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INTRODUCTION

In 1919 Staudinger and Meyer reported the {irst synthesis of phosphazo compounds by the reaction of
tertiary phosphines with organic azides.'

R3P + 331-—+B3P=N-N=N-—X —-—:—K;E-"‘ R3P=N-X (1)
Phosphazide

This pioncering work was ahcad of its time. In the following threc-four decades only a few articles
on thc subject have appeared, and the number of known phosphazo compounds, up to 1950, did not
exceed about a dozen. In 1950 Kirsanov discovered the phosphazo reaction, ic. the imination of
phosphorus pentachloride and its derivatives by compounds containing amino groups.>*

-y \
SPCl, + HoN-X — = 3P=N-X (2)

This discovery initiated an extensive development of the chemistry of phosphazo compounds and
renewed the interest to the Staudinger reaction.

Later. Kirsanov er al. found and cxamined a variety of new oxidative imination reactions of
trivalent phosphorus compounds producing. as the Staudinger reaction docs, the phosphazo
derivatives.* A substantial contribution which extended the arca of exploration and utilization of the
Staudinger reaction was made by Kabachnik ¢t «f. They demonstrated that. besides the tertiary
phosphines, the csters of phosphorous acids may also be used for the preparation of phosphaso
compounds.® This fact revealed new possibilities of the Staudinger rcaction and prompted its
application to the solution of some fundamental theoretical problems in organophosphorus
chemistry.

To date, some hundred articles and patents have been published which cover the synthesis of
phosphazo compounds via the Staudinger reaction. Using this procedure one can prepare most of all
conceivable phosphazo compounds having different substituents at the P and N atoms. The
Staudinger and Kirsanov reactions complement each other and provide the main synthetic tool for
preparation of compounds with the P=N bond.

The phosphazo reaction is gencrally used for the synthesis of P-halogenated products. The
Staudinger reaction, on the other hand, is morc convenient for the synthesis of P-alkoxylated. P-
thioalkylated-, P-aroxylated and P-aminated phosphazo compounds. Either of the two methods can
be applied to prepare the P-alkylated and P-arylated derivatives. In each case, the choice is
conditioned by the availability of starting materials and by preparative considerations.

Some aspects of the Staudinger reaction have already been reviewed.* °* 7-* The main object of
this report is to provide a comprehensive survey of the preparative possibilitics and mechanism of
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the Staudinger reaction. A special section exemplifies the use of the reaction for analysis of some
organic reactivity problems.

As a tribute to memory to the outstanding German scientist, H. Staudinger (1881 - 1965), we hope
that this review will be helpful not only for those who work in the field of organophosphorus
chemistry but also for other chemists.

1 SYNTHESIS OF PHOSPHAZO COMPOUNDS BY STAUDINGER REACTION

1.1 Imination of tertiary phosphines. Although the reaction with organic azides is typical for all
tertiary phosphines—trialkyl and triaryl phosphines, mixed phosphines, unsaturated phosphines,
diphosphines, etc. triphenyl phosphine which is easily accessible and convenient in operation is
generally used. A variety of aliphatic and aromatic azides,'-”~*® azides of carboxylic,” 1®-2%:3¢ 740
imidic*! and carbamic’?*? ** acids, guanyl azides,***® cyanogen azide®’ sulphur-,
12:16.22.31.36.37.45- 32 phagphorus-'*2293-¢! and metal-containing organic azides®>’’ can be
employed for imination. Only azides of thiocarboxylic acids (¢f'? %) and sulfinyl azides™” fail to
iminate tertiary phosphines. Alkyl and aryl azides are usually preferred.

Almost all known phosphazoalkanes and phosphazoarenes including those with active functional
groups. phosphazobenzaldehydes,?* 2% #° phosphazoanilines,”’ phosphazobenzoic acids,'’ and
phosphazophenols®® were prepared by the Staudinger reaction. Many of them cannot be obtained by
the phosphavo reaction or by any other method. The Staudinger reaction is very useful in the synthesis
of phosphazo compounds having complex organic residues at N atom, phosphazoquinones,®' ~**
phosphazocarbohydrates,**** heterocyclic systems,*® "' organic dyes containing auxochromic
Ar,P=N groups,' 253092 9% ynd unsaturated phosphazo compounds.*-95-9

The imination of diphosphines yields bisphosphazo compounds®3-*%:¢2~71-%7-98 which are
starting materials for the synthesis of heterocycles and polymers.®” This reaction can also be carried

out in a stepwise manner.’ "%
PhN PhN
3 :
Ph,PCH,PPh, — 2~ thlI;CHQPth—-—-———}—»— thﬁ‘"ﬁzf,’?hz (3)
NPh NPh NPh
Me3SiN3 Me3SiN3
Alk,P-PAlk, —2—2» Alk,P-PAlk, —Z—2— A1k, P-PAlk, (4)
2 2 2y 2 pn 2
Me3SJ.N Me3s:m NS:i.Me3
2 Me38m3 1
The treatment of diphosphines with diazides yields phosphorus—nitrogen polymers:®?
Me
N
S/ N\__B 60 °c
—(CH,).~PPh Sp 15 R
Ph,P-(CH, )y-PPhy  + N7 NNy -
3 % 3
Me
r -
lgl[e
S N S
X \Pf Ph Ph (5)
N~ N\g~ N=%’-(CH2)n-."L’= n=1,2
h‘da Ph Ph x
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The imination of tertiary phosphines by organometallic azides is one of thec most important
methods for the preparation of trialkyl- dnd triarylphosphazo derivatives of silicon.”* ™!
germanium.®” 777 tin®”-72 7% and antimony.”*

The Staudinger reaction is also unique in the synthesis of phosphazo compounds from tertiary
phosphines of complex structure, in particular, those containing active functional groups or multiple
bondS.ZZ.Zb.Jﬁ. 52.100

Table 1 lists the most typical and interesting examples of triphenyl phosphine condensation with
organic azides. Table 2 illustrates the Staudinger reaction for tertiary phosphines of complex
structure,

The imination of trialkyl and triaryl phosphines with hydrazoic acid is a very important method
for the synthesis of phosphazohydrides.”-1"? 104

RyP L | RyptE | s, [RyNm )N, 222°, g ponm
(6)

The free phosphazohydrides arc obtained by treatment of their hydrazoic salts with such strong
bases as sodium amide'®* and metallic sodium'®2 13 or with triphenyl phosphine.'"*

T
[PhBPNH2 ] N + Ph,P " 2 Ph_ P=NH (7)
3 3 - 3
2
Table 1. Imination of triphenyl phosphine with organic azides
Refeo-
Azide Phosphazo Product ron—
ces
Phl'l3 Phl\':PPh3 1
Phe( o)hi3 PhC(0 )N:-.PPh3 9
PhSO,N, PhSO,N=FPPh, 12,48
Me(EtO)P(O)N3 He(EtOJP(O)N:PPh3 101
Ph;SiN, PhyS1K=PPh, 63
NCN.5 NCN:PPh3 47
N3 lﬁ:PPh3
) e -
PhCH:C(Ph]Iﬂ3 Pl’lCI‘L—_C(Pl’l)l\l:PPh3 26
PhOCH,C(0)N5 PhOCH,C(C )N:PPh3 40
€1 1 Cl C1
N_\ -N3 N _\ N=PPI’13 91
Cl ¢1 ClL Cl
F‘CCH?N3 FcC}igb}:}’Ph} 35
(Et0),P(Q)NHC( O)N3 (E20),P(0)NIHC( 0)I€=pph3 43
,/O
( t-Bu. 0),P(0)N; (t-Bu 0),P7 61
lv':PPh?’
0=P( N, )3 0=P(N=m>h3 )3 56
(CGFS)?.PNB (CGF5)2PN=PPh3 6C
HesZSi(N3)2 IudeszSi(li3 )N:I’Ph3 68
Ph,GeN

3 3 PhsGeN=PPh3 62
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Table 2. Imination of tertiary phosphines with phenyl azide and tosyl azide

Referen—
Phosphine Azide Phosphazo Product ces
Ph2P06H4CH0-p I’hll3 Ph2ﬁ0634CH0-p 32
NPh
th PO CPh PhE 3 th'Pc ==CFPh 26,34
Ph
PthCBJHEtQ Toe;ll3 thPCECNEt2 52
Tos
(II(O)BIEt2 (l:(O)NEt2
I’th'(:=c=(2Ph2 To sH3 Ph2P0=C;CPh2 100
Tos
Ph,P==C*+PPh ta- Sop=s ta-
5 3 Cl PhN3 Ph3P—(ll—-PPh.5 Cl 33
MeQI’ h'.ezP:NPh
EtzPCH( COOBt)2 Toahl3 Etg,I;CH( COOEt)2 31
NTos
Ph-U-Ph PhN 3 Ph—O—Ph 22
P
N
1>h Ph/ \NPh
I’thCH2PPh2 2 PI':N3 thﬁCHzﬁPh2 g8
PhN NPh

Phosphazohydrides, especially triphenylphosphazohydride, are widely used for the synthesis of
phosphazo compounds with different substituents at the N atom (Section 4).

1.2 Imination of esters, thioesters, and amides of phosphorus(I11) acids. The use of esters,
thioesters. and amides of phosphorous,5:16:38:43.55.56.59.73.83.85.101.106 142 phog.
phOﬂOUS,Sb‘lOI J07.109.116.125.126,142 148 and phOSphinous acidsﬁﬁ.lo&l 09,116,117,126.142.145,149 155
in the Staudinger reaction considerably extended the limits of its application.

Table 3 lists scveral groups of phosphazo compounds prepared by imination of phosphorus(I)
derivatives with organic and heteroorganic azides. Many are prone to various prototropic and
elementotropic rearrangements. In some cases these processes are so facile that the cxpected
phosphazo products cannot be isolated. Phosphazo compounds bearing methoxy or silyloxy groups

AN
at the P atom as well as those with a triad system N-P =N-, phosphamidines, are particularly
N

labile.

These and some other unusual examples of oxidative imination, including the intramolecular
variants of Staudinger reaction, and condensation of bisfunctional azides with phosphorus substrates,
are discussed in Section 3.1.

1.3 Imination of trivalent phosphorus compounds displaying low nucleophilic reactivity. Halides,
isocyanates, and anhydrides of phosphorus(II1) acids arc less reactive in imination than their csters
and amides or tertiary phosphines. The ability of PCl,, PhPCl, and Ph,PCl to react with azides was
revcaled only in 1966, about 50 years after Staudinger's original study.'®-*7-'1%-14" By that time, the
corresponding phosphazo compounds had already been synthesized by the phosphazo reaction. To
date, it is the most convenicnt method for the preparation of such chlorinated derivatives, while the
Staudinger reaction is, in this case, mainly of theoretical interest. However, several phosphorus(III)
compounds, such as isocyanates, mixed anhydrides, aminohaloidphosphites and phosphonites
probably can be iminated only by the azide method (Table 4).




Sinty years ol Staudinger reaction 441

Table 3. Imination of derivatives of phosphorus(I11) acids with organtc and heteroorganic azides
Phosphorus Refe-
Compound Azide Phosphazo Product gzg-

Phl (Et0)5P=NPh 5
meSO2N3 (Et0)3P=NSOQMe 111
(Et0)3P phc(o)N3 (Et0)3P=NC(O)Ph 114
(EtO)zP(OJN3 (Et0)3P=NP(o)(oat)2 110
MezP(S)N3 (Eto)3p=NP(S)Me2 127
M9351N3 (EtO)3P:NSiMe3 137
EtP(0Et), PhN £%(EtQ),P=NPh 144
o, ét:o\ Ole
POMe Phi,, 130
a::o’ 3 o’E*uph
(EtO)ZPOSiMe3a PhC(0)N,, MesS10(ZtC),P=NC(0)Ph 135
(Me N) ;P PhN (Me,N ) P=NPh 113
(Lwyge PhC(0)¥, (Cwyye=iic(o)p 12¢
(Et,N)5P MeySil, (Et,H)sP=lSile, 137
t-Bu. t-Bu. lie
‘] °>POMe Phil; ][:O:P’D 141
N NPh
t-ﬁu t-Bu
= | l Xy Gkt g
(Zt0),PN=! N-P=N.. 115
2 N N;*h £§
L [} T Bt o _
Bt Et BF,” Et BF,
PhP(0E%), Ph(Et0),P=NP(0)(COEt), 116
Et,POEt (28C)pp(C)N, Lt (L40)P=NP(V)(0EL), 116
Et,PNEt, ;tz(htzﬂ)PzNP(O)(LEt)e 116
) N=PPh,
Ph,PN=PPh, PhiV s Ph,,F, Sxh 156
: (COoEt), P o (B40).E _CH(COOEt), .
(Et0) ,PCH(COQEt To EtO 14
2 2 3 ERS XN Tos
- 4
-+ ,CHS(0)¥e,
(Et0),PCHS(O e, Phii5 (Et0 R eh 148
) EPh H ( ) ANEER
(Et0), PN p-NCC.H N E40),2 117
2 67473 2 *Ncsﬂ CN-p
N(Me)P(O)(OEt)
/ 2
(Bto)zmllp(o)(oat)2 Phi5 (EtC), Nueh 139
Me
(E+0) . (40), 7 N(Pr-1)CH,COCES
Et0),PNCH,COUE® P Et0 138
22 3 #3ph
i-Pr
o HSiMe3
(t-Bu),PNHSiMe, Me . SiN, (t-Bu), ¥ 150
37 SNside,
N(SiMe3)2
Me,PN(Sille, ), Mey SNy lie, §N31He3 151

2 Por the reaction of O-silylated phosphites with phenyl azide
gee Section 3,1,

b For the reaction with phenyl azide see Section 3.1.
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Table 4 Imination of weakly nucleophilic trivalent phosphorus compounds

Refe-
Phosphorus Azide Phosphazo Ton-
Compound Product ces
PCl PhN, Phi=pC1,2 149
PhECL, PhN, PhK:PClZPha 149
Ph,PC1 Tosly TosN=PPh,Cl 57
1
(Me,N),PCL PhN (Mezﬂ)ePQNPh 158
?ie g&e
N : c1
N\ N o
PCL PhN Eﬂ P 159
[:u/ 5 N SNEh
Me He
(5t0),PNCO Bo(O,®  (£20),20
Et0),P PhC{C)N Et0 160
2 3 2™ ™y¢(0)Ph
(Et0),P=0P(0)(CE),C (EtG),P(OJN, (£t0) P’OP(O)COE#}Q 6
— o BG 8 162
2 ¢ & 2 Wwrp(0)(0Et),
(210),PF CPsNy CF31|=P( OEt)2F 125
Me(EtOQ)PF CFN, CP,li=P(CEt)Flle 125
4 N(Bu-1)CHyCOOMe
F,P-N~CH,_COOMe PhN P 163
Rl 3 2 yph

t=-Bu

® Dimerizes to an aminophosphorane during the reaction!?’,

® No imination with p(nco);s‘.

© For imination of (Et0),P-UP(S)(0Et), see Section 3.1.

4 Por imination of F,P-N(Me)CH,COCEt see Section 3.1.

1.4 Phosphuazides. The primary imination products, phosphazides R;P=NN=NX. as a rule.
decompose during the reaction with loss of nitrogen. The intermediatc formation of the phosphacides
was first observed by Staudinger” in special runs carried out at law temperature, ca — 80 . However, in
some cases, phosphazides are quite stable under the usual conditions of the Staudinger reaction, ie. in
Organic solvents at 0-20, but- evolve nitrogen on heating at
S0 150 1313 1018374 S0 485187 Hed 108 §ame phosphazides melt without decomposition,
and lose nitrogen on heating above the m.p. The latter process is often accompanied by gum
formation or even by explosions. but in organic solvents the conversion of phosphazides to the
corresponding phosphazo compounds proceeds smoothly with practically quantitative yields.

The stability of a phosphazide molecule is determined by the electronic (a conjugative
delocalization of the cationic charge on phosphorus) and steric factors (screening of the P atom by
bulky substituents). Some examples of stable phosphazides are given in Table 5.

Besides the lincar formula A,''-®° the branched B'2"® und cyclic C'*? structures were also
proposed for phosphazides.

+
SP=NN=N-X SP=N-N=N" 3P—NXN
b |
X-N—N
A B c

But in view of the available chemical ®? spectroscopic,”™ ¥ and kinetic data (Section 2) the
presence of a linear skeletal P=NN=N framework in these compounds appears more acceptable.
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Tabie 5. Stable phosphazides

Prepara~ Refe~
Phosphazide tive Con- Iie P Hotes Ten~
ditions °e ces
Pm&:m»::y(csﬂﬂ}3 In ether 57-58  Decomposes 9
on cooling on standing,
gome timea
with explow-
sion
PM:NN:P(Ph)EtQ In ether, 51=52 Exﬁggesbgn 9
[ me g big
%:t -80 “C (dec,) samples
p.ozncsﬁ N:NII:;PGGH Cl-p In ether, 5758  Yields the 18
) 8 10 % (dec.) S3rrespon-
ding phos-
phazo compo-
wd on gentle
warning in
vacuum
Ph3CIJ=zm=PPh3 In ether 104~ In cald ben- 164
10% zene convertis
to the phos-
phazo compo~
and
n.sun.«_mb?phs In ether, 106 12
) 108
Q¢
{dec.)
O Ph
C-Naﬂﬂ:??% In boiling 73-74 44
ether
2,4,6~(0 C H N=NN=PP In ether 131 13
+446=(0pN)5CcH, hy In ether,
0 %¢ {dec,)
o]
é..m:NR:PP% In chloro~ 75 87
¥ torn (dec.)
| S
+#.N:NI~X:=PP§;3 In aceto~ 164~ 168
N © 167
-l. ne, 0 °C
Bt BF“‘ {dec.)
ToeN:NN:?P% In cold 101 51
‘benzene
Mex-.-.NNaP(NMeZ)?) In ether, - Decomposes at 132
5 O room tempera~
ture
e, N-N=NN=PPh In ether 161= 54
2 3 163
+
(BoN),CN=BN=FPh,| CL In diehlo- 110 Slowly decom- 46
rome thane, (dec.) poses on
-18 ¢ - standing
(Ph;P-N=NN=PPh,)* SbC1,” In benzeme, 90 167
20 % {dec. )
?Et C/ jf
* PN + In dichlo- 300- “169
; (’mt ? roegbenc. 110
Bt Bt 20 "¢ {(dec.)
B.1'4"
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2 MECHANISM OF STAUDINGER REACTION
The stability of the intermediate phosphazide (I) determines the kinetic order of the products
formation in the Staudinger reaction.

X X
RyP + HyR! — Ry PN R! —2. RyP=NR' + N,  (8)
I

It can be either the first or the second, depending on whether the unimolecular decomposition or
bimolecular formation of the phosphazide is the rate-determining step.*’

Phosphazides of Ar,PN,Ar type were found to dissociate into the starting reagents.'' The
dissociation is slowed up by acceptor or donor substituents in azides or phosphorus components,
respectively. The formation of the phosphazides (Me,N);PN;R (R = Me, Ph)'*? and
Ph,PN,Tos'’® is practically irreversible. The equilibrium (8) for the imination of phosphites with
aryl azides is also considerably shifted to the right.!”!-172

In general outline, the mechanism of the Staudinger reaction is known. It seems to proceed
without either free radicals” or nitrene participation' ' ' *? and, possibly, with retention of phosphorus
stereoconfiguration.'* Using ' *N labelling technique, the N-R’ bond in a phosphazide was found to
transfer to a phosphazo product without splitting.*%>!

5= NN=NTos — A
———3 Ph.iP-:NToa + 1N (9)

2=N'2N=NTos —I

Ph

I’h3

The primary electrophilic attack of an azide molecule on phosphorus, i.e. the first step in Scheme
(8), is accelerated by acceptor groups in the azide'!'-'*?” and donor radicals in the trivalent
phosphorus compound.''-'7* This fact expressed in terms of the Hammett correlation parameters p is
illustrated in Table 6.

The phosphazide decomposes to give the corresponding phosphazo compound by thé
intramolecular mechanism via the 4-membered ring transition state (I1).!!-3°

&

RgP~---= -N-R!
\ ——- R;P=NR' ¢ K, (10)

\ 4
\N--.N/
IT

R3P=NN=NR' —

The effect of radicals at phosphorus upon the rate of formation and decomposition of the
phosphazide is inverse''*!7% as the nucleophilic function of the phosphorus centre changes into an
electrophilic one along the reaction co-ordinate. The sign of the Hammett parameter p for the second
step of the Staudinger reaction alters on varying the azide component {Table 6). It is probably due to a
nonconcerted character of the bond redistribution at the transition state (II).!4°

o.p-Analysis of substituent effects upon the imination rate in terms of inductive, mesomeric and
steric increments has revealed some unexpected features of the Staudinger reaction.! 7® This study was
mainly performed with phenyl azide. The first imination step is controlled only by the inductive
properties of the radicals attached to phosphorus and the corresponding log k, values are linearly
related to the sums of ¢, parameters of the substituents (Fig. 1).

“ A charge transfer in the transition state and the intermediate ion-radicals formation in the Staudinger reaction have been
discussed®”*® as a mechanistic possibility.
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Table 6. p-Values of Hammett correlations in Staudinger reaction (THF)

S ~values Refe-

Phosphorus
Azide ren-

Reagent 1-8t Step 2-d4 Step®®®
(EtO)BP xc634n3 1.53 0.67 171
fpent PNMa YT W™ HN_8R N_L7 140
(Bt0),Pile, XCgH Ny 0,85 0,67 140
(Et0) 2Pgni COOEt), XCgH Ky 1.28 0.93 146
(Et0),PCHS(0)Me, XCqH, N5 0.76 0.61 174

Ph.P (xylene) XC H,N- 1.36 - 12

7 o8 2.

Phﬁ.’t’ {benzene) X06H4}13 1.25 ~0,19 11
(E+0) QPEHE COOEt), XCgH, S0l 0.46 ~0.16 146
(Et0) ,PCHS( 0)Ne, XCgH,S0,Ny - ~0,12 174

Ph,P (benzene) 10634c(o)u3 0.78 - 37
(XCSH4)3P {benzene) Phl«!} ~1.07 0.43 11

The reactivity of the compounds with amino, haloid, alkoxyl, aryl, and alkyl radicals, distinctly
differing in their ability to conjugate with phosphorus, is described by the same linear equation (11):

logk, = 2.274 — 5.656 Zo, (n
r = 0996, s = 0.08

A complete levelling of steric properties of the radicals in the phosphorus environment and an
unhindered mode of the attack by phenyl azide on P" centre become evident on surveying the data
listed in Table 7. The replacement of a MeO- or EtO-group in phosphites by a bulky 1-adamantoxyl
radical (1-AdO) does not affect significantly the rate constant k, of the reaction with phenyl azide.'”’

This effect is probably due to the fact that an electron pair of the P" trigonal-pyramidal atom is
easily accessible to a small electrophile, PhN;. The conjugation with phosphorus is completely
suppressed which is an unusual phenomenon and may probably be attributed to some structural
peculiarities of the transition state (11).

10g k,

1

~I1.2}F

i 1 1

0.6 0.8 36

Fig. 1. Plot of log k, versus o,-parameters of the radicals R', R%, and R? for the first step of the reaction

between R'R?R3P and phenyl azide in THF at 20°. 1. (EtO),PMe; 2, (EtO),PNMe;: 3. (EtO),PNEt,;

4, (EtO),PPh; 5, (Me,;N),PF; 6. (EtO),POPr-i; 7, (EtO),POCH,,-c; 8. (Et0),P: 9, (MeO),P;
10, (E1O),PF.
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Table 7. The rates of the first step of phosphites imination with phenyl azide (THF, 20 )

Phosphite k107 ¥ 1s71
(MeO)3P 1.97
(EtU)3P 4.48
(Et0) ,POPT—i 5.58
(10) ,P0OAA-1 1.73
(Et0) ,F0Ad=1 2.93

The unique inductive control of the first step in the Staudinger reaction has been used to evaluate
the polar properties of various radicals R at phosphorus, following eqn (11) with known experimental
constants k, for the imination of model compounds, (EtO),PR, by phenyl azide under standard
conditions (THF, 20 ) (Table 8).

The dependence of the phosphazide decomposition rate on the properties of substituents at
phosphorus is more complicated. Their inductive, mesomeric and steric characteristics
commensurably contribute to the reactivity of a phosphorus reagent as it follows from the three-
parameter representation of log k,.' "® The total donative character of electronic effects (inductive and
mesomeric) stabilizes the phosphazide and reduces its decomposition rate. The introduction of donor
groups to phosphorus results in a shift of the limiting act from the first to the second step and a
change in the kinetic order of the reaction. For instance, in the series of 1-cyclohexenyl phosphites
(EtO0),POC H,, EiO(Me,N)POC,H, and (Me,N),POC,H, where the EtO-radicals are
successively substituted by more donor Me,N-groups, the kinetic order of nitrogen evolution is 2, 2
and 1, respectively.'”® The steric screening of phosphorus causes the analogous stabilization of
phosphazides. The steric requirements in the transition state (I1) are much more rigorous than in the
transition state of the primary electrophilic addition of azide.

As mentioned above, the bulky adamantoxyl radical does not affect the rate of the first step (Table
7), but at the second step the rctardation effect can amount to two powers of ten (Table 9).!77

The constancy of contribution of structural and electronic factors to the reactivity of
phosphorus(Ill) compounds in the imination with phenyl azide is confirmed by isokinetic
relationships found for the both reaction steps by the Exner method.!”” The isokinetic character of
the Staudinger reaction is expressed in terms of the linear correlations between log k, or log k , values
at two fixed temperatures, 10 and 30 .!7¢'#°

The primary addition of phenyl azide to trivalent phosphorus compounds displays the specific
features of an isoenthalpic process.'’® '%° The variations of k, within the range of three orders of
magnitude arc mainly governed by the change of entropy factor from —15 to —46 e.u. at nearly
constant activation enthalpy, 12.3 + 0.4 kcal/mole (for 45 compounds). The electronic factors at the
transition statc of the first step scem to affect the rate by the influence on a phosphorus centre
solvation. In the phosphazide decomposition step the energetic factors control the observed change in
AF® with distinct compensation relationship between AH® and AS®.'7°'8% The analogous
correlations of activation parameters werce also found for the decomposition of phosphazides formed
by tosyl azide.'*?

3. STAUDINGER REACTION AND SOME ASPECTS OF HETEROORGANIC AND
ORGANIC CHEMISTRY

3.1 Rearrangements and tautomeric contversions accompanying the Staudinger reaction. The
Staudinger reaction of P! compounds posscssing at least one alkoxyl group is often accompanied by
the alkyl fragment migration 1o phosphazyl nitrogen.

\ |
ALKOSP ¢ NiX — A1XOSP=NX — DEN-X  (42)

Alk
X = Alk, Ar, COOR, SO,R, SiMe,
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Table 8. Rate constants for the first step of the reaction between (EtO), PR and phenyl azide (THF, 20 )and
a, paramcters of radicals R '"®

Radicals k100 ¥ls”! 6; °
~0C(Bu~t)=CHN(Bu<t)= ? 0.16 0.78
-OCH(Bu~t)CH,N(Bu-t)- © 356.0 0.53
~0C( CN )=CHMe 0.25 0.50
~0C(Me )=CHAc 0.28 0,49
~0C( Me )=CHC1 0.43 0.46
- 0.60 0.43

cl

-0@ 1.28 0.37
~0CgH,CN=p 0.25 0.50
~0Ad~-1 2.93 0.31
~04d-2 5.11 0.27
~0CgH, -c. 5.68 0.26
-.o}’(s)(o}s:t)2 0.21 0.51
~0P(0)(QEL), 0.26 0.50
-0P(0Bt), ¢ 2.54 0.34
~N(Ph)N=Clie,, 2.50 0.52
-N{Me)P(5)(0Et), 0.30 0.48
-ii(He)P(0) (0ES), 0.47 0.45
-N(le)P(=NPh)(0EL), 0.96 0.39
-N(Me)P(0Et), ¢ 6.65 0.30
-N(Pr-1)CH,P(5)(0EL), 1.3 0,21
~N(Pr-1)CH,P(0)(0Et), 12.3 .20
-N(Pr—1)CH,COOEt 28.8 0.14
-CH2P(S)(OE1:)2 6,66 0.25
~CH,P(=NPh)(0Et), 1.8 0,20
~CH,B(OEt), d 94.5 0.10
~CH( CO0E®),, 1.59 0.36
~CH, COUE® 1.1 0.21
-+

~CHS(0)Me, 253.0 -0.03

Calculated from the equation Z'GI = G.405 - 0.176 log k,.
t-Bu-[:
b In the compound [ >P01~.2e ¢ In the compound

1
t=Bu—0, 4 Bu-t
JBite The value of k, /? was used for GI
Bu-t
calculation to take into account the statistic factor
of acceleration of the reaction when a molecule includes
two equivalent reactive centres.

447
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Table 9. Rate constants for the second step of the reaction of phosphites and phosphonites with phenyl azide

(THF, 20 °C)
Phosphorus 3 -1
Reagent k,-107 8
(MeO)3P 87.0
(EtO)3P 53.3
PhP(OEt)2 154.0
(¥e0),POAd~1 28.1
(E$0),POAd~1 14,4
Et0P{OAd-1 )2 0.24
PhP(0Ad-1), 1.05

P-Methoxylated phosphazo compounds rearrange easily, while the lengthening or branching the
alkyl radicals results in reduction of their migration aptitude,'!®!2! ~123-181.182 The imjnation of
trialkyl phosphites with hydrazoic acid produces, besides other products, N-alkyl phosphoramidates
formed during the rearrangement of unstable intermediate trialkoxyphosphazohydrides.'®?

0
(ALKO)5P + Hy —— (ALkO),P=NE — (A1k0),2” (13)
¥, \NHALk

The isomerization of N-silylated trialkoxyphosphazo compounds is rather slow. Approximately
half trimethoxyphosphazotrimethylsilane rearranges under relatively rigid experimental conditions
(above 100°),'*? while triethoxy-, tripropoxy- and tributoxy-derivatives remain unchanged.'?’

It is noteworthy that pure trimethoxyphosphazotrimethyisilane is not liable to rearrange upon
prolonged heating up to 200 . The isomerization is suggested to occur in the intermediate
phosphazide.'3?

0
t
(Me0),P + NySiMe, — (MeO)21’-;'1--1~I=Nsm¢33
e
190-120 ¢ ; N,

[twe0) PoN=Sile] (1e0) 2 (14)

? N(Me)SﬂnIe.5

%200 °c

- (LIeO)3P=NSiMe
—r2

Tris-(1,1,1-triftuorethoxy)phosphazotrimethylsilane, on the other hand, polymerizes at 200 .'%*
Trimethoxyphosphazotriethyltin rearranges in the course of preparation.”

3

(Me0)3P + N;SnEt

0
A
5 —:ﬁ; [(MeO)3P=NSnEt3] —~ (Me0),F

MN(Me ) SnE-
(1
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The imination of a mixed anhydride of phosphorous and thiophosphoric acids by phenyl azide is
iccompanied by migration of a thiophosphoryl group.!®*

{ Phll; OP(OEt)2
:Eto)QP-O-P(OEt)Q-——-—-.- (Et0)2 -

A ;
— (Et0) EP\
N-P(OEt)2 (16)

Ph

When a P=O fragment is attached to the N atom of a P- -alkoxylated phosphazo compound the
‘earrangement may occur either within a triad O-P=N (route “a") or a pentad system O-P=N-P=0
route “b”).

0
e N7
\ , >P
AlkOZP + N,PZ0 Ny o® (Route "a")
A Alk
AlkO}P:N-P{/-Ox Imide-amide rearrangement (17)
20
L D7 ’ x (Route "b")
MN=PZ0%Alk
Imide-imide rearrangement
The rearrangement proceeds, as a rule, via the route “b™! 01+ 119- 186.187 b 11 comnatimes the reaction

droducts contain small amounts of N-alkylated derivatives from the route “a™.!8¢

P
> (Me0), BT ~ppr

P-OMe
NEt
| o 68%
(MeO)3P=N-P=O (18)
\
Et

40
- (MeO) 21’ Bt
N-P-O
N ES
4% e
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In some cases the direction of the reaction can be governed: under relatively mild conditions the
rearrangement proceeds via the route “b™, while under more rigid ones it yields the product
corresponding to the route “a” as shown below.!'?!

o] 0
120 €,  (Et0),B] e
N=PZ

10 hrs OEt
\NOEt
Me 4
(Et0)5P= N-P 0 o (19)
20 hrs = 3:0
Et OEt

Phosphazo compounds containing a P=S group at the N atom rearrange according to eqn
(17b).136

a
AlkO}?:N-Egs _— o}P-N=3§SA1k (20)

The resulting thiolphosphate can further rearrange to yield an isomeric thiolphosphate.'®®

0

— (Et0) .77 OEt

2 \W=PLOEt

o “SEt

OEt 140 °C
(E80)5P=N-PZ gEt 4-6 hrs Joes (21)
L (Et0)5P=N-B=0
NSEt

It should be noted that the isomerization of phosphazo compounds in the course of their
preparation seldom occurs but often proceeds spontancously on distillation or storage of the products
(Table 10). Nevertheless, even labile P-methoxylated derivatives can be obtained if some precautions
are taken (low temperatures, rapid distillation of small samples or chromatographic separation).

6,

The thermal rearrangement via the pathway “a” or “b” in eqn (17) is only a special case of the

reactions of P-alkoxylated phosphazo compounds with electrophiles covered by eqn (22),'®” where
E* is a positively charged fragment of an electrophile, Y being O or S.
\. E+ /o +
A1XO-P=NX ——* \P JE + Alx (22a)
N
S X
EY L0
A1k03 N-P—Y —_ \1>< + Alx* {22b)
N-—P—YE

The Staudinger reaction with silylphosphites is usually followed by the imide-amide or imide-
imide rearrangement with a trialkylsilyl group participation. Whereas alkyl groups shift only
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Table 10 Imination of trialky! phosphites and thermal stability of P-alkoxylated phosphazo products

i}:s:gphc- Azide Reaction Attitude to Refe-
Substra- Products Heating ren-
te ces
(Me0)3P Phﬂ3 (MeO)3P=NPh Can be distilled 118
in vacuum at 80—
85 °c without re-
arrengement,
(Eto),jl’ Phiy (Et0)3P=NPh 50% isomerization 181

in solution at
160 %°¢ for 30 days.

(ﬁe0)3P 1&!1!()(1(2‘113 {(IﬁeO)}PﬂCOGMe} Isomerizes in 123
boiling ether in

40 the course of
(MaO)gP\ e preparation.
*CO0Me
cmo); MeOQCN3 (EtO)3P=NCO(}Lie No isomerization 123
£t on distillation.
(1:e0);P  Et,P(0)Ng (1e0) 5 P=N-P=0 Partial isomeri- 186
NEL zation during
preparation, dis-
tillation and
. storage.
e
(EtU)sP Me(j::t;())l"((J)I\I3 (Et0)3P=N-P;0 No isomerization 101
“MOEt  on distillation,

Ph
(Et0)3P Ph(Et0)P(0)N, {(EtO)aPzﬂ—?go } Isomerizes in the 186

OEt course of prepare-
o ticn.
U
(Et0), P _®h
2" Nn=pZ0oEt
NOEt
,mez
(Eto),}l’ (NeZN)QP(S)N.j (Et0)3P=N—-P=S No isomerization 134

\mee on distillation.

irreversibly, for Alk,Si residues some cases of reversible migration within the O-P=N or O-P=N
-P=0 framework are known.

During the imination of silylphosphites with phenyl azide the resulting phosphazo compounds
undergo the imide-amide rearrangement.!3% 9% 1°! The reversible migration of a trimethylsilyl

group between oxygen and nitrogen was also detected in the intermediate phosphazides.'”®
70-80 °C
Me3810( AlkO)zP + NBPh > [Me3SiO(Alk0)2P=NPh
20-25 °c
Me,S10( ALKO),P=NN=NPh (23)
A1X0) #P”" ° 4 z
(ALKO) R iyePh - (AIKO)RE( ph
“SiMe, “SiMe,

Imide~amide rearrangement

For the rearranged N-silylated phosphoramidates the inverse shift of the trimethylsilyl group
from nitrogen to oxygen is not characteristic.'®® However, the possibility of such migration, in
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Table 11. Staudinger reaction of heteroorganic phosphorus(I11) compounds and accompanying conversions

Phosphorus Type of Re- Refe-
Substrate Azide Reactian arrangement ‘z:-z r;-
Products
9 sim
, e}  ae
Me.Si0(Et0),P  PhN [lle Si0(Et0} P=NPh]—- (Et0) B-N Imide-amidie 190
3 2 3 3 2 SN,
ua3sio(3t0)21’ Phc(o)n3 le3siO(Et0)2P=NC(O)Ph - 135
uez(n0331u)r Ne,SiN, Mez(lie3310)P.—.Nsusae3 - 154
Nide
,N‘Mez il Ve 2
ue5310(Eto)2P (K32N)2P(0)N3 eBSiO(BtO)2P=N-P\=O —o—(EtO)zP-N=P-OSiM03 Imide-imidic 135
Nee, HMe,,
Bt ﬁ -t Imide-imidi 135
=N=F= =N =P- o e=21m 1cC
le3SiO(Et0)2P r:tZP(o)n3 Mejsio(Eto)zP N P\gt —* (Et0),P-N P\gSiMe3
OBu-i Bu-1i
, Imide-imide
Ne;5i0(Et0),P (i-BuO),P(0)N MeBSio(EtO)2P=N-P:8:Bu- =-"!=(nto)2¥-x P-OSiMe3 elementotropy 135
pro ieO OMe Degenerated
le3sio(l{e0)2P (mao)zp(o)n3 Me SiO—P N-P 0 IT=  02P-N=PZOSiMe imide-imide 135
S N OMe He0” Nome D elementotropy
Me ,.N(Me)sihle3
Me, P-N{ e, SiN Me, P,
2 ‘Silﬁ83 3 3 2 \\\lSiMe3 - 142
n¢Bu=t NBu-t 142
. sBu=t . . ., /" “Silie . o Imide-~
lie, P~iia; e, SiN e, P 3| —=ic, P
277 Sike, 375 Susite, 2 “H(Silies), imidic
y e NSi(Bu—t)HMe
e piiZhie le. SiN e NSi(Bu-t)lie e, 4 2 Imide— 142
“E2 N si1e 393 €T3 o Ale imidic
; 2 .SiIxIe3 H\Sif e
Bu-t e
NSinle A Sil«e ) Degenerated
He,P-l(Stkie;), ieySiN le,p2 U0 = e, 2 imide~imide 15
N(oimea)Q “sire ey elemento~
tropy
lie e
hY sMe .
- Mel Me N Ke e Degenerated
t-Bu’ siMe; “\p¢ Sitles e infde-imide 3
t-Bu’” “Nie t-Bu I<‘Sh.. elcmento-
e'j tropy
;me e
Me?P';\'\Gehle Ideu.j “021’\ Ge'“e'i =_——"Me 4 N Jegenerated 193
3 Ni‘e .riag o imide-imide
-Gy elemento-
tropy

principle, was demonstrated in the case of N-trimethylsilyl-N-phenyl-O,0O-diphenylphosphor-

amidate which exists as an equilibrium mixture of O- and N-silylated tautomers.

A

(Pho),EL

89%

/Ph y
SsiMe 5

(PhO) P’OSiM
2" Nyph

11%

192

€3

(24)

O-Silylated phosphazo compounds, having weakly nucleophilic N atoms,do not rearrange even at
temperatures higher than 100 '3* (Table 11).
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The condensation of O-silylated esters of phosphorus(H]I) acids with phosphoric acid azides is
accompanied by reversible and irreversible shifts of a trimethylsilyl residue from one P atom to
another'?*® (Table 11).

The oxidative imination yielding heteroorganic phosphamidines is also followed by reversible and
irreversible migrations of heteroorganic fragments.!?# 142.150- 152.193.193 "By 15 nature, the
migration of these ligands within N-P-N triad is closely related to the prototropic rearrangements
which are so typical for phosphamidines. An example of Me,Si migration betwcen two separated
phosphazo groups has been recently reported.'”*

. %id’§iMe3 le
e, ,Nile Me381N3 Me 4 N Me, ,Maime
N PO v Y | 7\ E
B’ “N-Plie, t~Bu” N2—Plle, (e, PN}, t-Bu “ie
Me Me
(25)
The elementotropic shifts are also characteristic for bisphosphazosilane complexes with
aluminjum, gallium and indium methylates.'”®
2 Me,P IMe
Me,Si(N,), ——2 > Me,Si(N=Ple,), —
2 372 2 372
& = "
— Me31’— . N:PMe3 M63P=N p =PMe3
.MM63 N‘NIe3

M = Al, Ga, In

The facility of the tmidc-amide or imide-imide rearrangements and the direction of organic or
heteroorganic radical migration are mainly determined by the relative nucleophilicity of the terminus
atoms in the O-P-N or N-P-N triad and O-P-N-P-O pentad systems. When the pair of O or N
terminus atoms display similar nucleophilic properties, the migration of the heteroorganic residuc
becomes reversible (Tablc 11).

The clecirophilicity of a migrating group is also important but in some cases its steric effect
becomes a decistve factor. In sterically hindered phosphamidines heteroorganic radicals migrate in
such a way that the most bulky group locates at the less hindered imide nitrogen.

Phosphazo compounds are known to be rather strong bases. Therefore. when a molecule of the
phosphorus(11l) compound or that of the azide contains HO-, HN- or HC-acidic proton the
Staudinger rcaction is often accompanied by the prototropic rearrangements. Such convertions in the
N- P- N triad are well known for the Staudinger reaction with N-monosubstituted amides of P
'dCidS.l 12,197

NHZ NZ
/ V/
== )P’

JP-NHZ + N;2' — DP
NZz* “WHZ*

(27)
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Irrespective of a preparative route, the tautomeric form (Z # Z’) being a weaker acid is
predominantly or exclusively formed according to the theory of tautomeric equilibrium.’”® Some
examples are presented below.''?

(Et0),P-NHPh ieC(0)Ny
2 ,NC(O)Me
(Et0),P-NHC(O) e 3 NHP
(28)
(Et0),P(O)N NHC(O)Me
(E+0) ,P-NHC(0)HMe 2 2, (E£0) B
“P(0)(0Et),
(29)

The tautomeric equilibrium of N.N'-diaryl phosphamidines is very sensitive to the nature of X and
Y substituents. For example. the equilibrium constant, K, = [E1 [D] for the following set of
substituents changes in the range of several orders of magnitude:!*

2 :/NCGH X . EtZP:NHCGH"'X (30)

’\IHC6H4Y \N06H4Y

D E
X Y KT

__E-MezN H 38441
p-Me0 H 3.25

H H 1.00
p-Cl H 0.28
_;_3--1\102 H 0.01

The relatively high value of p constant in the correlation equation, pK ¢ = 1.793(6; — a}). 18
indicative of a high flexibility of the tautomeric interconversion.'”’

Recently, the carbon analogs of phosphamidines, containing the C-P-N triad system, have been
obtained by the Staudinger reaction.?!-14%- 147

sX X
Sp CH’X N2 — )P/CH\Y —_— \P'?C\Y
it S A g V)

The carbon centre in such structures is known to be more basic than the nitrogen sitc. However,
when X and Y are sufficiently electronegative the basicity of the nitrogen may exceed that of the C
atom, and this incvitably results in the migration of a CH-acidic proton and ylid formation as shown
in eqn (31).
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The phosphazo-ylid isomerization was first discovered in 1974 in the imination of C-
phosphorylated malonic esters by phenyl azide.'"

PhN CH(COOE®) _C(COOEt).

0),PCH(COOEt ), ——2+ [(Et0).,B7 2l (Et0).,,77 <
e 2 2 ¥ypp 2" \NHPh
(32)

The prototropic shift in the reaction with tosyl azide does not occur because the basicity of the N
atom in the phosphazo compound formed is markedly reduced.?!

TosN, ,CH(CO0EY),
(EtO)zPCH( COOEt)Q ———ie (Et0)2P\ (33)
NNTos

When CH- and NH -acidity are comparable the proton migration becomes reversible.2%¢

(1-7z0) P/CHZCOOEt c— (1-Pr0) P¢CHCOOEt (34)
- 2 Nyne 2" “NHie
10% 90%
i-PrO)QE;;z(Coome)z (i-Pro)2PfC(COOMe)2 .
gHz(N0,) 5=2, 4 NHCgH, (N0, ) =2, 4
85% 15%

(35)

Some interesting cases of prototropic rearrangements have been revealed 1n the condensation of
phosphorus(I1l) compounds with acylamino- and carboxy-substituted alkyl azides. The phosphazo
compounds thus formed undergo an intramolecular protonation of the P=N bond to give zwitterions
which are stable in the solid statc but convert into the ncutral form in solution.2°!- 202

MeZN)3P + NBCHQCHZNHCOCF —_— (MezN)3P=NCH20H2NHCOCF ——

3 3

+ H
— (Me2N)3P-NHCHZCH2N—-C-CF3 (36}

As NH-acidity deccreases the phosphazo-betaine isomerization becomes slower and finally

ceases,’!' e.g.

(MezN)BP + N3CHch2NHR _:ﬁ_—h (Me2N)3P=NCH2CH2NHR

2
R = Ac, Bz, (EtO)2P0 (37)
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In the imination of triethyl phosphite by azidoacetic acid the intermediate zwitterion undergoes
an intramolecular alkylation.?°2

+
(Et0):P + N CH,COOH ———= [(Et0) ;P~NHCH, CO0™ [ ——
3 3 -N, 3 2

40
—— (Et0),F (38)
“NHCH,COOEt

The prototropic rearrangement also accompanies some reactions of azides with secondary
phosphines. It proceeds with a proton migration from phosphorus to nitrogen to yield, finally,
phosphamidines.!'#: 203206 Some examples are given in eqns (39).2%% (40)*** and (41).2%°

PhN PhN _NPh
Et,PH —2» Et P’H —+ Et,P-NiPh — 2, Et.P?

2 “\NPh 2"\ NHPh
(39)
Ph.P(O)N , Ph,P(0)N ,NEP(0)Ph,
Ph,PH e "3, thP-NHILth 2 2, N
. SNP(0)Ph,
(40)
Me_ SiN Me., SiN
Ph,PH —3—» Ph,P-NHSilie., - — Ph,, 1/’ ties (41)
\NHSiMe

3

In the case of tetraethyldiamino phosphine and phenyl azide the reaction is completed at the stage
of secondary phosphazide formation.?®®

PhN PhN NH]?h
(Et N)ZPH——o- (Et,N),P-NHPh — 3 (Et, N) P\ (42)
N2 “N-N=NPh
Heteroorganic phosphines react with azides similarly.'3'73-2°7 as shown in eqn (43)'*? and
(44).12
Me, SiN., e SiN, N(siNe,),
Me,.PSiMe, —=—34 Me, P-N(SiMe,), —2—3- MNe ?
2 3 2 3/2 2N
NSiMe3
(43)
MeN MeN e
3 -Me 3 MGeMe
Ve, PGelle, —= MezP-N\GeMe_j-—-——-—- Mezp\\NMe 3 (44)
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The Staudinger reaction with azides containing either an hydroxyl or amino functional group is
followed by an intramolecular nucleophilic attack of the O or N atom on phosphorus and subsequent
proton migration to the N atom of the P=N bond and pentaco-ordinate phosphorane
formation,298-209

CH 0
@ + -BP”Q) — @:Pé (45)

R N—P( lit
2 H
Ph
OH
’ N o\
N AN r \(c ), (46)
s Php o). — Ho)n
Ph'lLN3 No? (CHa g Ph~ \N/
H
= =3
NH, NH Pb
@ + PhP\Zj @ (47)
N, NH/

Analogous results were obtained in the condensation of azides with bisfunctional
organophosphorus(I11) derivatives as depicted in eqns (48)*'* and (49).'¢3

=t
> Sl NHPh
“ R EO\ A NG _._EO '/0
/

i
X
= Me, Ph; X = 0, NMe (48)
l'&e
Me Me ,
i PhN i N—1
F. P—N—CH, COOEt —2» F,P-N-CH,COOBt| ——+ r2p< |
2 e n | > o—L 0Bt
NPh PhNH

(49)
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A benzoyl fragment can also act as an electrophilic migrating group.>®®

0C(0)Ph f0-c(0)Ph 0~
QYO sz YT Y g, -

N -P(NMe2)3 l\mu
Ph(O) C NMGZ

0
R \
— PhC(0)Nle, @N//P(Nmez)z (50)

The Staudinger reaction with 2-azido-oxiranes proceeds with C-O-C bond cleavage and
formation of S-membered cyclic phosphoranes.?!!

0 3p 0 o) 0
gﬁAI% 7-N2 QAI&%"' §ﬁ><_ /P’ - §><___N><

(51)

Some phosphazo compounds with highly electrophilic phosphorus and a sufficiently nucleophilic
N atom are known to dimerize to 4-membered aminophosphoranes with alternating P-N bonds. For
their preparation the phosphazo reaction is usually used, while the Staudinger procedure is chosen

occasionally,?'? e.g.
(')Et
OE%t
P + NzPh ’ v (52)
o 3 A—p
Ph N
OEt

Recently, the interesting intramolecular Staudinger reaction yielding dimeric 2-phosphabenzo-
xazoles has been reported.!?

X
H X 0-P< o .
o - e g
He1 N v

X/Y
— 0""1;“1" (53)
y—P—0

XY
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3.2 Electronic nature of phosphazo group. The electrodonative character of the R ;P=N group with
respect to the organic residue, Z, attached to the N atom is due to a polar nature of P=N bond. It was
confirmed by many known physical and chemical properties of phosphazo compounds.

R,P=N-Z

IfZ is an aromatic system one can determine the position of a R,P=N group in a series of known
el.ctron-releasing substituents using op-analysis. The Staudinger reaction is the best method for the
preparation of the phosphazo compounds required for this purpose.

As will be shown, the influence of the phosphazo group upon the remaining part of a molecule is
negligibly affected by the kind of substituents on phosphorus. Therefore, in order to assess the
electron nature of all or most of R;P=N groups it is sufficient to characterize one of them. The
triphenylphosphazo group, Ph;P=N, may be chosen as a “standard” because the corresponding
phosphazo compounds are easily accessible and convenient in operation.

In the aromatic ring, the electron-releasing effect of triphenylphosphazo group approaches that
of dimethylamino radical,' * 2+ 21421 the main qualitative difference being the reverse sign of Taft o*
and the inductive component of Hammett ¢ constants. As a substitucnt on tetrahedral phosphorus,
the triphenylphosphazo group is the most effective of the known donors, twice as strong as the
dimethylamino group (Kabachnik ¢” constants?'®),

Ph,P=N Me,N
dm _0'33*)214.215 _021
o, —077%%218 —0.83
6o —0.33" —0.15
al, —0.40" —0.44
o, —0.66%'° —0.93
o —0.3921° —0.54
g, —011%° +0.10
gt  —1.66%* —-1.70
a*  —068'%° +0.65
a? =272 (in MeNOQ,)'%¢ —1.22%%)

*All ¢ values are presented for ethanolic
solutions.

**The values of 67 are taken from the
compilation?'® if otherwise mentioned.

Though the electron effects of Me,N and Ph,;P=N groups on a carbon reactive centre are
comparable, it does, by no means, predict a close analogy in the chemical behaviour of
dimethylanilines and triphenylphosphazobenzenes. Due to strong polarization of P=N bond. the N
atom in triphenylphosphazobenzene is much more electron-rich than that in dimethylaniline.2!”

~Q.122

+0.239 +0?155 -g55526
Me2N —-—O-QGSQ Ph3P N O'-0.0éﬂ

-0.07225

Such a different distribution of electron density results in markedly different properties.
Triphenylphosphazobenzenes are far more basic than anilines and dimethylanilines,!S-19-215-218.219

Compound PhNH, PhNMe, Ph,P=NPh
pK, (in MeNO,) 9.0722¢ 11.00%2! 16.74"7

Phosphazo compounds having two basic sites, triphenylphosphazoanilines, triphenyl-
phosphazobenzylidenanilines, and even triphenylphosphazoazobenzenes, are protonated exclusively
or mainly at phosphazyl nitrogen.”>??? Whereas triphenylphosphazo compounds are readily
protonated, they, in contrast to dimethylanilines, reveal no electrophilic substitution in weakly acidic
media. Meanwhile, only one example of such reactions, i.e. tricyanovinylation, proceeding, however,
in pyridine solution is known.!’

TET Vol. 37, No. 3L
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The substitution of a phenyl fragment, attached to phosphorus, by any other radical has a weak
influence on the electron-releasing character of a phosphazyl group. For ten phosphazobenzenes of
the type R'R*R?*P=NCH X (III) with a set of substituents, R', R?, R?, displaying different influences

on phosphorus (£4%), the o, values for R'R?R*P=N groups are almost the same,'?® e.g,

(MeO),P=N Et(EtO),P=N Et,N(EtO),P=N
v, -051 ~0.55 -0.58
PN ~0.36 ~152 -196

An analogous situation was observed in the series of substituted phosphazobenzenes, (R'C H,)
(RZC H,) (R’C(H,) P=NC H, X (1V), where o parameters of triarylphosphazo groups show little
dependence on variable substituents R'”#22%:22% apnd $o¢ values of three aryl groups at
phosphorus.?*-2%:74-223 Their g _constants range in the same short interval as for Et,N, Me,N and

H,N.

(p-Me,NC H,),P=N Ph,P=N (p-F,CC¢H,);P=N
s, —0.87223 —-0.79%23 —0.72223
a, -0.24% —0.16%° -0.01%
a" —1.80%23 ~1.662% ~1.52%¢
g  —3.51 -1.77 -0.223

For systems Il and IV the linear relationships between electron donor effect of phosphazo groups
and Zo* values of three substituents attached to phosphorus have been found.?*!2® The extremely
low values of p constants in the corresponding correlation equations (54) give more evidence for the
relative constancy of the electron effect of =P=N radicals bearing various substituents at phosphorus.

o, = —0485 + 0.05Z0¢ (for I11)'2° (54a)
o, = —0.71 + 0.048Zg® (for IV)?°  (54b)

¢° = —043 + 0.090Zc? (for IV)?” (54c)

»

6t = —148 + 0.097Zg% (for IV)??  (54d)
In contrast, the basicity and nucleophilic properties of phosphazo compounds are fairly sensitive
to variation in the electronic nature of the phosphorus substituents.!®?7-2!%-22% For compounds

I11*' and IV?7 pK, values in nitromethane range within four and seven units, respectively, while p
constants for the modified Hammett correlation of the type pK, — Zo® are —1.8 and ca —2.0.

Compounds of the type 11127 pK, (in MeNO,) Za*
Et,(EtO)P=NPh 17.81 241
{McO);P=NPh 13.81 -0.36

Compounds of the type 1V?’

(p-Me,NC H,),P=NPh 20.77 ~351

Ph,P=NPh 16.74 —-1.77

(p-F,CC,H,),P=NPh 13.78 -0.22
3 6 3

Phosphazo compounds are useful models to study the conductivity of electronic effects through
the bridge fragments including a tetrahedral P atom. For instance, comparing the influence of the
substituents X and R’ upon basicity of the phosphazobenzenes (IV) is is possible to describe
quantitatively the attenuation effect of the P atom. Its measure will be the ratio of p constants in the
correla(i;:)g equations pK, — Zo}' and pK,— o} p,/p,, which equals 0.49 (for nitromethane
solvent).

3; S,
I I B I 1
(R C6H4)(R 06}14)(3 0634)?"‘“0634’{ (IV)
DK, = 16.42 - 3.476% (R' =R° = ¥ = H) (558
i
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The similar attenuation of electronic eflfects by the P atom was obtained in protonation and
methylation reactions of phosphamidines (V) and their anions (VI).

Substrate Reaction §,/84
S, 3, (Solvent)
w634(Me)N33;306H4i (V) Methylation 0.40 (THF)226
Et Et with Mel
Protonation 0.40 (MeNOz)226
8. g,

0 H ez P HCGH X| Nat(VI) Methylation 0.59 (THF)22D

\

Et0 OEt with Nel 0.646 (THF)Z27

For each of the three series, IV, V and VI, the p,/p, ratio is ca 0.5, i.e. the P atom reduces the effect
of the substituents R' approximately by a factor of two.

The compounds IV contain one more bridge system which links the removed reactive centres, with
the P atom being in the middle of a conjugation chain. The quantitative measure of the transmission
ability of a fragment -N=P-C H,- may be the ratio p)/p; taken from the corrclation equations
describing a dependence of any measurable property of the groups X or C H,X on variablc radicals R
in properly substituted phosphazobenzenes and benzenes.

] ?
s, $2
RC,H, X Ph,(RC,H, )P=NC,H,)
N o(RCgH, )P=NCH,X
Keasurable Number R '
Property of Series 32 / 31
max in electronic
spectra of the C H,X 5 0.045-0,097 28
fragment
85 (x =P 1 0,053 29

As one can sec, the ratios p)/p; are extremely low, ca 0.05. For the carbon analogs of phosphazo
compounds, phosphinomethylenes Ph,(RC H,)P=CHC H,X. the value of p}/p| characterizing the
transmission effect of the ~-CH=P-C H, - fragment is of the same order, i.e. 0.021-0.039.228

3.3 Staudinger reaction and evidences for existence of compounds containing tri-coordinate
quingquevalent phosphorus. The existence of bi-coordinate phosphorus(III) and tri-coordinate
phosphorus(V) compounds has been a controversial question since Michaelis’ investigations. This
ncarly centennial discussion was closely connected with the more general problem of similarities and
differences in the chemical behaviour of nitrogen and phosphorus compounds. At the end of the XIXth
and the beginning of the XXth century the cxistence of any phosphorus analogs of nitrogen
compounds was thought to be a matter of course, and Michaelis, by analogy, assigned to some
phosphorus derivatives the following structures

0 TR

Y Vs

R-P=N-R* R-E R~P<l ete.
N'NR! NNRe

Vil VIII IX
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Later on, Michaelis and others found that many substances of the type VII-IX were dimeric or
polymeric, though the possible occurrence of the monomers was not rejected. In the years between
1940 and 1950 an opposite point of view emerged. Such structures were postulated to be impossible
because of already known fundamental differences in properties of nitrogen and phosphorus.
However, in 1964 the first representatives of bi-coordinate phosphorus(I11) were synthesized and in
1973 the compounds VII possessing bulky radicals, R and R’, were prepared. In 1974 the first
derivative of tri-coordinate phosphorus(V), [bis(trimethylsilyl)-amino Jbis(trimethylsilylimino)
phosphorane (IXa), was obtained by the Staudinger procedure.?2%23¢

(1‘.163331}21\1--}?=Iw181h¢1e3 + 2 Me;SiN; ———
Asilie,
\NS:LIIe

NSiMe
.4

“NSiMeB
IXa ( 56)

The monomeric nature of the compound 1Xa was unambiguously proved by chemical?®! and
physical methods??” inciuding X-ray data.’*? A molecule of the phosphorane IXa is flat, with both
P=N bonds being considerably shortened. presumably because of their n-character.

The synthesis of compound 1Xa provides more evidence in favour of a definite, though limited,
analogy between nitrogen and phosphorus chemistry.

b5
(Me 5i),N-F " Me;SiNy —— (Me Si)2N-

3

4. PHOSPHAZO COMPOUNDS AS STARTING MATERIALS
IN SYNTHESIS

Many phosphazo compounds obtained by the Staudinger reaction may be converted to other
phosphazo products by the substitution or modification of the radicals on nitrogen. For this purpose,
phosphazosilanes are mainly used, as shown in eqns (57)**3 %! and (58).2°¢

Me SiF
4 =n"n. Np .
~ 3P=NSille; F,  Ref. 253
Ce¥e SP=NC, F Ref. 234
—~ T7ETUVeTH *
C1CN +—  3P=NCN Ref. 235

S0 _ . 0 >o_
| 03 | sp-Nso,0SiMe; 20, FP=NSO;H Ref.2

S pwsi C150CHO SP=NQH-0Sille;  Ref. 237
~ P=NS e . 0013
ALKNCO .  3Pp-NC(O)ySile; Ref. 238
Alk

ALoNCCls  >p=NCCl,NAlk, Ref. 239

R
P(OR)s __ 3P=NP(OR), Ref. 240
R, BHal
. 3P=NBR, Ref. 241
CH _CH
s VHN N
Ph,P PPh Ph, P PPh
M s21gr NSiBzd T so?o) S0, g 1 =00
e551 ez ~( e331 580, N
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The alcoholysis of trialkyl-,** triaryl-,>*? triamido-'3""'*" and other P-substituted phosphazo-

silanes’3?-243 is one of the most convenient methods for synthesis of phosphazohydrides.

_}P=NSiMe3 —BOH__ >p-nH (59)

The hydrolytic cleavage of the silanes by HCl yields the hydrochloric salts of the corresponding
phosphazohydrides.?**

+
IP=NSile, —Ite ( -}P-NHZJ c1” (60)

The phosphazohydrides, in turn, are widely uscd for preparation of phosphazo compounds with
various substituents on nitrogen. For some this synthetic route is the only or the preferred one. Some
examples are shown in eqns (61),2*3 24% (62).2*” (63).”* (64)>°" and (65).'*!

(RS0CL Ph, P=NSOR
50,C1,,
F—=—=-  Ph;P=NS0,Cl
Ph, P=NH (61)
3 RNCO
p————  Ph;P=NC(O)NHR
C1,CCN P
> Ph3P=NC/NH
\0013
RN S Ph,.P=NH [{ N\ S
/I +_J).CH=CH-CH=CH-OE%t TE%H_" | PN CH=CH-CH=CH-N=PPh,
[ - )
Et Cl0, Et C10,~
(62)
Ph,P=NH
EtSn-NEt, —_—E—%ﬁ—» EtSn-N=PPh, (63)
Ph, P=NH
(MezN)3P =5 Mo N P(N:PPh3)3 (64)
. (Me 2N }3P=NH
MeHg-N(SiMes), > MeHg-N=P(Nle, ), (65)
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There are several cases when the products of the Staudinger reaction are converted to the new
phosphazo compounds by the modification of substituents on the P atom.

R'SO,N —
§NsozRv
I\\ == /CNZ ‘
H—(,// R.N-C (66) Ref. 5:
2 DNy / 2 \N
|
SOZR' SO2R'
R,P-P R,P—PR,
12 —S . 7y (67) Ref. T
NSiMe S NSille
3 3
Tos
/
ATos Ph,C=C=0 Ph? ,z._
Ph B’ =C= ¢
2™ c=cnEt, — N
EtzN f
b .
4NTOS ] Ph
Ph21’ ,)Q HO.
Bl | + P“O‘ (68) Ref. 1
s {Ph 24 NEt,
Bt N pn TosN

The reaction of P-alkoxylated phosphazo compounds with electrophiles are often used to prepare
N-mono- and N,N-disubstituted amidophosphates, N-phosphorylated imidophosphates, imidopyr-
ophosphates, imides of carboxylic acids, etc according to eqns (69) — (71).'*"

H,0, HX or 0
Lawis acids >P//
“MNHR?
0
RT 4
- Y ——3 RO=P=NR' » P
ROSP + N3R ROZP= \NRR* (6
Rt1C(0)CL 0
( » >¥¥
\N’R
R* = Alk, Ar {e(0)R!
we, Y = 0,8 0

N\
> 7

N . '__:
N(R )P\Y
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RE  ypf
i \N=P\£YR

R'C(0)C1 5 40
‘1q=P\fyc(o)R-

’ \ ’
3;y + N?’P{-.Y — R%:N—P{Y

f = 0, S 0
’ >1’f(31*;>1:,z;'Q
. \N=E§Y-E§O
(70)
ROSP N,C(O)R* —+ ROSP=NC(0)R' —2 ‘%, )P//O '
P+ N3 ain \NchR
NOR!
(71)

Some of these compounds cannot be obtained by any other method. The thermal rearrangements
of phosphazo compounds are used for preparative purposes only occasionally (Section 3.1).

Sometimes, the phosphorus-containing fragments introduced into a moiecule by the Staudinger
reaction act as easily removable protective groups. The reaction of trimethyl phosphite with aromatic
azides can, for example, be used for preparation of monomethylanilines of high purity.''®

Mel

0 .
/
80);P + NyAr —+ (1e0)P=NAT —==, (Me0) P Hydrolysis

2 M (Ar)He

— lieNHATr (72}

The phosphite-azide coupling method is utilized to introduce free or phosphorylated amino
groups into synthetic analogs of natural substances,®*:2°!-2%2 for example?*?

o P o B
Ny . (Ro)zP(o)NH/\(S_z/
0 HC1
RO)5P + R OR —o+ R OR =
B

. HN
B = Guanin, Adenin (73)
HO OH

The well-known reactions of phosphazo compounds with carbon dioxide, carbon disulphide,
carbonyl compounds, ketenes, isocyanates, etc are of limited preparative value.?** Some typical
examples of their use are shown below.

Mezﬁ-ﬁMe2 002 Mezﬁ-ﬁMe2 (74)
< - S o 74) Ref.254
le. SiN S - 1:18351NCO 0 S
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R06H4c(o)CF3 + Ph3P=N06H4R't:iﬂ§ﬁﬁy+- RC6H4ﬁCF3 (75) Ref.25

NC6H4R'

RCHO + FeCHN=PPh; — P, F0 - FcCH,N=CHR (76) Ref. 3

This type of conversion includes also the fairly convenient method for synthesis of primary
enamines under acidic catalysis.?%®

Me. SiN=PPh ﬁ 8 i-PrOH, TosOH NH, 0
K ’ i} )\)k

X =R, RO (17)

Some chemical and photochemical reactions of phosphazo compounds yield quinolines,?*’
tetrazoles,?*® oxazoles?®” and pyrazines.?®*

0 P(OEt), LN
— = ~(Bt0)}, PO
N N 3
3 2
\ \
—_— R = H, Me, Ph, C.H,, (78
N “OR
R'C(0)C1l, NaN R-N—C-~R!
Ph,P=NR - i\ (79)
~Ph,P0, -NaCl N
o) R''C(0)CL
N,CHRC(O)R' =———+ Ph,P=NCHRC(O)R! -
Ph,P + Ny (0) = 3 T

R
N
" orel ) Rt (80)

0C(0)R o 0C(0)R &:::[:—:Es
CL woa, o
3

=P(OEt)
3 (81)
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2 N/ R

N
R~
‘E;NEL-R (82)

For the quinolines and tetrazoles this method has some advantages over the conventional
procedurces.
The imination of phosphorylated malonic esters by phenyl azide is accompanied by the

climination of ethyl alcohol and lecads to the phosphorus-containing heterocyles, 2-phospha-4-
quinolones,?®!

PhN, LCH(COOEt),
(41k0),P~CH(COOE®) — 3 (A1k0),P7 =
2 2y
Ph
OEt
4C(COOEL)
\Nﬂ?h -EtOH
(AlkO) COOE+

(83)

Phosphazo compounds react with acyl halides to give imidoyl halides.22

Ph,P=NR + R'C(0)Hal ——==> R'C=NR
3 “PhyPO T 84)
Hal Hal = C1,Br,I ©

The reaction is uniquc in the preparation of imidoyl bromides and iodides, but fails in the case of
imidoyl fluorides.

The reaction of 2-iodoalkyl azides with trivalent phosphorus nucleophiles was shown to be a
valuable method for aziridine synthesis.?®?

So—cf
Ph. P \¥/ —
. 2 *PPh, I~ LiAlH
/9—?< — 3 4 . >C<—;C<
I By | P(OR); >C—0< NE
—RI
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The phosphorus-containing fragments are readily removed by lithium aluminium hydride.

The Staudinger procedure can also be applied to prepare unsubstituted on nitrogen aziridines
from oxiranes.?®* This approach is particularly useful when the oxiranes are accessible, while the
corresponding aziridines are impossible or difficult to prepare by the conventional methods.

NeN., ,H,0 N Ph.p =PPh3
0 ) OH i SN OH
— ‘ /
N ;P
B - .
"3 ~PhF0 1 (86)
HO™
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