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Abst rac t  

Three-coordinate pentavalent phosphorus compounds can no longer be considered as 
'exotic' species in phosphorus chemistry. Since their discovery in 1974 hundreds of stable 
o~25-phosphoranes have been synthesized and thoroughly investigated. Early work concen- 
trated on preparation, stability and structure of various structural types of monomeric 
X-P(=Y)=Z  compounds. More recently the chemistry of functionalized o~2S-phos- 
phoranes has been investigated, resulting both in valuable new reactions and synthetically 
useful, highly reactive polyfunctional ~325.p reagents. © 1997 Elsevier Science S.A. 

Keywords: Three -coo rd ina t e  pen tava len t  p h o s p h o r u s  compounds ;  P h o s p h o r a n e s  

1. Introduction 

Two decades ago Niecke and Flick [1 ] and Scherer and Kuhn [2] discovered that 
the reaction of aminoiminophosphanes, Tms2N-P----NTms (Tms=tfimethylsilyl) 
with TmsN3 led to the stable compound Tms2N-P(=NTms)2. Since then, the 
chemistry of three-coordinate phosphorus(V) derivatives has been a fashionable 
area of research and several reviews covering different aspects of the subject have 
been published [3-16]. Their usefulness, however, is somewhat limited owing to the 
fact that a great number of the synthetically interesting reactions were developed 
after their publication. In the present report emphasis will be put upon rapid and 
continuing recent developments in the field of synthesis and reactions of the above 
compounds. Although for the sake of completeness all major achievements on the 
chemistry of a325-phosphoranes since the synthesis of the first stable compound are 
tabulated here, no attempt has been made to discuss the literature which was 
documented by the earlier reviews. For a more thorough treatment of materials 
published prior to 1989 readers are referred to the monographs in Refs. [8-16], of 
which the latter is the most recent and wide ranging of the reviews available over 
the whole field of low-coordinate phosphorus compounds. 

The survey covers all types of isolable compound having a formal structure 
X-P(----Y) =Z ,  whatever the nature of atoms bonded to the three-coordinate penta- 
valent phosphorus. However, the compounds of the general formula 
X-P(MLn)=Y,  (M=meta l ,  L=ligand),  which can be regarded as containing a 
formal PM double bond, are excluded from the scope of this article. Since the 
comprehensive review on the chemistry of transient metaphosphates, metaphospho- 
nates and related a325-0xophosphoranes was recently published [17] (for leading 
references see also Ref. [18]) these species will not be discussed here. It is also 
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beyond the scope of this survey to discuss bonding and spectroscopic properties of 
as2S-phosphoranes, inasmuch as very authoritative reviews on the topics are avail- 
able [15,161. 

In addition to the above, the following abbreviations are used, beside the 
well-known abbreviations: Ar* (2,4,6-tri-tert-butyl-phenyl), DBU (1,8-diazabieyclo 
[ 5.4.0]undec-7-ene), Cp (cyclopentadienyl), Cp* (pentamethylcyclopentadienyl), Cy 
(cyclohexyl), Me (methyl), Mes (mesityl), Trap (2,2.6,6-tetramethylpiperidino). 

Literature coverage for this review extends up to the middle of 1995. 

2. Methods of weparation 

All so far known stable traAS-phosphoranes may conveniently be assigned to one 
of three classes: three-coordinate phosphorus(V) derivatives containing the P = C  
multiple bond (a32S-methylenephosphoranes) A, metaphosphonates (P-alkyl- or 
P-aryl-~AS-phosphoranes) B and metaphosphoric (phosphenic) acid derivatives C. 

/ Y  Y 

CRIR 2 "~Z 

A B C 

R = Alk, Ar ; X, Y, Z = heteromom groups 

A great variety of procedures for the preparation of the above compounds has 
been described in literature. These can be classified according to a key stage of the 
synthesis, as depicted in Table 1. However, since not all the reaction mechanisms 
are clear, in the following discussion the preparative methods will be mainly treated 
in terms of phosphorus substrates and not in terms of reaction mechanisms. 

Only kinetically stabilized azAS-phosphoranes exist at room temperature. 
Therefore, the major synthetic approaches to the title compounds involve the use 
of sterically bulky substituents such as Trns, tBu, Trap, Ar* or Mes. Com#lations 
presented in Section 4 survey the known stable ozAS-phosphoranes reported to date 
together with selected NMR data. 

2.1. Syntheses based on two-coordinate phosphorus(Ill) compounds 

The preparation of X - P ( = Y ) = Z  compounds by 1,1-oxidative addition reactions 
to dicoordinated phosphorus(iIi) compounds, X - P = Y ,  is currently the method of 
choice in the synthesis of many types of o~2s-P derivative. 

A great number of bJs(methylene)phosphoranes, repotaed in the early literature 
[9], were prepared by the low temperature reaction of methylenephosphines with 
silylated carbenoids in situ generated from TmszCClz and butyllithium. This synthe- 
sis, first reported by Appel et al. [ 19], has recently been the subject of more detailed 
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Table 1 
Methods of preparation of o-a,~.S-phosphoranes 

Method Description General equation 

From ~o-coor~ate  ¢fivalent phosphorus comtmlu~ls 
I Oxidation of two-coordinate phosphorus (III) precursors 

via transfer of a methylene, an imino group or chalcogen 

From t~ee=coor~ate trivalent p~p~ms  compo, nds 

II Oxidation of acyclic phosphorous(III) derivatives 

IIl 

IV 

Thermal or photochemical fragmentation of cyclic 
phosphorus (lII) derivatives 

Thermal ring-opening of cyclic systems 

V Intramolecular rearrangement of phosphinonitrenes 

From fom'-coor~nate pentavalent phosphorus(V) compounds 

VI 1,2-Elimination reactions of four-coordinate 
phosphorus (V) compounds 

VII Thermally induced [2+2]-cycloreversion of 1,3,2As,4A s- 
diazadiphosphetidines 

From three~oordiaate phosphorus(V) eompou.ds 

VIII Ligand exchange reactions 

IX Reactions at the periphery 

X--P=Y + 7_. ~ X-P~ Y 

A j 
x-K,A ~ x-~% 

x_p.,,v'~ .~Y 
"z.3 'B -A'--~ x-P"Xz 

Z 

/ Y - - A  ~ y  
x - % . .  - - ~  x-,%A 

o o  

A 
, J X='P=Y ~ X--P~'Z 
I -AB 

N 

X 
! 

Y = P ~ Z  _#Y 
I I ~ x - ' x x  
Z ~ P = Y  " z  

! g 

#Y X--P~' X--P%z 

# . # 
X-%z - ~  x-P~, z 

investigation [20]. Although the method was found to be particularly effective for 
the preparation of bis(methylene)phosphoranes starting from the methylenephos- 
phines, X-P=C(Tms)R (R=Tms,  Ph or H), it is nor restricted by the silyl- 
substituted substrates. Thus, the diphenylmethylenephosphorane 2 has been prepared 
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in 69% yield via the reaction of the diphenylmethylcnephosph/ne I with 
TmszC(C1)Li (Eq. (1)). Similarly, the methy[enepho~hine 3 was converted in the 
corresponding phosphorane in yield of 40% (Eq. (2)) [20]. 

Ph Tm~2CCI2/BuLi #CPh2 
Cp./P=C~ph THF/ether, -115 oC ~ CP'--P%cTms 2 

l 69% 2 

(1) 

/CI Tms2CCIffBuLi 

Tm~N "P ~-'~-'-XCIP: 40% 

3 

Tms2N...-, px~ CCb' 
CTms2 

(2) 

Methylene(imino)phosphoranes, X-P(=CTms2)=NR, are normally synthes~ed 
by the procedure involving the treatment of a ~?-iminophosphine with 
Tms2C(Li)C1 [21]. More recently, it was shown that the low temperature reaction 
of iminophosphin¢ 4 bearing 2A,6-tri-t-butylphenyl substituents with tricMorometh- 
yl|ithium provides a synthetically useful route to the dichloromethylene(imino)- 
phosphorane 5 ( Eq. (3)) [ 22 ]. 

/R CCl41BunLi .~CCI2 
R / P ~ N  .................................... ~ R~P_~ 

THF, - 105 °C N~NR 
4 45 % 5 

(3) 

R = 2,4,6-But3C6H2 

In contrast to the iminophosphine 4, the diphosphenes RP---PR (R=Ar*,  
TmsaC) undergo [2+l]-cycloaddition reactions with halogenated carbenoids 
leading to thrcc-mcmbered heterocycles 6 [23-27]. The structure of the 
3,3-dichlorodiphosphirane obtained by reaction of Ar*P=PAr* with the d/chloro- 
carbene generated in situ by the action of butyllith/um on tetrachloromcthan¢ was 
confirmed by X-ray diffraction [28]. The photolysis of 6 leads to the functionalized 
cis- and trans-l,3-diphosphapropenes 7 as major products via the diphosph/xanyl 
and the diphosphapropenyl radical intermediat~ (Eq. (4)) [28]. 

The application of the same strategy to phosphaallenes, and diphosphaatlenes 
invariably led to the thrcc-membcred cyclic products [29-31]. A formal [2+ |]o 
eycloaddition was also encountered in the reactions of the cyclopentad/enybsubsfi- 
tuted diphosphe~es and diazoalkanes [32]. 

A f,~uently employed method for preparing stable methylene(infino)phosphor- 
anes consists of the oxidation of phosphaalkcne precursors with organic azidcs [ 10]. 
Neilson and coworkers have successfully used tiffs procedure to prepare boryl- 
functional/zed methylene(imino)phosphorane $ in 68% y/eld (Eq.(5)) [33]. 
Oxidation of the 1-phosphadiene 9 with TmsN3 would lead to the compound 10; 
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.CC12 

R CHlg4tBunLi HIg~'c/HIg hv ~ R~P~'pR 
~ p  ~ (4) R/P'~'P/ ~" / /b i 

P R,NV, p~___C/HIg 
R / '~, P--Hlg 

D 
6 7 R 

R = 2,4,6-t-Bu3C6H~. Tms3C 
Hlg = CI, Br 

however, under the reaction conditions employed (heating a neat mixture of the 
diene and azide at 60 °C) the oxidation is accompanied by ring-closure to yield the 
phosphacyclobutene 11 (Eq. (6)) [34]. 

_Tm,~ , /Bu t 

Tms2N/P~------~H + N3 
NTms2 hexane 

H ~ --Tms 
Tm~N~P,~ 

N~B---Bu t 
| 
NTms2 

(5) 

.Tms ~P~----~ /H TmsN3 

Tms2N , , ~ - ~  60 °C, 18 h 
H Tnls 

T m s 2 N / P ~ _ . ~  H -----~-~" 
L H Tins 

10 
TmsN a .Trns 

Tms2N-- .P----~ 

~" H ....... I~_ .~H (6) 
Tms 
11 

A number of bis(imino)phosphoranes, X - P ( = N R  I)=NR2,  have been prepared 
by interaction of the 23-iminophosphanes with organic azides [I 1]. As a further 
development of the method, the synthesis of the first NH-functionalized three- 
coordinate phosphorus(V) derivative h~s been achieved by reaction of the imino- 
phosphane 4 with TmsNs in the presence of one equivalent of methanol. The 
reaction proceeds via 1,2-addition of HN3 to the PN double bond to give the azido- 
phosphine 12, which decomposes above 40 °C with the elimination of nitrogen. The 
initially formed phosphinonitrene intermediate is stabilized by a 1,3-H shift to form 
the bis(imino)phosphorane 13 (Eq. (7)) [35]. 

An entirely different reaction mechanism than that which operates in the above 
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• [ - 1 AI"KP=N%Aro ether, 20 °'~--~-"~" ~H ~N(H)Ar" 

4 12 {7) 

. ,~,NH 
Ar --P,~ 

NAr" 
13 

- 1 , 3 - H ~  ''~" 
57 % 

example was established for the formation of P-chlorobis(imino)phosphoranes from 
chloro(imino)phosphane 14 and alkyl azides. In this case, iminophosphane 14 reacts 
with azides to give 4,5-dihydro-lH-tetrazaphospholes 15 which undergo loss of 
nitrogen to furnish bis(imino)phosphoranes 16. As a consequence of the modest 
bulk of the chlorine atom, the latter dimerize readily at ambient temperature to give 
the diazadiphosphetidines (Eq. (8)) [ 36 ]. 

At* 
! 

RN3 N-.~ .NAt* 
. p (  ~ _ A -~ C' - P A / /  (8: / P ~ N \  / 

A," N -  -'N  'Na 
I R 16 

14 15 1 

CI ~ p.4~,NAr* 

RN / '~NR 
2 \ R  / 

R = Bu t, EtsC, l-Ad Ar.N ~ \ C i  

Various types of low-coordinate phosphorus compound more or less easily 
undergo oxidation reactions with chalcogens to give the corresponding 
as2S-oxo(thioxo-, selenoxo)phosphoranes or the products of their subsequent trans- 
formations [10,12,13]. Section 4.3 and Section 4.5S~ction 4.6Section 4.7 give an 
overview on the available data of isolable compounds X-P(=O,S ,Se)=Y.  Recent 
studies demonstrate that although the method is quite general, it is not without 
some serious difficulties and limitations. Firstly, the formation of three-membered 
cyclic products instead of desired oa2S-phosphoranes is often a competitive low 
activation energy process. Secondly, since the compounds X-P(=O,S,Se)- -Y can 
act as an ene-component in cycloaddition reactions, they are able to undergo further 
transformations such as a perchalcogenation and a self-cycloaddhion. For example, 
the oxidation of phosphadiene 9 with elemental sulfur produces the disulfide 17 
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instead of the expected three-coordinate thioxophosphorane. When the reaction of 
17 with Ph3P in benzene solution was monitored by NMR spectroscopy, the forma- 
tion of short-lived intermediate 18 was evident (a~p NMR: 171.9; 13C NMR: 120.3 
(P=C,  1Jec =79.2 Hz)). Upon solvent removal and distillation, however, the iso- 
meric phosphacyclobutene 19 was isolated (Eq. (9)) [34]. 

S% .Tins 
~----=~ _ ' T i n s  !/4 S 8 P ~ / ~ _ ~ _ _ _ / H  

P H .,, =~ TmszN/ 
TmsaN / 

f \ H Tins H Tins 
17 

9 
Ph3P . . / ~  S (9) 

-Ph Ps II _Tm  
% _Tins " Tms2N--p . 1 /  

Tms2N H / ~ ~ T m s  H ........ 
Tms 

18 
19 

In the chalcogen oxidation reaction shown in Eq. (10), the initially formed three- 
coordinate thioxophosphoranes rLre stabilized via insertion of a chalcogen into an 
M-P bond to form methylenephosphanylthio- or methylenephosphanylseleno-metal 
complexes 21; when methylenephosphanyl complex 20a was treated with an excess 
of sulfur the formation of disulfilrated derivative 22 has been observed [37]. 

While sulfurization of 1,3-diph,asphaallene 23 did not proceed at room temperature 

j,Tms 
[M]/P~C'~R 

20a. R = Ph 
20b, R = Tms 

•Tm$ 
[M] ~ E / P ~ C ~ R  

21: R :-- Ph, Tms 

[ Mlm'P'~ Tms 

/ C \  R 

(lo) 

22: R = Ph, E = S 
[Ml = Cp(CO)3W, E = S, Se 
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in toluene, in the presence of DBU and water this compound reacts with elemental 
sulfur to give the 1,2,4-thiadiphosphetane cis-25 (36% yield) as a major product, 
together with its trans4somer (3%), the 1,2,3,5-dithiadiphospholane 26 (12%), and 
the oxadiphosphetane 27 (13%). An explanation for this result invoked the transient 
appearance of the highly reactive intermediate, such as 24, which lmderwent reactions 
with water or Ss/DBU to form the above products (Eq. (11 )) [38-40]. 

p===C==P,~Ar * 
A~,,/" 

23 

Sa/DBU 

toluene s p 1 P=~C===p~ 
Ar * /  At* 

24, 

Ss, DBU, H20 

(11) 

z%/% 
c#-25 tra~-2$ 

S ~ S  
s P\o/%s 

trans-26 cis-27 

The reaction of 4,5-dimethyl-2-phenylphosphinine 28 with sulfur in the presence 
of N-methylimidazole as a catalyst first yields a P-sulfide 29 (~ 31 p =  147.5) in which 
the aromaticity of the ring appears to have been lost. This monosulfide further reacts 
with sulfur to give a diphosphinine trisulfide 31 and a diphospbJnine tetrasulfide 32. 
An additional confirmation of the intermediacy of 29 comes from the trapping 
reactions with ethanol, 2,3-dimethylbutadiene and dimethyl acetylenedicarboxylate 
(Eq. (12)) [41]. 

By analogy to the synthesis of methylene(¢halcogeno)phosphorane~, h'n[uo(¢hal- 
cogeno)phosphoranes, may be obtained from 2~-iminophosphines, X - P = N R ,  by 
oxidation reactions. As with other types of a32S-phosphoranes, sterie protection of 
the inherently reactive phosphorus-element double bonds is the most impor~mnt 
factor determining the stability of the X-P(--O,S, Sc)--NR species. Thus, the synth©- 
sis of an isolable imino(oxo)phosphorane has been achieved by oxidation of the 
infinophosphane 4 stabilized by the very bulky tri-t-butylphenyl groups. Treatment 
of 4 with an ozone-oxygen mixture afforded the compound 33 in 87% yield 
(Eq. (13)) [35]. 

A series of stable N-(2,4,6-tfi-t-butylphenyl)iminophosphoranes 35a-e has been 
prepared by the oxidation of 2a-hninophosphines $4a-e with sulfur and selenium 
(Eq. (14)). Methylene(thioxo- or selenoxo)phosphoranes 3.~1 easily undergo a self- 
eyeloaddition at a P'-S(Se) double bond to form oligomeric products 36 [42]. 
R = Ph (a), Mes (b), 2,4,6JPraC6H2 (e), tBu (d) 

The conjugation effect was shown to be also effective in stabilizing imino(thioxo- 
or selenoxo)phosphoranes. Thus, the compounds 38, which are representatives of 
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MO 

M e . ~  $8' 
N-Methylimidazol 

Ph 

28 

29 ~ 

s Ph 

31 

Me M,e 

B 
29 $ 

3O 

Me S Ph 

P&h S M ~ e 

32 

(12) 

Ar* 03 
/p,-,--N 'I _, 

*Ar CH2C12~ -78 °C 

O 
°Ar, < 

NAr" 

33 

(13) 

.iAr* S 8 or Se n __S(Se) R = Bu t 

R f P - " N  ~" R~PN~NA"I ~- IBut-P(=NAr*)S(or Se)l, 

34a-d 35a .d  36 

(14) 

R = Ph (a), Mes (b), 2,4,6-pri3C6H2 (c), Bu t (d) 

the rare type of resonance-stabilized a325-P derivatives, are accessible as monomers 
by the reaction of the imino (phosphoranylJdenemethyl)phosphane 37 with elemental 
sulfur and selenium (Eq. (15)) [43]. 

The reaction of equimolar amounts of the iminophosphane 39 and selenium led 
to product of selenium insertion into the P-P bond - -  the iminophosphine 41. A 
selenophosphorane 40 was suggested as a possible intermediate in this transforma- 
tion. Further addition of selenium led to a red, crystalline 1 : 1 'adduct' of 41 and 
Se having the structure of the donor-stabilized iminophosphenium ion 42 
(Eq. (16)) [44]. 

Azaphospholes are typically inert to chaleogen oxidation. The reactions were 
shown to proceed only if a protic reagent as a third component is added simulta- 
neously [45]. However, it has recently been found that in hot pyridine a slow direct 
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/T ins 
(MczN)3P = C  x 

P----"~N 
'~Tms 

37 

(15) 

l Ss (Sen) 

_Tm.q . .Tins 
/Tins (Me2Nh~'--e~ ~ (Me2NhP--C~x - ~ - " "  " " "  

(MezN)~P ~ C  x ~ P - - N  
" . p._~_.Nx " ,,~ P = N ~ ,  (Se)S// ~'Tms 

(Se)S// Tins (Se)S f*6t Tins 

38 

Se 
R a p / P = N A r *  z~. 

39  
.2P-%~,,.J 

40 

Se 

R = BU t 

. . . .P~NAr*  
Se ....... .~ 

42 

R 2 P ~  Se 

41 

(16) 

sulfuration of the triazaphosphole 43 can be achieved. It leads to a tdmeric product 
44 with a central cyclotriphosphazane-trisulfide ring. Azaphosphole sulfide contain- 
ing a asgs-P atom appears to be an intermediate in this transformation (Eq. (17)) 
[46,471. 

~,Ph 

M e ~ N ~ p f ~ N  

43 

Ss 

N -Ph 
/ ~ f S  Me 

I .... ~-~ ~ ..,,_r ~' /~°-".~" | ~'....._~' . .  ~,~, 

P.---d/ -P'~s 7 
N----N,..Me 

44 

Although several phosphinylidene(thioxo)phosphoranes, X - P ( = S ) = P R ,  have 
been prepared via direct reaction of the corresponding diphosphenes, X P =  PR, with 
sulfur, in general, for heavier congeners of  bis(methylene)phosphoranes, 
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X - P ( = Y ) = Z  (Y, Z = P ,  As, Sb, Ge or Si) closed-ring phosphirane structures are 
more favored than bis-ylenephosphorane ones [ 15,48]. Consequently, in many cases 
when diphosphenes and their heavier analogues are utilized as substrates in oxidation 
reactions, the cyclic tra-phosphiranes are the sole products. Escudie et al. have 
recently shown that reactions of the germaphosphene Ar*P=GeMes2 wi~h Ss or 
Sen in benzene solution afford exclusively the germathia- and germaselena-phosphir- 
aries [49]. In a similar fashion, some unsymmetrically substituted diphosphenes such 
as 45-48 react with sulfur or selenium to afford the corresponding diphosphiranes 
(Eq. (18)). Phosphinylidene(chalcogeno)-phosphoranes have been suggested ~s 
intermediates in the reactions, but they have not been detected directly. 

X.,,P~--~P/R 

45-48 

~==,,. X~ .~=.P~R 
V 

(18) 

45: R = 2,4,6-But3CrH2, X = N-methy l -N- (9 - f luo reny l )amino ,  Y = S 

46: R = 2,6-(CFa)2C6H3, X = (c-C6HII)2N, Y = S [431 

47: R = 2,4,6-Bat3CrH2, X = (c -CrHII )2N,  Y = S [43] 

48: R = X = 2,4,6-(CF3)aCrH 2, Y = Se [44] 

1421 

The ylide-substituted dithioxophosphoranes 50 have been prepared by the oxida- 
tion of thioxophosphines 49 derived from Ph3P=C(R)PCIz and sodium s ~fide [53]. 
The generality of this approach is restricted by the fact that the compounds 49 are 
so far the only known type of stable thioxophosphines. That the compounds 49 and 
50 are monomeric and stable at room temperature seems a consequence of their 
polar nature, as reflected by two canonical formulae: 

R R 

ph3p ~ p  ~S ~-- -~ . ~ p  

49 

R = Me, Et, Ph 

R R 

Ph3P %S Ph3P , i  S- 
II 

50 S 

(19) 
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2.2. Syntheses based on three-coordinate phosphorus(IIl) compounds 

2.2.1. Oxidation of  acyclic derivatives 
There are several useful syntheses of the ~25-phosphoranes based on the reactions 

of dichlorophosphines and organophosphines with carbenoids or chalcegens and 
their derivatives. In principle, intem~ediate two-coordinate phosphorus compounds 
can take part in these transformations, but generally they are not detected by spectro- 
scopic means. Thus, it was suggested that synthesis of bis (methylene)phospheranes 
from dichlorophosphanes and lithium methanides is a three-step process, as shown 
in Eq. (20). In the third step the lithium methanide acts as carbene precursor which 
oxidizes the methylenephosphane to the bis(methylene)phcsphorane [9]. 

R'R2C(CI)Li R ~I/R' R'R2C(C1)Li 
RPC12 >- ~ :_ 

-LiCl C I / p  CX'R2 -LiC1, 

-R1R2CC12 
(20) 

R~ R I R2C(CI)Li ~ CR~ R2 
P~__~C / ~ R ~ p . / /  

R / "~R 2 -LiCI "~CR~ R 2 

R = Alk, Ar, RO, RS 

Besides lithium bis(trimethylsilyl )chloromethane which was widely used in earlier 
work, the carbenoid tBuMezSi(H)CCILi was recently studied in the reactions with 
tBuPCl2 and PhPC12. Interaction of these products leads to the bis(methylene)phos- 
phoranes 51 which rearrange at low temperatures to yield the phospl~ranes 52 [54]. 

•C-Tms" "C' 

+ ~ R ~  P,~NC_ H ~ R ~  

CIr. /Tins" ! Tms./C~H 
3 Tms" 

Li"C"H 

(21~ 

Tins* = ButMc2Si, 

R = t~u t, Ph 

The ylide-substituted dithioxophosphoranes 56 described in Section 2.1 are also 
accessible by direct reaction of dichloro [organo (triphenylphosphonio) methanidyl ]- 
phosphanes 53 with sodium sulfide in THF (Eq. (22)) [53]. The diselenoxophosphor- 
anes 54 have been prepared analogously from 53 and NaaSe [55,56]. 
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FI Na2X 2 R X- 

Ph3P pCr 2 THF Ph 

53 50, X = S 
54, X = Se 

(22) 

R = Me, Et, Ph, m-MeC6H 4 

The very first synthesis of a stable aryldithioxophosphorane was accomplished in 
1983 using the reaction of Ar*PH2 or its disilylated derivative with elemental sulfur 
or SzClz [ 14]. Later, the. same approach was successfully applied to the synthesis of 
2,4-di-t-butyl-6-methyldithioxophosphorane [57,58] and 2,4,6-trl-trifluoromethyl- 
phenyldithioxophosphorane [59]. The dithioxophosphorane Ar*PSz has also been 
found as one of the reacSor~ products of the photolysis of Ar*P(SMe)2 and 
Ar*P(N3)2 [60]; however, this route is not of practical importance. 

Recently, Yoshifuji and coworkers have successfully employed some novel 
stabilizing groups having an electron-donating part within their moieties, such 
as 2,4-di-t-butyl-6-(dimethylamino)phenyl (Mx group) [61], 2,4-di-t-butyl- 
6-(dimethylaminomethyl )phenyl (Mamx group) [ 62 ], 2,4-di-t-buWi.-6-[ 1, l-dimethyl- 
2-(dimethylamino) ethyl]phenyl [63] and 2,4-di-t-buty!-6-[l-(dimethytamino)- 
l-rnethylethyl ]phenyl (Maar group) [63]. Using these substituents, dithioxophosph- 
oranes 55-58 were prepared as stable compounds. In these compounds the phos- 
phorus-chalcogen bonds are stabilized by both steric protection of the ortha-t-butyl 
group and intramolecular coordination of the amino group of the substituents at 
the ortho position. 

Similarly, diselenoxophosphoranes with the above groups and 2,4-di-t-butyl- 

RPH2 
Ss/DBU or Et3N ~ S  

benzene, 10h ~ R~'%SP" 
55-58 

(23) 

R := Mx: " ~ ' ~  NMe2 (55), 

' - r "  

.,.vv. N Me2 

I 

(57), Maar: 

Mamx: 

o 

(56), 

,¢vv, I '''NMe2 

! 

(SS) 
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6-(1-piperidino)phenyl substituent (Hx) were prepared and the structure of the latter 
compound was confirmed by X-ray analysis [64]. 

2,6-Di-t-butyl-6-methoxyphenyldithioxophosphorane 59 was found to be stable 
for several days in non-polar solvents, whereas in the solid state it gave dimeric 
product of the Lawesson reagent type. The dimer 60 returned to its monomer 59 
on heating ( Eq. (24)) [ 65]. 

- 1 ~  PH2 ~benzene,SS/PY r.t. Mox~P(~ ~Solidifica~ienHeat ~×,,g,,op\S,,p,~Mox,,S,~ ~S 

ONe 
59 60 

(24) 

2.2.2. Thermal or photochemical fragmentation of cyclic derivatives 
Still another possible route to o~,~?-phosphoranes involves thermally or photo- 

chemically induced fragmentation of cyclic phosphorus(Ill) derivatives. Broadly 
speaking, all compounds of the general formula 61 which are able to split off an 
energetically favorable molecule AB can be regarded as potential candidates for this 
synthesis. In practice, dihydroazaphospholes 62-64 are the most suitable precursors 
for preparing stable three-coordinate phosphorus(V) derivatives [8-11,20]. 

AB x-PL'z.) -AB x--pC  (25) 

61 

R l R~ R l R2 W 

% , . - 4  

62 63 64 

Although the method was found to be successful for a variety of compounds 
X-P( - -Y)- -Z  (Y, Z=CR1R ~ or NR), it is far from straightforward. Thus, in spite 
of the fact that elimination of nitrogen from the compound 65 already takes place 
even at 25 °C, no bis(methylene)phosphorane 66 could be isolated or spectroscopy 
detected. The main reaction products were l bund to be the compounds 67 and 
68[66]. 

Diazaphosphole 69 was found to ploduce the bis(methylene)phosphorane 70 via 
photochemieally induced elimination of nitrogen. During the vacuum distillation 
the latter partially isomerizes inte the methylene(imino)phosphorane 71. Prolonged 
heating of 7t} at 190 °C affords 23-phosptfirane 72 (Eq. (27)) [67]. 
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Tins,, ,,Tins 
N 

H"C'~Bu t 

/CTms2 
CI--- P~,~ 

"~C(H)Bu t 

65 

Tms Tms 
! | 

/C-Tins/ /C .N 
C I ~ P ~ I  CI-----P,~ | 

C -But ~ C ~ N ~ T m s  
~1 H S "*'Bu t 

66 67 68 

(26) 

H~ .,.R 
R2N~p~ C'~'N[] 

C....- N 
R" "~H 

6 9  

R 
t 

~ . ~ = . .  R2N-.-R ~ ~ , = * -  RN~P,~c_R 
-N2 ~C--R | 

! 
H H 

190 °C / 70 71 

H 
V 

H 
72 

(27) 

As a further development of the method, the synthesis of P-functionalized bis(imi- 
no)phosphoranes has been achieved as shown in Eq. (28). By treating the 
4,5-dihydroolH-tetrazaphosphole 15 with the C-, N-, O- and S-nucleophiles, the 
compounds 73 are obtained which, by elimination of nitrogen, form the bis(imino)- 
phosphoranes 74 in yields of 35-61%. The same procedure was employed for 
synthesis of the phosphorane derivative 75 (Eq. (29)) [36]. 

Cadogan and coworkers were the first to report the generation of aryldioxophos- 
phoranes in the gas phase by flash vacuum pyrolysis (FVP) of 
2-aryi-l,3,2-dioxaphospholanes [14]. Recently it was shown that flow pyrolysis of 
2,6-bis(tfifluorornethyl)phenyl-l,3,2-dioxaphospholanes 76 led to the product 78. 
The formation of the latter is consistent with intermediate generation of the com- 
pound 77 followed by insertion into a C -F  bond (Eq. (30)). This reaction provides 
a further example of the extreme electrophilicity of the aryldioxophosphoranes [68]. 
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Ar* Ar* At" 
I i i 

C" /N,,.,.. N XLi  N-.. A ,/fN 
> , .  i ~ P i  U 

-N...N -LiO "N--N -N: 

15 7 3  7 4  

X = Bu r', CsMe 5, Ar*NH, At*O, ButS 

(28) 

CI Ar 
14 

At'* 
I 

Et3CN 3 Z ~ ~' N 
~,- C'===P. II ~...N 

| 
CEta 

i, But2PLi 

ii, A 

At" 
! 

t _~ ,N  
Bu 2 P ~ x  

\ x  N 
| 

75 GEt3 

(29) 

o,,, 

v -CF 3 

76 

SiO2 

A 

-C2H4 

78 

F30 

77 

CF30 F1 

(3.0) 

2.2.3. Thermal ring-opening of cyclic systems 
Niecke et al. were the first to report the preparation of bis(hnhm)phosphoranes 

by this approach [69]. When hydrazinophosphine 79 is treated with meth~ltithium, 
the cyclization reaction to give 1,2,3-diazaphosphh-idine 80 occurs readily. 
Thermolysis of the latter in toluene at I00 °C produces the compound 81 which is 
further converted into the isomeric product 82 (Eq. (31 )). Diisopropylammo-subsfi- 
tuted hydrazinophosphane tBuN(H)N (tBu)P(F)Nipr2 showed a similar behavior, 
but the corresponding bis(hnino)phosphorane was not stable and underwent [2 +2]- 
cycloaddition to give the 1,3,2,4-diazadiphosphetidine [69]. 

Elcctrocyclic ring opening of a diazaphosplfiridine precursor has also been pro- 
posed as the crucial step in the reaction of 2,4,6-tri-t-butylphenylphosphanc with 
diethyl diazodicarboxylate, but such a proposal has not received definite support 
[701. 

Recently, the valence isomerization of azadiphosphiridines has be~n u ~  to 
prepare stable infino(phosphinidene)phosphoranes [71]. Nucl~philic displacement 
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i, BuLi 
ii, Tms2NPF 2 MeLi Bo t . - . ,N~N~ t ::~ But~N~N~BU t .... ::~ 

I I ~ t 

H H F,¢P~NTms2 

, ~N , ,  ," But 

Tms2N--P,~ I 
N"~EIut 

80 

A ~- Tms2N~ p~ NBut 
"~NBu t 

81 

79 
Bu t 
! 

-Tms N -  Tms 
~ ~ = "  TmsH~ P~NBu t 

82 

(31) 

of the halide in P-chloro-azadiphosphiridine gives the corresponding P-alkylated 
derivatives which rearrange thermally into the compounds 83 (Eq. (32)). 

C! 
! /At* Et3N _ 

,,.P~P 
Ar*(H)N CI! -[Et~NHICi - 

.,.P.,,sAr* RLi 
Cl=,,,P~.J 

N.qAr, - L; C"L 

Ar* 
! 

~, P.,,i Ar* 
Rm'P~. I 25°(' ~''P 

N~Ar  , > R~P%N~Ar,  

R=Me, Bu", Bu t 

83 

(32) 

2.2.4. Intramolecular rearrangement o f  phosphinonitrenes and related reactions 
B0ske et al. have reported this type of reaction for the first time [72], The thermal 

or photochemical decomposition of trivalent phosphorus azide 84 affords the methy- 
lene(imino)phosphorane 85 in almost quantitative yield. Evidence for the transient 
formation of a phosphinonitrene was obtained by trapping experiments with chloro- 
trimethy|silane ( Eq. (33)). 

84 

f,~CHrl'ms 

~ - ~  NTm= 

85 

(33J 

In another, already discussed, example (Eq. (7)), the reaction of iminophosphine 
A r * P = N A r *  with HN3 in the presence of MeOH involves a phosphononitrene 
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intermediate which isomerizes in the same manner to furnish bis(imino)phosphorane 
13 [35]. 

The Curtius-type rearrangement of pentavalent phosphorus azides should produce 
the aa2S-phosphoranes provided that a suitable substituent capable of migration 
(Y) is present at the phosphorus atom: 

x z [ x . , l  Y 
.P,; _..>. y,P<,~ > x--P,,~ v 

Y N:3 -N: . .  

(34) 

However, efforts so far to synthesize stable three-coordinate phosphorus(V) deriv- 
atives by this route have met with little success. Thus, the phototysis of azide 86 
does not afford the expected bis(imino)phosphorane, but gives the five-membered 
heterocyclic product 89, probably via C-H insertion of nitrene at the ortho posidon 
of the phenyl substituent. The formation of knino(oxo)phosphorane 90 during the 
photolysis of azide 87 was demonstrated by in situ trapping with methanol, but no 
monomeric a32S-phosphoranes could be isolated. In the case of azide 88, both 
Curtius- and nitrene-type reactions occur, but again evidence for the transient 
formation of imino(thioxo)phosphorane comes from its trapping with methanol 
(Eq. (35)) [72]. 

hv X t t N ~  

/ ' H 

x p?Z !?v" Moon 
X / NN3 

[ ,.o 
z : o  " "  x-P,%_x "  oo- 

H 
90 86, Z= NPh 

87, Z = O  
88, Z = S  

X = Pri2 N 

hv, MeOH XxR4,$ Xxp~S XXp!O 

Z = S X J XNH2 MeO / "~'NHX X NH2 

(50 %) (45 %) (5 %) 

135) 

2.3. Syntheses based on four-coordinate phosphorus(V) compo~mds 

2.3.1. 1,2-E#im#nation reaction 
This synthetic pathway for the formation of a32S-phosphoranes is outlined /n 

Eq. (36). If the substrate 91 has suitable ligands (B, YA; A =electroph/lic group, 
B =nucleophilic group) attached to phosphorus, a base-induced el/ruination of a 
protic compound (e.g. AB=HCI)  or thermally induced elhninafion of a stable 
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o:ganoelement molecule (e.g. AB = LiCI, TmsC1) represents a realistic method for 
generating three-coordinate phosphorus (V) derivatives. 

X~,p~Z ~ _~Z 
B"' \YA -AB X--l-'%. y 

(36) 

91 

However, it should be noted that, just as steric factors control the formation of 
~wo-coordinate phosphorus compounds by ~=iimination reactions, they are also 
responsible for the syntheses of a3,~5-P derivatives via 1,2-elimination. Simple 
aa25-phosphoranes, even if they are formed according to Eq. (36), usually undergo 
further transformations without permitting their isolation. Thus, although few 
dehydrochlorination reactions leading to the generation of the compounds 
X-P(=O/S)-----CHPh from easily accessible benzylphosphonyl- or benzylthiophos- 
phonyl-defivatives X-P(==O/S)(CI)CH2Ph have been reported [3,4,73, 74], none of 
these products could be isolated or characterized by means of spectroscopic tech- 
niques. Evidence for their transient formation comes from trapping reactions with 
nucleophilic reagents. 

The crucial influence of the nature of the substituents was further demonstrated 
in the reaction of P-fluoroylides 92 with bases. When 92 are allowed to react with 
alkyllithium or lithium bis(trimethylsilyl)amide in the presence of TMEDA at 
--90 °C, the intermediarily generated lithium derivatives undergo elimination of LiF 
to ~ve the phosphiranes 93 instead of the expected bis(methylene)phosphoranes [75]. 

R 1 F R1 ol F Li -,1 
x I / RLifrMEDA " [ ] ,,et 

R"C=P-CHI  pcntane, -90 ........................ °C~ XC=P--CXR2. -LiF =" 
X "R2 R 2" 

x 
92 

R 1 
'~CR1 R2 ] I 

X-- '  P~CR , Ra '" ~. X _ _ p ( ~  - R a  
C ~ R  2 

(37) 

93 

R ! = R 2 = Me (a), R 1 = H, R 2 = Ph (b); 

X=Pr i, Ph CH2, Et2N. 

The successful synthesis of stable tPA%phosphoranes via 1,2-elimination reactions 
has been realized in the case of sterically hindered four-coordinate phosphorus 
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substrates. In many cases the latter can be prepared from two-coordinate phosphorus 
compounds (see Section 2. I. For example, the treatment of bis(trimethylsilyl)methy- 
lene-phosphines with N-chloro-N-trimethylsilytamines affords stericalty overcrowded 
ylides 94 which easily split off chlorotrimethylsilane to give the compounds 95 in 
45-70% yield [76]. The transformation is analogous to the synthesis of bis(imino)- 
phosphoranes from 23-iminophosphines and N-haloamines; the last method has been 
discussed in some detail in the previous reviews [7,11 ] and need therefore only be 
mentioned here. 

/pm~.C~/Tms 
X Tins 

CIN(R)Tms 

X-- p~CTrns2 
NTms 

C! I /Tins 
X~P=C\ 
R/N1 ~Tms Tms -TmsCl 

94 (38) 

9 5  

x = Ph, EtzN, ~ sN; 
. .  

R = B u  t, Tins 

The synthesis of P-halobis(imino)phosphoranes, Hlg-P(--NR)z, requires the 
presence of very bulky substituents attached to the nitrogen atoms. Early attempts 
to prepare P-chlorobis(trimethylsilyl)phosphorane 98 from the corresponding dd- 
chloro(amido)imidophosphate 97 failed since Me3Si groups turned out to be 
unable to stabilize the elimination product against subsequent dhner~fion [77]. 
More recent studies have shown that in contrast to fully silylated derivatives, 
N,N'-bis(2,4,6-tri-t-butyl-phenyl)-substituted dihalo(amido)imidophosphates li]~ 
are decomposed on being heated to 110 °C with the formation of the monomerie 
compounds I01 [78]. Later on, it was discovered that the most shnpte route to the 
compounds I01 involves a one-pot synthesis from the readily available aminoimino- 
phosphine 102. Lithiation of 102 with butyllithium and subsequent reaction with 
halogen provides the compounds 101 in almost quantitative yield [79]. 

The scope of 1,2-elhnination processes has been recently extended to the generation 
of t-butyldioxophosphorane, tBuPOz, from tBuP(O)(OTms)C1 [80]. The reaction 
occurs in xylene solution at 100-120 °C. The transient production of tBuPO2 has 
been supported by chemical trapping with epoxides (Eq. (40)). 

2.3.2. Thermaliy induced [2 + 2]-cycloreversion of l,3,22s,4L s- dia:adiphosphetidines 
and related compounds 

In general, the transformation of dimerie or oligomefic, a-bonded species 
[ - P (X) (= Y ) -Z- ] ,  into the corresponding monomeric compounds, X - P ( = Y ) - - Z ,  
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Cl~P~ NTms 
NTms 

9 8  

Tms 
I 

CIr. /N x .//NTms 
1/2 TmsN~P~N/P\cl 

i Tins 

/fN---R % 
NmR 
l Tms 

96, R=Tms 

99,  R = Ar* 

HIg=CI, Br 
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A -TmsCl 

H~g x //N=-R A 
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I 
Tms 
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I00 ,  R = At* 

\N 
Hlg~P~ N 

Ar* 
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(39) 

R//N---- At* 

X'N~ Ar* 
I 
H 

102 

Hlg = CI, Br, I 

1. BuLi I 2. Hlg 2 ~ HIg,,R//N~ Ar* 

HIg / \ N ~  Ar* 
I 
Li 

-LiCI 

_OTms 
But==---p / 

CCI.dEt3N 

B t  
..//,O 

u - -  t"..~O 

.A 
R = M e ,  Ph 

.OTms 
Bu t p,/r 

0 
R 

A 
-TmsCl 

(40) 

should be energetically unfavorable due to the kigh energy of a four-electron three- 
center ~r-system (YPZ). However, if P-Z o-bond strength is relatively weak or the 
cyclic compound is of a high ring strain, the equilibrium between dimeric and 
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monomeric forms can exist at increased temperatures. Examples are the compounds 
103 [81] and 104 [82] which diss,3ciate at temperature above 1O0 °C to form the 
monomeric asAS-phosphoranes. The ability of the air- and moisture-stable dL, ners 
or oligomers to dissociate into monomers at higher temperatures renders them 
suitable for the preparative application as masked forms of the compounds 
X - P ( = Y ) = Z .  For example, the products formed by the reaction of tBu-P=Ar*  
with sulfur and selenium are oligomers 36 which in aprotic solvents at 110 °C 
dissociate into monomeric o-S2S-phosphoranes 35d. The reactions between 36 and 
protic reagents such as methanol take place very slowly. However, at higher temper- 
atures (greater than 80 °C) methanol adds readily across the P = N  double bond of 
35d to form, respectively, phosphonothioates or phosphonoselenoates 105 [42], 

Tins  Bu t 
I I Mes\ ,oH /2CHTrns BUtHC~ /N% /NPri2 

_ .% _= ..% . %  , 

-DmsHC N Mes PI~2N N CHBu 

I IBu t Tins  

103 104 

' -  I oo'- ,c=., , -> × I - 
n n 

36  

X = S  o r S e  

X 
,& t _~.X MeOH t il 

~ ~  BU ~ p . , =  ~ ~ -  B u - - - P ~ H H A r  
NAt" | 

( }Me 

35d 105 

(41) 

The gas-phase pyrolysis of readily accessible dimer 106 at 970 K is the method of 
choice for generating ethyldithioxophosphorane 107. The latter was characterized 
by its photoelectron spectrum [83]. 

/et ~/ci HzS 

~ "  s//P\sT\e ~ 2 e f -  
t =-%,,~s 

1@6 i~)7 

(42) 

4-Methoxyphenyldithioxophosphorane, ArPSz, has been suggested as an 
intermediate in the thionation reactions of 2,4-bis(4-methoxyphenyl~l,3,2,4- 
dithiadiphosphetane-2,4-disulfide, [ArP(S)S],_, known as Lawesson's reagent (LR), 
but it has not been detected directly [84]. Very recently, it was shown that the 2,4-di- 
t-butyl-6-methoxyphenyldithioxo-phosphorane 59 in dilute solution was stable for 
several days, whereas in the solid state or on concentration it gave d ~ r i e  product 
of the LR type, 60. The dimer returns to its monomer on heating and, similar to 
LR, reacts with benzophenone to form thiobenzophenone in 63% yield (Eq. (24)) 
[65]. 
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Table 2 
Reactions of tra2S-phosphoranes with protic compounds 

X-P(=Y)-----Z Reagem Product 

X Y Z 

Ref. 

Mes Ph2C PhN H20 

Mes Tms (H)C TmsN MeOH 

TmszN Tins ( H)C TmsN MeOH 

Ar* Tms(H)C O MeOH 

2,6-Me2C6Ha Ph2C Se EtOH 

Mes BurN Ar*N MeOH 

Mes TmsN Ar*N MeOH 

Tms2N TmsN TmsN H,O 

Tms2N TmsN TmsN 

H o ~ - d  

Tms2N TmsN TmsN RzNH (R = Et, iPr) 

TmszN TmsN TmsN R. oO 

EtO'P;H 
(R = Ph, EtO) 

TmszN TmsN TmsN H=C-C-R 
g! 

O 
(R = Me. Ph) 

Tms2N TmsN TmsN HaC-S--R 
it 
O 

(R = Me, Ph) 
tBu(Tms)N 'BuN tBuN MczNH 

YN [851 
x-p~ 

zN 

J:~e [861 
X-P-yH 

,oM~ [~7] 

X-~'yH 

,.('~e [88] X-P.yH 

,OEt [89] 

X-~'*yH 
sOMe [89] 

X--P~yH 

.OMe [891 
X-P,  

~VH 

(TmsNH)3PO [901 

HY. ~ . [91 ] 
. p - o - - <  N - o  

Xz xTL ' 

x_pfHR2 [921 

vn 

X_p~ YH sR [931 
. o-K 
Z OEt 

g R "YH [94] 

R 

TmS~.p..~rms~:~H2SR [94] 
TmsN" ~OTms 

x_p( 
~_ vn 

[921 
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Table 2 (continued) 
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X-P(= Y ) =Z Reagent Product Ref. 

X Y Z 

N tBuN tBuN EtzNH X _ p ~ [ ~  [921 

vN 

Ar* tBuN O HzO X _ p ~  [95] 
vN 

'Bu(Tras)N tBuN S HzO ( ~  H~,P~Tm 8 . ,  [96] 

Ar* S S ROH X ,,¥H [97] 

3. ReacfiviW of 63Ls-ph~Jsphoranes 

3.1. Polar additions 

This section includes reactions of aaAS-phosphoranes with different types of rea- 
gent, such as proton-active nucleophites, organometallic compounds, and Lewis 
acids, which can formally be classified as polar additions. The general features of 
all these reactions consists in increasing the coordination number of the phosphorus 
atom from three to four. Only in a relatively few cases have the mechanisms of 
these reactions been fully established. 

3.1.1. Reactions with proton donor nucleophiles 
With few exceptions oZAS-phosphoranes, X-P(=Y)----Z, undergo a rapid and 

straightforward reaction with protic compounds (HA) with insertion into the HA 
bond and formation of four-coerdinate P(V)  derivatives. The anionic part of the 
HA reagent always adds to the P-atom, while the proton adds to the Y(Z)-atom 
(Table 2). 

Recent examples demonstrating the utility of the process for the synthesis of 
phosphorylated carbohydrates was reported by Navech et al. [97]. The reaction of 
dithioxophosphorane Ar*PSz with glycerol in a 2 : I molar ratio affords the com- 
pound 108. By using the sugars with partially protected hydroxy groups, mona- 
phosphorylated D-glucose and galactopyranose derivatives 109 and 110 have been 
prepared. 

In contrast to alcohols, amines react with Ar*PSz to give cyclic products via a 
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s S ~*  ~/SH U/sH 

HO--CH ! 

ll\SH S S 
108 109 | 1 0  

C - H  insertion of o-tBu group into a P = S  bond [97,98]. The reaction of Ar*PS2 
with an equimolar amount of isopropylidene-2',3'-adenosine leads to a mixture of 
the compounds 111 and 112 (Eq. (43)). 

41, NH2 H H3 
÷ ~ , 1 ~ ,  S 41. 

HOH2C~ O--CH~..~ 

0~o I I I  o~o 
(43) 

4- 

I NHz 

S ° 

HOCHa,~ 

1112 o ~ .  _o 

3.1.2. Metallation reactions 
Addition of Lewis acidic element halides, EHlg,, to the a325-phosphoranes gen- 

erally follows a mechanism which involves coordination of the reagent at one of the 
terminal positions of the multiple bond, shift of a halide to the phosphorus atom 
and concomitant ring closure (Eq. (44)). The react,;on gives either a betaine-like 
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Table 3 
Reactions of cr32S-phosphoranes with the Group 12-15 element hatides 
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X-P(-~Y ) = Z Reagent Product 

X Y Z 

ReL 

Tms2N Tins( H )C TmsN PhPClz 

TmszN TmsN TmsN SnCI2 

TmszN TmsN TmsN AICI3 

TmszN TmsN TmsN FeCI~ 

TmszN TmsN TmsN TiCI,, 

Tms,N TmsN TmsN NbCls 

TmsCH: TmsN TmsN TmsCl 

tBu(Tms)N tBuN S GeCI,, 

tBu(Tms)N tBuN S SnCl.~ 

tBu{ Tms)N tBuN S EC1 a (E = P, As) 

tBu(Tms)N tBuN S SOC12 

Ar* S S Ph4As+CJ - 

C|., /Y.~ 

z-/Xr, p - ~  
"l'ms 

X /Y,~_ 
c f ,  Pxz ,,snCI 

C! r Z ° 

CjpP~Z .FeC|2 

X,. ,,,,Y.,.. 
CI..~z-TIC|3 
X.. /Y.. 
ci' ' z " bcl" 

CI 
I 

X- -P=Y 
! 
ZTms 

Z,P,,.N,GeCt2 

C|2SP~ ,Y,~ 

C|,. /Y~ 
Z,P.~H. Ec| 

a . . v .  
z<,P,,N.S =O 

t. s 
A r * ~  p ( ( -  pb4As ÷ 

&-s 

[99] 

[t0o1 

ilool 

[,,91 

[991 

[loll 

[toil 

[loll 

[iol] 

[98] 
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heterocycle (route A) or a compound with the neutral PN2E skeleton (route B). A 
listing of many of these reactions is given in Table 3. 

,//Y EHIgn~=. 
R - - N  I 

" EHlgn[ Hlgn.llg/N\R 1 

Route ~ e  B IX = Trns(R2)N 
J (-TmsHlg) t 

XN~/Hlg HLg~,p.//Y 

R~N 7 \ y  ,~ /  R2--N / ~N~R 1 
XE / 

H]gn-I High. 2 

(44) 

In addition to a series of metal halides (AICt 3, FeCl3, ZrCl4, NbCIs, 
MeaAuCI), route A is observed for the reaction of 113 with Ti(OR)4 (Eq. (45)) 
[ 102]. Interaction between 113 and Ti(OiPr)4 readily proceeds at 20 °C; the analogous 
reaction with Ti(OtBu)4 requires more vigorous conditions (70 °C, 70-80 h). Alkoxy- 
derivatives of boron, silicon and carbon react with 114 forming only the 1,2-addition 
product to one of the double bonds (Eq. (46)) [103]. 

T m s 2 N ~ P ~  s 
NBu t 

Bu t 
i 

RO -- N Ti(OR)4~.. x-r/ ,,-. 
Tntsz./P~$/Ti{OR)a (45) 

113 

.NTms RO\ #NTms TmsaN~ ~ E(OR)n~. p / \  
NTms Tms=N N ~E(OR)n.1 

! 
114 Tins 

(46) 

E(OR)a=B(OMe)3. Si(OEt)4, CH(OEt):, 

Chalcogeno(imino)phosphoranes 115, 116 were shown to react with Lewis acids 
(A1CI~, GaCl3) in a rather unusual manner (Eq. (47)) [104-106]. The expected 
zwitter-ionic adduct is generatz-d initially, and the reaction then proceeds through a 
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1,3-methyl migration from the silicon center to the phosphorus center, and the 
formation of a silicon-chalcogen bond. The cyclic products do not incorporate the 
activating reagent; therefore, conceptually the process can be viewed as an isomeriza- 
tion of the ira/no-bound complexes of 115 and 116. The generality of the cycl/zation 
reaction was demonstrated by formation of the same heterocyclic framework from 
an alternative starting material, ~.(TmszN )2]2P(S)CI. In addition, a similar cyclization 
process was observed for the im/no(thioxo)phosphorane 115 in the presence of 
CF3SOzH. 

% =  MC~3 ~- I " J  \ . / % - E  ---,-- P ' l - . ' " 7 ~ E  
CH2C12" 20°C [ , M N M%S,__N.,,P e [ C ~ .  / \ . , 4  C|/_~Si--~d..~_ 

L "°  " 
115, E=S 

116, E=Se 

(47) 

J . . . . . .  

R i~CI a 
l I Me\ /N +/N,~ 

. / s i  p~.  R 

U 7  

R=Bu t, M=AI, Ga 

The ability to interact readily with organometallics is one of the most sign/tic, ant 
properties of a32S-phosphoranes, and i~ennits a unique and facile entry into various 
heterometallated compound (Table 4). The scope of these reactions has recently 
been extended on hydro- and carbozirconation of bis(irnino)phosphorane 114 [ 111 ]. 
The latter reacts with CpzZrHCI in THF at - 2 0  °C to afford the four-membered 
zirconadiazaphosphetid/ne 118. Hydrozirconation of 114 was also performed with 
CpzZrHz in THF. Although the experimental values did not allow the authors to 
choose between a cyclic structure 119 or the corresponding I/near form 120, the 
polarity of the remaining P = N  double bond strongly suggested cyclizafion and 
formation of the expected four-membered ring as usually observed (Eq. (48)). When 
CpzZrHC1 was added to the imino(thioxo)phosphor, me 115 the mare reaction 
product was identified as the phosp~,/ne sulfide 122. Formation of the latter might 
be explained by hydrolysis of the very unstable four-membered ring 121 (Eq. (49)) 
[ l l l ] .  
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Table 4 
Reactions of a325-phosphoranes with orga,:lometallic compounds 

X - P ( = Y ) =  Z Reagent Product 

X Y Z 

Ref. 

TmszN TmsN TmsN RLi (R = Me, Ph) 

tBu(Tms)N tBuN tBuN RLi (R = Me, Ph) 

Tms2N TmsN TmsN AIzR 6 (R = Me, Ph) 

tBu(Tms)N TmsN TmsN AI2Me6 

Tmp TmsN TmsN AIzMe6 

Tms2N TmsN TmsN MezAICI 

Tms2N TmsN TmsN Me2AIH 

Tms2N TmsN TmsN PhzZn 

TmszN TmsN TmsN 

TmszN tBuN S 

Tms2N tBuN S 

(C3Hs)zM (M =Ni, Pd) 

RLi (R = Me, Ph) 

AI2R6 (R = Me, Ph) 

TmszN tBuN S M%AtH 

tBu(Tms)N tBuN S AlzM% 

Tms2N tBuN Se AlzM% 

tBu(Tms)N tBuN Se AIzMe6 

x. 2 
R"P~zLi 

x . . Y  

R'P~'ZLi 
x,b,v, m 
R / ~'Z" 2 
X,,±,.Y~_ 

u P,,,z AIM  
X.+sYx_ M~P;,Z.AIMe2 
X.. ~..,Y,~_,CI 

MdP;Z-AI-M, 
X~+/Y.. _.Me 
H.P~.z-AI.Me 
X,.+.,Y. 

p ,P;,z g"'Ph 
X.~,,Y, 

x.~s 
R-P'~zu 

R..P'~z.AIR2 
X, +,,Y,~ _.Me 
H-P"z-A~-Me 

X.. +~Y x _ 

M P-z.A(M  

Me/P~Z ,AIMea 

X,,,÷/Y%_ 
¢,~/P~.z. AIMea 

[107] 

[1071 

[lOS] 

[lOS] 

[1081 

[IOS] 

[1081 

[1091 

[llot 

[1o71 

[los] 

[lo81 

[1o8] 

[~o81 

[toa] 
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.~Tms 
TmsaN~< 

NTms 
1t4 

Tiffs 
l 

H N Cp2Zr|[C1 x / ',, 
TmsaN/P~N/zrCpaC| 

! 
Tms 
118 

T m s  
[ 

H N 
Cp:ZrH2 *~Tms ~ )ZrCpaH 

aN 
! 
Tms 

oF 
H N~Tms '~pO 

/ \  
T rns2N N ~ ZrCp2H 

i Tms 

119 120 

(48~ 

X ~ < ~  But CpzZrHCI 

115 

1 
H x / N  | 
xPXs,, zrc~cl] 

121 

H 

It x H 
S 

122 

(49) 

X=But(Tms)N 

3.2. Cycloaddition reactions 

Since the three-center four-electron rr-system in the compounds X - P ( = Y ) = Z  is 
highly reactive and ~ra25-P atom exhibits a marked tendency in increasing its coordi- 
nation number, as2S-phosphoranes feature considerable cycloaddition potential. 
Phosphiranes with tr42S-phosphorus atoms, l-phosphacyclobutenes and 
1,3-diphosphetanes, four- and five-membered phosphorus cycles with widely differing 
additional heteroatoms, as well as phosphorus heterocycles with larger ring systems, 
constitute the wide range of target molecules which have now become accessible via 
the cycloaddition reactions of aa)2-phosphoranes (Table 5). 

In recent times, the wide scope of application of the 6s)2-phosphoranes in cyctoad- 
dition reactions has been demonstrated by the photochemical reaction of the azid~- 
phosphine (iPr2N)2PNa with the bis(imino)phosphoranes [122]. Photolysis of the 
azide at 12 °C in hexane in the presence of stoichiometfic amounts of 123 afforded 
the first stable |,2-dihydro-l,3,22s,42s-diazadiphosphete 124 (Eq. (50)). When fully 
silylated bis(imino)phosphorane 114 was used as tr~ppJng agent, the reaction 
afforded transient diazadiphosphete which undergoes 1,3-silyl group shift to furnish 
the 'inner salt' 125 (Eq. (51)). 

1,2A,3-Thiadiazaphosphetidines of the type 130 were first prepared by Kulbach 
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Table 5 
Cycloaddition reactions of a32S-phosphoranes 

X - P ( =  Y ) =  Z Reagent Product 

X Y Z 

Ref. 

Tms2N Me2C TmsN CHzN2 

Tms2N Tms(H)C TmsN TmsC-~ CH 

TmszN Me (H)C TmsN RzN-P=NR (R =Tms) 

TmszN Tms(H)C S RCHN2 

Tms2N TmsN TmsN CHzN: 

Tms,N TmsN TmsN RNCNR 

TmszN TmsN TmsN RNCO 

TmszN TmsN TmsN 

Tms2N TmsN TmsN 

Tms,N TmsN TmsN 

TmszN TmsN TmsN 

Tms.N TmsN TmsN 

Tins-N----- SMez 

RzN-P=NR (R = Tins) 

RN=PR~ (R '=Alk,  Ar) 

MeN =P(NMez)a 

M % P  =~N. Ph 

R ~ ' ~ p h  
R 

(R=MeO2C) 

x . p ~ v  
Z '¢" ~'CH2 

x ,Y., 
z.P;, .P-nR~ 

| 
R 

X /Y'~N 

X .. _...Y 
Z CH 2 

x:gv- =.R 
Z ~" "N a 

e R 
X .,,Y~, 
Z-,P~N, c=O 

| 
R 

X,. sY~. 
Z-..P,,N,S~2 

| 
T m $  

x .  ,.v.. 
Z,,P~N,P--NR2 

| 
R 

X. ,V.  , 

I 
R 

! 
X N ÷  

X 
| 

Y~P~Z 
g | 

R ~ P h  
R 

[ l l2 l  

[34] 

[1121 

[ll3] 

[ll2] 

[ll4] 

[ l l4]  

[114] 

[llSl 

[1161 

[1171 

[]18] 
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Table 5 (continued) 
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X - P ( = Y ) = Z  Reagent Product 

X Y Z 

Ref. 

Tms2N TmsN TmsN RN3 

Ar* S S 

X , d "  ~ 

I 
R 

Me 

[ l tg l  

(R~N)aP--~3 * RIN,~ .,.N# 

hv / NRa 
-2N2 

' x  .NR' 

R;~N / \ N R  2 
123 

R = Pr i, R l = Bu t 

j +2L 
R I 

I 
RaN x / N ,  x #NR ~ 
RaN/P\NN/P'~NR2 

124 

(5O) 

,,~,gNR 1 [2+21 
(RaN)aP~a * R1N=P~ 

HR ~ a 
114 

R ~ 
| 

R2Nx X NR I 

1 2 5  

R -- Pr i, R l = Tins 

(51) 

and Scherer [123] from the reaction of the imino(thJoxo)phosphorane 115 with 
N,N'di-tert-butylsulfurdiimide. Although the analogous products are obtained with 
amJnophosphinyl-substituted sulfur diimide 126, the reactions between 115 and the 
three other sulfur diimides 127-129 take a completely different course, and [2 +2]- 
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cycloaddition was not observed at all. The surprising result is shown in Eq. (52). 
Presumably, intramolecularly donor-stabilized imino(thioxo) phosphoranes 131 are 
formed as a result of exchange between imino groups at phosphorus and sulfur, 
followed by 1,3-shifts of Me3Si and phosphinyl groups and final N"P coordinative 
stabilization. The reasons for the different behavior of 127-129 compared with 126 
have not been clarified. 

R R 
| I 

~ - - - N  - " N  / 
! I 
R R 

126 127 ,  R' = Bu t 

128, R '= T i n s  

129, R' = P [N(But )CH2]  2 

R N !--- 
115 

R = B u  t 

126 

R 
! 

P - - N  R X--d %-."  
I i i . ,R  

R R / II T i n s  
S 

R I 
137, 128 or 129~. ~ N~p,,.,N_R. 

- R ( N S N ) R '  ,, *.~'p:. 

. / /%s 
~f f ISN 

130 

131 

(52) 

(53) 

3.3. Ylide transfer reactions 

On the basis of ab initio calculations it was predicted that the monoylene formation 
of H3P--X from H - P ( = X ) 2  by corresponding group t~ansfer reactions to PH3 is 
endothermie in the case that X is more electronegative than phosphorus (O, S, NH).  
For the reaction [H-P(=SiH2)z+PH3] the calculations predict a positive energy 
balance, AE(SCF) = -- 13.7 kcal tool - 1 [ 124]. 

In a very elegant paper [125] Yoshifuji et al. have demonstrated the application 
of ylide transfer reaction of the diselenoxophosphorane 132 for the synthesis of the 
first thermally stable phosphinoselenoylidene 133. An attempt to desulfurize dithiox- 
ophosphoraae 55 with (MeaN)3P was unsuccessful, indicating that 55 resists ylide 
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transfer in contrast to the case of deselenation of 132. Later, the phosphinothioyii- 
dene 135 was prepared by reacting the selenothioxophosphorane 134 with the same 
phosphine (Eq. (53)) [61]. 

/ / $ e  (Me2N)3P 
M x ~ , N N  ' ~- U x m p - - S ¢  

S¢ -(Me2N)3P=Se 
132 133 

Ss/Et3N 
(54) 

_//S (Me2N)~ p ~,- 

134 

(MezN)sP 

135 55  

Mx = 2,4-But2-6-(Me2N)C6H2 

3.4. Reactions at peripheral substituents 

According to a method first devised by Appel [9], Niecke and coworkers succeeded 
in the preparation of  a great number of differently substituted bis(methylene)phos- 
phoranes by nucieophilic substitution from bis[bis(tfimethylsiIyl)methylene] 
chlorophosphorane 136 (Eq. (54)) [20]. 

C|~P,~ CTms2 + RM @CTmwa 

CTms z > R~P%cTm ~ 

136 

(55~ 

R [Me Et Pr i BU i Ph E h N  Ar*NH CyoP Ar*(H)P priO PPS PhS 
M ! R2AI R2AI MgCI R2A1 Li Li Li Li Li Li Li Li 

The P-halogenated bis(imino)phosphoranes, H lg -P (=NAr*)  2, have also proved 
to be key substances for the preparation of novel P-functionalLzed derivatives [78]. 
A highly intriguing aspect of these reactions is that they permit a unique and fac/le 
entry into monomefic tfis (imino)meta-phosphates [ 126 ]. Thus, bis (/m/no)phosphor- 
ane 13% readily available from 101b via Br/NHAr* exchange, undergoes a rapid 
metallation with BuLi in T H F  to produce salt 138, which exists as 'separated ions' 
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(Eq. (55)). Metallati(:n of the bis(imino)phosphorane 74 with n-butyllithium in 
1,2-dimethoxyethane leads to the lithium complex 139 (Eq. (56)). 

At* At" 
I l 

Sr--<~ Ar,NHL! ~ Ar_N_p~., ,  N BuL, / ,  HF~ 
-LiBr I N--At* -Bull 

! H 

At* 

lOlb  137 

m* --~¢P**'~" N 
[ 
At* 

Li+(THFh (56) 

138 

. NAt* 
ButH__p. ~/ BuLi/DMF~ 

I '~NBu t -Bull 
H 

74 

AF* N" 

BUrN ;o -"~. NBut 
\ /  

U 
/ 

.,-o k 

139 

(57) 

Bis(imino)halophosphoranes do not react with highly ionic salts such as LiBPh4 
containing weakly coordinating anions. However, interaction of |Olb with LiBPh4 
or KPF6 in the presence of a stoichiometric amount of 1,8-diazabicyclo[5.4.0] undec- 
7-ene gives the corresponding onio-substituted bis(imino)phosphoranes 140 
(Eq. (57)) [127]. 

A¢* 

A#' i 

At* 

101b 140 

A_ 
(58) 

A = BPh4 or PF6 
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A first synthesis of an iminophosphoranylidene carbenoid from imino(dichloro- 
methylene)phosphorane 5 has recently been reported [22]. In this reaction the C-Ct 
bond is selectively cleaved on treatment with butyllithium in THF at -105  °C. The 
intermediate 141 can be trapped as the thermally stable C-silylated imino(methylene)- 
phosphorane 142 by the subsequent addition of CITrus or as the °phosphine adduct" 
143 by the treatment with PhaP (Eq. (58)). 

C| 
| 

 m.'C L ,,._%,,,,2 
[ ~! 1 / -LiCl 

[ 
,pC Cla BuLi / C - - L i i  

I G ® .C--PPha At* r" N~ Ph3P Ar.__p~/N 
5 141 -LiCI *" 

I 
A¢' 

143 

(59) 

3.5. Ligand properties 

Most of the reactions of a32S-phosphoranes with transition metal derivatives 
described in the literature involve complexafion which is accompanied by modifica- 
tion of a free ligand. End-on coordination of a31S-iminophosphoranes by the non- 
bonding electron pair on the doubly bonded nitrogen atom seems to be the first 
step of these transformations; the subsequent migration of a [igand from metal to 
phosphorus atom or even deeper structural reorganization of a complex lead to a 
final product (Table 6). There are several important exceptions, however. Thus, 
reactions of imino(chalcogeno)phosphoranes with (Ph3P)zPt(CzH4) gave the com- 
plexes exhibiting qZ-coordinafion of the unchanged a325-phosphorane ligand via the 
PS double bond [ 132]. 

Recent synthesis of the first metallobis(methylene)phosphoranes opens up com- 
pletely new perspectives [134]. Reaction of the potassium metalate 144 with the 
chlorobis(methylene)phosphorane 136 led to substitution of chlorine without affect- 
ing the P = C  bonds and formation of 145, as the main product (36-49% ]field) 
(Eq. (59)). Heating of the metallobis(methylene)phosphorane 145 results in isomer- 
izafion to yield the phospholene complexes 146 (42%) and 147 (8%) (Eq. (60)). 
The formation of 146 and 147 can formally be regarded as a cycloaddition reac- 
tion of the allyl ligand in 145 with one of the P = C  double bonds of the 
aaAS-phosphoran¢ fragment. It was proposed that the reaction proceeded via an 
initial nucleophilic attack of the arLlylic ligand at the P(V)-center, which was followed 
by a metal-induced 1,3-hydrogen shift from the Ca fragment to the second methylene 
carbon atom. A subsequent ring closure reaction leads to the phospho|en¢ comp~:~es. 
The major isomer 146 can alternatively be obtained in 82% yield at ambient temper- 
atur~s by adding a small amount of PBua to the metatlobis(methylene)phosphorane 
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Table 6 
Reactions of tr325-phosphoranes with transition metal compounds 

X-P(=Y)=Z Reagent Product 

X Y Z 

Ref. 

Tms2N TmsN T m s N  4 M  ~ 

(M=Ni, Pd) 

TmszN TmsN Tm sN Mn (CO)s Br 

TmszN TmsN TmsN Re (CO)sC! 

TmszN TmsN TmsN [Re (CO)3(THF)Br]2 

tBu(Tms)N tBuN S Mn(CO)sCI 

tBu(Tms)N tBuN S Re (CO)sBr 

tBu(Tms)N tBuN S (Ph3P),Pt{CzH4) 

tBu(Tms)N tBuN S PtL3 L = [ tBu ( Tms)N-P-~ NtBu] 

tBu(Tms)N tBuN Se (Ph3P)zPt(CzHa) 

.z.P(x N~" 
[~lo] 

Z Br 

/Y,, ,,C| [ 1291 
{OC)4Re.z.PX X 

oc. co [13ol 
RN --~Re- CO 

RN,=,~=_ NR N.R 

~ ' - -  NR= 
(R ='['ms) 

Bu t [6] | 
Y_ N Me '°~"'<~'"U%,, 

Ph3P~ ,~,PPh3 
X; Pt 

,P~Z y- 

L, .S,~ ¢HBu t 

L~'Pks,'P~N_ BUt 
! 
Trns 

Ph~k FPPh~ 
X,., P.t 

v,y-*z 

a [1311 

[1321 

[1331 

[132! 

]- ~ f.,,,-.:"-.-,,., / go,co,., o,M-,, , , , ,o,~o,,  
\ ,,.-".,,, /, 
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145 [135]. A similar reactivity could be achieved in the reaction of the chlorobis 
(methylene)phosphorane with triisobutylaluminum at elevated temperature, which 
furnished two isomeric products. The formation of the major product, the butylbis 
(methylene)phosphorane 148, results from the substitution of the chlorine atom in 
i[36. Additionally, the 1H-AS-(methylene)phospholane 149 could be obtained in 18% 
yield (Eq. (61)) [135]. 

[ 1 CTmsa OC CO 

136 144 

CO _CTms2 

: O~," CO CTms2 

145 

(60) 

Tms Tms 

] j w  Fe(CO)3 , ~  .~e (CO)3  v ~  
Tins p l 

Tms Tms 

146 147 

(61) 

T~s  

Tms H .~-- -Trns II , , / /  
136 AIBui~ Bu'--O~ c-Trns _ ~ T r a s  

- ~" * ( 6 2 )  
3 0 ° C  C ~  Tins Tins 

i 
Tms Mo 

1 4 8  1 4 9  

By varying the: reaction conditions, Metternich and Niecke have also succeeded 
in synthesizing the metatlobis(methylene)phosphorane 151 and its rearrangement 
product, the phosphaferrocene 152, from 136 and potassium metalate 150. Both 
isomers were separated by column chromatography and isolated as pure compounds. 
The isomerization can be regarded as a coupling of the phosphorane fragment with 
the two carbonyl groups of the Fe fragment (Eq. (62)) [134]. 

Replacement of the olefin ligand in (R3P)zM(olefin) (M = Pt, Ni) by the bis(meth- 
ylene)phosph,~rane 136 (Eqs. (64) and (65))leads to the complexes 154b and 155 in 
which 2-phosphonioallene ligand is t/Z-coordinated to the metal fragment. The reac- 
tions proceed via a metallobis(methylene) phosphorane intermediate, which could 
be isolated in the case of the platinum complex 153a. 

The struc, ure of 2-phosphonioallene complexes has been elucidated by NMR 
spectroscopy and a single-crystal X-ray study of 155a [136]. 
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136 

150 15I  

]152 

(63) 

Tins 
i 

Cl__p~ C-Tins 

C--TIns 
I Tins 

136 

Rap/Pt(O~fln) 

Tins 
i 

R3P,~ p//C--Tms 
Pl-- l l  

| m S  | m S  

154 b 

-COD 

Tffls 

C|~PtmP~ 
| C--Tms PRa | 

Tins 

153 a,  b 

(64) 

R = Et, Olefin = COD (a) 

R = Ph, Olefin = C2H 4 (b) 

]36 + /Ni(Olefine) 
RaP 

R = Et (a), Bu (b) 

-R3P 
-Olefine 

Tins 
I 

R3P,,, p#C--Tms 
N i ~ [ i  

C'Tms/C'Tms 

155 a,  b 

(65) 
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4. Compilations of stable ~skS-plr~phoranes 

4.1. Bis(methylene) phosphoranes a 
~CR1R 2 

R--P%cRsR 4 

315 

X R 1 R 2 R s StP N M R  X-ray Ref. 
(6p, ppm) 

H 
Me 
Et 
ipr 
iBu 

SBu 
tBu 
tBu 
tBu 
tBu 
tBu 

C6Hn 
PhzCH 
(Propenyl) 
P h - C H - - C H  
P h - C ~ C  
TmszCH-P=C(Tms) -  

SiMezCH2 
Cp* 
Cp* 
Cp* 
Cp* 
ph b 
Ph 
Ph 
Mes 
2-MeOC6H4 
9-Fluorenyl 
Me2N 
EtzN 
EtzN 
EtzN 
Et2N 
EtzN 
ipr2N 

Tins Tms Tins 33.1 
Tms Tms Tms 170.3 
Tms Tms Tms 191.5 
Tins Tins Tms 201.3 
Tms Tms Tms 182.6 
Tms Tms Tins 198.0 + 
Tins Tins H 215.7 
H tBu Tins 170.9 
Ph Ph Tins 167.0 
Ph Tins Tins 188.0 
Tins Tins Tins 204.5 
Tins Tins Tins 198 
Tins Tins Tras 179.1 + 
Tins Tms Tins 177.9 
Tins Tins Tins 165.8 
Tins Tins Tins 109.8 
Tins Tins Tins 177.1 + 

H Tms H 173.0 
Tins Tins H 187.9 
Ph Ph Tins 141.9 
Tms Tms Tins 175.0 
H Mez(tBu)Si H b 113.1 
Ph Ph Tins 133.0 
Tins Tins Tins 174.1 
Ph Ph Tins 120.0 
Tms Tins Tins 161.0 
Tms Tms Tms 171.5 
Tins Tms Tins 167 
Tins Tms H 167.6 
Tins Tins Ph 154.4 
Ph Ph Tins 144.2 
Tins Tins Tins 167.0 
Tins CI Tins 153.3 
H Tins H 157.4 

+ 
+ 

[!371 
[20] 
[2o1 
[2ol 
[2o1 
[138,1391 
[201 
[20] 
[191 
[191 
[138,19l 
[1401 
[139] 
[2o] 
[138] 
[138,139] 
[139] 

[2o1 
[201 
[20] 
[201 
[2O] 
[19] 
[191 
[19] 
[138] 
[139,141] 
[140,139] 
[20] 
[201 
[201 
[20] 
[20] 
[20] 
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iPr2N Tins Tms H 158.6 
Trap H Trap H 155.2 
PhNH Tms Tins Trns 145 
Ar*NH Tins Tins Tins 158.2 
2-Napthylamino Tins Tins Tins 146 
Tms2N H Tins H 161.3 
Tms2N Tms Tins CI 119.3 
MeO Tins Tms Tins 174.0 
iPrO Tms Tms Tms 167.8 
tBuO Tms Tins Tins 156.5 
PhO Tms Tins Tins 162.3 
H3C(CH2)4S Tins Tms Trns 168.8 
iPrS Tins Tins Tins 164.8 
PhS Tins Tins Tins 161.0 
CyzP Tms Tins Tins 182.1 
Ar*PH Trns Tms Tins 191.0 
CI Tins Tins Tins 136.8 
Br Tms Tins Tins 122.5 
I Tms Tins Tins 102.9 
(Et3P)2Pt(C1) Tins Tins Tins 202.2 
Cp(CO)zFe Tins Tins Tins 347.1 
CaHs(CO)aFe Tins Tms Tms 331.8 
A-N(CH2CH2)2N Tins Tins Tins ¢ 168 
A-NH(CH2)2N Tms Tms Tins ¢ 158 
A-N(Tms)CH2CH2N(Tms) Tms Tins Tins c 164 
A.O_./'-N_O. Tms Tms Tins c 167 "-k_/-  

[20] 
[20] 
[109] 
[20] 
[142] 
[67] 
[20] 
[138] 
[138] 
[138] 
[138] 
[138] 
[138] 
[138,139] 
[20] 
[20] 
[138,139] 
[1381 
[t38] 
[2o1 
[134] 
[134] 
[143] 
[143] 
[143] 
[143] 

A - O - ~ O -  Tms Tms Tms c 165 [142] 

A - ~  Tms Tms Tins c 170 [143] 

a R 4 = T m s  unless otherwise specified; b R4=Me2tBuSi ;  e A = ( T m s z C = ) z P .  

4.2. Methylene(imino) phosphomnes 
//CR 1 R 2 

x--%.~ 

X R 1 R2 R 3 3,p NMR X-ray Re['. 
(c$r, ppm) 

tBu Tms Tms Ar* 164.5 + 
Tms2CH H Trns Tms 145.3;129.0 

[144] 
[67] 
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Ph Tins Tins At* 130.2 + 
2,6-Me2C6H3 9-Fluorenyl- Ph i 7.6 

idene 
Mes Ph Ph Ph 18.8 
Mes Tins Tins Ar* 101.5 
Mes Tins Tins Tins 120.0 
Ar* H Tetrahydro- Ar* 75.0 

furan-2-yl 
Ar* C1 Tins Ar* 86.2 
Ar* CI CI Ar* 70.1 
iPrzN H tBu tBu 77.2 
Trap H Tins Tins 100.6 
Trap Tins Tins Tins 85.2 
tBu(Tms)N Me Me Tms g6.8 
TmszN H Tms tBu 56.3 
TmszN H Me Tins 98.1;105.5 
TmszN H tBu Tins 8 !.5 
TmszN H Tins Tins 102.6 
TmszN Me Me Tins 86.4 
Tms2N Me Et Tins 83.9;83.6 
Tms2N Me iPr Tms 83. I ;82.2 
Tms2N Me tBu Tms 75.4 
TmszN Tins Tins Tins 90.5 
tBu(Tms)N Tins Tins tBu 84.8 

+ 

317 

[1441 
[145] 

[85] 
[1441 
[1461 
[22] 

[22] 
[22] 
[821 
[147] 
[21] 
[112] 
[33] 
[1121 
[112] 
[148] 
[1121 
[i12] 
[1121 
[112] 
[21] 
[21] 

4. 3. Methylene ( oxo-, thioxo- or selenoxo) phosphoranes 
~CR 1 R 2 

X--P%y 

X y R 1 R z alp NMR X-ray 
(6p, ppm) 

Ref. 

Ar* O Ph Tins 153.7 
Ar* O Tms Tins 161.6 
2,6-Me2C6H3 S Ph Ph 140.5 
Mes S Tins Tins 190.9 
Ar* S Tins Tins 204.6 
Tms2N S H Tins 185.4 
2,6-Me2C6H3 Se Ph Ph 125.7 
Ar* Se Tins Tins 195.2 
Tms2N Se H Tins 172.4 

+ 

+ 

[88] 
[149] 
[t5o] 
[148,151] 
[149] 
[152] 
[t53] 
[1491 
[152] 
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4.4. Bis(imino) phosphoranes 
/ /NR 1 

X--P%N~ 

X R 1 R 2 sip NMR X-ray 
(Se, ppm) 

Ref. 

nBu tBu Ar* 62.6 [36] 
TmszCH Tins Tins 83.4 [ 119] 
CsMes tBu Ar* 59.9 [36] 
Mes tBu Ar* 47.7 [89] 
Mes Tms Ar* 66.1 + [ 89] 
Ar* EtOOC EtOOC 104 [70] 
Ar* H Ar* 45.g + [78] 
tBuNH tBu Ar* 39.5 [ 126] 
Ar*NH tBu Ar* 34.3 [36] 
Ar*NH Ar* Ar* 22.1 [ 126] 
iprzN tBu tBu 50.5 [ 119] 
(CH2)sN *Bu Tins 52.0 [ 154] 
(CH2)sN Tms Tins 47.2 [ 154] 
tBu(Tms)N tBu Tins 53.1 [119] 
tBu(Tms)N tBu tBu 35.2 [ 154] 
TmsaN Me Tms 46.7 [ 119] 
Tms2N tBu c tBu 52.6 [ 119] 
Tms2N tBu Tins 51.5 [ 119,154] 
TmszN Tms Tms 52.0 + [ t 19,154] 
tBuS tBu Ar* 27.4 [36] 
tBu2P Et3C Ar* 59.1 + [ 36 ] 
PhaP Ad Ar* 57.7 [ 155] 
CI Ar* Ar* - 18.5 [78] 
Br Ar* Ar* -30 .2  [78] 
I Ar* Ar* -42 .9  + [78] 

4.5. Imino(oxo-, th/oxo- or selenoxo) phosphoranes 

X~P,~y 

X Y R s,p NMR 
(~p, ppm) 

X-ray ReL 

Ar* 0 tBu 93.5 
Ar* O Ar* 34.2 
Ph S Ar* 158 

+ 
[951 
[~51 
[421 
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Mes S Ar* 162 
2,4,0-iPraC6H2 S Ar* 163 
Ar* S tBU 162.4 
(Me2N)3P=C(Tms)  S Tins 171.2 
tBu (Tms)N S tBu 136 
TmszN S tBu 135 
[CHz(NtBu)]zP(tBu)N S Tins 61.0 
Ph Se Ar* 161 
Mes Se Ar* 156 
Ar* Se tBu 154.8 
(MezN)3P=C(Tms)  Se Tms 159.1 
tBu(Tms)N Se tBu 118.7 
Tms2N Se tBu 120 

+ 

[42] 
[421 
[951 
[431 
[ i~ ]  
[157] 

[421 
[421 
[951 
[43] 
[1591 
[1571 

4. 6. hnino ( o.vo-, thio xo  ) phosph inidenephosphoranes 

X~P%pN 

X V R 31p NMR 

(/~p, ppm) 1Jppb (Hz) 

X-ray Ref. 

Me NAr*  Ar* 60.4 
176.5 

nBu NAr* At* 66.4 
186.6 

tBu NAr* Ar* 67.2 
205.9 

Ar* O At* 69.8 
Ar* S At* 247.8 

255.8 
2-Me-4,6- S Ar* 249.1 

(tBu)2C6Hz 

Mes S At* 

Ar* S Ar*H-  
Cr(COh 

239.3 
241.9 
226.7 
254.1 

247.7 

741.9 

762.1 

819.5 

683.6 
629.9 

625 

604.3 

666.5 

+ 

+ 

[71] 

[711 

[711 

[16Ol 
[1611 

[1611 

[161] 

[~61] 
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4. Z Dioxo-,  dithioxo-, or diselenoxophosphoranes 

X y 31p N MR  X-ray Ref. 
(6r, ppm) 

At* O 13 a 
2,6-tBuz-4-MeC6H2 S 285.2 
Ar* S 295.3 + 
2,6-(CF3)2C6H3 S 
2,4-tBu2-6-(Me2N)C6H2 S 170.6 
2,4-tBuz-6-RC6H2 S 149.6 + 
(R = CHzNMe2) 
2,4-tBu2-4--R-C6H2 S 150.5 
(R = CMezNMe2) 
2,4-tBu2-4-RC6H2 S 135.7 + 
(R = CMezCH2NMe2) 
2,4-tBu2-6-(MeO)C6H2 S 280. I 
PhaP=C(Et )  S 
Ph3P=C(Ph) S -- + 
Ar* Se 273.0 
2,4-tBu2-6-(Me~N)C6H2 Se 149.6 
2,4-,tBuz-6-R-C6H2 Se 147.7 + 
(R = piperidino) 
2,4-tBuz-6-RC6H2 Se 123.6 
(R = CH2NMe2) 
2,4-tBu2-6-RC6H2 Se 108.7 
(R = CMe2CHzNMe2) 

[162] 
[58] 
[121,163,164] 

[125] 
[62,631 

[63] 

[63] 

[65] 
[55] 
[55] 
[165] 
[64] 
[64] 

[64] 

[64] 

a The chemical shift is highly questionable. 

Acknowledgements 

We thank the Universit6 Paul Sabatier (France) and the International Science 
Foundation (Grant U 60200) for financial support. 

Refereuees 

[1] E. Niecke and W. Flick, Angcw. Chem. Int. Ed. Engl., 13 (1974) 134. 
[2] O.L Scherer a1~d N. Kuhn, Chem. Bet., 107 (1974) 2123. 
[3] M. Regitz, in Methoden der Organischen Chemic (Houben-Weyl), VoL El, Georg Thieme, 

Stuttgart, 1982, pp. 583-615. 
[4] M. Regitz and G. Maas, Top. Curr. Chem., 97 (1981) 71. 



V.D. Romanenko, M. Sanchez / Coordination Chemistry Reviews 158 (1997) 275-324 321 

[5] 
[6] 
[7] 

[8] 

[91 

[10] 

[11] 

[121 

[131 

[14] 

[151 

[16] 

[171 
[18] 
[19] 
[20] 

[211 

[221 

[23] 

[24] 

[25] 
[26] 
[27] 
[28] 

[29] 
[30] 

[31] 
[32] 
[331 
[341 
[35] 

H. Germa and J. Navech, Phosphorus Sulfur, 26 (1986) 327. 
O.J. Scherer, Angew. Chem. Int. Ed. Engl., 24 (1985) 924. 
L.N. Markovskii, V.D. Romanenko and A.V. Ruban, in A.N. Pudovik (Ed.), Cheufistry of 
Organophosphorus Compounds, Mir, Moscow, 1989. 
V.D. Romanenko, L.N. Markovskii and A.V. Ruban, Chemistry of Low-Coordinate Pentavalent 
Phosphorus Compounds, Naukova Dumka, Kiev, 1992, p. 232 (in Rus~an). 
R. AppeI, Bis(methylene)phosphoranes, in M. Regitz and O.J. Scherer (Eds.), Multiple Bonds amt 
Low Coordination in Phosphorus Chemistry, C~org Thieme, Stuttgart, pp. 367-374. 
H. Heydt, Methylene 0mino, oxo, thioxo, and sctenoxo)phosphoranes, in M. Reghz and 
O.J. Scherer (Eds.), Multiple Bonds and Low Cc~rdLqation in Phosphorus Chen~stry, O¢org 
Th~me, Stuttgart, pp. 375-391. 
E. Niecke and D. Gudat, Bis(infino)phosphoranes, in M. Re~tz and O.J. Sch~rcr (Eds.), Mulfi ,~ 
Bonds and Low Coordination in Phosphorus Chemistry, Gcorg Thieme, Stuttgart, pp. 392-404. 
E. Niccke and D. Gudat, Iminooxo-, iminothioxo-, and im[nosclenoxophosphoranes, in M. R ~  
and O.J. Scherer (Eds.), Multiple Bonds and Low Coordination in Phosphorus Chcnfistry, Gcarg 
Thieme, Stuttgart, pp. 405-410. 
M. Yoshifuji, Phosphinylidene-methylene (infino, oxo, thioxo, or selenoxo) phosphoranes, in M. 
Regitz and 03 .  Scherer (Eds.), Multiple Bonds and Low Coordination in Phosphorus Chem~try, 
Georg Thieme, Stuttgart, pp. 411-414. 
M. Miesel, Dioxo- and dithioxophosphoranes including the metaphosphate anion, in M. R ~ t z  
and O.J. Scherer (Eds.), Multiple Bonds and Low Coordination in Phosphorus Chemistry, Gcorg 
Thieme, Stuttgart, pp. 415-442. 
W.W. Schoeller, Bonding properties of low coordinated phosphorus compounds, in M. Regitz and 
O.J. Scherer (Eds.), Multiple Bonds and Low Coordination in Phosphorus Chemistry, ~ r g  
Thieme, Stuttgart, pp. 5-32. 
K. Karaghiosoff, Survey of a~P-NMR data, in M. R e ~  and O.J. Sche~r (Eds.), Multiple Boads 
and Low Coordination in Phosphorus Chemistry, C~org Thieme, Stuttgart, pp. 463-472. 
L.D. Quin, Coord. Chem. Rev., 137 (1994) 525. 
G. Keglevich, K. Ujszaszy, J.D. Quin and G.S. Quin, Heteroatom Chem., 4 (1993) 559. 
R. Appel, T. Gaitzsch, F. Knoch and G. Lenz, Chem. Bet., 119 (1986) 1977. 
P. Becker, H. Brombach, G. David, M. Leuer, H.4. Metternich and E. Niecke, Chem. Ikr., 125 
(t992) 771. 
L.N. Markovskii, V.D. Romanenko, A.V. Ruban and L.K. PoIyachenko, Zh. Obshch. Khhn., 53 
(1983) 693. 
W. Schilbach, V. yon der G6nna, D. Gndat, M. Nieger and E. Niccke, Angcw. Chem. Int. Ed. 
Engl., 33 (1994) 982. 
M. Gouygou, J. Bc|lan, J. Escudie, C. Couret, A. Dubourg, J.-P. Dcclercq aad M. Kocnig, J. Chem. 
Soc. Chem. Commun., (1989) 593. 
M. Gouygou, C. Tachon, R. El Ouatib, O. Ramarijaona, G. Etemad-Moghadam and M. Kc~nig, 
T¢trahedron Lett., 30 (1989) 177. 
M. Gouygou, C. Tachon, M. Koenig and (3. Etemad-Moghadmn, New. J. Chem., 11~ ~i989) 315. 
M. Yoshifuji, S. Sasaki and N. Inamoto, Tetrahedron Lett., 30 (1989) 839. 
M. YoshifujL H. Yoshimura and K. Toyota, Chem. Lctt., (1990) 827. 
M. Gouygou, C. Tachon, M. Koenig, A. Dubourg, J.-P. Docletcq, J. Jaud and G. Et©mad- 
Moghadam, J. Ore. Chem., 55 (1990) 5750. 
M. Yoshifuji, K. Toyota and H. Yoshimura, Phosphorus Sulfur Silicon, 76 (1993) 67. 
M. Yoshifuji, K. Toyota, H. Yoshimura, K. Hirotsu and A. Okamoto, J. ~ .  Soc. Chem. 
Commun., (1991) 124. 
K. Toyota, H. Yoshimura, T. Uesugi and M. Yoshifuji, Tetrahedron Left., 32 (1991) 6879. 
P. Jutzi and S. Opida, Z. Anorg. Altg. Chem., 610 (i992) 75. 
B.-L. Li, P. Mukherj~ and R.H. Neilson, Inorg. Chem., 28 (1989) 605. 
B.A. Boyd, R.J. Thoma and R.H. Ndlson, Tet~hedron I.~t., 28 (1987) 6121. 
M. Larbig, M. Nicger, V. yon der G6nna, A.V. Rubim and E. N~cke, Ang~¢. Chem. Int. Ed. 
Engl., 34 (1995) 460. 



322 V.D. Romanenko, M. Sanchez / Coordination Chemistry Reviews 158 (1997) 275-324 

[36] 
[37] 

[38] 
[39] 

[40] 

[41] 
[42] 

[43] 
[44] 
[45] 

[46] 
[47] 
[481 
[491 

[501 
[51] 
[521 
[53] 
[541 
[551 

[56] 
[571 
[581 

[59] 

[60] 
[611 
[62] 
[63] 
[64] 
[65] 
[66] 
[67] 
[68] 
[69] 

[70] 
[71] 
[72] 

[73] 
[741 
[751 
[76] 

E. Niecke, V. vonder GOnna and M. Nieger, Chem. Ber., 123 (1990) 2329. 
E. Niecke, H.-J. Metternich, M. Nieger, D. Gudat, P. Wenderoth, W. Malisch, C. Hahner and W. 
Reich, Chem. Ber., 126 (1993) 1299. 
K. Toyota, M. Yoshifuji and K. Hirotsu, Chem. Lett., (1990) 643. 
K. Toyota, Y. Ishikawa, M. Yoshifuji, K. Okada, K. Hosomi and K. Hirotsu, Chem. Lett., 
(1991) 2213. 
K. Toyota, Y, Ishikawa, K. Shirabe, M. Yoshifuji, K. Okada and K. Hirotsu, Heteroatom Chem., 
4 (1993) 279. 
S. Holand, J.-M. Alcaraz, L. Ricard and F. Mathey, Heteroatom Chem., 1 (1990) 37. 
V.D. Romanenko, A.V. Ruban, A.B. Drapailo, A.N. Chernega and E.B. Rusanov, Heteroatom 
Chem., 3 (1992) 181. 
U. KrUger, H. Pritzkow and H. Gratzmacher, Chem. Ber., 124 (1991) 329. 
E. Niecke, M. Nieger, F. Reichert and W.W. Schoeller, Angew. Chem. Int. Ed. Engl., 27 (1988) 1713. 
A. Schmidpeter and K. Karaghiosof[, in M. Regitz and O.J. Scherer (Eds.), Multiple Bonds and 
Low Coordination in Phosphorus Chemistry, Georg Thieme, Stuttgart, 1990, p. 258. 
A. Schmidpeter, F. Steinmilller and K. Karaghiosoff, Heteroatom Chem., 5 (1994) 385. 
A. Schmidpeter and F. Steinmfiller, Phosphorus Sulfur Silicon, 93-94 (1994) 383. 
W.W. Schoeller and T. Busch, Chem. Bet., 125 (I992) 1319. 
M. Andrianarison, C. Couret, J.-P. Declercq, A. Dubourg, J. Escudie, H. Ranaivonjatovo and 
J. Satge, Organometallics, 7 (1988) 1545; J. Escudi6, C. Couret, H. Ranaivonjatovo and J. Satge, 
Coord. Chem. Rev., 130 (1994) 427. 
M. Abe, K. Toyota and M. Yoshifuji, Heteroatom Chem., 4 (1993) 427. 
M. Abe, K. Toyota and M. Yoshifuji, Chem, Lett., (1992) 2349. 
H. Voclker, U. Pieper, H.W. Roesky and G.M. Sheldriek, Z. ,Naturforsch. Tell B, 49 (1994) 255. 
G. Jochem, H. NOth and A. Schmidpeter, Angew. Chem. Int. Ed. Engl., 32 (1993) 1089. 
H,J. Metternich and E. Niccke, Tetrahedron Lett., 32 (1991) 6537. 
A. Schmidpcter, G. Jochen, K. Karaghiosoff and Ch. Robl, Angew. Chem. Int. Ed. Engl., 31 
(1992) 1350. 
G. Jochem, K. Karaghiosoff, C. Robl and A. Schmidpeter, Phosphorus Sulfur Silicon, 77 (1993) 233. 
M. Baudler and J, Simon, Chem. Ber., 121 i i9~8) 281. 
A.S. Ionkin, V.M. Nekhoroshkov and Yu.Ya. Efremov, Izv. Akad. Nauk SSSR Ser. Khim., 
( 1991 ) 1654. 
G. Grossmann, G. Ohms, H Bcckmann, K. Friedrich, E. Niccke, M. Nieger, R. Serwas, V. yon 
der G6nna and W.W. Schoeller, Phosphorus Sulfur Silicon, 77 (1993) 248. 
A.H. Cowley, F. Gabbai, R. Schluter and D. Atwood, J. Am. Chem. See., 114 (1992) 3142. 
M. Yoshifuji, S. Sangu, M. Hirano and K. Toyota, Chem. Lett., (1993) 1715. 
M. Yoshifuji, K. Kamijo and K. Toyota, Tetrahedron L¢tt., 35 (1994) 3791. 
M. Yoshifuji, K. Kamijo and K. Toyota, Chem. Lett., (1994) 1931. 
M. Yoshifuji, S. Sangu, K. Kamijo and K. Toyota, J. Chem. Soc. Chem. Commun., (1995) 297. 
M. Yoshifuji, D.-L. An, K. Toyota and M. Yasunami, Tetrahedron Lett., 35 (1994) 4379. 
W. Schnur and M. Regitz, Z. Naturforsch. Teil B, 43 (1988) 1285. 
E. Niecke, M. Leuer and W.W. Schoeller, J. Chem. Soc. Chem. Commun., (1983) 1171. 
R.D. Chambers, K.B. Dillon and T.A. Straw, J. Fluorine Chem., 56 (1992) 385. 
E. Niecke, K. Schwichtenhovel, H.-G. Schafer and B. Krebs, Angew. Chem. Int. Ed. Engl., 20 
( 1981 ) 963. 
J. Navech and M. Revel, Tetrahedron Lett., 27 (1986) 2863. 
E. Niecke, B. Kramer, M. Nieger and H. Severin, Tetrahedron Lett., 34 (1993) 4627. 
J. B6ske, E. Niecke, E. Ocando-Mavarez, J.-P. Majoral and G. Bertrand, Inorg. Chem., 25 
(1986) 2695. 
M.P. Coogan and M,J.P. Harger, J. Chem, Soc. Chem. Commun., (1990) 1745. 
P.J. Weidert, E. Geyer and L. Homer, Phosphorus Sulfur Silicon, 45 (1989) 55. 
E. Fluck and R. Bcaun, Phosphorus Sulfur Silicon, 44 (1989) 291. 
A.V. Ruban, L.S. Kachkovskay, M.I. Povolotskii, V.D. Romanenko and L.N. Markovskii, Zh. 
Obshch. Khim., 59 (1989) 2131. 



V.D. Romanenko, M. Sanchez / Coordination Chemistry Reviews 158 (1997) 275-324 323 

[77] 
[78] 
[79] 
[801 
[81] 
[821 
[83] 
[84] 
[85] 
[861 
[87] 
[88] 
[891 

[90] 
[911 

[92] 
[93] 
[94] 
[951 

[961 
[971 
[981 
[99] 

[100] 
[1o11 
[I021 
[103] 
[1o41 

[105] 

[1o6] 

[1o7] 

[108] 

[1o9] 

[110] 

[ l l l ]  

[112] 
[t131 
[1141 
[1151 
[116] 
[117] 

E. Niecke and W. Bitter, Chem. Ber., 100 (1976) 415. 
A. Ruban, M. Nieger and E. Niecke, Angew. Chem. Int. Ed. Engl., 32 (1993) 1419. 
V.D. Romanenko and V.L. Rudzevich, Zh. Obsheh. Klfim., in press. 
O.L Kolodiazhnyi and E.V. Gdshkun, Zh. Obsheh. K h ~ . ,  63 (1993) 1188. 
R.R. Ford and R.N. Neilson, Polyhedron, 5 (1986) 643. 
E. Niecke, A. Seyer and D.-A. Wilbredt, Angew. Chem. Int Ed. Engl., 20 ( 1981 ) 675. 
H. Bock, M. Kremer, B. Solouki and M. Binnevdes, Chem. Ber., 125 (1~)2) 315. 
M.P. Cava and M.I. Levinson, Tetrahedron, 41 (1985) 5061. 
T.A. Knaap, T.C. Klebach, F. Visser, R. Lourens and F. Bickelhaupt, Tetrahedron, 40 (1984) 99I. 
Z.-M. Xie and R.H. Neitson, Organometallics, 2 (1983) 1406. 
R.H. Neilson, Inorg. Chem., 20 (1981) 1679. 
R. Appel, F. Knoch and H. Kunze, Angew. Chem. Int. Ed. Engl., 23 (1984) 157. 
A.V. Ruban, A.B. Drapailo, V.D. Romanenko and L.N. Markovskii, Zh. Obshch. Khim., 56 (1986) 
2791; A.N. Cheraega, M.Yu. Antip/ne, M.Yu. Struchkov, A.V. Ruban and V.D. Romanenko, Zh. 
St.,~act. Khim., 29 (1988) 133. 
E. Niecke and O.J. Scherer, Nachr. Chem. Tech., 23 (1975) 395. 
V.D. Romanenko, A.V. Ruban, O.M. Polumbrik and L.N. Markovskii, Zh. Obshch. Khhn., 51 
(1981) 1923. 
L.N. Markovski, V.D. Romanenko and A.V. Ruban, Phosphorus Sulfur, 9 (1980) 221. 
V.D. Romanenko, A.V. Ruban and L.N. Markovskii, Zh Obshch. Khim., 50 (1980)2t32. 
R. Appel and J. Halstenberg, Chem. Ber., 110 (1977) 2374. 
L.N. Markovski, V.D. Romanenko, A.V. Ruban and A.B. Drapailo, J. Chem. Soc. Chem. 
Commun., (1984) 1692. 
O.J. Scherer, K. Forsfingcr, J. Kaub and W.S. Sheldrick, Chem. Ber., 119 (1986) 2731. 
J. Navech, M. Reve| and S. b,i:~thieu, Phosphorus Sulfur, 39 (1988) 33. 
J. Navech, M. Revel and R. Kraemer, Tetrahedron Lett., 26 (1985) 207. 
R. Nei|son, B.A. Boyd, D.A, Dubois, R. Hani, G.M. Scheid¢, J.T. Shore and U.G. Wettermark, 
Phosphorus Sulfur, 30 (1987) 463. 
E. Niecke, R. Kroeher and S. Pohl, Angew. Chem., 89 (1977) 902. 
O.J. Scherer, N. Kulbach and W. Glassel, Z. Naturforsch. Teil B, 32 (1978) 652. 
A.I, Brusilovets and A.I. Averov, Zn. Obchch. Klfim., 61 (1991) 1025. 
A.L Brusilovets, E.B. Rusanov and V.N. Nemikin, Zh. Obshch. Khim., 59 (1989) 1893. 
N. Burford, R.E.v.H. Spence, J.M. Whalen, R.D. Rogers and J.F. Richardson, Organometallies, 9 
(t990) 2854. 
N. Burford, S. Mason, R.E.v.H. Spence, J.M. Whalen, J.F. Richardson and R.D. Rogers, 
Organometallics, 11 (1992) 2241. 
N. Burford, R.E.v.H. Spence, J.M. Whalen, LF. Richardson and R.D. Rogers, Phosphorus Sulfur 
Silicon, 64 (1992) 137. 
V.D. Romanenko, V.F. SchuFgin, V.V. Scopenko and L.N. Markovskii, Zh. Obshch. Khim., 55 
(1985) 538. 
V.D. Romanenko, V.F. Schul'gin, V.V. Scopenko, A.N. Chenega, M.Yu. Antipin, Yu.T. Struchkav, 
I.E. Boldescul and L.N. Markovsk•, Zh. Obshch. Khim., 55 (1985) 282. 
L.N. Markavskii, V,D. Romanenko, V.F. Schuj'gin, A.N. Cheraega, M.Yu. Antipin and Yu.T. 
Struchkov, Zh. Obshch. Khim., 57 (1987) 2229. 
W. Keim, R, Appel and A. Storeck, C. Kr0ger and R. Goddard, Angew. Chem. Int. Ed. En81., 20 
(1981) 116. 
N. Dufour, A.-M. Caminade, M. Basso-Bert, A. Igau and J.-P. Majorat, Organometallics, 11 
(1992) 1131. 
E. Niecke and D.-A. Wildbredt, Chem. I~r., 113 (1980) 1549. 
E. Niccke, J. B6ske, B. Krebs and M. Dartmann, Chem. Bet., 118 (1985) 3227. 
R. Appel and M. Halstenberg, Angew. Chem. Int. Ed. Engl., 14 (1975) 769. 
R. Appel and M. Halstenberg, J. Organomet. Chem., 99 (1975) C25. 
M. Ha|stenberg and R. Appel, Chem. Ber., 111 (1978) 1815. 
M. Halstenherg, R. App¢l, G. Huttner and J.V. Sayerl, Z. Naturforsch. Tell B, 34 (1979) 1491. 



324 V.D. Romanenko, M. Sanchez / Coordination Chemistry Reviews 158 (1997) 275-324 

[118] 
[1191 
[120] 
[121] 
[t22] 
[123] 
[t24] 
[125] 
[126] 

[127] 

[128] 
[129] 
[130] 
[131] 
[132] 
[1331 
[1341 
[t35] 
[136] 

[137] 
[138] 
[139] 
[140] 
[1411 
[142] 
[I43] 
[1441 

[145] 
[146] 
[147] 

[1481 
[1491 
[1501 
[1511 

[1521 
[153] 
[154] 
[1551 
[156] 
[157] 
[158] 
[159] 
t16o1 

[161] 
[162] 

A. Schmidpeter and Th. Criegern, Z. Naturforsch. Tell B, 33 (1978) 1330. 
E. Niecke and H.-G. Sch~fer, Chem. Ber., 115 (1982) 185. 
J. Navech, M. Revel and R. Kraemer, Phosphorus Sulfur, 21 (1984) 105. 
J. Navech, J.P. Majoral and R. Kraemel, Tetrahedron Lett., 24 (1983) 5885. 
J. B6ske, E. Niecke, B. Krebs, M. L~ige and G. Henkel, Chem. Ber., 125 (1992) 2631. 
N.T. Kulbach and O.J. Scherer, Tetrahedron Lett., 27 (1975)2297. 
W.W. Schoetler and T. Busch, J. Chem. Soc. Chem. Commun., (1989) 234. 
M. Yoshifuji, M. Hirano and K. Toyota, Tetrahedron Lett., 34 (1993) 1043. 
E. Niecke, M. Frost, M. Nieger, V. yon der G6nna, A. Ruban and W.W. Schoeller, Angew, Chem. 
Int. Ed. Eng|., 33 (t994)2111. 
V.D. Ro~anenko and V.L. Rudzevich, Proc. Symp. on Organic Chemistry, Saint Petersburg, 
1995, p. 151. 
0 3 .  Soberer, J. Kerth and W.S. Sheldriek, Angew. Chem. Int. Ed. Engl., 23 (1984) 156. 
O.J. Soberer, P. Quintus and W.S. Sheldrick, Chem. Ber., 120 (1987) 1183. 
O.J. Scherer, J. Kerth and M.L. Ziegler, Angew. Chem. Int. Ed. Engl., 22 (1983) 503. 
03 .  Scherer, J. Kerth, B.K. Balbach and M.L. Ziegler, Angew. Chem. Int. Ed. Engl., 21 (1982) 136. 
O.J. Scherer, H. Jungmann, C. Krager and G. Wolmersh~iuser, Chem. Bet., 117 (t984) 2382. 
O.J. Scherer, R. Konrad, E. Guggolz and M.L. Ziegler, Chem. Ber., 116 (1983) 2676. 
H.J. Metternich and E. Niecke, Angew. Chem. int. Ed. Engl., 30 (1991) 312. 
H.L Metternich, E. Niecke and J.F. Nixon, J. Chem. Soc. Chem. Commun., (1992) 627. 
H.-J. Metternich, E. Niecke, J.F. Nixon, R. Batseh, P.B. Hitchcock and M.F. Meidine, Chem. Bet., 
124 ( 1991 ) 1973. 
A.B. Barton and A.H. Cowley, J. Chem. Soe. Chem. Commun., (1987) 1092. 
R. Appel, K.-H. Dunker, E. Gaitzsch and T. Gaitzsch, Z. Chem., 24 (1984) 384. 
R. Appel, E. Gaitzsch, K.-H. Dunker and F. Knoch, Chem. Ber., 119 (1986) 535. 
R. Appel, J. Peters and A. Westerhaus, Angew. Chem. Int. Ed. Engl., 21 (1982) 80. 
R. Appel, E. Gaitzsch and F. Knoeh, Angew. Chem. Int. Ed. Engl., 24 (1985) 589. 
R. Appel, P. Sehulte and F. Knoeh, Phosphorus Sulfur, 37 (1988) 195. 
R. Appel, P. Sehulte and F. Knoeh, Phosphorus Sulfur, 36 (1988) 147. 
M.I. Povolotskii, V.V. Negrebctskii, A.V. Ruban, V.D. Romanenko, A.N. Chemega, P.V. Mouzika 
and L.N. Markovskii, Zh. Obshch. Khim., 61 (1991) 79. 
T.A. Knaap and F. Bickelhaupt, Chem. Bet., 117 (1984) 915. 
Z.-M. Xie, P. Wisian-Neilson and R.H. Neilson, Organometralics, 4 (1985) 339. 
A. Baceiredo, G. Bertrand, J.-P. Majoral, F. El Anba and G. Manuel, J. Am. Chem. Soc., 107 
(1985) 3945. 
R.H. Neilson, Phosphorus Sulfur, 18 (t983) 43. 
R. Appel and C. Casser, Tetrahedron Lett., 25 (1984) 4109. 
Th.A. Knaap and F. Bickeihaupt, J. Organomet. Chem., 277 (1983) 351. 
M. Caira, R.H. Neiison, W.H. Watson, P. Wisian-Neilson and Z.-M. Xie, J. Chem. Soc. Chem. 
Comrnun., (1984) 698. 
E. Niecke and D.-A. Wildbredt, J. Chem. Soe. Chem. Commun., (1981) 72. 
Th.A. Knaap, M. Vos and F. Bickelhaupt, J. Organomet. Chem., 244 (1983) 363. 
L.N. Markovski, V.D. Romanenko and A.V. Ruban, Synthesis, (1979) 811. 
R. Detsch, E. Niecke, M. Nieger and W.W. Schoeller, Chem. Ber., 125 (1992) 1119. 
O.J. Seherer and N. Kuhn, Angew. Chem., 86 (1974) 899. 
O.J. Seherer and N. Kuhn, J. Organomet. Chem., 82 (1974) C3. 
B. Wrackmeyer, C. K6hler, W. Milius and M. Herberhold, Phosphorus Sulfur Silicon, 89 (1994) 151. 
O.J. Seherer and N. Kuhn, J. Organomet. Chem., 78 (1974) C17. 
M. Yoshifuji, K. Ando, K. Toyota, I, Shima and N. Inamoto, J. Chem. Soe. Chem. Commun., 
(1983) 419. 
M. Yoshifuji, K. Shibayama and N. lnamoto, Heterocycles, 22 (1984) 681. 
A.M. Caminade, F. El Khatib and M. Koenig, Phosphorus Sulfur, 18 (1983) 97. 

[163] R. Appel, F. Knoeb and H. Kunze, Angew. Chem. Int. Ed. Engl., 22 (1983) 1004. 
[164] M. Yoshifuji, K. foyota, K. Ando and N. Inamoto, Chem. Lett., (1984) 317. 
[165] M. Yoshifuji, K. Shibayama and N. lnamoto, Chem. Lett., (1984) 603. 


