR')u

R = R' = Me (12); R = Me, R' = Ph (15)], have "been
isolated. No such geminal isomers have been observed with primary amines
(contrast the NBPB system).

The more reactive secondary amines, NHR,, give predominantly the 2,6-bis-
isomer, N,P,Cl_(NR )2, the less reacti@e ones a mixture of 2,4- and 2,6-
isomers, gpﬁa_gntl similar to results obtained with primary amines, NH2R.

(c) Bis(dichlorophosphino)-, (C1 Egg, bis(dichlorophosphinyl) -
1 :§§]§Z; bis(dichlorophoSphinothioyl)-amines, [Cl and
mixed derivatives

The aminolysis, especially with NHMeZ, of the above compounds has been
studied by Keat and co-workers (14-17). As with N, P.C1 (J) and
N4P4018 (2), it follows a predominantly nongeminal réaétign path,

although geminal isomers are accessible in some cases by other
reaction routes. In the case of nongeminal bisdimethylamino-derivatives,
both d4,1- and meso-forms have been observed. The results can be summarised
as below.
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Me

Me
Cl ) Cl Cl | ~C1
~ __N_p/ — \p_N_g —> PFC1l,(NMe,) + PC1(MMe,)
/'R "~ Me N N M 2 2 2’2
Cl 1 e N e,
cl__ 1® __c1 c1 o o

c1 Me c1
~p—_N—p~

c17d ~a
CClq_ or
CHC1l; or Et,0
oLy
ci__ 1T _a o1 te 5O
o B T ~m me o i~c1

0 5 Me, el Y 5
aal Yy e o
s
Me N ) Il Sne,

M
MezN\P_I!:_%/NMe2
MezN/ W ls\NMe2

To explain the preferential aminolysis of the phosphinothioyl centre in non-
donor solvents Keat and coworkers (16) postulate an intramolecular effect.

ClL Me
~r—x__c1
(L P\
s JoF Na
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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 RP(0)012 > RP(8)C1
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 CH?Cl2 and in Et20.

Me Me
X X
NP2 _a O~ %
: '~ S SN
c1” \Iil/ s Me N Ny s
Me ﬁe

In the dimethylaminolysis of the mixed compound, C1,P(0)NMePCl,, (17),
kinetic control gives initial substitution at the phiosphino grgup, —PClZ.
The compound then rearranges to the thermodynamically more stable
product with the NMe2 group at the phosphinyl centre, -P(O)Clz.

Cl\\ | /,Cl
P-—-N-—§L\
Cl//g Cl
MezNSiM.e5
Me Me
Cl\\ { //Cl 01\\ | Cl
//P-—-N-—-“\\ —_— _ N-——;\\
Ccl g NMe2 Me2N g Ccl
MezNSiMe3
Me
MeEN\P D‘I——-P/Cl 01\P Ee P/Cl
—N— - —N—7F
AN g
MeéN 0 Cl Me2N 0 NMe2

Similar transfer reactions occur intermolecularly in mononuclear phosphorus
compounds (17).

(Me ) FCL + (Me N)P(0)Cl, ——> (Me,N)EC1, + (Me,N),P(0)C1

ALCOHOLYSIS AND THIOALCOHOLYSIS

The above reactions have received less attention than aminolysis. The
reactions of N5P3016 (1) with phenol (18, 19) p-bromophenol (18) and tri-
fluoroethanol (20) proceed by a nongeminal pathway.

On the other hand, thioalcoholysis proceeds exclusively geminally,
N3P3016-n(SR)n (21,22). In earlier studies. (21) bis-, tetrakis- and hexakis-

= = derivatives (n = 2,4,6) were isolated together with traces of
tris (n = 3) from the reactions of N;P,Clg (1) with sodium alkanethiolates.
Very recently the reaction of N3P5016 (1) with sodium ethanethiolate in
ether was reinvestigated (22). The pYedominance in the reaction
mixture of geminal bis-, tetrakis- and hexakis-derivatives was confirmed but
all the other geminal products were isolated as well in the yields stated.
No trace of nongeminal isomers was detected.

Et,0
2 .
N,P,Cl, + NaSEt —=—> 1131>3c:16_9_(SE1:)B
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yields (%): n = 1 (3.0), 2 (67.0), 3 (1.0), & (10.6), 5 (2.9), 6 (4.5).
Similar observations were made for the reaction

N P;F + NaSEt —> N3P5F6_£(SE_17)£ (2%)

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, N, P,Cl (SR)4 (24). Again recently (22)
other mlnor products, including is m%rs, all” based on a geminal pathway,
were isolated from the reaction Eb.0
t
2
N4 018 + NaSEt ——————> N4P4018 n(SE?:)

3 (0'5) 2’2,6- —_ 4 (59-2) 2,2,6,6— —_—
Yields (%):

- 1(0),2(82) 5 (1.9) 2,2,4,6,6-\\
6 (1.2) —> 7 (0) —> 8 (0.6)

\5 0.7) 2,2,4,4,6-4\
3 (3.6) 2,2,4- —=> 4 (4.9) 2,2,4,4-

REACTIONS WITH BIFUNCTIONAL REAGENTS

It is convenient to discuss the reactions of all bifunctional reagents,
YH, 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

c1 X

/

1>< + HY——3YH > P )
C1 \Y

(2) the two ends of the reagent attack different phosphorus centres in the
same molecule.

P—C1 P-——X
( + H:! m > )
P_Cl1 P-_-Y
(3) the two ends of the reagent attack phosphorus centres in different
molecules

Pl + H—3YH + Cl—P

l

P——X— Y P

(4) only one end of the reagent is utilised

P—Cl + HX YH —> P—X YH

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

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

The reactions of aromatic diamines have been examined (25, 26) thus, e.g.,
with ortho-phenylenediamine one, two or threé residues can be introduced.



1070 ROBERT A. SHAW

HN NH HN NH HN NH
\P/ \P/ \P
IR P I

N N N N g g N N o
01\|1[ 1!’01 01\|1> | n N\IL le N
€17\ 01 €1 N~ N N7 N Z X

H H H
) &) )

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

Becke-Goehring and Boppel (27) reported the reactions of the same phosphorus
compound, N3P5016 (1), with the aliphatic diamines, HN(CH,) NH, (@ = 2, 3
and 4). These workers proposed ansa-st <.:*17u:r:§s—xl

(7) (reaction 2) for the products, e.g.,

(CH,)
: (9

Cl\P/N\ i HN\P T
I (CE, n IR
N N N N
Cl\LI, ll;/NH Cl\g :L/Cl
1~ \yF o1 1 Ny A
@ (®

These structures ( were disproved by us in favour of those of spiro-
compounds (8) (readtion 1) (28,29). Chemical and spectroscopic evidence for
the structure of these compounds was conclusively confirmed by an X-ra
crystallographic investigation of N5P5(NMe2) 4 (NECHCH,NH) (9) (30).

i

CH,

@

Only products containing one spiro-substituent were isolated with this reagent

(H,NCH.CH ) (28). In contrast, its N,N'-dimethyl analogue yielded readily
HHOH O, mono(’!ﬂ) and bis derivatives (11)(33;.
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0, —— Gt ol —— G
Me_N__ . __N—te Me—N__ P/N—He
N/ ‘\\N X Me
c1l | o1 o oad | /1lv——CH2
01/P\N/P\01 c1~ \N/P\N_ (IJH2
(19) | () he

The same phosphorus compound, N P.Cl. (1) gave with ethanolamine,
H CH2CH OH, good yields of a séiéo—gono (12) and traces of two isomeric (cis-
t ans—nﬂgtionship) spiro-bis compounds (13) (28).

oy~ oy
HN 0 HN 0
~
\\"P/// P:::
RS I
N N N N
H
C1\|1|, 1‘»/01 c‘1\|1|, L/N—Cﬁz
€1~ N~ o1 €17 N \\
N N 0—CH,
(12) (13

In contrast is the reaction of N, P.Cl (1) with ortho-aminophenol, where only
the phosphorane (14) could be is813ted (32) (see also belowg.

NH
P 2

P

~
0// 0
NH

(18)

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 N5P Cle (1) to give spiro-derivatives,
although not necesarily all have blen® iZolated with the same diol (33).

< o | o/—\ 0 o/\ 0
N N ~, 7
RS- P I

N~y oy . w

01\|L F[ _c1 01\|1l :IP/O (o\lll :IP/O
Cl~- ~C1l Cl— ™~ ~N0 \Qo~ ~0
~y# NF Sy
a» (16) ap

Particularly interesting is the reaction with catechol (34). Three residues
are readily introduced %1§) but reaction with an excess of the reagent leads
to a complete degradation of the phosphazene ring and formation of a
phosphorane (19).

P.AAC. 52/4—u
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°~ °~~2o0
NS
vy AN
| 0 0 0
<3 0 NEt,H *
o \N/ o

The catechol derivative of the tetramer (2) is extremely labile, giving
readily the above phosphorane (19). Here, as in other reactions, we note the
greater reactivity of the tetramer, N4Ph018 (g), compared with that of the
trimer, N;P,Cl. (1).

The catechol phosphazene (18), its naphthalene analogue (20), a thio-analogue
(21) and the ortho-phenylene diamine derivative (ﬁg all cleave readily with
ortho-aminophenol to give the same phosphorane (14) (32).

0\\P//0
P
N \\\N
ol Lo @
o~ \N/ No—
Me
S S
N_/
/P§
. N N
e 8 ” l/s @v
| >P\ 2N
8 N/- S Me

The stability of six-membered (22) and seven-membered spiro-compounds (23
[and of non-spiro compounds, e.g., N3P5(0Ph)6], towards the same reagent (32)
provides an interesting contrast. :
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' ,/’
P
e %
/
(22) (23)

Tetramer derivatives of these same two aromatlc dlphenols have also been
prepared (32).

Whilst, in view of Westheimer's work (35) the stablllty of six- and higher-
membered ring spirophosphazenes is perhaps not unexpected, the stability of
the ortho—phenylenedlamlne derivative (6) towards an excess of the diamine is
noteworthy, 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. .

H
\\P/N““‘ N \\P/° \\P/°
> >
L /o Y
H H

Allcock and coworkers (%6) have postulated that attack by nucleophiles on the
second and third species gives rise to the intermediates

X

ol

respectively.

The common feature these intermediates share is that they still contain a
P-0-C bond, a structural feature absent in the ortho-phenylenediamine deriv-
ative (g). A possible explanation of this stability might be that further
reaction of derivative (Q) with ortho-phenylenedismine would requirea trigonal
blpyramldal intermediate with a nitrogen rather than the more electronegatlve
oxygen in an apical p051t10n. 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, e.g.,:

the same elegance to explain the above phenomena in cyclophosphazene chemr
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 >'P n.m.r, spectrum of N,P,CL (1) derivatives with ethylene-diamine and
ethanolamine (28) show some énémaéous chemical shifts (see below) of the
spiro phosphorus centre compdred with those of phosphorus with acyclic
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ligands). These shift anomalies disappear when reagents are used,which give
six- N_P.X, [NH(CH,) ,NH)), or higher-membered{N,P.X, [NH(CH,),NHring spiro
3 3h 273 (8 2/

compounds (29)

Chemical shift values, 6.* of some spiroc 61ic cyclophosphazene and some
analogues with non-spiro structures

rather than five-membered giég spiro derivatives.

C(Ha—- CH, CH, CH,
i i
N <-/—NH i M\P{—Iiﬂzrz O\Pe/—m:
PEES 22.0 B PN
N N N N N
c1l l’),(n CLJP 1|>/cl cil L,Cl
01/{\ Né}\cl CIP~ N/jcl cfi\ !
22.0 19.8 23.3
(28) (Y] (28)
<|1Hg—- clme CH,—— CH,
HN NH HN NH ) NH
N2 ~_ U2 ~N_ .~
P&—3%5.5 P&—19.2 P& 3%6.5
PSS X NN
N N Ny o Ny
Me?N\lll I|>/NM82 Me N || L/NMera MezN\! r!/I\H’Ie2
Me N7 \N/j\m"lez MezN/K\N/ ~NHe, Me2N/K\N/jNMe2
26.7 26.0 27.3
(28) 37 (28)

*5 relative to 85% H5PO4 (external), downfield is positive.

We must now examine why with some aliphatic bifunctional reagents up to
three residues can be readily introduced into N,P.Cl. (1) whilst with
others only derivatives with one such residue cénabe 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 amines, e.g., NEEt (2,7). This itself gives us a clue to the
mechanism of the resin formation. If, in the case of the bifunctional
reagents, cross-linking (reaction 3) occurred because of their a,w -
bifunctionality, it is not apparent why, e.g., diols and N,N'-dimethyl-
ethylenediamine should behave differently from, e.g., ethylenediamine.

XCH.CH.YH oL
% / 2772 e \P/

P 7
/\Cl + /\

XCH-CH,Y
g NP

P
S N 7N

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, e.g.,

——-N§§> ,/,X

P
:ZZN/// ~ p4

- 3
e N
N
Thus with ethylenediamine (2 N-H) H

only mono-derivatives have been N——CH O0—CH
found (28, 28), with ethanolamine \\P/ I 2 \P/ 2
(1 N-H), traces of bis-derivatives = ~__ PN

can be isolated (28, 28), whilst N—— CH, N— CH,
with ethylene glycol, its derivat- H H
ives (33), and with N,N'-dimethyl-

ethylenediamine (no N-H) (31), higher substitution is readily attained.

One is therefore tempted to speculate that N-methyl ethanolamine,
MeHNCH,CH,OH, should give rise to mono-, bis-, and tris-spiro derivatives.
Apart groﬁ the effect of the P-N-H group it remains to be discovered o
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(CH2}YNH2 (@ = 3, 4) (29). It should again be noted that the only

- authenticated phosphazene ring . cleavages by bifunctional
reagents occur with catechol (%4) and ortho-aminophenol (32), both of which
give five-membered 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, 39-42) 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, 28) the reports of amnsa-structures in cyclotriphosphazatrienes (two
phosphorus atoms in the same molecule spanned by a bifunctional reagent)
proved to be incorrect (27). :

However, some bona fide %xamples exist in cyclodiphosph(III)azanes. The
chloro compound, u®], is known to have a cis-structure (43). Keat
and coworkers (44, 45) havé shown that its two chlorine atoms, one on
each phosphorus atom, can be spanned by means of the bifunctional reagents,
HNMe (CH,) ,NMeH, and HO(CH,) OH (n = 2, 3) to give genuine ansa-type
compounds? It should be © = noted that in the resultant products no P-N-H
groupings occur.

- CH,

N
llau'c Me —N Bu® N—Me

. ' |
1 /N\ o1 K /N\
P P: :P P:
\\\\?‘/// \\\\N’///
But éut

cis-compound
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CH2""—CH2 CH

/// But N\
! 0

///’
0 CH, CH,
\ /N\ / \ But l
:P P: 0 r'r 0
Ny -1\>/ \1{-
%ut ) ~ ? e )
But

Finally, one must draw attention to the fact that the above discussion does
not give a satisfying explanation of the apparent differences towards N5P5016
(1) between related aliphatic and aromatic reagents, e.g., ethylene

diamine (only mono-spiro-derivatives), ortho-phenylenediamine (mono-, bis-,
tris-spiro compounds?, ethanolamine (mono-, and traces of bis-spiro-
derivatives), ortho-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).

BICYCLIC PHOSPHAZENES

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, NHR, (or ammonia or water) has twin
functionality on the same atom.

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

Cl\P/O
C1,P(0)NRP(0)CL(NER') R2sg R-—N/ SE—z
; : j:;P//'
0? a1

[R=R'=DMe, Pn (47); R = Me, R' = Bu® (46)1.

Similarly, bis(chlorophosphino)amines, (ClgP) ,NR, and bis%chlorophosphino-
thioyl)amines [ClaP(SglzNR, are cyclised b pgimary amines (46).

Cyclisation occurs in the thermolysis of phenylphosphonothioic diamides,
PuP(S) (NHR),,, (48), and of phosphorothicic triamides, P(8)(NHR)., (49), to
give the cyglodiphosphazanes, [PnP(S)NR],, and [(RHN$P(S)NR] réspectively.
All these give rise to monocycles howeveg. The complex spirg compound,
P,C1.(NMe)_., although again the product of a reaction involving a primary
aﬁin , oweg its complexity to the polyfunctionality at phosphorus %50).

?e i ye ¥e
CL N /N\(‘)]./N\ o
01—/—1>\ /1|>\ P\ /P\—\-Cl
c1 N C1 1'{/ N c1
Me Me Me

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-
N%P$Cl (NHEt), (24) with dimethylamine (51). This reaction is markedly
solve:

~ed

Y depefident and a simplified reaction scheme is shown below.
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Mezﬂ\\ /NHEt
- P _N\ /Nl’le2
N P

TN
|

MeaN\\”

NMe,, (g?)‘

The crystal structure of this first bicycle (2%) was determlned by
Cameron and Mannan and a 2,6-fusion confirmed 52 53). The molecule
is basket-shaped. Its orlglnal 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 reactlons of NP NHR) with' amines
giving monocycles, bicycles and resins is gi en elow.
RHN~ ,/NR'R"
RIIR!N/IP—'N "\NR R"
R“RIN\“ '/NRIR“
P—N—P
R'R'N” \NHR
RHN /01 Moi:jgclic derivative R'R'Ny_ ,NR'R"
=N “pP=—=N—F
C NNR'R"
1 I " | "C2 ——e NHR 'R"— I I|‘ \ /R “ R
| |c1 I \ I
Cl\\P-——~N:==:E: R'R'NN —N=—FPF_
c1” NHR R"R' NHR
Bicyclic derivative
RHN\P 'R" RHN\ NR'R"
R"R'N/I N ”\ A1 —N— ”\NR'R"
m | i 1 1
R"R'N, 7 N Ve
NP——N=—P N P—N—P
R N

Resin
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Subsequent to the discovery of the above bicycle a series of related
bicyclic phosphazenes was isolated, N4P4(NMe2) (NHR) (NR) [R = Me (54), Pr%

(54), and NP, (NHR) (NR) (R = Me (55), Et (51)], and others,
N,P, (NHe ) o (NER) (NR) (R = Bu®, CH,Ph), N4P4(NMe2)5(NHBut)(NEt), were
observed in solution (54).

The crystal structure of two further examples of this type were studied,
that of NAPA(NHMe) (NMe) €56), and most recently that of

NP (NMeg) (NHMe)QNMe) 57). The latter structure, a particularlg
acdufate 5one, was found to be a hydrate, [quh(NMee)s(NHMe)(NMe) 2y 2H0.

The effect of a variety of solvents, as well as that of added tertiary
base, on the reaction of N,P,Cl (NHEt),, was studied in some detail, as
was the nature of R in the ' redction “of 2,6-N,P,Cl_(NHR), with dimethyl-
amine in chloyoform (54). Branching at the a-cdrfion Stom 6f N4P4016(NHR)2
(e.g., R = Pr:, But, Ph), seems to inhibit bicycle formation.

Only if such branching was absent in R was bicycle formation observed.

Me2N ~ /NMe2

25N,
o e RHN\P/N %P/Nﬂez
N,/ Y N St
Cl”E§§> ///IK\NHB Excess NHMe, Me,N  NMe,
N N CHC1
2 N
¢’ e ZZ20N
M P//N E Ntbf NHR
e N—P N —Pp—
2 Ny -
(R = Me, Et, Pr°, Bu®, CH,Ph). N F
/P\\
MGZN NMGE

Some features of these bicyclic compounds 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, e.g., NMe2, NHEt, NHMe, show much subtler chemical
shift differences in H n.mSr. spectroscopy (51, 54, 55) than the same
groups in related monocycles based on N.P, or N, P, skeletons, where often
some chemically different environments éré not %egolved at 100 MHz or
even 220 MHz. There is also some indication that reaction with bulky
nucleophiles (see below) is somewhat easier with the bicycle than with
the N5P3 and NAPQ monocycles.

Work to date suggests that two primary amino groups (P-NHR) are necessary
at P, and P. for bicycle formation (54). Hence a likely reaction
mechﬁnism ig loss of HC1l from one site followed by N-H addition across
the P=N bond generated. .

R

7
/N\ 7
AN -HC1 \\ﬁ_—\} o

N
Cl—P—DNHR —> —NR > TN &
/ / " P\<
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The existence, structure and reactions of related monophosphorus species
RéN-—-Pgiigg has been discussed elsewhere (40). One apparent exception to
the observation that two P-NHR groups must be present for bicycle forma?ion
to occur has been reported. In the reaction of N PACl with dibenzylamine,
NH(CH.Ph),, a bicycle, N,P [N(CHEPh) 1 (NCH,Ph, wds'isBlated in small yield
(58). Whilst dibenz#lﬁmine s kfiodn to disproportionate under drastic
conditions (cf. 59)

NH(CH,Ph), T—— NH,CH,Ph + N(CH,Ph)y

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, e.g.,

NP0l + NHMePh —> N5P5012(NMePh)3(NHPh) (60)
NP;Clg + PhNMe, ——> N3P5015(NHePh) (61)
PhP(8)Cl, + NH(CH,Ph), —> PhP(S) (NHCH,Ph)[N(CH,Ph),]  (59)
1>(o)013 + PhNMe, —> P(o)(NMePh)B» (61)
P(s)c15 + PhNMe2 —_— P(S)CIZ(NMePh) (61)

Remarkable is the complete replacement of chlorine atoms in the above
bicycle by NgCH h), residues, when in the related monocycles NBP Cl. (62)
and N, P C}g the maximum degree of replacement bg this amine sé £
obserﬁaf i N5P3014[N(CH2P11)2]2 and N4P4C14[N(CH2Ph 2]4.

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

MOLECULAR REARRANGEMENTS

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

e.g., RyP-0R —EX . RiRP_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. ZProton migration will be
discussed in a separate section under tautomerism.

An example of the Arbuzov reaction, particularly relevant to this lecture,
comes from cyclodiphosph(III)azane chemistry. Both geometric isomers of
the alkoxy-derivative, [(MeO)PNBu®l,, were converted on treatment with
methyl iodide (or under more forciné conditions without this reagent) to
the corresponding mono- and di-rearranged products (45).
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% % %
o ?u m
~ N\ ~ N\ ~ N\
MeO—P p-ore = Oy P—orMe ek, O=p r_Me
~._ 7 ° Me ~ Me \y/ 0
|
Bu® Bu® Bu?

In the alkoxyphosphazene-oxophosphazane rearrangement first discovered by
Fitzsimmons and Shaw (69, e.g.,

RQ_ //OR RO 49
/P% /P\
N N RN NR
I e & I
RO\P P _OR or A OQP P¢0
~ e N
RO~ TN\ g~ OR BRO” T~ 7 “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\P/on RO\PéO
- N -
~ R'N e
I [P S | |
RO R 0au 0
RO:P\ /P:on R0>P\ /Pfoa
NZ N
R'

The same type of mixed derivative had been observed earlier in alkyl halide
catalysed traditional Arbuzov reactions (64), and very recently (45) in
cyclodiphosph(III)azanes.

But ' But But
N N N
7N N 0 Me 0
E40—P P—O0Et —Ly E0—p 70 el "7 \Pf
Ny '\N/ NMe 0= \N/ Me
| | |
Byt Bub Bu?

(£40) ;P —BX_, (Et0) ;RP=0

The Arbuzov reaction is believed to go through a gasi-phosphonium inter-
mediate and an example of this, [Ph eP(OCHzcnea)(]l Br, has just been
crystallographically characterised ).

The alkoxyphosphazene-oxophosphazane rearrangement has been examined in
some detail for the methoxycyclophosphazenes, N5P3(0M3)6 (65, 67), and
N4P4(0Me)8 (65, 67). The former gives one,

N3M65P303(0Me) 39 the latter two isomeric rearrangement products,
NuneaP‘}Ou(OHe) 4+ Starting materials and products have been examined by

n.m.r, spectroscopy in solution (67) and all except NBPB(OMe)G, by X~ray
crystallography in the solid state (cf. #0). Whilst
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31?, 1H and 13C n.m.r. spectroscopy shows two environments each for
phosphorus, NMe and OlMe, in the trimer, N_Me P5°3(°He) , only one
environment each was observed in the tetr: eé derivétives,
NAMe#P494(OMe)4.
Crystallographic studies show that in these alkoxyphosphazenes and oxophos-
phazanes, bond lengths and angles change in a predictable manner.
passing from the g?ﬁsphazene to the phosphazane, the P-N bond,lengths
increase and the angles decrease, whilst the exocycle 0=P—0Me angles
increase. The rearranged trimer has a trans-structure and adopts a
pronounced boat conformation. Both the tetramer derivatives are highly
puckered and have 2-trans-4-cis-6-trans-8-, and 2-cig-4-trans-6-trans-8-
structures, respectively (see ref. 40),
Other examples of this rearrangement

N:P;(0R)g ——> N;R;P;0,(0R)

(R = Me, Et, Pr®, Pr', CH,Ph)

and NﬁPA(OR)B —— N4124P404(OR)4
(R = Me, Et)
have been reported, as have been mixed derivatives (65)
1 v - . LI i
NBR 3P505(OR)3 R' = CHzPh, R = Me; R' = Pr,
CH206Hﬁ727N02, R = Et)
) _ pad
and N4R 4P404(0R)4 (R' = Me, R = Pr7).
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), e.g.,
NP (0CHCF,)g = NP, (0CHCF5)g
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, e.g.,

R
(RO) P—NSOAr ——> (R0),P(0)NSO A

as did Pudovik and coworkers (70).
(Et0) Zlf':NPh — (Et0) gﬁ—m
O—allyl 0 allyl

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

Rl
(RO),P—NPh + R'X ——> (RO),P(0)—NPh

Me
and (MeO)3P==NAr + Mel ——> (MeO)zP(O)-—NAr

%ggge reactions remind one of the well known Pischtschimuka rearrangement
, .

(RO)3P=S + R'X ——> (RD)2P(0)_.SR'.
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0 >0 as well as O->N migrations, thermal as well as catalytic, have been
observed in more complex systems, e.g., : :

(E40) 5PmN—Clte 2 (£t0) P —_—gne (73)
0 0 R
— \ A — R

(RO) P=N—FR', —E> (RO)P—N=FR', (74)
0 0  OR

(M30)2ﬁ-—N::?Et2
0 OMe

(MeO) 5?=N—-ﬁ?£t2 (74)

N N

The polymeric alkoxyphosphazenes, [NP(OR)2]n also undergo a thermal rear-
rangement to the corresponding = oxophosphazanes [NRP(O)(OR)]n.
Thus alkyl shifts O->N are well documented. =

Whilst however proton and silyl shifts NN 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 N->N alkyl group migration where one phosphazene centre was
destroyed whilst another, less nucleophilic one, was created, e.g.,

' '
R2§¢,NR /,NllkR
—_—
\\NAlkR" Q§NR"
R
'
R\P/N\R. R\P/NR
T NN
N N N NR'
R\H l/a —_— R\“ |_=
rR-F TR N
N NZ

Silyl group migrations have received a good deal less éttention. 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:

/61Me5o
R‘\\9 lv,/’R
//P::N——P\\
R R

(R = OMe, OEt, OPr™, NMe,, NEt,, NPr,)

These contain three potential sites for the HeBSi group, two oxygen atoms
and one nitrogen atom. No evidence could be “adduced for the migration
O-3XN in this system to give a phosphazane

R_O ?1“63 9’/,R

~N
R'/, \\\R
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Instead, a rapid 090 exchange between the two phosphazene structures was
observed.

¢ /SiMe5 . Fe 581\0
Nyt — N
—N— — —N=
R/ \R R/ \R

Kabatschnik and coworkers (76) came to the same conclusion as Riesel and
coworkers (75).

The above is in contrast to the rapid O=N MeBSi exchange in organic acid
amides. Thus an equilibrium of the Oand N silyl “derivatives of the aromatic
acid amides was postulated, based on n.m.r. spectroscopic evidence (77).

/S:|.M35
—-‘W—C——Me — N=C—1DMNe
R S:LI‘Ie5 R
The hypothesis that it was a genuine Measio:NSiMe shift, rather than

hindered rotation about the C=N bond, -“was strengthéned by similar
observations in a cyclic amide system (77).

CH,— CH, CH,— CH,
CE, SN CH,
r—
N c - ‘ N=——7C -~
— ,
| o \O—SiMe5
S:‘L!‘Ie3

A derivative, Me, 8i—0—~PCl,=N—SiMe,, with Me,Si attached to oxygen as
well as to nitrogen has beefl reportedz'by Glemse? and his coworkers (78).

It should be noted however that the starting material, a phosphazane, for
the products studied by Riesel (75) has a proton attached to nitrogen,
whilst the product, a phosphazene, has the MeBSi group atgached to oxygen.
iMe
3

O H O (0] 0
Bl 1 I-F Ny [P
_ P—N —P\ + (MeBSi)ZNH —_— P P—N—P
R R R g
A similar observation has been made by Vilceanu and Schulz (79) in cyclo-
phosphazene chemistry, although the structures were not rigorously estab-
lished.

N5EP5(0) (OMe) 5 ——————> NEPB(OMe) 5(OSiMe3)
N4HP4(O) (0Me)7 —_— N4P4(0Me)7 (OSiMeB)

The above phenomenon seems fairly widespread in organic chemistry, e.g.,
nucleosides, where NH starting materials give rise %o OSil“Ie5 products (80).
OSiMe

HOCH, NH —————> MeBSiO—CHa

3
B
0 NéL 0SiMes



1084 ROBERT A. SHAW

Generally speaking, organic and inorganic acid amides with structural units
(MeBSi)eN- and M=0 appear to be absent, the isomeric Measi—N=, and

HeESiO—M forms being preferred, e.g.,

0 0—SiMe

Z e 3

r—c” _— > R—C (81)

S Nm ’ Xy siMe

2 3
0—8iMe

(E0) ,p —NH, —> (Et0) 2N (81a)
0 N— SiMe,

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

I\P/X Y\P/X—SiMe5
S Np s I
Y N—Sille, Y N—2
Z
@) (X - 0, NB, CR,) ®)

With few exceptions, when X = O or CR,, the right-hand form (B) is the only
one observed. For X = NR the situation 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 substituentsY are electron-withdrawing no
rapid (1,3)-silyl shifts are observed. If (4) amd (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, e.g.,

R= But Me581\ l;le .
- N—I”:N—Bu

" Me 531/ Me
MegSi =~ T° Me_SiN
N— :?:
7 Me .
R=Me Me 5:’:5:. N I;Ie
N—P==N—silte,
Me e
Me 581 ~ Ne Me.SiN Me 3Si ~ I;Ie .
N—P: — R I N— P==N—Silte jBu
Bu"MeZSi/ Me MeSi 7 Me
TAUTOMERISM

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

—_—

(H0) 5P Q- (HO) x

There is little reliable evidence for the three-coordinated tautomer,

alvhough 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 compounds, e.g., RzP(OH) :T‘,RZH:P—_—O
is similar.

Schmidpeter and Rossknecht (84) have examined the related aminophosphine T——
phosphazene tautomerism.

R,P— NHY 2 REP=NY

They were never able to observe spectroscopically an equilibrium; only
either the aminophosphine or the phosphazene was detected. Base strengthen-
ing groups (R = Me or Ph) were attached to phosphorus, acid strengthening
groups [Y = soacFB, 80,CcH,Me, P(8) (OPh),] to the nitrogen.

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

R21I°=N—ﬁ’R' 5 + R"P(OP),
NH, NH, l
"
i" R \P/H
¥ |
i —_—
“ I NPT ” l
R~ B R~p PR
R yZF R g N

(R = Me, Ph, NMe,; R' = Me, Ph, NMe,; R" = Me, Et, OFh)

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, i.e., 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 (e.g., O or N) and a P-H bond.

Another type of 0 =—SP or NP 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, e.g.,

0 0 ~0_ H _0—
\P/ \/\OH prmm— \1I>/
L Lo~ \OA
—O 0 R —O0 H 00—
N, W DY
o yd \’."‘

R

0 0 R 0 H 0
S W i

y Ny

R R R

(R = H or alkyl)
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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 OSSN and N=—N. Whilst none of
the latter have been observed in compounds of the type N5P336_n(NHR')n
to give rise to segments of the type = =

R \\\P-//,NHR' R~\\ Ptﬁ’;
S~ Qibf ~ \\\?H

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

NRI

R\P/OH R\P/O
- %ﬂ‘ < S m

N;::fN 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, e.g.,

NP (NHR)6,HCI and N, P (NHR),,HC1, if R is small and exchange processes
méké all® 21P and'r levam? 1H signals equivalent at ambient temperatures.
An egample of this is the 2,4-trans-derivative, N3P5(NM92)2(NHEt)4,H31 (37).
The 1P spectrum of its parent base,

NEPB(NM.e2 2(NHEt)4 is of the AB, type (parameters as indicated).

N N
Me N ~_ PR - WMe,, MeN. 3 _Nlle,
22.8 —=—5P, WP e—ZS22.8 17.3—°5P, B e—=17.3
EtHN -~ N NHEt EtHN") NHEt
H ‘ HC1
N N N
~§ A~ ~§ 2~
AN /T\
BtEN | NHEt EtHN | NHEt
18.9 2.3
25(A-B) = 42.1 Hz 23(A-B) = 30.0 Hz

The facts that J(A-B)is reduced in the hydrochloride and that both 6, and oy
change by about the same amount show that some protonation take%

place at N(1) and N(5). As the spectrum remains of the AB ty%e it also
indicates that fast proton exchange occurs between N(1) afid N 55. A slow
exchange would have changed the spectrum 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 chemic%lly equivalent ring nitrogen
atoms to be observed. Thus for N,P, (NHBu®)_,HC1, both 7P and TH (of
C-GH3 protons) n.m.r. spectra show this pheﬁomenon (8).

R g B I g % R g ¥
R—P—N—P—R X—pP—N—P—X X—P—N— P—X
|+l |+l |+l
N N N N N N
I I I I l I
R-—-f———N:::f—-R Rr-f———N:::P—-x X——-?——-N:::f—-x
R R X X X X
4 equivalent sites 4 equivalent sites 1 unique site

(R - NHBu®, X = MMep)
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Non-equivalence was also demonstrated for (the four otherw1se equivalent

rlng nitrogen atoms of) the 2,6-derivative, NAE@(NHBu )Z(NMe2)6,HCl from

its 'H n.m.r. spectrum. In the 2,4-isomer, even in the free base there are
three non-equivalent sites 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 significant residence time.

Proton shifts have been reported for sp1rob1(cyclotrlphosphazatrlenes) (89)

(all four non-spiro phosphorus atoms are equivalent in solution as shown
by 5P n.m.r. spectroscopy).

PN
PPh,

Po P
| |

\/
//’ ~

/

ll

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

R N-Ar R
~ 444 N ///NHAr

P P
~N N
7 nmAr’ R N pup
nhere'ﬁ?yv§ne 1n1t1ally demonstrated by means of infrared spectroscopy,
viz. 91
’ Voo ean Vg_g e
conjugated unconjugated

EtO\P/N G—Me .
B0 \OEt
EtO\P /m—ﬁ—m o
~
0”7 o
B0 N—f—Me
P 1600
EtO NHPh
B0 N—§—Me |
1 3¢ 1609 1704
60~ NE-G—Me
B0 N '1;(012 )y |
P 5 1710
N o
Et0 NHﬁ Meé

The basicities of cyclic (1, 39) and acyclic (90) phosphazenes have been
extensively studied and the data are now sufficiently precise to allow
predictions of sites of protonation in most cases,

P.A.A.C. 52/4—V
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One is studying here the equilibria B' + H*;:ﬂ[B'H]*, i.e., the base is
neutral, its+conjusate acid positively charged. In tautomerism we deal
with B + H' T—=[BH]* 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 hydroxycyclophosphazenes. The fully hydroxyl-
ated species, N3P3°6H6 and Nthosﬂg, are without doubt entirely in the oxo-

phosphazane forms (cf. ref. 40). A considerable number of monohydroxylated
species are known, mainly of the trimer, e.g.,

N;P,R-OH R = CPh (92), OMe (79), OCHCF; (93), Fn (94)
gem. -N,P;Ph,R,0H R = OMe (95), OEt (92), OPr™ (92)
gem. -N;P,Ph, ROH R = OMe (92), OEt (92)

gem. - ;P (NEBu®) ,(Olte) ;08 (95)

gem.-N3P5012(NEt2)§H1(96)
and at least one tetramer derivative, N4P4(OMe)7OH (79).
Higher hydroxylated compounds have also been reported, e.g.,

NP5 (OMe) ,0H, (92), N P/OCHCF,),0-H, (93), N,B,PhcOH, (97),
N§P5(OCH20F5)30533 (9%2) and N5P5(00H2Ph)505H5 (92).

For all of the above, except N.P PhSOH (%4) and N,P Ph602112 (97) (which were
described as hydroxyphosphazenééé the oxophoqﬁ%éﬁne structure was
preferred.

Four possible tautomeric forms gc — F) of the monohydroxy trimer are
feasible [one OH(C), three NH (D — F)], of which the two a-tautomers (D)
and (E) are equivalent, if the two non-hydroxylated phosphorus atoms are

symmetrically substituted (R = R') (x and vy indicate positions relative to
P-OH or P==0 group).

n 1
HO\\P’/,R O;Q:P//R
R TN
N N N NH
R— "~ ~R' R— ~R'
NZ ~5F
©) @)
| "
O\,/R O%P/R
~ ~ ~—

N N HN N
R“\l‘ “/fR' R.\_| lL,R'
P P P P
R~ ~R R— ~NR'
\N/ \N/

H
(® ' (®)

Hydrogen bonding is possible, indeed likely, in all four cases. For (C)
one has the likely units



Phosphorus-nitrogen compounds 1089

~ A
//P-—-O H N::

for (D) = (F) these are

\/—o HE—N_

- ~
Obviously if the hydrogen bonds become particularly strong, as in the very
short and symmetric hydrogen bonds in O--:--- O systems, the above ceases to

have any meaning (98).

Pautomers (C —> 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 N3P3Ph5on has tautomer (C) been postulated (94); for all others,
structures based on N-H tautomers have been explicitly or implicitly
assigned. Thus, e.g., for N5P5(0Ph)503, gem.—NBPath(OR)5OH, gem. -

N3P3Ph4(OR)OH, infra-red evidence was cited in favour of P=0 and N—H
groupings (92).

Molecular weight determinations in solutions indicated dimer formation for
gem.-N5P5012(NEt2) 500 (96), N5P3(°M°) £OH 79, N4P4(0Me)7OH (79), gem.-

NzP;Ph.(Ote) ;0B (95) and gem.-N5P5(NH.But)2(OMe)5OH (95). Wnilst 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), (E) 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 turn might be similar to =P(OR')R. In
addition, one would expect changes in phosphorus-phosphorus spin-spin
coupligg constants. Thus, a P—NH—P unit would be anticipated t¢ show a
lower 2J(P-P) value than an otherwise analogous P=N—P moiety. 1P N.m.r.
spectroscopy might thus be expected to give the following general results:
tautomer (C{ and (F) would give AB, (or sz) spectra provided both non-
hydroxylated phosphorus atoms have™ the same substituents. Tautomer

(D) and (E) would give AB, (or ) spectra unless the two a-nitrogen
positions became non—equi@alent efther through (i) both non-hydroxylated
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 AMX) 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=(8'-HE") + HF =3B + H

B = N5P5 50 B' = N5P5R5°H

Provided we need to differentiate only between tautomers (D) and (E), we
need to make no assumptions regarding the electron releasing properties of

"\ /0 \\ Cl
the ~ P moiety relative to P’/' . (The P-Cl bond is the standard
e \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):

PO~ > PhNH2 > PnOMe > PhOH
A similar order is observed in electrophilic aromatic substitution (100).
In phosphorus chemistry we obtain similar information from P-O bond lengths

in a series of related compounds about electron back-donation in the ground
state.

Compound P-O bond length ()
+
PhBP—O' 1.46(1) (101)
+
thlfeP-OCH2GMe5 1.568(4) (66)
Ph31>-0H 1.64(1) (102)

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

P—-0 > P—O0Alk > P-OH

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

I have examined elsewhere (1) likely causes for the exceptionally high
basicity contribution of the triphenylphosphazenyl group, PhBP::N, for
which = 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.
% se%ectéo? of relevant substituent constants ap and YR are given below

1, 2, 103).

R ap YR
NE, 6.0 2.7
NHMe 5.8 3.1
NEEt 5.8 3.6
NMe, 5.6 2.8
OMe 3.6 1.8
OEt 3.9 1.95
oPrt 4.2 2.1

Hence, it seems not unreasonable to give -0~ at least as high a substituent
constant as that of an amino group, say = 6,0, As in general = 2y
I assume Yg = 2.0, ’ ' R R B’

Using the established substituent constants for cyclotriphosphazatrienes
and the earlier calculated value of -20.4 for NP 016 (104), we can now
calculate the relative basicities of the three 33 precursor conjugate
bases of the tautomers (D —> F but not C) of NBPBRSO-' Tautomer (C), as I
have discussed earlier is less probable than tautomers (D —>-F3. If
all substituents (R, R', R") are the same, tautomers(D) and (E) are equiv-
alent. I will first examine R = NMe,, i.e., NBPa(NMe2)5OH.
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Tautomer (D) Tautomer (F)

precursor base) (precursor base)
Yo- 500
16.8 22.4
o"NI‘Iea
YNMeZ 5.6 2.8
Statistical effect (105) 0.3
PK', of N5P5016 (104) -20.4 -20.4
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 % and v, from 6.0 and 3.0 to say, 5.0 and 2.5
respectively, the calculated values B (D) and (F) would both be 7.3., i.e.,
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,R.07, we can see at which assumed values of op
(and vy) both a- and Y—tauhaoée s would be present in approximately equal

pro ons.
R 000" ‘ ) Yo"
NM62 5.0 : 205
NHEt 4.0 2.0
Fh 3.0 1.5
OMe 3.0 1.5
OPh 2.0 1.5
0(3112(JZF‘5 1.0 0.5

In other words, in the more basic compounds a relatively small decrease in
the substituent constants assumed would favour 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 9= = 270-
ratio would also shift the equilibrium predicted.

Thus, these calculations (using oy~ = 6.0, Yo~ = 3.0) suggest that tautomer
(D) f:(E)] (R = R' = R" = OMe) is the prefer¥ed form for NaPB(OMe)5OH,
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 57P spectrum is of the AB, type (95).

For N.HP,(0)C1l,(NEt,), (96) the situation is more complicated, as (D) and
(E) afe fo lonfer eatﬁ:?(walent. Calculations as above yield values for proton-
ation sites (D), (E) and (F), of 2.1, -2.7

-0 NEt and-%.% respectively. Basicity calculations
~N - 2 obviously point to tautomer (D). Crystallo-
/P\ graphic investigations confirm this for the

(D)N \N(E) s0lid state (96). It is a dimer in benzene,

its 21P spectrum is of the ABX type (shown in
the Figure) whose interpretation is compatible
EtzN\ ~Cl with the calculations and the crystal
Et N~ P\N‘¢P\01 structure.

¢))
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i

20 )
Figure. The p {4H} n.m.r. spectrum of N5HP3(0)012(NE172)5 at 36.43 MHz.

The basicity of N, HP,(0)Cl (NEtz) has been measured earlier in nitrobenzene.
A value of -2.7 wds found €106)2 2Provided a§ and Y, values are not (or not
much) changed in the cyclotriphosphazadiene Yrom thgse derived for cyclotri-
phosphazatrienes, sites (E) and (F) in the phosphazadiene, N5HP5(O)012(NE1:2)3
_ should have basicities in
(0] NEt2 nitrobenzene of -2.7 and-3.3 respectively,
\\‘P”, lowered of course by the effect of protonation
27 at site (D). As mentioned above, -2.7 was
(D) ﬂ:h N (B) observed experimentally. Provided the above
assumptions are all correct, this would imply
Et l H,/Cl either that the effect of protonation at site
EN\‘~? P (D) was negligible (less likely) or that the
Et N~ =N-"*~Cl1  values assumed for a,- and Y,- are too low
1) (more likely). In aly 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 furtber examples: gem.-
N5P5Ph2(OMe)3OH. Calculations suggest that both a-tautomers (D and E) might
3 be present. It forms a dimer in solution in benzene (95) and
its 7P 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, R' = Ph, R = R" = OMe) shown.
Basicity calculations indicate its precursor

base to be marginally more basic than that 0 OMe

of tautomer (E?. Qt;P,/

For gem.-NBPB(NHBut) 4, (OMe)OH, calculat- v

ions suggest the possibility of the y-

tautomer (F) being of the same order of MeO Ph

basicity as the a-tautomers (D and E). >~p p7
MeO~ "~ = ~NPh

It must be stressed that small changes in NZ

basicity will cause large changes in the

tautomer population and whilst basicity substituent constant calculations
often provide a reliable guide for the determination of structure of
positional isomers (1, 39), 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
phosphorus-nitrogen chemistry. In particular, T have endeavoured to
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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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