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In 19f9 Staudinger and Meyer reported the iirst synthesis of phosphazo ~~t~pounds by the reaction of 
tcrtiarq ph~sphines tvith organic rtzides,’ 

Es P + H3X--+ a3 P=rw!?=EJlX _R + RJP&X 0) 
Phosphazide 2 

This pioneering ibork was ahcad of its time. In the following three-four decades only a fuu articles 
on the subject have appeared. and the numbor ofknown phusphazo compounds. up to 1950, did not 
exceed about 3 dozen. In 1950 Kirsanov discover-cd the phosphazo reaction. i.c. the itninatiun of 
phosphorus pentachloridc and its derivatives by compounds containing amino protq~~-’ 

(2) 

This discovery initiated an extensive dev~loprnent of the chemistry ~~fpllospha7~ compounds ;ind 
renewed the interest to the Staudinger reaction. 

Later, Kirsanov or or!. found and cxamincd a variety of new oxidatice imination reactions of 
trivalent phosphorus compounds producing, as the Staudingcr reaction dots, the phospha~o 
derivatives.” A substantial contribution which extended the arca ofexploration and utilization of the 
Staudinger reaction was made by Kabachnik rjr (11. Thcp demonstrated that. besides the tertiary 

phosphines, the esters of phosphorous acids may also bc used for the preparation of phospharo 
compounds.’ This fact revealed new possibilities of the Staudill~~r reaction and prompted its 
appIicati~n to the solution of some fu~dan~ent~~i t~~c~reti~~l pr~bI~ms in or~n~~phospllorus 
~~l~rni~try. 

To date, some hundred articles and patents have been ~ubIished which cover the synthesis of 
phosphazo compounds via the Staudingcr reaction. Using this procedure one can prqxtre most ofall 
conceivable phosphazo compounds having different substitucnts at the P and N atoms. The 
Staudinger and Kirsanot reactions complement each other and provide the main synrhetic tool for 
preparation of compounds with the P=N bond. 

The phosphazo reaction is generally used for the synthesis of P-haiogenated products, The 
Staudingcr reaction, on the other hand, is more convenient for the synthesis of P-alkoxylated. P- 
thi~)aIkyI~~ted-, P-ar~~xylated and P-amin~tcd phosphazo compounds. Either of the two methods can 
be applied to prepare the P-alkylatcd and P-arylated derivatives. In each case, the choice is 
collditi~n~d by the availability of starting m~~teria~s and by preparatj~~e ~on~ide~~tions. 

Some q~cts of the Staudin~~r reaction have already been reviewed.‘-““, ‘sx The main object of 
this report is to provide a comprehensive survey of the preparative possibilities and mechanism of 
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the Staudinger reaction. A special section exemplifies the use of the reaction for analysis of some 
~~r~~lic rc~~cti~~ity problems. 

As a tribute to memory to the outstanding German scientist, H. Staudinger (t881- 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 I~?t~~i~~~j~)~? r!f tertiury ~~7~sp~jil~,s, Although the reaction with organic azides is typical for all 
tertiary phosphines--trialkyl and triaryl phosphines, mixed phosphines, unsaturated phosphines, 
diphosphines, etc. lriphenyl phosphine which is easily accessible and convenient in operation is 
gcncraily used. A variety of aliphatic and aromatic azides,1-“-3h azides of carboxylic,“. ‘h.Z2.36-40 
imidic’ ’ and carbamic’ 2.J2 a4 acids. guanyl azides,4”‘4h cyanogen azide,47 sulphur-, 
12.1h.22.31..~h.3~.4~- 52 p~osp~orus_t”.22.53-61 and metal-containing organic azidesb2’ ” can be 

employed for iminatio~l. Only azides of thiocarboxyiic acids f~j”~.~‘) and sulfinyl azides”’ fail to 

iminate tertiary phosphines. Alkyl and aryl azidcs are usually preferred. 
Almost all known phosphazoalkanes and phosphazoarenes including those with active functional 

groups. phosphazobenzaldehydes,24.“*“U phosphazoanilines,2’ phosphazobenzoic acids,“’ and 
phosph~~ophcn~ls~* were prepared by the Staudinger reaction. Many of them cannot be obtained by 
the phosphazo 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,” - 83 
phosphazo~rbohydrates~‘~.~’ heterocyclic systems,‘6-“’ organic dyes contajning auxochromic 
Ar,P=N grol~ps,‘~.z~.30.“2 ‘)* and unsaturated phosphazo compounds.3”,Y5.96 

The imination of diphosphines yields bisphosphazo compounds55~5”.h”-“.“7*“R which are 

starting materials for the synthesis of heterocycles and polymers. 6h This reaction can also be carried 

out in a stepwise manner.“*“* 

Ph2~C~2~~~2 pm3_ .- Ph2PGH PPh2 
PhN3 

II * 
.’ PhePGH PPh2 

II *II 
is1 

blPh NPh NPh 

AUr2P-PAlk2 
MeSSiN 

: Al.k*P-PAlk* 
Ye3SiN3 

: 

I 
Me si! 

AI+;--;A+ (41 

3 
Me3 SrB NSiMe3 

c 
2 Mopi+ 

The treatment of diphosphines with diazides yields phosphorus-nitrogen polymers:“’ 



Sixty years of Staudingcr reaction 439 

The imination of tertiary phosphines by organometallic azides is one of the most important 
methods for the preparation of ttialkyl- and triarylphosphazo derivatives of silicon.“,’ ‘I 
germanium.67*7”~77 tin67.72 ‘* and antimony.‘” 

The Staudinger reaction is aIso unique in the synthesis of phosphazo compounds from tertiary 
phosphines ofcomp~ex structure. in particular. those containing active function~il groups or l~~ultip~c 
bonds. 22.26.33.52. 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 hydra7olc acid is a very important method 
for the synthesis of phosphazohydrides.“. 101 ‘WI 

The free phosphazohydrides arc obtained by treatment of their hydrazoic salts with such strong 
bases as sodium amideto and metallic sodium’0’.103 or with triphenyl phosphinc.“‘:’ 

Table I. Imin~ti~n of triphcnjl ph~sphinc with organic ,tridc\ 

Ibide Phosphazo Product Refc- 
rcn- 

PhCH=C(Ph)N3 

PhOCli*C(O)N3 

PhK=PPh3 

PhC(0)kPPh3 

PhSO$=PPh3 

~e(EtO)P(O)N=PPh~ 

Ph3SIE=PPh, 
f 

NCN=PPh3 

- 
N=PPh3 

O- 
0 

PhCH=C(Ph)N=PPh3 

PhCCHpC(0)N=PPhj 

9 

12,48 

101 

63 

47 

96 

36 

40 

Cl Cl 

Cl Cl 

PcCH2N=PPh3 

( L‘t0)2P(0)IJi~C(O)N=PPhj 

0=P(N=PPhj)3 56 

(C6F&Ph'=PPh3 GC 

MespSi(ii3)N=PPh3 68 

Ph3CeN=PPh3 62 

(7) 



Yu. G. GoL.oLol,ob (‘1 (II. 

Table 2. Imination oftcrliary phosphines with phenyl aride and tosyl az& 

Phoaphine 
Referen- 

Azide Phoephazo Product 
ces 

Ph2PC6HIqCHO-p 

Ph2PCasCPh 

Ph2PC=XEt2 ToaN 

y’ 0)NEt2 

Ph2PC=C=CPh2 

Ph3P=C=PPh 
I 3 

iSe2P 

phH3 

pm3 

TosN3 

Et,PCH(COWt)2 

I 
+ 
cl- PhN3 

phY- Ph 

h 

Ph2PCH2PPh2 

phbl3 

Ph2;C6H4CH0.-p 

NPh 

Ph2P:hECPh rf 

Ph2PCECNEt2 

!!I TOB 

FoJNEt2 
Ph2PC=C=CPh2 

If TOE 

Et2gCH(COOEt)2 

NToe 

2 PhN3 Ph2PCH2PPh2 
II II 

PhN NPh 

32 

26,34 

52 

100 

33 

31 

22 

98 

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

1.2 lmination of estm, thiorsrers, and amides oj phosphoru,s(lll) acids. The use of esters, 
thioesters. and amides of phosphorous, 5.1h.38.43.55.5~~.59.73.83.HX.101.106 142 phos- 

phonous, 56.101.107.109.1 16.125.126.142 148 55.108.109.116.1 17.126.142.145.149 155 and phosphinous acids*. 
in the Staudinger reaction considerably extended the limits of its application. 

Table 3 lists scvcral groups of phosphazo compounds prcparcd by imination of phosphorus(III 1 
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 expected 
phosphazo products cannot be isolated. Phosphazo compounds bearing methoxy or silyloxy groups 

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

/ \ 

labile 
These and some other unusual cxamplcs of oxidative imination, including the intramolecular 

variants of Staudingcr reaction, and condensation of bisfunctional azides with phosphorus substrates, 
are discussed in Section 3.1. 

1.3 Intinu!io~r q/ tricahtt phosphorus compounds displa~+ng IOM. mwlmphili~ rwcticir~‘. Halides, 
isocyanates, and anhydridcs of phosphorus(II1) acids arc less reactive in imination than their esters 
and amides or tertiary phosphines. The ability of PCI,, PhPCl, and Ph,PCI to react with azides was 
revealed only in 1966, about 50 years after Staudinger’s original study.’ “s5:. “‘* I”) By that time, the 
corresponding phosphazo compounds had already been synthesized by the phosphazo reaction. To 
date, it is the most convenient method for the preparation of such chlorinated derivatives, while the 
Staudinger reaction is. in this case, mainly of theoretical interest. However. several phosphorus(II1) 
compounds such as isocyanates, mixed anhydridcs. aminohaloidphosphites and phosphonites 
probably can be iminated only by the azide method (Table 4). 



Phosphorus 

Compound Azide 
Refe- 

Phosphnzo Product ren- 
oes 

phN3 
XeS02N3 

PhC(O)N, 

(EtU)3P=NPh 5 

(EtO)3P=NS021Ee 11t 

(Et0)3P=NC(C)Ph 114 

(EtO)3P=IJP(O)(OZt)* 110 

(EtO)3P=KP(S)Me2 127 

(Et0)3P=NSWe3 137 

Xt(Et0)2P=NPh 144 

t" Yoke 
0 *NPh 

Me3SiC(ZtC)2P=NC(O)Ph 

(Me X) P-NPh 
2 3 

([=N)3?&iC(U)Ph 

t-Eu 

lK 

4 +!e 

P 
N %Ph 

tBu 

130 

135 

113 

12c 

137 

141 

(EtO)2P(h3 
Me2P( SIN3 

Ye3Si.N 
3 

phN3 

PM3 

PhC(O)N3 

phN3 

PhC(O)X3 

Me3Sili3 

phN3 

115 

kt BF - 
4 

Ph(XtO)2P=NP(C)(CEt), 116 

W)2P(C)N3 ~t2(~to)P=NP(~)(oEt)2 116 

_t2(ht2~)P_NP(O)(L~t)2 116 

PhIU-j 
,N=PPh- 

Ph2p%xPh 
ZJ 

ToaN 
,CH(COOEt)2 

(Eta) P 
%Toa 

PhN3 
,Gi~(O)Ke, 

(EtO&NPh 

2 
PhiI 

,N(Me)P(0)(OW2 
(EtC)2P,bph 

phN3 

,N(Pr-i)CH2COtiEt 

(EtO)2PpNph 

Me3SiN, , ( -)2Py~e3 
3 

Ke SIN 
,N(Sme3)2 

3 3 
Aie P 

2 %SlMe3 

156 

147 

148 

117 

139 

138 

150 

151 

(EtO)gP 

EtP(OXt)2 

t 
9 
d 

PObie 

(EtpN)3P 

t-Bu 0, 

L 
I ,POLle 

t-L 

(Zto)2PN= 

PhP(OW2 

st2POEt 
I 

Et2PXEt2 
J 

Ph2PN=PPh3 

(EtO)2PyP(O)(OEt 

Me 

(EtO)2yCH2COUEt 

i-Pr 

(t-Bu)2PNiiSWe3 

a For the reaction of O-silylated phosphites with phenyl azide 

8ee Section 3.1. 

b For the reaction with phenyl azide eee Section 3.1. 
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Phosphorus 

Compound 
Azide PhOE&l~ZO 

Product 

Refe- 
ren- 
ces 

PC13 

PhPC12 

Ph2PCl 

Pm3 

Pm3 
ToaH 

PhibPC13a 

PhN=PCl$Y? 

TosN=PPh$X. 

(ml)*PP CF3N3 CF$~=P(OEt),F 

Pe(EtO)PF CF3N3 CP3N=P( CEt )FMe 

P2P-~-C~2COoMe* 
pM3 FP 

,N(Bu-t)CHQCOO& 

t&u * *NPh 

149 

749 

57 

158 

159 

160 

162 

125 

125 

163 

a Dimerizes to an ~~ophosphor~e durFng the reaction 15?_ 

b No imination with P(IKZO)3'6'. 

' For imination of (Et0)2P-t%'(S)(OEt)2 see Section 3.1. 

d For imination of FpP-N(Me)CH2cocEt see section 3.1. 

1.3 Plw.s~lt~r:&.~. The primary imination products, phnspharidcs R,P=NN=NX, as a rule. 
decompose during the reaction with loss of nitrogen. The intermcdiatc formation ofthe phosphakides 
was Jirst obscrwd by St~~Lidiil~cr~’ in special runs carried out at law tempe~turc. CLI - X0 . However, in 
some citses, phosp~l~~zides arc quite stable under the usual conditions ofthe St~udjl~~~r reaction, i.e. in 
organic solvcn ts at O-20, but. e\i olvc n i t rogc n 011 heating at 
50 jJj1) 1’. 13 lf1. lx..%-.44 -lh,3X.51.54.X:. I+4 16s Some phosphwides 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 phosphaAdcs to the 
corrcspondinp phosphxo compounds proceeds smoothly with practically quantitative yields. 

The stability of ;I phosphazide molecule is determined by the electronic (a conjugative 
dclocalizawn of the cationic charge an phosphorus) and steric factors (screening of the P atom by 
bulky substituentsf. Some examples of stable phosphazidcs arc given in Table 5. 

Hcsides the lincar formula A,’ ‘.” the branched B”-I’” and cyclic C:131 structures wre also 

proposed for pt~osptl~l~id~s. 

+BdUM-X 

A B 

3P-B 

x-3! ” -N 

c 

But in view of the available ~berni~~l,~~ s~~tros~~~pi~,~“. “. ’ ” and kinetic data (Section 2) the 

presence of 3 linear skeletal P-NN=N framework in these compounds appears more acceptable. 



$&sly years of Sraudinger rcactinn 443 

Prepara- 
tive Con- 
ditione 

Deconiposea 9 
on etanding, 
scme tiniee 
with explo- 
shin 

~X@.CW@8 Ull 9 
meXti.ng big 
i3EUEple 8 

Yields t&e 18 
cxxme spon- 
ding phos- 
pham compo- 
und cm gentle 
warming in 
v&cum 

Kn ether 
on co01ing 

47-58 

Kn etherJ 

-80 Oc 

In other, 

$0 Oc 

51-52 

(dec, J 

57-58 
(dec.) 

Kn ether 104- 
105 

44 Kn boilkng 73-34 
ether 

In ether, t3t 
0 52 (dec.) 

13 

87 

I68 

In chlaro- 75 
form (dec.1 

In aceta- 164- 

ne, 0 *c 167 

(d%C,) 

51 

I?ecmpimea st *gz 
mom teslpera- 
tura 

Xn sther tbt- 44 
163 

In benzene, 90 

20 Oc (bee,) 

’ 169 
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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. 

It can be either the first or the second, depending on whether the un~molecular decomposition or 
bimolecular formation of the phosphazide is the ate-determining step.3’ 

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)’ 32 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.” ‘*I 72 

In general outline, the mechanism of the Staudinger reaction is known. It seems to proceed 
without either free radicals“ or nitrene participation’ ‘. ‘32 and, possibly, with retention of phosphorus 
stereocon~gu~dtion.14 Using ‘“N labelling technique, the N-R’ bond in a phosphazide was found to 
transfer to a phosphazo product without splitting.s~.5’ 

Ph?P=‘I %li=NTos 

PhjP=N’ %=NTos 

Ph$?=lVToe + ‘%B 

The primary electrophilic attack of an azide molecule on phosphorus, i.e. the first step in Scheme 
{S), is accelerated by acceptor groups in the azide”*‘L*3’ and donor radicals in the trivalent 
phosphorus compound.* i. ’ 73 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 the 
intramolecular mechanism via the 4-membered ring transition state (II).’ ‘.” 

5 bNN=NB ’ 

The effect of 

f 
a3 

PdR’ f B2 (101 

II 

radicals at phosphorus upon the rate of formation and decomposition of the 
phosphazide is inverse’ ‘*I ” 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.’ 76 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 0, 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 
discussedJ’.HU as a mechanistic possibility. 
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Table 6. p-Values of Hammctt correlations in Staudinger reaction (THF) 

Phosphorus 

Reagent Aeide 
3 -Value 8 Refe- 

lY3Ib 
l-st Step 2-d St%pCeO 

(EtaI3P 

(Et~)2~~2 

(Et0)2PCH( COOEtJ2 

(Eto),P+ 0)Me2 

Ph3P (Wlene) 

Ph3P (benzena f 

(Et~~2P~~(GOO~~)~ 

(&x0) 2P&i:( 0)Ie2 

Ph3P ( benzens f 

(Xc~H~~~P (bensene) 

XC6”4N3 

XC6H4N3 

XG6R4R3 
XC6ii4N3 

“6’qN3. 

XCaH4N3 
XC6H4S~2N3 

XC6U4S02N3 

qjR4C( W3 

PhN3 

l-53 0.67 171 

O&35 0.67 140 

1.28 0.93 146 

0.76 0.61 174 

1.36 12 

1.25 -0.19 11 

0.46 -0.16 146 

-0.12 174 

O-78 37 

-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 (I 1): 

logk, = 2.274 - 5.656 &r, W) 
r = 0.996. 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 Pr” centre become evident on surveying the data 
listed in Table 7. The replacement of a Me@ or Eta-group in phosphites by a bulky I-adamantoxyl 
radical (I -AdO) does not affect significantly the rate constant k, of the reaction with phenyl azide.’ 7’ 

This effect is probably due to the fact that an electron pair of the P”’ trigonat-pyramidal atom is 
easily accessible to a small electrophiie, PhN,. The conjugation with phosphorus is completely 
suppressed which is an unusual phenomenon and may probably be attributed to some structural 
peculiarities of the t~nsition state (11). 

Fig. 1. Plot of log k, versus &,-parameters of the radicals R’. R2, and R’ for the first step of the reaction 
between R’RZR3P and phenyl azide in THF at 20’. I. fEtO),PMe; 2, (EtO)2PNMez; 3. fEtO)zf’NEtz; 
4, (EtO),PPh; 5, (Me,N),PF; 6, (EtO),POPr-i; 7, (Et0)2POC6HtI-c; 8, (EtO),p: 9, (M%O)J’; 

10, fEtOl,PF. 
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Tahlc 7. The rates of the first step of phosphites imination with phcnyl azide (THF. 20 ) 

Phosphlte k 1 .j03 M-l,-' 

(Meo13P t.97 

(EW)3? 4.48 

(Et0)2PGPr-i 5.58 

(Leo) $OAd-1 1.73 

(EtO)$OAd-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 ofelectronic effects (inductive and 
mesomeric) stabilizes the phosphazide and reduces its decomposition rate. The introduction ofdonor 
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 I-cyclohexenyl phosphites 

(EtO)LPOC,H,,, EtO(Me,N)POC,H, and (Me,N)2POC,H,, where the EtO-radicals are 
successively substituted by more donor Me?N-groups, the kinetic order of nitrogen evolution is 2,2 
and I, respectively.’ ” The steric screening of phosphorus causes the analogous stabilization of 

phosphazides. The steric requirements in the transition state (II) are much more rigorous than in the 
transition state of the primary electrophi!ic 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 retardation effect can amount to two powers of ten (Table 9).177 

The constancy of contribution of structural and electronic factors to the reactivity of 
phosphorus(II1) 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 .I “‘* “’ 
The primary addition of phcnyl 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 state of the first step seem 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 ASs.‘7h*1*o The analogous 
correlations of activation parameters were also found for the decomposition of phosphazides formed 
by tosyl azide.“” 

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

3.1 Rawrcmgements and toutonwric conwrsiotrs accompuq~ing t/w Stuudinger reuction. The 
Staudinger reaction of P”’ compounds possessing at least one alkoxyl group is often accompanied by 
the alkyl fragment migration to phosphazyl nitrogen. 

9 
AlkO;P + NY"- AlkO->=NX - &LX (12) 

Alk 
X = Alk, Ar, COOR, S02R, SiMe:, 
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Table 8. Rateconstants for the first step of the reaction between (EIO),PR and phenyl wide (THF, 20 ) and 
~7, parameters of radicals R ’ “’ 

RadlUal0 k 1 010’ ICI,-’ 61 a 

-OC(Bu-t)=CHN(Bu-t)- b 0.16 

-OCti(Bu-t)CH2N(Bp-t)- ' 356.0 

-OC( CN)=CHMe 0.25 

-OC(Me)=CEiAc 0.28 

-CC(IYle)=CHCl 0.43 

- \ 9 
Cl 

-0 
-OC6HiqCN-p 

-OAd-1 

-OAd-2 

-OC6H,,-c. 

-OP(S)(OEt)2 

-OP(0)(CEt)2 

-OP(OEt)2 d 

-N(Ph)N=CYe2 

-N(Ye)P(S)(OEt)2 

-iJ(Me)P(0)(OEt)2 

-N(Me)P(=iIPh)(OEt)2 

-N(Me)P(OEt)2 d 

0.25 0.50 

2.93 0.31 

5.11 0.27 

5.68 0.26 

0.21 0.51 

0.26 0.50 

2.54 0.34 

2.50 0.32 

0.30 0.48 

0.47 0.45 

0.96 0.39 

6.65 0.30 

-N(Pr-i)CH2P(S)(OEt), 11.3 0.21 

-N(Pr-i)CH2P(O)(OEt)2 12.3 0.20 

-N(Pr-i)CH2COOEt 28.8 0.14 

-Cx2P(S)(OEt)2 6.66 0.25 

-CH2P(=NPh)(OEt)2 11.8 0.20 

-CH2P(OEt)2 d 94.5 0.10 

-CH(COOSt)2 1.59 0.36 

-Ci_12C00%t 11.1 0.21 

0.78 

0.53 

0.50 

0.49 

0.46 

0.60 0.43 

1.28 0.37 

253.0 -0.03 

a Calculated from the equation 26, = C.405 - 0.176 log k,. 

b 
t-&l 

In the compound ' In the conpound 

d The value of k, /? waa used for 6, 

calculation to take into account the statistic factor 

of acceleration of the raaction when a molecule includes 

two equivalent reactive centres. 
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Table 9. Rate constants for the second step of the reaction of phosphites and p~osphonit~ with phenyl azide 

(THF, 20 %I 

Phosphorus 
Reagent k2a103 8-l 

(MdeOl~P 87.0 

WW~P 53.3 

PhP( OEt ) 2 154.0 

(~e~)2P~hd-l 28.f 

(EtO) 2POAd-1 24.4 

EtOP(OAd-l)p 0.24 

PhP( OAd-1)2 1.Q5 

P-Methoxylated phosphazo compounds rearrange easily, while the lengthening or branching the 
aikyl radicals results in reduction of their migration aptitude. 11X,121-123.181.182 The jmination of 

trialkyl phosphites with hydrazoic acid produces, besides other products, N-alkyl phosphoramidates 
formed during the rearrangement of unstable intermediate tria~koxyphosphazohydrides.1~3 

The isomerization of N-silylated trialkoxyphosphazo compounds is rather slow. Approximately 
half trimethoxyphosphazotrimethylsilane rearranges under relatively rigid experimental conditions 
(above 100°),133 while triethoxy-, tripropoxy- and tributoxy-derivatives remain unchanged,13’ 

It is noteworthy that pure trimethoxyphosphazotrimethylsiiane is not liable to rearrange upon 
prolonged heating up to 200 . The isomerization is suggested to occur in the intermediate 
phosphazide.’ 33 

(MeC$P + lf 
t 3 

SiMeg 

(14) 

* (MeO) pNS&e3 
2 

Tris-(l,l,l-triftuorethoxy)phosphazotrimethylsilane, on the other hand, polymerizes at 200 .lg4 
Trimethoxyphosphazotriethyitin rearranges in the course of pre~ration.73 
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The imination of a mixed anhydride of phosphorous and thiophosphoric acids by phenyl azide is 
accompanied by migration of a thiophosphoryl group.* *’ 

/,O s 
- cEtO)2Y&OEt) 

I 2 (16) 

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 0-P=N (route “a”) or a pentad system O-P=N-P=O 
‘route “6”). 

0 

QkO>P + N31$0 
4 

>P 

I 

'fJ_p==ow (Route "a") 

Alk 

A~kO+N-~oy Bide-amide rearrangement (17) 

#O 
)P 

'N=P;OxAlk 
(Route @b") 

Imide-imide rearrangement 

The rearrangement proceeds, asa rule,via the route”b”‘“** ’ *‘)a 18h.‘X7 but sometimes the reaction 
Jroducts contain small amounts of N-alkylated derivatives from the route “a”.18h 

4% 
he'Et 

(18) 



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 bclow.rO’ 

,Me 
(EtO)3P=N-P\=;Et 

1 . 

20 hrs r 

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

0 
AlkO->=N-PP;S - O>-N=P;SAlk (20) 

The resulting thiolphosphate can further rearrange to yield an isomeric thiolphosphate.“’ 

,OEt 
(EtO)3P=N-P=S 

'OEt 
t ,OEt 

(Et0j3P=N-P=O 
'SEt 

(21) 

It should be noted that the isomerization of phosphazo compounds in the course of their 
preparation seldom occurs but often proceeds spontaneously 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). 

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 0 or S. 

Alk~P=NX 
E+ 0 

- ;Pc,E + Au+ 
N 'X 

Et 
AlkO$P+Y - 

HO 
)P' 
'N=P;YE 

+Alk+ C22b) 

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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Trthlc 10 Imination of triaikyl phosphitcs and thermal stability uf P-alkaxylatod phospharo products 

Phoepho- 
rus Aside Reaction Attitude to Refe- 

Zbat*- 
Product3 Heating ren- 

CS3fJ 

(lwN3P PhN3 (MeO)3P=NPh 

(EtOI3P PhNJ ( EtO)3P=NPh 

Can be dietilJecl 118 
in vacuum at 80- 

85 cC without re- 
arrenpe3nent, 

5074 ieomerization 181 
in solution at 

tOCI ‘c for 30 days. 

Isomerizes in 123 
boiling ether in 
the course of 
preparation. 

(Eto)3P M%(~to)P(~)N~ (EtC)3P=N_P:; 
‘cm 

No iso~erizstion ‘123 
on distillation. 

PzWh.l itmmeri- t86 
zatfon during 
&reparation, dis- 
tillation and 
storage. 

lo isomerization 101 
on distillation+ 

Iecmerizes in the 186 
course of prepara- 
tion. 

NW isomerientiwn 174 
on distillation. 

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

During the imination of silyiphosphit~s with phenyl azide the resulting phosphazo compounds 
undergo the imide-amide rearrangement.’ 35* ‘W tul The reversible migration of a trimethylsilyi 
group between oxygen and nitrogen was also detected in the intermediate phosphazides.‘~~ 

Iiuide-amide rearrmgement 

For the rearranged N-silylated ph~sp~oramjdates the inverse shift of the trimetbylsily~ group 
from nitrogen to oxygen is not characteristic.*g0 However, the possibility of such migration, in 
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Table I I. Staudinper reaction of hcteroorganic phosphorustll I) compounds and accompanymg conversions 

Phoephorue 

Subetrate Azrde 
Reaction 
Products 

Type of He- 

arrangement 
Iiefe- 
ren- 
ces 

Ye3SiO(Et0)2P Et,P(O)N3 

MegSiO(Et0)2P (i-Bu0)2P(O)N3 

Ye3SiO(Ye0)2P (MeO),P(O)N3 

Pe2P-R<~~, 
3 

Me3SlR3 

liie2P-iJ<~~~ 
3 

LegSiX 

./Lie 
Le P-II 2 xSi.Iie 

i!u-t 
2 

tiie3SiN3 

Lie 
'P-IT 

pbe 

t-till' 'SFD6e3 
kleN3 

Ale 
MeL?p-'~CeMe3 

LieN 
3 

Me3SiO(Rt0}2P=NPh ]- (EtO)2!-N<r=;3 Amide-amidic 190 

Ye3SiO(EtO)2P=iW(0)Ph 135 

Ye2(Me3SiO)P=NSib?e3 154 

/me2 I a N?de2 
Me3SiO(BtO)2P=R-P=0 Imide-imidic 

\NMe2 
+(EtO)2P-N=PcOSiMe3 

NMe2 

/Et I. : 3 
Me3SiO(Et0)2P=N-P=O +(Et0)2P-N=P;;;iKe3 Imide-imidic 

'Et 6' 

0 

Me3SiO( EtO) 2P=N-P=0 
OBI+i Amide-imide 

~OBU-lt(atO)pkN=P~~~~~;) elementotropy 
'OBu-i 

MeO, ,Otde 
Me SIO-P=N-P=O 

3MeO/ 'OhEe 
~LIe%P-N=P$&e3 

NeO' 

//NSile 
He2 P, 3 

,N(SiMe3)2 

M(SiLe7)2 = b*e2pi\Si::ej 

., 0bie 
X2! 

Ide P'-"Geiie3 e hle2Pz ,b:e 
2 %e :I.Gc.:e 

’ 3 

Degenerated 
imide-imide 
elementotrops 

Imide- 
imidic 

Imide- 
imidic 

Degenerated 
bnide-imide 
elemento- 
troPY 

Degenerated 
bide-imide 
elcmento- 
troPY 

Xeaenernted 
imlde-imide 
elemento- 
trouy 

135 

135 

135 

135 

147 

142 

142 

151 

151 

193 

principle, was demonstrated in the case of N-trimethylsilyl-N-phenyl-O,O-diphenylphosphor- 
amidate which exists as an equilibrium mixture of 0- and N-silylated tautomers.‘“’ 

(24) 

0-Silylated phosphazo compounds, having weakly nucleophilic N atoms, do not rearrange even at 
temperatures higher than 100 I53 (Table 11). 
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The condensation of 0-silylated esters of phosphorus(lI1) acids with phosphoric acid azides is 
accompanied by reversible and irreversible shifts of a trimethylsilyl residue from one P atom to 

another’“’ (Table II). 
The oxidativc imination yieIding heteroorganic phosphamidincs is also followed by rcversiblc and 

irreversible migrations of heteroorganic fragments. 124.142.150- 1S2. 11)3. I’)4 By its nature, the 

migration of these ligands within N-P-N triad is closely related to the prototropic rearrangcmcnts 
which arc so typical for phosphamidines. An example of Me,5 migration between two separated 
phosphazo groups has been recently rcportcd.“‘5 

He, ,#Xe 
P 

Bu’ ‘~-PMe 2 
ke 

The elementotropic shifts are also characteristic for bisphosphazosilane 
aluminium, gallium and indium methylates.“‘” 

(25) 

complexes with 

2 Ue P IdMe 
M@2Si(3)2 4 Me2Si(N=PMe3)2 2 

SiMe2 

r Me3F=( 'N=PMe3 e 
“MMe3 

Me3P=N' 

M= Al, Ga, In 

(26) 

The facility of the imidc-amide or imide-imide rearrangements and the direction of organic or 
heteroorganic radical migration arc 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 0 or N 

terminus atoms display similar nucleophilic properties, the migration of the heteroorganic residue 
becomes reversible (Table 1 I ). 

The clectrophilicity of a migrating group is also important but in some cases its steric effect 
becomes a decisive factor. In stcrically 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(II1) compound or that of the azide contains HO-, HN- or HC-acidic proton the 
Staudinger reaction 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”’ 
acids. I I 2. I ~‘~ 

(27) 



Irrespective of a preparative route, the tautomeric form (2 + Z’) being a weaker acid is 
predominantly or cxclusivcly formed according to the theory of tautomeric equilibrium.‘“” Some 
examples are presented below. ’ I2 

(Et0)2P-NITPh 

(Et0)2%NHC(O)lvie 

(28) 

(Et0)2P-NHC( 0)Me 
(EtO)2P(0)N3 ,NHC(O)Me 

L 

(Eto'2P'NP(0)(OEt)2 

(29) 

The tautomcric equilibrium of N.N’-diary1 phosphamidines is very sensitive to the nature of X and 
Y substitucnts. For example. the equilibrium constant, K, = [Eji[D], for the following set of 
substitucnts changes in the range of several orders of magnitude:“” 

X 

p9 
p-Me0 

R 

p-c1 

p-NO2 

e 

Y 

H 

H 

H 

H 

H 

(30) 

% 

38.41 

3.25 

1.00 

0.28 

0.01 

The relatively high value of 11 constant m the correlation equation, pK, = 1.793($ - $1, is 
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’ 

/X >P-CH.y - >p: 
c /X 

+ N3Z =G=k 
'NZ 

\p+ ‘y 
' 'NH2 

(311 

The carbon centre in such structures is known to be more basic than the nitrogen site. However, 
when X and Y are sufticicntly electronegative the basicity of the nitrogen may exceed that of the C 
atom, and this inevitably results in the migration of a CH-acidic proton and ylid formation as shown 
in eqn (31). 



The phosphazo-ylid 

phosphorylated malonic 
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isomerization was first discovered in 1974 in the iminatlon of C- 
esters by phenyl azidc. ““’ 

PhN 
O)*PCH( COOEt)2I-ZC 

COOEt) * 1 QC( COOEt)z 
-WO)*P, 

NHPh 

(32) 

The prototropic shift in the reaction with losyl azidc dots not occur because the basicity of the N 
atom in the phosphazo compound formed is markedly reduced..3’ 

(EtO)2PCH(COOEt)2 
TosN3 

+ 
,CH( COOEt)2 

(EtO) P 
* *NTos 

(33) 

When CH - and NH -acidity are comparable the proton migration becomes reversible.““’ 

,,CHCOOEt 
W (i-Pr0)2P, (34) 

NHXe 

10% 90s 

JCH(COOMe)2 
I-Pro),& 

&(COCW* 

$pO2)*-29 4 
_ ( i-Pr0J2P, 

NHC6H3(N02)2-2,4 

855 1576 

(35) 

Some interesting cases of prototropic rearrangements have been rcvealcd In the condensation of 
phosphorus(II1) 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 state but convert into the neutral form in solution.‘n’~zO’ 

Me2N)3P + N3CX2CH2NHCOCF3 

As NH-acidity decreases the phosphazo-betaine isomerization becomes slower and finally 
ceases,20L e.g. 

(Me2Nj3P + N3CH2CH2NHR _N (Me2N)3P=NCH2CH2NHB 

2 
B = AC, Bz, (Et0)2P0 

(37) 



In the imination of triethyl phosphite by azidoacetic acid the intermediate zwitterion undergoes 
an intramolecular alkylation.2”2 

(EtO$P + N3CB2COOH-q- 
I 
(EtO}3;-NHCH2COO- - 

I 

0 
. : (Et0)2Pf 

NHCH2COOEt 
(38) 

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.‘L4*20”-‘“h Some examples are given in eqns (39).‘*” (40)2”4 and (41).z”5 

PhN 
Et2PH '3, Et 2 

' +NPh 
4 Et2P-N'EIPh pm3b Et$' 

ph 

'Nmh 

(39) 

P 
Ph2PH 

Ph2P(0)N3 
Ph2P-N Ph2 Fd 

Ph2P(O)N ,Nm(O)Ph2 

Ph2p'NI?(0)Ph 2 

(40) 

Me SiN 
Ph2PH 3 Ph2P-NHSiMe3 

pm=3 
Ph2P 

'NHSilej 
(41) 

In the case of tetraethyldiamino phosphine and phenyl azide the reaction is completed at the stage 
of secondary phosphazide formation.206 

(Et2N)2PH 
PhN3 

: (Et2N)2P-NHPh PhN3 
,NHPh 

- 
ON2 

(Et2N)2P,N N NPh (42) -= 

Heteroorganic phosphines react with azides similarly.‘53~“‘3~‘“7 as shown in eqn (43)‘“” and 
(44).’ <I3 

Me2PSilde3 
MegSiN 

2 
MegSiN 

Me2P-N(SiMeg)2 L 
,N( SiMe3 12 

bfe2Pa 
NSiMe3 

(43) 

Me2PGeMe3 
MeN3 

/Me 
Me2pwN\GeMe 

MeN3 /Me 
YNX 

3 - M62P*NMe -Me3 (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 0 or N atom on phosphorus and subsequent 
proton migration to 
formation.208~20’ 

the N atom of the P=N bond and pentaco-ordinate phosphorane 

N 
OOH 

n, Ph’ 
N3 

. 
I a I 

\ O\ 

‘7 

PC (45) 

n = 1-3 

H 

Ph 

P~P~“;(cH$n-- 
$/‘\I 0 

II P( ;W$), (46) 
0 Ph,Lf ’ 

H 

Analogous results were obtained in the condensation of azides with bisfunctional 
organophosphorus(Il1) derivatives as depicted in eqns (48)210 and (49).‘63 

\ ,UNN P”3> 
e x/P 

,*xPNg 
NPh 

k 

II= Me, Ph; X = 0, NMe (48) 
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A benzoyl fragment can also act as an electrophilic migrating groupa2”’ 

- We*)* (50) 

The Staudinger reaction with 2-azido-oxiranes proceeds with C-O-C bond cleavage and 
formation of 5-membered cyclic phosphoranes21 ’ 

0 
Ph 
Ph ,/ N3 

(51) 

Some phosphazo compounds with highly electrophilic phosphorus and a sufficientlynucleophilic 
N atom are known to dimerize to4-membered aminophosphoranes with alternating P-N bonds. For 
their preparation the phosphazo reaction is usually used, while the Staudinger procedure is chosen 

occasionally,2’ ’ e.g. 

. 

(52) 

Recently, the interesting intramolecular Staudinger reaction yielding dimeric 

xazoles has been reported.” 3 

2-phosphabenzo- 
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3.2 Electronic tzuturc ov phosph%o group. The electrodonative character of the R,P=N group with 
respect to the organic residue, 2, 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-2 

If Z is an aromatic system one can determine the position of a R,P=N group in a series of known 
electron-releasing substituents using ~~)-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 tripheny~phosphazo group approaches that 
ofdimethylamino radicaI,*“~‘4~2*4.“s the main qualitative difference being the reverse sign ofTaft (T* 
and the inductive component of Hammett 0 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 8 constants”“). 

Ph,P=N 
a,,, _0,33*‘Z’4-“5 

OS 
-0 77.?‘“.215. 

c:, -0:33”’ 

a; - 0.4@” 

flu -0662’” 

a; -0 39115 

QI 
-0’; 12’” 

Of - 1:6624 
(f+ - 0.68’“h 
69 -2.72 (in MeN0,)‘5” 

Mc,N 
-0.21 
- 0.83 
-0.15 
- 0.44 
- 0.93 
- 0.54 
+O.lO 
- 1.70 
+ 0.65 
- 1.22**) 

*All CT values are presented for ethanolic 
solutions. 

** The values of G@ are taken from the 
compilation 2’h 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 triphenylphosphazoben~enes. Due to strong polarization of P=N bond, the N 
atom in triphenylphosphazobenzene is much more electron-rich than that in dimethylaniline.“7 

Such a different distribution of electron density results in markedly di~erent pro~rties. 
Triphenylphosphazoben~enes are far more basic than anilines and dimethylaniIines.‘“~“‘~2’5-2’8~2” 

C~~mpound PhNH, PhNMe~ 
pK, (in MeNO,) 9.0712” 

Ph,P=NPh 
I1 .ooLZ’ 16.74’” 

Phosphazo com~unds having two basic sites, tripheny~phosphazoani~ines, triphenyl- 
phosphazobenzylidenanilines, and even triphenylphosphazoazo~nzenes, are protonated exclusively 
or mainly at phosphazyl nitrogen.23.222 Wh ereas 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. 31. No. 3-C 
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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 R1R2R3P=N~~H~X (III) with a set ofsubstituents, R’, R’, R3, displaying different influences 
on phosphorus (&Y), the cl, values for R’R2R3P=N groups are almost the same,lth e.g. 

(~e~~~P=N Et(Et~~~P=N Et~N(EtO)~P=N 

;;p 
-0.51 - OS5 -0.58 
-0.36 - 1.52 - 1.96 

An analogous situation was observed in the series of substituted phosphazobenzenes, (R’C,H,) 
(R’C,H,f (R3C,H,) P=NC,H,X (lV), where cr parameters of triarylphosphazo groups show little 
dependence on variable substituents Ri,‘4*223.224 and Za’@ values of three aryl groups at 
phosphorus.24. 2’), 94.223 Their crl, 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-F3CC,H,j3P=N 

*P -U.87223 -0*79223 -0.72223 

fl, - U.24a”’ -0.162” -0.01 2y 
(T* - 1.80223 - 1 .6624 - 1.5224 
&S” -3.51 - 1.77 - 0.22’j3 

For systems 111 and IV the linear relationships between electron donor effect ofphosphazo groups 
and La* values of three substituents attached to phosphorus have been found.29*‘26 The extremely 
low values of p constants in the corresponding correlation equations (54) give more evidence for the 
relative constancy of the electron etfect of %P=N radicals bearing various substitue~ts at phosphorus. 

(r,, = -0.485 + 0.05&~’ (for III)‘26 (54a) 
= -0.71 + 0.048Zap (for IV)2” 

rf = -0.43 + 0.090&Y (for IV)z” 
(54b) 
(54c) 

CT+ =: - 1.48 + O.O97L?’ (for IVj2” (54d) 

In contrast, the basicity and nucleophilic properties of phosphazo compounds are fairly sensitive 
to variation in the electronic nature of the phosphorus substituents.15*27*21r).22s For compounds 
III”‘” and IV” ph, values in nitromethane range within four and seven units, respectively, while p 
constants for the modified Hammett correlation of the type pK, - Z:a’ are - 1.8 and cu - 2.0. 

Compounds of the type III”“ pK, (in MeNO,) GffV 
Et,(EtO)P=NPh 17.81 -2.41 
f ?&O),P=N Ph 13.81 -0.36 

Compounds of the typ IV2’ 
(~-Me~N~~H~)~P=NPh 20.77 -3.51 

Ph,P=NPh 16.74 - 1.77 
(~-F~CC~H~~~P=NPh 13.78 - 0.22 

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 in~uen~e of the 
substitucnts 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 ofy constants in the 
correlation equations pK, - 20: and pK, - $, 02/v ,, which equals 0.49 (for nitromethane 
solvent ).28 

PIIcc = 16.42 - 3.476; (R7 = $ = R3 = H) ( 55d 

pKa = t6J5 - 1.69 c6$ (x = H) (55b) 
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The similar attenuation of electronic effects by the P atom was 

mcthylation reactions of phosphamidines (V) and their anions (VI). 
obtained in protonation and 

Substrata Reaction 
Q2/Ql 

~ethy~ation 

with MeI 

Protcmation 

~~ethylati~n 

with KeI 

( Solvent ) 

O-40 ( !Pm?)226 

0.646 (TKF)227 

For each of the three series, IV, V and VI, the (~$0~ ratio is cu 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 middie of a conjugation chain. The quantitative measure of the transmission 
ability of a fragment -N=P-C,H,- may be the ratio p;/c); taken from the correlation equations 
describing a dependence ofany measurable property of the groups X or C,H,X on variable radicals R 
in properly substituted phosph~~bcnzenes and benzenes. 

3: 
J 1 

Ph$ RC6H4 )P=NCF;irqx 

Measurable Humbe r 
Property of Series 

-9 

q/s; 

max in electronic 

spectra of the C&X 5 0,045~0.097 28 
fragment 

1 0,053 2g 

As one can see, the ratios p;/gj; are extremely tow, L’U 0.05. For the carbon analogs ofphosphazo 
compounds, phosphinomethylenes Ph,(RC,H,)P=CHC,H,X, the value of lj;//j; characterizing the 
transmission effect of the -CH=P-C,H,- fragment is of the same order, i.e. 0.021 -0.039.‘** 

3.3 Sf~~~~n~~r r~~~tjo~ and el,~~~~ce.~ ,fbr existence qf’ ~~~~~~~~.s ~~lntui~~n~ t~~-~.~~~r~~nffi~ 

yCqueruknt pimsphortts. The existence of bi-coordinate phosphorus(II1) and tri-coordinate 
phosphorus(V) compounds has been a controversial question since Michaclis’ investigations. This 
nearly centennial discussion was closely connected with the more general probfem of similarities and 
differencesin thechemicaf behaviour ofnitrogenand phosphoruscompounds. At theend ofthe XIXth 
and the beginning of the XXth century the existence 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 

R-PALR' 

V3cI 

R ppR’ 
- $-R’ t 
IX 

e-k, 
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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 impossibly 
because of already known fundamental differences in properties of nitrogen and phosphorus. 
However, in 1964 the first representatives of bi-coordinate phosphorus(II1) 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.z29*230 

( F;IegSi)2N-P=NSiMeg + 2 legSiN --+ 

,#W.Me3 
+ (Me3Si)2N-P 

%Si~~le3 
-MegSiN -5 (~~~~S~)*N.~~~~~~3 

3 
IXa (56) 

The monomeric nature of the compound IXa was unambiguously proved by chemicalz3’ and 
physical methods22’1 including X-ray data.232 A molecule of the phosphorane IXa is flat, with both 
P-N bonds being considerably shortened, presumably because of their x-character. 

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

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)2”3-24’ and (58).236 

I-de4 _ nSiFn 
& 3P=NSiMe3_,Fn Ref. 233 

3P=NCgF5 Ref. 234 

+P=NcN Ref, 235 

3 p=N S iMe 
3 

ClCN 
I 

AlkNCO _ 

R,BHal 

;P=N~H-OS3.Me3 

ccl3 

~p=N~(0)~siMe3 

Alk 

+P=NCC12NAlk2 

+P=NP(OR)2 

3p=NBR2 

,Wl 

Ph2p *pPll2 
0 

LMe 

SO7 
L 

Me&N 
J 

z 
/ 

-(Me3SiO)2SO; 

I 

Ref. 237 

Ref. 238 

Ref. 239 

Ref. 240 

Ref, 241 
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The alcoholysis of trialkyl-,65 triaryl-,242 triamido-’ 31* 13’ and other P-substituted phosphazo- 
silanes’52.243 is one of the most convenient methods for synthesis of phosphazohydrides. 

ROH 
fP=NSiIdy - $P=NH (59) 

The hydrolytic cleavage of the stlanes by HCI yields the hydrochloric salts of the corresponding 
phosphazohydrides.244 

+P=NSiMe3 HCl+ [+NH2 J+ cl- (60) 

The phosphazohydrides, in turn, arc widely used 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’s ‘*’ (62).‘4‘) (63).‘” (64)2’0 and (65)‘“’ 

RSQCl . 
r 

Ph3P=NH 

sop* 
* H 

RNCO L 

C13CCN 
. 

PhgP=NSOR 

Ph3P=NSO,Cl 

Ph3P=N"(O)IrJHR 

//NH 
Ph3P=NC 

'cc1 
3 

Ph P=NH 
Et3Sn4Et2 + Et3Sn-N=PPh3 

2 

(Me2N)3P - 3 Me2NH' P( N=PPh3 ) 3 

(63) 

(64) 
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There are several cases when the products of the Staudinger reaction arc converted to the new 
phosphazo compounds by the modification of substituents on the P atom. 

Ph2P-C,CNR2 )r 
R'S02N - Ph,P( 

CiCNR2 R'S02N3 
c 

%W$R 
r 57* 

Ph2P=NS02R9 
1 

Ph2P=BS02R' 
I 

t 
S02R’ 

R2772 s, 

/r Tos 
Ph2p\ c=cmt2 

NSIMe3 

Ph?C=C=O 1L 

t 

R2P-PR2 
ft 11 
S NSiMeg 

(66) Ref, 5: 

(67) Ref. '?' 

(68) Ref. I 

The reaction of P-a~koxy~ated phosphazo coinpounds with electrophiles are often used to prepare 
N-mono- and N,N-disubstituted amidophosphates, N-phosphorylated imidophosphates, imidopyr- 
ophosphates, imides of carboxylic acids, ctc according to cqns (69) - (71 ).I”’ 

H 0, HX or 
, L&d.s acids- p<zHR, 

R' = Alk, As 

RI L 

R"C(O)C1 
* , 
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I- 
> 

+ N3P;Y - R’ 7 =N-P<Y 

Y = 0, s 

Rx 
0 

l : )P 4 

'N+YR 

R'C(G)Cl 0 
. L \Ffi 

’ 'N=E$YC(O)R@ 

R"X 
RO$P f N?C(C)R'. RO$P=NC(O)R' - 

0 
Q 

>P P 
9 

‘N=C 
'OR" 

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 mtroduced into a molecule by the Staudinger 
reaction act aseasily removable protective groups. The reaction of trimethyl phosphite with aromatic 
azides can, for example, be used for preparation of monomethylanilines of high purity.“’ 

J@L (MeO) 
0 

eO)3P + I’?+r + (i:'feO)3P=NAr P4 ‘dydrolysis 

* 'N(Ar)Me 
a- 

+ LieNHAr (72) 

The phosphite-azide coupling method is utilized to introduce free or phosphorylated amino 
groups into synthetic analogs of natural substances,85.251*252 for exampIeZs2 

N3 (R0)2P(0)NH 
Ro)sP + HCl _ 

c H2N B= Guanin, Adenin (73) 

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

Me2P-PhIe2 
II II 

co2 Me2P-PMe2 

Me7SiN S - ?de 
3 

SiNCO e 11 11 
OS 

(74) Ref.254 
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RC6H4C(0)CFJ + Ph3P=NC6H4R' x 
- PhgPO' RC6H4icF3 (75) Ref.25 

NC6H4R' 

RCHO + FcCH2EI=PPh3 - Ph3P0 : FcCH2N=CZR (76) Ref. 3! 

This tyw of conversion includes also the fairly convenient method for synthesis of primary 

enamines under acidic catalyskzsh 

0 

B Me3SiN=PPh3 + &X 
I-PrOH, TosOH 0 

h 
-Ph3P0, -Me3SIOPr-i & 11 

X = R, RO (77) 

Some chemical and photochemical reactions of phosphazo compounds yield quinolines,257 

tetrazoles,2s8 oxazoles25” and pyrazines.2f’0 

OR OR 

0 
P(OW?j 

-N2 

R= H, Me, Ph, C&J 
OR 

Ph3P=NR 
R'C(O)Cl, Bd$ 

-PSPO, -NaCl 

PhgP + N3CISRC(0)R' 

R" R' 

. 

IN2 
I Ph3P=NC13RC(0)R' 

h3 
-(Bto)3Po~ 

(78: 

(79) 

R"C(O)Cl 

-Ph$?O, -HCl 

(801 

(Et0)3P 
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$’ + NgC~2C(0)Ryjj--+ 
2 

PSP=NCH2C(O)R - B- -Ph3P0 
R 

For the quinolines and tetrazoles this method has some advantages over the conventional 
procedures. 

The imination of phospi~orylated malonic esters by phenyl azide is accompamed by the 
elimination of ethyl alcohol and icads to the phosphorus-containing heterocyles, 2-phospha-4- 
quinolones.““’ 

(AlkO),P4H(COOEt>2 

A - 
-JZtOH 

(83) 

Phosphazo compounds react with acyl halides to give imidoyl halides.262 

PhjP=NR + R'C(O)Hal 
_PhjPO 'r% R'C=NR 

bl Hal. = Cl,Br,I (84) 

The reaction is unique in the prepa~tion of imidoyl bromides and iodidcs, but fails in the case of 
imidoyl tluorides. 

The reaction of 2-iodoalkvl azidcs with trivalent phosphorus nucleophiles was shown to be a 
valuable method for aziridine synthesis.263 
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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 oxiraneszh4 This approach is particularly useful when the oxiranes are accessible, while the 
corresponding aziridines are impossible or dilhcult to prepare by the conventional methods. 
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