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This review concerns complexes with one or more 
phosphorus-phosphorus bonds, whatever the coordi-
nence of phosphorus atoms and the type of bonds be
tween phosphorus and metal or phosphorus and phos
phorus (<T or IT bonds, 1?1 or i;2 complexation). It covers 
extensively the literature on diphosphane (P—P) and 
diphosphene (P=P) complexes up to the middle of 
1989. Only compounds obtained by complexation of 
white phosphorus (P4)

1 or phosphorus pentasulfide 
(P4S10) are excluded from the scope of this review. 

Diphosphene complexes have been reviewed in 19842,3 

and 19864 by Cowley and 1985 by Scherer,6 but there 
have been several developments since that time. Fur
thermore no review has ever been published about di
phosphane complexes. 

From an historical point of view, the starting point 
of the present review dates back to 1958, when Burg 
and Mahler6 synthesized the first diphosphane complex, 
1, 70 years after the synthesis of the first free di
phosphane, 2, by Dorken.7 

(CF3)JP—P(CF^)2 Ph 2 P-PPh 2 

(CO)3Ni Ni(CO)3
 2 

1 

Since then, more than 250 articles have been pub
lished in this field, mainly in the last 10 years. This is 
partly due to the dramatic spread of the chemistry of 
low-coordinated phosphorus compounds, which started 
in 1981 with the synthesis of the first diphosphene, 3, 
by Yoshifuji,8 7 years after that of the first diphosphene 
complex, 4, by Green and Morris.9 

.Ar 

Ar' 
.P -P ' 

(Ar 
• < 

H - P - P - H 

Mo(C5Hj)2 

4 

The numerical importance of each type of complex 
is very different; approximately 475 diphosphane com
plexes and 125 diphosphene complexes have been syn
thesized. This important difference expresses both the 
anteriority of researches and the easier synthesis of 
diphosphane complexes. 

The first part of this review consists of a presentation 
of the different types of compounds and their structural 
and spectroscopic characteristics. The second part is 
a survey of methods used for the preparation of all those 
complexes. The hundreds of compounds thus syn
thesized are listed at the end of the review together with 
their methods of synthesis and the yield of the reac
tions. 

The following abbreviations will be used all along this 
review: Ac (acetyl), An (anisyl), Ar (2,4,6-tri-terf-bu-
tylphenyl), Bipy (2,2'-bipyridine), iBu (isobutyl); nBu 
(butyl), tBu (iert-butyl), COD (cyclooctadiene), Cp 
(cyclopentadienyl), Cp* (1,2,3,4,5-pentamethylcyclo-
pentadienyl), DBU (l,8-diazabicyclo[5.4.0]undec-7-ene), 
Et (ethyl), cHex (cyclohexyl), Me (methyl), (-)-Ment 
((-)-menthyl), Mes (mesityl), Nor (norbornadiene), Ph 
(phenyl), Phen (1,10-phenanthroline), Pip (piperidme), 
Pyr (pyridine), iPr (isopropyl), TMEDA (N\N\N'Jf'-
tetramethylenediamine), Tmp (2,2,6,6-tetramethyl-
piperidyl), Tms (trimethylsilyl), ToI (toluidyl), Trisyl 
(tris(trimethylsilyl)methyl). 

0009-2665/91/0791-0575$09.50/0 © 1991 American Chemical Society 
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/ / . Structure of Dlphosphane and Dlphosphene 
Complexes 

Three types of phosphorus-metal bonds can be dis
tinguished and will be noted as follows: (i) P-M for o 
bonds, (ii) P-*M for a-donor bonds (V complexation 
of a phosphorus lone pair), and (iii) 

Pr=P 

I 
M 

for IT complexation (rf complexation of a double bond). 
These three types of bonds are found in diphosphene 
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• For the sake of clarity, all organic substituents are omitted. 

complexes, whereas only the first two occur in di-
phosphane complexes. 

A. Dlphosphane Complexes 

Diphosphanes can act as one to six electron-donor 
ligands. Of the following coordination types (A-M) 
which have so far been described (Scheme 1), only type 
H has never been structurally characterized by X-ray 
crystallography (see Tables 6 and 7). 

The number of compounds of each type is very dif
ferent. Only one example is known for types E, J, and 
L, two for types C and G, less than 10 for types D, H, 
and M, between 15 and 35 for types A, F, and K, around 
180 for type B, and around 250 for type I. Thus, types 
B and I are the preferred coordination modes of di-
phosphane ligands. 

7. T]' Dlphosphane Complexes 
As noted previously, a type A compound, 1, was the 

first reported diphosphane complex.6 The first one 
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characterized by X-ray crystallography studies in 1967, 
5, owns also to this type.10 

Ph2P—PPh2 

» I 
(CO)3Ni Ni(CO)3 

S 

The v1 complexation of diphosphates is often con
sidered as analogous to the T/1 complexation of phos-
phanes.11 However, it is more likely to consider that 
the neighboring phosphorus atom plays a part in the 
complexation.15"14 For instance, 51V NMR and IR 
((O=O) data for 6 are close to those observed for strong 

Ph 2 P-PPh 2 

\ 
CpV(CO)3 

tBu 
I 
P 

Me2P ^PMe2 

Mo 
(CO)4 
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TABLE 1. P-P Bond Lengths 

8 9 10 U 12 
dp.P) A 2.249 (3) 

2.253 (3) 

ref 18 

2.221 (13) 

2.237 (12) 
2.247 (11) 

19 

2.238 (1) 2.246 (1) 2.227 (1) 

20 21 22 

the basicity of the phosphorus lone pair. The poor 
basicity of the dicoordinated phosphorus atom in 8 
explains the preferential complexation of the double 
bond. It is possible to show up the leading part played 
by the basicity in the complexation, even for di-
phosphanes which contain two trivalent phosphorus 
atoms: for nonsymmetric diphosphanes such as 15, the 
first complexation occurs on the most basic phosphorus 
atom to give 16,25 but an additional complexation may 
occur to give 17.26 

Me 2 P-P(CFj) 2 Me 2 P-P(CF 3 ) 2 M e 2 P - P ( C F j ) 2 

T-accepting phosphanes.16 Therefore, it appears that 
in addition to the <r-donor bond from phosphorus to 
metal, there is an important ir back-bonding donation 
from the metal into an accepting molecular orbital of 
the diphosphane. 

A similar phenomenon is likely to be responsible for 
the important shortening of the Mo-P bonds in 7 (dP_M 
= 2.497 A), whereas the sum of covalent radii of mo
lybdenum and phosphorus is 2.71 A.16 On the other 
hand, the complexation of the lone pair does not no
ticeably modify the P-P bond lengths: the values ob
tained by X-ray diffraction are usually in the range 
2.18-2.26 A, i.e. in the same range than for free di
phosphanes.17 Table 1 shows that the P-P bond length 
is poorly sensitive to the coordinence of the uncom-
plexed phosphorus atom (compare 8,9,10, and 11), to 
the presence of a charge (12), or to the nature of the 
metal. 
(Tmsjja ( p h ) 2 

M 
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Up to now, the shortest P-P single bond length is 2.15 
A, obtained for polymer 13,23 whereas a long bond 
length of 2.35 A was measured for the meso complex 
14, which is sterically crowded.24 

(Et)2 (Et)2 

-Cu Cu Cu Cu^ 

Ms 
I 

tBu 

(Et)2 (Et)2 

13 

Cp(CO)2Mn — P P-Mn(CO)2Cp 

tBu Me 

14 

These few examples are quite representative of the 
large variety of metals used for complexation: almost 
all transition metals from groups 3 to 12 have been used; 
however metals of groups 6, 8, 9, and 10 prevail. 

The phosphaalkene 8 exemplifies another important 
feature for the synthesis of diphosphane complexes, i.e. 

i s 16 

M = Cr(CO)5, Mo(CO)5 

M M 

17 

A comparison between the 31P NMR chemical shift 
of a free diphosphane (when it exists) and the corre
sponding complexes generally shows a lower field shift 
for the signal corresponding to the complexed phos
phorus atom. This shift is roughly about 10-50 ppm, 
but is sometimes over 100 ppm.27 If an uncomplexed 
phosphorus atom remains, its 81P NMR chemical shift 
value is little modified. When measurable, the Vpp 
coupling constant value is usually in the range 150-300 
Hz, as for uncomplexed diphosphanes. However, some 
highly exceeding values are to be noticed: 1JpP = 49 Hz 
for 1828 and xJPp - 357 Hz for 19.29 

Ph Ph 
VPh Me 

NPr—P 
/N) \ 

o ^W(CO) 4 

Ph \ > h 1 8 

Me 
l 

rN>-<Ni 
I 
Me 

Fe I 
(CO)4 Me 

19 

Thus, the valence of the neighboring phosphorus 
atom seems to be an important factor for the value of 
the coupling constant, as it is known for uncomplexed 
diphosphanes. 
2. Transition Metal Substituted Diphosphanes 

Complexes in which an organic group is replaced by 
a transition-metal group are represented by a large 
variety of compounds. Types A, C, and D have only 
P-M a bonds, but most of the compounds have both 
a and <r-donor bonds (types E-G, J-M). However, when 
two metals are linked to one phosphorus atom, the 
discrimination between a-covalent bonds and J?1 com
plexation sometimes becomes formal, as illustrated by 
complex 20. The first complexes of both series, 20 (R 
= C6F6)

30 and 21 (M - MoCp2),
31 were reported in 1971, 

but the first X-ray structures of analogous complexes 
were determined only in 1984 for 20 (R • Me, Ph)32 and 
in 1985 for 21 (M = Ni(tBuP=P-tBu)).33 

*4 -R 

(CO)3Fe-- >Fe(CO)3 

R I Lu 
P-v ^P 

/X\ 
(CO)3Fe > Fe(CO)3 

Ph Ph 

W 
P h - P ^ p - P h 

21 

M = MoCp2, 
NKtBuP=PtBu) 

20a 20b 
R = C6F5, Me, Ph 

The large number of types of compounds and the lack 
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TABLE 2. X-ray Data for 23-
23 24 25 26 

+200 -

1-150 

+ 100 -

-50 

-150 

-200 -

> SPa 

Hf 

of homogeneous series preclude a comprehensive 
analysis of 8 81P for transition metal substituted di
phosphanes. However, selected data for compounds 
22s4 allow emphasis of important trends and correla
tions (Scheme 2). 

First of all, a comparison of 31P NMR data between 
8 Pa (phosphorus linked to the metal) and 8 Pb (phos
phorus linked to organic substituents) shows in all cases 
a dramatic deshielding of 8 P8: A5 = 242-377 ppm, 
depending on metal and R substituents. Furthermore, 
it is well-documented for complexed phosphanes that 
the 31P shift decreases as the atomic number increases 
from top to bottom in a triad.36,36 A similar trend is 
observed for 22: changing the early transition metal 
from Ti to Zr leads in each case to an upfield shift in 
8 31P. On the other hand, the coupling constant «7ab is 
little sensitive to the metal and to the organic substit-
uent: 294.4 < Jab < 349.5 Hz. Few X-ray data are 
available for this type of complexes, but the P-P dis
tances are in the same range as those for rj1 diphosphane 
complexes: 2.18 and 2.21 A for R = Ph and M = Hf.37 

The general applicability of these tendencies to most 
of the transition metal substituted diphosphanes and 
polyphosphanes is not demonstrated but seems to be 
quite reasonable. However, the problem becomes in
tricate when a R-P-P-R unit is linked to two or more 
metals. Are these molecules diphosphane complexes 
or diphosphene complexes? 

It is difficult to give an answer because the P-P bond 
lengths are highly variable: for 25 and 26, it is typical 
of that for diphosphanes, whereas for 24 it is close to 
that of »?2 diphosphene complexes and for 23 close to 
that of 771 diphosphene complexes, as we will see in the 
next paragraph. 

1 8 ^ 1 
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^tBu / ° 
v Ph-P P-Ph 
Fe(CO)3 V 

Cp(CO)2 

Me Me 
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[IrP[IrJ > — V 
I I 
Me Me 

dp_p, A 2.059(3) 2.136(3) 2.186(13) 2.226(4) 
ref 38,39 40 41 42 
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* For the sake of clarity, all organic substituents are omitted. 

B. Diphosphene Complexes 

A classification analogous to the one depicted in 
Scheme 1 for diphosphane complexes is also appro
priate for diphosphene complexes, since they can act 
as one to six electron-donor ligands (Scheme 3). Of the 
many possible coordination types, structures N-V have 
so far been characterized. 

The structures of all the above-mentioned types of 
diphosphene complexes have been ascertained by X-ray 
diffraction studies. About 10-20 compounds are know 
for each type of complexes; the only exceptions are type 
P (about 40) and type T (only one). 

1. if Diphosphene Complexes 

Tj2 complexes are both the oldest and the most 
abundant type of diphosphene complexes; they were 
synthesized far before free diphosphenes.8 The main 
reason is that the complexation of the double bond 
brings a strong stabilization to the structure, even when 
the phosphorus substituents are as small as hydrogen.9 

As seen previously, the first one, 4, was described in 
19749 and its structure was ascertained further by X-ray 
crystallography in 1977.43 However, this was not the 
first X-ray study of a diphosphene complex, since the 
structure of 27 had been determined 1 year before.44 

Later, in 1983, the first examples of types S and U 
complexes, 28^ and 29,^ respectively, were also fully 
characterized. In all cases, the organic substituents of 
the diphosphenes are in the trans position. The only 
exception is the unstable compound 30, recently re
ported.47 
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,Fe(CO)4 
C6F5V 

pTps 
J C 6 F 5 

2 7 Pt(PPh3)J 

/ 

(co)5a 
29 

/' 1 "̂ Ph 

Cr(CO)5 

TVOAr 
2 8 Fe(CO)4 

tBUNH Ar 

Cr(CO)5 

30 
Ni[P(nBu)3]2 

The nature of the bond which links the P=P double 
bond to the metal remains a problem; is it the com-
plexation of a x bond (31) analogous to the complexa-
tion of ethylene, or is it a three-membered metallacycle 
formed by two metal-phosphorus a bonds (32) analo
gous for instance to a cyclotriphosphane? 

\ . 

M 

31 

\ P Pv 

\ / \ 
M 

32 
Answering this question is not simple, since no ab 

initio calculation has ever been worked out for this type 
of complexation of diphosphenes. Nevertheless, cal
culations about the complexation of ethylene in Ni(P-
Hs)2(C2H4) show an important electron back-bonding 
from nickel into the unoccupied x* molecular orbital 
of the olefin.48 Furthermore calculations about HP= 
PH49"62 show that the x* (P-P) molecular orbital is the 
LUMO. This orbital is easily accessible, therefore it 
seems reasonable to suggest that the model of com
plexation of ethylene might be used to describe the n2 

complexation of diphosphenes:2 there would be first 
formation of a x-donor bond from the double bond 
toward the unoccupied orbitals of the metal, then 
electrons back-bonding from the metal toward the 
unoccupied x* orbital of the double bond. However, 
since ethylene and diphosphenes are substantially 
different, such an interpretation is highly speculative. 

Table 3 depicts selected data for some diphosphene 
complexes. The main feature is the dramatic variation 
of the 31P NMR chemical shift values between com
plexes 30 and 33, which differ only by the complexation 
of the double bond (AS s 280 ppm). Whether this 
phenomenon could be partly related to an electron 
back-bonding from metal to phosphorus remains 
questionable. On the other hand, the lone pair com
plexation seems to play a minor part in the variation 
of the 31P NMR chemical shift, as shown by 34 and 35. 
These values are in the middle of the range observed 
for rf diphosphene complexes, between +250 and -200 
ppm, depending on the organic substituents and the 
metal. The second point noticeable in Table 3 is the 
length of the complexed P=P double bond, between 
2.12 and 2.18 A: these values are somewhat shorter than 
those obtained for diphosphane complexes. 

,W(CO)5 tBuNH Ar 
N P = P ' 

33 

Ph. 

\ Ph 

Ph2P PPh2 

34 

2. T)1 Diphosphene Complexes 

The first diphosphene complexes of type O, 
and 37« and type R, 3S,46, 39,67 and 40,& wei 

3g56,56 

were syn-
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TABLE 3. '1P NMR and X-ray DaU for 30, 33-35 
81PNMR 

compd S, ppm </pp, Hz 

30 

33 

34 
35 

TABLE 4 

compd 
36 
37 
38 
39 
40 
41 

377 
214 
85.2 

-55.1 
34.3 
17 

. " P NMR and X 
81PNMR 

j , ppm 
423.6 and 396.4 
477.2 and 446.2 
927 
403.9 
384.5 
367.7 

526 

427 

X-ray 
dp.p, A 

2.038 (2) 

2.121 (4) 
2.186 (6) 

ref 
47 

47 

53,54 
53 

!-ray Data for 3 and 36-43 

e/pp, flZ 

578 
510 

X-ray 
dp.p, A 

2.050 (1) 
2.027 (3) 
2.021 
2.053 (1) 
2.039 (1) 
2.026 (2) 

55, 
45, 
46 
57, 
58, 
59 

ref 
56,61 
59, 62, 63 

64 
64 

42 393.9 and 384.9 603 2.039(3) 60a,b 

3 492 2.034(2) 8,65 
43 572 66 

thesized independently in three laboratories in 1983. 
All of these are trans compounds. The first X-ray 
studies of cis complexes were performed in 1985 for 4169 

and 42.60 

R 
N P = P V 

(CO)nM
 K 

3« R = Ar;M = Fe;n = 4 
37 R = CH(TmS)2; M = Cr; n = 

Mes Mes 

> = < 

R ,M(CO)n 

/ \ „ 
(CO)nM 

38 R = Ph ; M = Cr; n = 5 
39 R = N(TmS)2; M = Fe ;n = 4 
40 R = CH(TmS)2 ;M = Fe;n = 4 

Mes 
\ 
/" 

,Ar (TmS)2N 
P = P . 

(CO)5Mo 
41 

Mo(CO)5 (CO)5Cr 42 43 
N(TmS)2 

Selected data of these complexes are given in Table 
4, along with data of the free diphosphenes 3 and 43. 
As a result of the J?1 complexation, the 8 31P values for 
36 and 39 are shifted upfield, compared to that of the 
corresponding free diphosphenes 3 and 43, respectively. 
This is opposite to what is usually observed for J71 di
phosphane complexes. However, as seen previously for 
diphosphane complexes, a decrease in the 31P NMR 
chemical shift of homogeneous series of 771 diphosphene 
complexes is observed as the atomic number of the 
metal increases in a triad, for instance from chromium 
to tungsten.6** Most of the compounds of types O and 
R have 31P NMR shifts in the range 600-200 ppm. The 
only noticeable exception comes from the value of 927 
ppm obtained for 3S,46 which is rather surprising. 

X-ray data for all these complexes show that the 
P=P bond length remains essentially unchanged com
pared to that of free diphosphenes, around 2.02-2.05 
A. It means that the 1?1 complexation has no influence 
on the PP bond order. On the other hand, the RPP 
angles are increased by complexation: 102.8 (I)0 for 3, 
109.3 (1)° and 108.4 (I)0 for 36. From steric reasons, 
this increase of the PPR angles intuitively seems to be 
wrong. An explanation of this phenomenon might be 
a modification in the hybridization of the phosphorus 
orbitals. For an idealized free diphosphene, it seems 
that the most suitable orbital description consists in 
forming the x (P-P) and a (P-R) bonds by overlaps 
using pure P(3p) atomic orbitals, whereas the a (P-P) 
bond could be formed via pure P(3p) overlap or by use 
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SCHEME 4 

i*v ̂ r> 
PPR = 90° 

PP.. = 180° RP.. = 90° 

44 

PPR = 120° 

PP.. = RP.. = 120° 

45 

P orbital ^ ^ B 

sp orbital: <^7_) 

sp2 orbital: ^JJ) 

n interaction: * ^ ^ 

of sp hybrid orbitals.61 Such an arrangement would lead 
to a PPR bond angle of 90° (44, Scheme 4), closer to 
the experimental value (102.8°) than the theoretical 
value obtained for a sp2 hybridization (120°) (45, 
Scheme 4).67 

It is easily understandable from this scheme that the 
complexation of the lone pair will not occur by keeping 
an sp hybridization, which would lead to two interac
tions of 90°, between R and P = P on the one hand M 
and R on the other hand. The hybridization will then 
approximate sp2, creating three interactions of 120°, by 
far more suitable. This may explain the increase of the 
PPR bond angles experimentaly observed by com
plexation. This tendency to go from an sp hybridization 
to an sp2, then to decrease the s character of the lone 
pair orbital, is in agreement with NMR results: indeed, 
a decrease of the s character is usually associated with 
an increase of the screening constant a and therefore 
a shielding of the 31P NMR signal. Another phenom
enon could be added: according to Hiickel type calcu
lations worked out for 46, it seems that the simple idea 
of T)1 complexation of diphosphenes by means of a 
phosphorus metal a-donor bond does not fit in with 
reality. 

H - I :P—H 

Cr(CO)5 

46 

These calculations68 display that the coordination of 
diphosphenes not only occurs via a a-donor bond but 
also via an important back-bonding (0.3 electron) of ir 
electrons from metal to phosphorus. This is also in 
agreement with experimental results obtained for di-
phosphane complexes, as we have already seen.16 

3. Transition Metal Substituted Diphosphenes 

These are the most recent types of diphosphene 
complexes. The first one, 47,69 was described in 1985 
and characterized by X-ray crystallography70 in 1987, 
as well as ite correponding rj1 complex 48.71 

Cp^CO)2Fe 
V P a = P b 

Cp^CO)2Fc 

^Ar 
^ P a = P b 

47 
(CO)4Fc Ar 

48 

Diphosphenes which are substituted by transition 
metals instead of organic groups should be substantially 
different in character, but the metallic part often be
haves like an organic substituent: most of the spec
troscopic data of metalladiphosphenes are close to those 
of "organic" diphosphenes. However, a comparison of 
31P NMR data of 47 and 3 shows an important de-
shielding of the signal corresponding to the phosphorus 
atom linked to the metal (see Table 5). It is likely to 
be an indication of the high attractive power of the 

TABLE 5. 11P NMR and X-ray Data for 3, 47, and 48 
31P NMR 

compd 6 P,, ppm 6 Pb, ppm 
X-ray 

dp .p , A ref 
3 

47 
48 

492 
715.2 
546.3 

553.5 
514.6 

2.034 (2) 
2.027 (3) 
2.032 (5) 

8,65 
70 
71 

metal for the phosphorus electrons. On the other hand, 
the T?1 complexation of Pa in 48 comes to an upfield shift 
in 31P NMR, as shown previously for organic di
phosphenes. Furthermore, the presence of the a M-P 
bonds does not lead to noticeable modifications of the 
phosphorus-phosphorus bond: the P = P double bond 
length in 47 and 48 is essentially unchanged when 
compared to that of 3. 

4. Miscellaneous Diphosphene Complexes 

In addition to compounds of type M described at the 
end of section II-A, other complexes could be related 
to diphosphenes. This concern mainly compounds of 
type V, in which the P = P double bond is delocalized. 
The first compound reported and characterized by 
X-ray crystallography is the cationic three-membered 
ring 49,72 but most of the compounds of type V are 
five-membered heterocycles such as 50.73 The PP bond 
length reflects the derealization: 2.08 (2) and 2.17 (2) 
A for 49 and 2.112 (5) A for 50. 

Me 

Ph2P PPh, 

M 
p I p 

\cjy-M= 
49 

M = Co, Ir, Rh 

P - ^ P 

i 
tBu Fe 

N C ^ r P 

tBu 

I 
tBu 

5 0 

Finally, the original cluster 5174 is also difficult to file. 
In spite of the presence of five nickel atoms, X-ray data 
show that the two P = P double bonds are essentially 
unsupported (dp_p • 2.085 (4) A74). The cis arrange
ment of the organic substituente of diphosphenes is also 
noticeable. 

a 
Ni 

( T m s ) 2 C H ^ p / _ ^ : p ^ CH(TmS)2 

( T m S ) 2 C H ^ / . C _ ^ C H ( T m s ) 2 

/ K~—~.\,. 

OC 
Ni-

:v?Ni- ,Ni CO 

C C - - N i V C O 

Sl OC CO 

/ / / . Synthetic Methods 

Three general synthetic methods are applied to pre
pare diphosphane or diphosphene complexes, as well 
as metalladiphosphanes or diphosphenes: (i) com
plexation of a ligand which already possesses the 
phosphorus-phosphorus bond, (ii) simultaneous for
mation of the phosphorus-phosphorus bond and com
plexation, and (iii) modification of a complex which 
already possesses the phosphorus-phosphorus bond. 
However, these three methods have not the same im
portance for diphosphanes and diphosphenes. Thus, 
it is more convenient to consider the syntheses of di
phosphane complexes and diphosphene complexes one 
after the other in each case. 

Camlna.de
file:///cjy-M=
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57 

A. Dlract Compilation of a P—P or 
Ugand 

1. Comphxation of Dlphosphanes 

a. Substitution of a Ligand. It is both the oldest 
and the most useful method for most of the transition 
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66 
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67 

metals. It allows the synthesis of numerous T?1 com
plexes of type B and I, in accordance with the well-
known reaction of phosphanes with carbonyl metals 
(Scheme 5). 

Burg and Mahler synthesized in this way the first 
diphosphate complex I6 (Scheme 6). 

For most of these reactions, the leaving ligand L is 
either carbon monoxide or basic solvents or unsaturated 
hydrocarbons. 

a. Carbon Monoxide. Only one CO group is removed 
and only one phosphorus atom is complexed when a 
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72 

Me 2 P-PMe 2 

73 
Cp*(C0)Rh RhCp*(C0) 

Ph 2 P-PPh 2 

L(CO)3Mo T* 

-CO 
(L = C l ; M » R h ; n = 2) 

reaction between a diphosphane and a carbonyl metal 
is carried out under mild conditions.76"84 However, in 
many cases, this reaction proceeds by thermal activa
tion; it is difficult to stop at the first step,62 and the 
isolated compounds are often the »;V complexes 
5310,86-88 (Scheme 7). 

This is also the case with the phosphaalkene deriva
tive 55, which reacts with nickel carbonyl to produce 
heterocycle 818 (Scheme 8). 

If drastic conditions are used a phosphorus-phos
phorus bond cleavage occurs to give the phosphido 
bridged complexes S-!.89"93 Such a P-P bond cleavage 
considerably lowers the yield of diphosphane com
plex.91,94 That is the reason why complexation reactions 
induced by thermal activation are often forsaken on 
behalf of milder reactions, like irradiation.16,92,96,98 

Depending on the length of irradiation, different types 
of complexes are obtained16187,96"98 (Scheme 9). 

However, in this case also, it is difficult to stop the 
reaction at the first step, and a mixture of products is 
often obtained, especially, if the metallic center pos-

S C H E M E 20 
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sesses more than one leaving group. For instance, six-
membered heterocycles 56 are synthesized either in this 
way or by thermal reactions.98"102 More reactive com
plexes, which can be used without activation, are 
needed for a best selectivity. Some reactions are carried 
out with Fe2(CO)9;

21,91,103"108 in these cases, the leaving 
group is Fe(CO)5 (Scheme 1O).106 However, we will see 
later that more complicated reactions often occur with 
iron (Schemes 27 and 28). 

In most cases, reactivity and selectivity are increased 
by use of ligands more labile than carbon monoxide, 
such as basic solvents and unsaturated hydrocarbons. 

/3. Basic Solvents. Tetrahydrofuran is often used as 
leaving ligand in chromium, molybdenum, or tungsten 
pentacarbonyl, or more rarely in iron tetracarbonyl. 
Many diphosphane complexes of type B (52) and I (53) 
are thus obtained in good yield,26,26,106,107"126 as well as 
the anionic complexes 58 and 59126"127 (Scheme 11). 

Among the numerous compounds prepared in this 
way, let us also mention the five-membered heterocycles 
60 which are likewise obtained by exchange with carbon 
monoxide117,123,124,128,129 (Scheme 12). 

Acetonitrile complexes are not as widely used as THF 
complexes. Some reactions are analogous to the one 
described in Scheme ll.130,181 However, unexpected 
reactions are sometimes observed with chromium132 or 
tungsten133 complexes, such as an increase of the num
ber of CO ligands linked to the metallic center (Scheme 
13). 

y. Unsaturated Hydrocarbons. Two-, four-, five-, 
and six-electron-donor hydrocarbons are sometimes 
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30 

used as exchangeable Uganda in the synthesis of di-
phosphane complexes. This is the case with ethyl
ene;184,136 however, this two-electron-donor hydrocarbon 
is rarely used (Scheme 14). 

On the other hand, many reactions are carried out 
with four-electron-donor hydrocarbons such as cyclo-
octadiene22 and above all norbornadiene.28,108,189"141 This 
allows the synthesis of bis(diphosphane) complexes 
g526,i40 (Scheme 15). Let us note that here, di
phosphates act as two-electron-donor ligands and not 
as four. Thus, two diphosphanes are needed to replace 
norbornadiene. 

The reaction is slightly different when a cyclo-
pentadiene ligand is used: as expected, the anionic 
bis(diphosphane) complex 67 is obtained when 2 equiv 
of diphosphane is used, whereas the mono(di-
phosphane) complex 66 is isolated when 1 equiv is 
used142 (Scheme 16). 

Six-electron-donor hydrocarbons such as benzene27 

or cycloheptatriene27,148,144 allow for instance the syn
thesis of polycyclic compounds such as 68 (Scheme 
17).149>144 In these cases, three phosphorus lone pairs 
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R 92 

are needed to fill the hole created by elimination of 
cycloheptatriene. 

5. Nitrogen Derivatives. Few reactions are done with 
nitrogen derivatives. They concern dinitrogen itself,88 

piperidine,20 or ammonia146 (Scheme 18). In all cases, 
only one phosphorus atom is complexed, even when two 
leaving ligands are linked to the metallic center as in 
(CO)4M[NHC6H1O]2.

20 

b. Complexation without Elimination of Ligand. 
Dimeric complexes of type 71 react sometimes without 
elimination of ligands. The dimeric structure is either 
retained to give 72,134 or cleaved to give 73 or 74.148,147 

However, this cleavage may also result from elimination 
of carbon monoxide141 as for 75 (Scheme 19). 

The complexation may also occur by cleavage of a 
metal-metal bond of strained three-membered metal-
lacycles 76148 (Scheme 20). 

Group 4 to 12 metallic halides in which the metallic 
center shows a deficit of electrons react with phosphorus 
compounds bearing no good leaving groups, allowing the 
metallic center to fill its electronic shell. In most cases 
the metal is acceptor of two lone pairs which come from 
either two diphosphanes or the same diphosphane, with 
formation of three-membered rings. In the former case, 
the first complexes were claimed to be monomeric,149,160 

whereas X-ray diffraction structural determinations 
show that 77161,162 and 1323,168 are in fact polymeric. 
Most of the three-membered metallacycles such as 
78̂ 164-157 79166 J1nJ 80is6 ^ 6 ^ 0 supposed to be mo
nomeric, except 81158 (Scheme 21). However, the ex
istence of all those three-membered heterocycles re
mains questionable since no X-ray structure determi
nation has ever been done. Polymeric structures should 
be suspected in many cases. 

2. Complexation of Diphosphanes 

Section IQ-A-1 and Tables 6 and 7 point out that the 
substitution of a ligand is the most widely used method 
to synthesize diphosphane complexes from free di
phosphanes. The same reaction is applicable to di-
phosphenes, but is limited by the difficulty to obtain 
stable free diphosphenes. Furthermore, in all cases only 
one metal carbonyl group is bonded,8,56,86,80,81,169 even 
when excess of metal is used.66,61 This is probably due 
to the steric hindrance of organic substituents needed 
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TABLE 6. V Di-, TrI- and Tetraphosphane Complexes 
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38 (115) 
32 (25) 
56 (258) 
(258) 
(96) 
30 (244) (245) 
64 (198) 
(179) 
(179) 
(179) 
(179) 
(179) 
(179) 
(179) 
47 (179) 
(180) 
(186) 
(146) 
(146) 
(97) 
57 (142) 
(142) 
(268) 
(78) 

60 (187) 
18 (79) (15, 96) 
35 (145) 
44 (145) 
(157,185) 
(185) 
(199) 
(199) 
(199) 
71 (185) (157») 
83(185) 
(113) 
(113) 
80 (244) (245) 
92 (185) 
43 (185) 
(157) 
94 (185) 
(113) 
(96) 
(96) 
14 (177*) 
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R1 

C4F6 

C4F6 

An 
Cl 

R1 

Me 
Me 
Me 
Me 
NEt2 

P(O)(OEt)2 

P(O)(OEt)2 

P(O)(OEt)2 

Ph 
Ph 
Ph 
Ph 
Ph 
Ph 
Ph 
Ph 
Ph 
Ph 
iPrjN 

R* 
C9F6 

C6F6 

Br 
H 

R2 

Me 
Me 
Me 
H 
NEt8 

P(O)(OEt)2 

P(O)(OEt)2 

Ph 
Ph 
Ph 
Ph 
Ph 
Ph 
Ph 
Ph 
Ph 
Ph 
H 
JPr2N 

R3 

C6F6 

C6F6 

An 
iPr2N 

B 

R4 

C6F6 

C6F6 

Br 
iPrjN 

M 
Cr(CO)6 

Mo(CO)6 

Cr(CO)6 

W(CO)6 

R2 R3 

Linear Compounds of Type R1—P—P—R3 

M X 

R8 

Me 
Me 
Me 
OEt 
OEt 
OEt 
OEt 
OEt 
OEt 
OEt 
OEt 
Ph 
Ph 
Ph 
Ph 
Ph 
Ph 
OEt 
OEt 

X 
S 
S 
Se 
0 
0 
0 
0 
0 
0 
0 
0 
0 
0 
0 
0 
0 
0 
0 
0 

M 
Fe(CO)4 

RhCp*(C2H4) 
RhCp*(C2H4) 
W(CO)6 

Mo(CO)6 

Mo(CO)6 

W(CH8CN)(CO)4 
Mo(CO)6 

Mo(CO)6 

Mo(Pip)(CO)4 

Mo(PPh3)(CO)4 

Cr(CO)6 

Mo(CO)6 

W(CO)6 

Cr(PSp)(CO)4 

Mo(Pip)(CO)4 

W(PJp)(CO)4 

W(CO)6 

Fe(CO)4 

method 

68 
38 
68 
38 
11 
31 

method 

117 
117 
117 
58 
7 
7 
5(CH3CN) 
7 
7 
18 

5(CH3CN) 
7 
5(CH3CN) 
18 
18 
18 
58 
10 

yield (ref) 

31 (223) 
15 (223) 
17 (223) 
16 (223) 
(113) 
(177) 

yield (ref) 

(224) 
30 (135) 
50 (135) 
(209) 
34 (106) 
23 (106) 
48 (130) 
93 (106) 
87 (106*) 
(106) 
(106) 
50-60(20) 
53 (20*) 
50-60(20) 
60-70 (20) 
60-70 (20) 
60-70 (20) 
(209) 
83 (106) 

R2 R3 

R1—P—P-R3 

/ 
C. Linear Compounds of Type M 

R1—P—P-R3 

R2 R3 

R1 R2 R3 M method yield (ref) R1 R2 R3 M method yield (ref) 

Me 
Me 
Me 
Me 
Me 
Me 
Ph 
Ph 
Ph 

Me 
Me 
Me 
Me 
Me 
Me 
Ph 
Ph 
Ph 

Me 
Me 
Me 
CF3 
CF3 
CF3 
Ph 
Ph 
Ph 

Cr(CO)4 

Mo(CO)4 

W(CO)4 

Cr(CO)4 

Mo(CO)4 

W(CO)4 

CoBr2 

CoI2 

NbCp(CO)2 

15 
15 
15 
15 
15 
15 
21 
21 
9 

80(106) 
48 (106) 
49 (106) 
91 (26) 
82 (26) 
63 (26) 
(150) 
(150) 
(97) 

Ph 
Ph 
Ph 
Ph 
Ph 
Ph 
Ph 
H 

Ph 
Ph 
Ph 
Ph 
Ph 
Ph 
H 
H 

Ph 
Ph 
Ph 
Ph 
Ph 
Ph 
Ph 
Ph 

NiCp+BF4" 
NiCp+Cl" 
NiBr2 

PdCl2 

Rh(CO)Cl 
VCp(CO)2 

Mo(CO)4 

Mo(CO)4 

16 
16 
21 
21 
7 
9 

38 
38 

89 (142) 
57 (142) 
(150) 
(150) 
(77) 
(15) 
78 (185) 
(185) 

R2 R3 R1 

D. Linear Compounds of Type R1—P—P—P—R* 
1 I 
M M 

R1 R2 R3 R4 M method yield (ref) 

Me 
Ph 
Ph 
Ph 
Ph 

Me 
PPh2 

PPh2 

H 
H 

Ph 
Ph 
Ph 
Ph 
Ph 

Me 
PPh2 

H 
H 
H 

W(CO)6 

Fe(CO)4 

Mo(CO)6 

Fe(CO)4 

Mo(CO)6 

97 
112 
113 

52 
52 

13 (198) 
63 (185) 
16 (185) 

(185) 
47 (185) 

R3- -R3 

E. Cyclic Compounds of Type R1—P P-R 2 

M 
R1 R2 R3 M method yield (ref) R1 R2 R3 M method yield (ref) 
Me 
CF3 
CF3 

Tms 
CF3 
CF3 

CF3 

CF, 
CF3 

Ir(PPh,)2Cl 
Fe(CO)4 
Ir(PPh3)2Cl 

as 18 (Nj) 
5 (Fe(CO)6) 
as 18 (N2) 

(83) 
45 (169) 

(83) 

Ph 
Ph 

Ph 
Ph 

CF3 
Ph 

Ir(PPh3)2Cl 
Fe(CO)4 

as 18 (N2) 
as 11 

(83) 
(105) 
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TABLE 6 (Continued) 

n R 

1 iPr 

1 iPr 
1 iPr 
1 tBu 

1 tBu 
1 Ph 
1 cHex 
1 Mes 
1 (-)-Ment 

n n' R 

1 1 Et 
1 1 Et 
2 1 Et 

n R1 R8 

1 Me tBu 
1 Me Ph 
1 Ph Me 
1 Ph Ph 

compound 

Me2P—PMe3 

I RhCp*(C(0)Me)I 

Me2P—PMe3 

I RhCp*(CO)Me 

2+ 

[P 

Ph2P-P=CXT 
I R 

Ni(CO)3 

compc 

M N 

PK 
M J-

s N 
Me 

i—N 

I 
M e ( 

Fe 
OT) 

O 

M 

Cr(CO)5 

Mo(CO)6 

W(CO), 
Cr(CO)6 

W(CO)6 

Cr(CO)6 

Cr(CO)6 

Cr(CO)6 

Cr(CO)6 

M 

Mo(CO)4 
W(CO)4 

Mo(CO)4 

method 

55 
55 
55 
55 

R 

+ 
I" 

F«''Is 

Tms 
Ph 

und 
fc 

> ' • Ie 
Ie 

J 
Me 

S NJ 
I 
Me 

< 

method 

as 11 
63 

as 11 
as 11 
63 
a s l l 
63 
100 
81 
63 

G. 

method 

13 
13 
26 

H. 

F. Cyclic Compounds of Type 

yield (ref) 

98 (116) (107) 
(217) 
(107) 
95 (116) (107,109*) 
98 (116) (107*, 108*) 
51 (217) 
98 (116) (107) 
(217) 
62 (217) 
15 (62*) 
(217) 

Cyclic Compounds of Type R— 

yield (ref) 

10 (133) (167) 
23 (133) 
(165*. 166*, 167) 

n 

2 
2 

(P)., 

P P v 

M 

n R 

2 Ph 
2 Ph 
3 Et 

3 Et 

3 Et 

3 Ph 

3 Ph 

3 Ph 
3 Ph 

R 

-r R ^ P — R 

V/ 
M 

n' R 

2 Me 
2 Me 
R2 

Cyclic Compounds of Type X P̂T 
*/ ^ Mo^ SR> 

yield (ref) n 

61 (203) 4 (201) (16*) 2 
(203) 
49 (203) 
3 (203) 

method 

118 

118 

8 
8 

2 
2 
2 

R1 

Me 
Me 
Me 
Ph 

(CO)4 

M 

Fe(CO)4 

Ni(CO)8 

Cr(CO)6 

Mo(CO)6 

W(CO)6 

Cr(CO)6 

Mo(CO)6 

Ni(CO)8 

W(CO)6 

M 

Cr(CO)4 

W(CO)4 

R3 method 

Me 55 
tBu 55 
P h 55 
P h 55 

I. Miscellaneous Linear Compounds 

yield (ref) 

27 (147) 

compound 

(CO) 4Mo-

80 (147) (CO)2CpMô  

(18) 
(18) 

= p -

' Ph2 

- P - P ( O E t ) 2 

Il 
O 

Cp 
- M o - P P h 2 -

(CO)2 

J. Miscellaneous Cyclic Compounds (M outside the cy 

R M 

Cr(CO)6 

Fe(CO)4 

Mo(Bipy)(CO)3 
Mo(Phen)(CO)8 

method 

a s l l 
as 5 (Fe(CO)6) 

as 5 (CH8CN) 
as 5 (CH8CN) 

68 

method 

as 7 
as 7 
as 7 
26 
as7 
26 
as 7 
26 
as 7 
26 
as 7 
26 
26 
as 7 
26 

method 

26 
26 

yield (ref) 

yield (ref) 

(75,164) 
(164) 
(75) 
(92) 
(75) 
(92) 
(75) 
(92) 
(75) 
(92) 
(75) 
(92,164) 
(168) 
(75) 
(92,164) 

yield (ref) 

(19) 
(19*) 

26 (203) 20 (204) (201, 202, 205*) 
3(203) 
13.7 (203) 
(203) 

R 

2 

- P P h 2 

2 

cle) 

method 

15 

as 7 

yield (ref) 

yield (ref) 

61 (106) 

(84) 

70 (120) 68 (103) (141*) 
22 (103) 

(131) 
78 (131) 

80(29) 

Nfe 
? 1 ^ Fe(CO)4 

Q J L . O Me 
as 5 (Fe(CO)6) (21*) 

a 
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J. Miscellaneous Cyclic Compounds (M outside the cycle) 

compound M method yield (ref) 
Cr(CO)4 

R2N-B' 

tBu 

a 

C 
P - / 

(CO)4Fe Y 
Tm/ NTms 

CH(TmS)2 

(ROC(O): 

Me. 

Ph-P—P—Ph 

(CO)3Ni C* 

(CO)5Cr ph
f 

Ph Ph 

C(O)OR 

Me 

-Gr M(CO)5 

(CO)4Cr, 

Me2 

Si P 

KMeTr^-M 
Si P 
Me2 

Cr(CO)5 
(TmS)CH2. x 

P—P-CH2(TmS) 
. I 

(TmS)CH2-P—P^ 

(CO)5Cr 

Ph (CO)5 Ph 

CH2(TmS) 

(CO)3Mo 

Me 
iPr 

Me 
Et 

Cr 
W 

13 
13 

74 

as 7 
as 7 

79 

as 11 

as 11 
as 11 

28 

as 15 

81 

as 11 

17 

K. Miscellaneous Cyclic Compounds (M inside a cycle) 

88 (132) 
87 (132) 

(232) 

(81*) 
(80») 

70 (236) 

67 (118) 

32 (110) (112) 
(111) 

45 (171) 14 (170) (172) 

60 (103) 

Cr(CO)6 

Mn(CO)2Cp 
Mo(CO)6 

as 11 
as 11 
as 9 

(101*. 136) 
(136) 
(136) 

30 (62*) 

70 (119*) 

53 (143) 

compound R M method yield (ref) compound M method yield (ref) 
(ri'Cp'JMcKCO), 

tBu ma 

Ph2 

/ p - o 
(CO)4M O l 

VP-~P^Ph 
Ph2 

Cr 
Mo 
W 

75 

57 
57 
57 

8-10 (233) 

(28) 
60-70 (28*) 
(28) 

H 

" 1 ^ Fe^ \ 
(CO)3 

Me 

„Tms 

Ar 

Me 

M \ ^ P i M ? M 

M>V^Me 
/ 

Me 

P=CC1"* 
x P h 

HC=CHPh 

"-tBu 

Cr(CO), 
Mo(CO), 
W(CO), 

41 

as 41 

as 26 
as 26 
as 26 

56(188) 

73 (188) 

II
I 
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TABLE 7. II'II1 Di- and Triphosphate Complexes 
R2 R3 

A. Linear Compounds of Type R1—P—P—R4 

I I 
M M' 

R1 R« R' R4 M M' method yield (ref) 
Br 

Br 
Br 

Br 
Br 
Me 
Me 
Me 
Me 
Me 
Me 
Me 
Me 

Me 
Me 
Me 

Me 
Me 
Me 
Me 
Me 

Me 

Me 

Me 
Me 
Me 

Me 
Me 
Me 
Me 
Me 
Me 

Me 
Me 
Me 

Me 
Me 
Me 

Me 

Me 
Me 

Me 
Me 

Me 
Me 
Me 
Me 
Me 

Me 
Me 
Me 
Me 
Me 

Me 
Me 
Me 
Me 
MeO 
MeO 
MeO 
CF3 
Ac 

Br 

Br 
Ph 

Ph 
MeOCeH4 
Me 
Me 
Me 
Me 
Me 
Me 
Me 
Me 

Me 
Me 
Me 

Me 
Me 
Me 
Me 
Me 

Me 

Me 

Me 
Me 
Me 

Me 
Me 
Me 
Me 
Me 
Me 

Me 
Me 
Me 

Me 
Me 
Me 

Me 

Me 
Me 

Me 
Me 

Me 
Me 
Me 
Me 
Me 

Me 
Me 
tBu 
iBu 
tBu 

Ph 
Ph 
cHex 
Cl 
Et 
Ph 
An 
CF8 
Ph 

Br 

Br 
Br 

Br 
Br 
Me 
Me 
Me 
Me 
Me 
Me 
Me 
Me 

Me 
Me 
Me 

Me 
Me 
Me 
Me 
Me 

Me 

Me 

Me 
Me 
Me 

Me 
Me 
Me 
Me 
Me 
Me 

Me 
Me 
Me 

Me 
Me 
Me 

Me 

Me 
Me 

Me 
Me 

Me 
Me 
Me 
Me 
Me 

CF3 
CF3 
Me 
iBu 
tBu 

Me 
Me 
cHex 
Me 
Et 
Ph 
An 
CF3 
Ph 

Br 

Br 
Ph 

Ph 
MeOCjH4 
Me 
Me 
Me 
Me 
Me 
Me 
Me 
Me 

Me 
Me 
Me 

Me 
Me 
Me 
Me 
Me 

Me 

Me 

Me 
Me 
Me 

Me 
Me 
Me 
Me 
Me 
Me 

Me 
Me 
Me 

Me 
Me 
Me 

Me 

Me 
Me 

Me 
Me 

Me 
Me 
Me 
Me 
Me 

CF3 
CF3 
tBu 
H 
H 

Ph 
Ph 
H 
H 
H 
H 
H 
CF3 
H 

Cr(CO)5 

W(CO), 
Cr(CO)6 

W(CO), 
Cr(CO)5 
Co(CO)11NO 
Co(COsNO 
Co(COsNO 
CoCp(CO) 
CoCp(CO) 
CoCp(CO) 
CoCp(CO) 
Co(CO)3AsMe^e(CO)4 

Co(CO)3AsMe^e(CO)4 
Co(CO)3AsMeJFe(CO)4 
Cr(CO), 

Cr(COj 
Cr(CO)6 
Cr(CO)6 
Cr(CO)6 
Cr(CO)6 

Cr(CO), 

Cr(CO)6 

Fe(CO)(NO)2 
Fe(CO)(NO)2 
Fe(CO)4 

Fe(CO)4 
Fe(CO)4 
Fe(CO)4 
Fe(CO)4 
Fe(CO)4 
Fe(CO)s(NO)AsMejFe(CO)4 

Fe(CO)S(NO)AsMe2Fe(CO)4 
Mn(CO)4Br 
MnCp(CO)2 

MnCp(CO)2 
Mn(C6H4Me)(CO)2 
Mn(CO)4AsMeJFe(CO)4 

Mo(CO)6 

Mo(CO)6 
Ni(CO)3 

RhCp(CO) 
RMV(CO) 

RMV(CO) 
RMV(C2H4) 
RMV(CjH4) 
V(CO)6-NEt4

+ 

W(CO), 

Cr(CO), 
Mo(CO), 
MnCp(COj 
MnCp(CO)2 
MnCp(CO)2 

MnCp(CO)2 
VCp(CO)3 
MnCp(CO)2 
Fe(CO)4 
Cr(CO), 
Cr(CO)6 
Cr(CO)6 
Ni(CO)3 
Cr(CO)6 

Cr(CO)6 

W(CO)6 
Cr(CO)6 

W(CO)6 
Cr(CO)6 
Co(CO)2NO 
Cr(CO), 
Fe(CO)4 
CoCp(CO) 
Cr(CO)6 
Fe(CO)4 
RMV(CO) 
Co(CO)3AsMe2Fe(CO)4 

Fe(CO)2(NO)AsMe^e(CO)4 
Mn(CO)4AsMe2Fe(CO)4 
Cr(CO)6 

Fe(CO)(NO)2 
Fe(CO)4 
Mn(CO)4Br 
MnCp(CO2 
Mo(CO)6 

Ni(CO)3 

W(CO)6 

Fe(CO)(NO)2 
Fe(CO)4 
Fe(CO)4 

Mn(CO)4Br 
MnCp(CO2 
Mo(CO)6 
Ni(CO)3 
W(CO)6 
Fe(CO)2(NO)AsMe2Fe(CO)4 

Mn(CO)4AsMe2Fe(CO)4 
Mn(CO)4Br 
MnCp(CO2 

RMV(CO) 
RMV(CO) 
Mn(CO)4AsMe2Fe(CO)4 

Mo(CO)6 

W(CO)6 
Ni(CO)3 

RhCp*(C0) 
RhCp*(C0) 

[RhCp'(C0)]2 
RMV(C2H4) 
[RhCp*(C0)]2 
V(CO)6-NEt4

+ 

W(CO)6 

Cr(CO)6 
Mo(CO)6 
MnCp(CO)1 
MnCp(CO)2 
MnCp(CO)2 

MnCp(CO)2 
VCp(CO)3 
MnCp(CO)2 
Fe(CO)4 
Cr(CO), 
Cr(CO), 
Cr(CO), 
Ni(CO)3 
Cr(CO), 

116 
69 
59 
11 
121 
11 
11 

96 
96 
as 7 
96 
96 
96 
20 
96 
96 
96 
7 
98 
96 

96 
96 
96 
96 
98 
96 
98 
96 
98 
as 7 
96 
as 5 
7 
96 
96 
96 
96 
96 
96 
96 
20 
96 

98 
9 
96 
96 
20 
96 
7 
96 
98 
96 
98 
7 
96 
19 
as 7 
19 
14 
19 
as 9 
7 
98 
96 
96 
113 
60 
113 
60 
113 
9 
60 
89 
121 
121 
121 
6 
121 

90 (210, 269) 
33 (212) 21 (211) 
23 (211) 
18-67 (113) 
40(267) 
34 (113) 
46 (113) 
(260) 
68 (98) (260) 
(224,260) 
42 (87) (260) 
22 (98) (260) 
(224, 260) 
80-90(134) 
97(148) 
86(148) 
84-96 (148) 
72-88 (148) 
47 (90) 12 (91) 
1-68 (137) 
(92, 260) 
(260) 
18 (98) (91, 224, 260) 
33 (98) (260) 
21 (98) (260) 
38 (92) (260) 
11 (137) 
52(98) 
11 (137) 
33-49 (92) (91, 260) 
18-27 (137) 
34 (99) (260) 
(224, 260) 
33 (91) 
(85*. 89) 
(224,260) 
(224, 260) 
(224, 260) 
(224,260) 
(224,260) 
(224,260) 
85(148) 
84(148) 
81-89 (148) 
(260) 
32 (137) 17 (140) 
21 (87) (260) 
70 (134) 
70 (134) 
88(148) 
83(148) 
34 (90) 26 (91) (89) 
(92, 260) 
13 (137) 
66(92) 
2-20 (137) 
(91, 260) 
80-90(134) 
69 (147) 
5 (147) 
80-86(134) 
5 (136) 
80-86(134) 
(96) 
48 (90) 9 (91) (89) 
17-38 (137) 
17 (26) 
23 (26) 
42 (24») 
45 (24) 
74 (24) 
37(24) 
5(24) 
(96) 
30(24) 
(244) 
67(240) 
73 (267) 
67 (240) 
(6) 
58(240) 
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R1 

Et 
Et 
Et 
iPr 
Tms 
nBu 
nBu 
tBu 
tBu 

Et^J 
BuNH 
TmsCH] 
Ph 
Ph 
Ph 
Ph 
Ph 
Ph 
Ph 
Ph 
Ph 
Ph 
Ph 
Ph 

Ph 
Ph 
Ph 
cHez 
cHez 
Mes 
Mes 

RJ 

Et 
Et 
Cl 
H 
cHex 
Ph 
Cl 
D 
H 

Et5N 
Ph 
H 
Ph 
Ph 
Ph 
Ph 
Ph 
Ph 
Ph 
Ph 
Cl 
Cl 
Cl 
H 

H 
H 
I 
cHez 
H 
H 
H 

3,5-(Me)J(C6H8)CHs H 
(-)-Ment 
Cl 
H 
H 

M 

Cr(CO)4 

Cr(CO)4 

Cr(CO)4 

Mo(CO)4 

Mo(CO)4 

M 
Co(CO)(NO) 
Cr(CO)4 

Cr(CO)4 

Cr(CO)4 

Cr(CO)4 

Cr(CO)4 

Cr(CO)4 

Cr(CO)4 

Cr(CO)4 

R X 

H 
Cl 
H 
H 

M' 
Co(CO)8(NO) 
Cr(CO)6 

Fe(CO)(NO), 
Co(CO)1(NO) 
Cr(CO)6 

M' 
Cr(CO)6 

Co(CO)2(NO) 
CoCp(CO) 
Cr(CO)6 

Fe(CO)(NO)2 

Fe(CO)4 

Mn(CO)4Br 
MnCp(CO)2 

Et 
Et 
Et 
iPr 
cHez 
nBu 
nBu 
tBu 
tBu 

Et3N 
Ph 
TmaCHj 
Ph 
Ph 
Ph 
Ph 
Ph 
Ph 
Ph 
Ph 
Ph 
Ph 
Ph 
Ph 

Ph 
Ph 
Ph 
cHez 
cHez 
Mes 
Mes 

R» 

i 

R* 

Et 
Et 
Cl 
H 
H 
Ph 
Cl 
D 
H 

Et2N 
H 
H 
Ph 
Ph 
Ph 
Ph 
Ph 
Ph 
Ph 
H 
Cl 
H 
H 
H 

H 
OH 
I 
cHez 
H 
H 
H 

3,5-(Me)2(C9H3)CHj H 
(-)-Ment 
Cl 
H 
H 

method 

as 
a* 
as 
as 
as 

Mn(CO)4AiMe2Fe(CO)4 

M 
iPr P(iPr) Cr(CO)6 

iPr P(iPr) W(CO)5 

Ph CH2 

Ph NPh 
Cr(CO)6 

Cr(CO)6 

Ph P(Ph) Cr(CO)8 

96 
96 
96 
96 
96 

B. 

C. 

H 
Cl 
H 
H 

M 
Mo(CO)6 

W(CO)6 

Cr(CO)6 

MnCp(CO)2 

MnCp(CO)2 

Cr(CO)6 

Cr(CO)6 

MnCp(CO)2 

MnCp(CO)2 

Cr(CO)6 

Cr(CO)6 

MnCp(CO)2 

Ag(pyr)s
+C104-

MnCp(CO)2 

Mo(CO)6 

NbCp(CO), 
Ni(CO), 
Ni(CH2CHCH2)Bi 
V(CO)6-NEt4

+ 

Ni(CO)3 

Cr(CO)6 

Cr(CO)6 

Fe(CO)4 

Cr(CO)6 

MnCp(CO)2 

Cr(CO)6 

Cr(CO)6 

V(CO)6-NEt4
+ 

MnCp(CO)2 

Cr(CO)6 

Mn(C6H4Me)(CO) 
MnCp(CO)2 

Cr(CO)6 

Cr(CO)6 

Cr(CO)6 

MnCp(CO)2 

M' 
Mo(CO)6 

W(CO)6 

Cr(CO)6 

MnCp(CO)2 

MnCp(CO)2 

Cr(CO)6 

Cr(CO)6 

MnCp(CO)2 

MnCp(CO)2 

Cr(CO)6 

Cr(CO)6 

MnCp(CO)2 

Ag(pyr),+C104-
MnCp(CO)2 

Mo(CO)6 

NbCp(CO), 
Ni(CO), 

r Ni(CH2CHCH2)Br 
V(CO)6-NEt4

+ 

Mo(CO)6 

Cr(CO)6 

Cr(CO)6 

Fe(CO)4 

Cr(CO)6 

MnCp(CO)2 

Cr(CO)6 

Cr(CO)6 

V(CO)6-NEt4
+ 

MnCp(CO)2 

Cr(CO)6 

i2 Mn(C6H4Me)(CO)2 

MnCp(CO)2 

Cr(CO)6 

Cr(CO)6 

Cr(CO)6 

MnCp(CO)2 

Me2 Me2 

/*-
Linear Compounds of Type M 

yield (ref) 

98(140) 
(98) 

83(140) 
99(140) 

100 (140) 

- P — M' 

r—r 
Me2Me2 

M 
Mo(CO) 
Mo(CO) 
W(CO)4 

W(CO)4 

M' 
i4 Fe(CO)(NO)2 

|4 W(CO)6 

Co(CO)2(NO) 
Fe(CO)(NO)2 

Me2 Me2 

/ P -
, Linear Compounds of Type M 

method yield (ref) 

as 
as 
as 
as 
as 
as 
as 
as 
as 

method 

63 
as 11 

123 
123 
63 

96 
96 
96 
96 
96 
96 
96 
96 
96 

E 

I 

20 (137) 
59 (137) 
27 (137) 
50 (137) 
45 (137) 
45 (137) 
68 (137) 
64 (137) 
95 (138) 

^ P -

- P — M' 

- P - M ' 
Me2Me2 

M 

Cr(CO)4 

Cr(CO)4 

Cr(CO)4 

Fe(CO), 
Fe(NO)2 

Fe(NO)2 
Mn(CO)3Br 
Ni(CO)2 

M' 
Mo(CO)6 

Ni(CO), 
W(CO)6 

Cr(CO)6 

Cr(CO)6 

Mn(CO)4AsMe2Fe(CO)4 

Cr(CO)6 

Cr(CO)6 

\ A j*-
K Cyclic Compounds of Type P P ^ 

M M 
yield (ref) 

60 (217) 
28 (116) (107) 

(107) 
64 (267») 
69 (237) 
28 (217) 

R 
cHez 

Ph 
Ph 
An 

X M 

P(cHez) Cr(CO)6 

C(OEt)(Ph) W(CO)6 

S Cr(CO)6 

S Cr(CO)6 

method 

7 
7 
82 
60 
60 
114 
82 
113 
60 
as 64 
11 
121 
60 
78 
9 
46 
9 
7 
110 
as 9 
96 

121 
89 
114 
82 
61 
121 
11 
as9 
60 
86 
64 
60 
121 
59 
11 
11 

method 

as 96 
as 96 
as 96 
as 96 

method 

as 96 
as 96 
as 96 
as 96 
as 96 
as 96 
as 96 
as 96 

method 

63 
85 
94 
123 
123 

yield (ref) 

(88*, 89) 
(89) 
19(240) 
15(24) 
15 (24) 
45 (113) 
14(240) 
84(24) 
48(24) 
32(24) 
20 (269) (210) 
68 (267«) 
35(24) 
(236«) 
30(87) 
12 (93) 
(97) 
82 (91) (10*) 
(91) 
(15, 96) 
91 (185) 
(114«) 
48(267) 
(244) 
71.5 (113) 
14(240) 
(213») 
50 (267») 
37 (113) 
(96) 
16 (24) 
2 (62*) 
10(24) 
10 (24) 
59 (218) 
14 (212) 
(121) 
(121) 

yield (ref) 

88(140) 
62 (140) 
53(140) 
72(98) 

yield (ref) 

36 (137) 
69 (137) 
41 (137) 

(98) 
55 (137) 
79 (138) 
72 (137) 
66 (137) 19 (98) 

yield (ref) 

44 (217) 
23 (237*) 

7.6 (266) 
48 (267*) 
38(237) 
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TABLE 7 (Continued) 

R 
Me 
Et 

R1 

Me 
Me 
Ph 
Ph 

R1 

Me 
Me 
Me 
Me 
Me 

Me 
Me 

Me 

Me 
Me 

Me 

Me 
Me 
Me 
Me 
Me 
Me 
Me 
Me 
Me 
Me 
Me 
Me 
Me 
Me 
Me 
Me 
Me 
Ph 
Ph 
Ph 
Ph 
Ph 
cHex 

M 
Cr(CO), 
Cr(CO)8 

R» 
Me 
Me 
Me 
Me 
Me 

Me 
Me 

Me 

Me 
Me 

Me 

Me 
Me 
Me 
Me 
Me 
Me 
Me 
Me 
Me 
Me 
Me 
Me 
Me 
Me 
Me 
Me 
Ph 
Ph 
Ph 
Ph 
H 
H 
cHei 

R' 
Me 
Cl 
Ph 
Ph 

R» 
Me 
Me 
Me 
Me 
Me 

Me 
Me 

Me 

Me 
Me 

Me 

Me 
Me 
Me 
Me 
Me 
Me 
Me 
Me 
Me 
Me 
Me 
Me 
Me 
CF3 
CF3 
CF3 
Me 
Ph 
Ph 
Ph 
Ph 
Ph 
cHez 

method 

63 
63 

R8 

tBu 
Me 
Me 
Ph 

R4 

Me 
Me 
Me 
Me 
Me 

Me 
Me 

Me 

Me 
Me 

Me 

Me 
Me 
Me 
Me 
Me 
Me 
Me 
Me 
Me 
Me 
Me 
Me 
Me 
CF8 
CF3 
CF3 
Ph 
Ph 
Ph 
Ph 
H 
H 
cHex 

M 

\ / 
P 

R / \ R 
E. Cyclic CompouncU of Type \ / \ s " 

yield (ref) 

36 (217) 
39 (217) 

F. Cyclic Compounds c 

M 
Mo(CO)4 

Fe(CO)8 

Mo(CO)4 

PtCl2 

G. Cyclic Compounds 

M 
Co(CO)(NO) 
Co(CO)(NO) 
Co(CO)(NO) 
Co(CO)(NO) 
Cr(CO)4 

Cr(CO)4 

Cr(CO)4 

Cr(CO)4 

Cr(CO)4 

Cr(CO)4 

Fe(NO)2 

Fe(NO)2 

Fe(NO)2 

Fe(NO)2 

Mn(CO)8Br 
Mn(CO)8Br 
Mo(CO)4 

Mo(CO)4 

Mo(CO)4 

Mo(CO)4 

Ni(CO)2 

Ni(CO)2 

VCp(CO)2 

W(CO)4 

Cr(CO)4 

Mo(CO)4 

W(CO)4 

VCp(CO)2 

Fe(Cp)(PPh2H)+PF6 
NbCp(CO)2 

V(CO)4-NEt4
+ 

Ag(PPhHj)+AsF6" 
Cu(PPhHj)+AsF6-
VCp(CO)2 

M M 

R M 

nBu Cr(CO)8 

Ph MnCp(CO)2 

R3 - M ' 

f Type X sK 
v/ ^ M^ V 

M' 
Ni(CO)3 

Fe(CO)4 

Ni(CO)3 

Fe(CO)4 

R2 R3 

of Type M M' 

R ^ F - 1 K R 4 

R2 R3 

M' 
Co(CO)(NO) 
Cr(CO)4 

Mo(CO)4 

W(CO)4 

Cr(CO)4 

Fe(NO)2 

Mn(CO)3Br 

Ni(CO)2 

Mo(CO)4 

W(CO)4 

Fe(NO)2 

Mo(CO)4 

Ni(CO)2 

W(CO)4 

Mn(CO)8Br 
W(CO)4 

Mo(CO)4 

Mn(CO)3Br 
Ni(CO)2 

W(CO)4 

Ni(CO)2 

W(CO)4 

VCp(CO)2 

W(CO)4 

Cr(CO)4 

Mo(CO)4 

W(CO)4 

VCp(CO)2 

Fe(Cp)(PPh2H)+PF6-
NbCp(CO)2 

V(CO)4-NEt4
+ 

Ag(PPhHj)+AsF6" 
Cu(PPhH2J+AsF6-
VCp(CO)2 

method 

as 85 
61 

method 

as 96 
89 
as 96 
as 96 

method 

98 
98 
98 
98 
98 
9 
98 
96 
98 
98 
96 
96 
98 
96 
as 7 
98 
98 
96 
98 
98 
96 
98 
96 
96 
96 
98 
96 
9 
98 
as 96 
as 96 
as 96 
as 9 
48 
9 
9 
77 
77 
9 

yield (ref) 

8 (237) 
14 (214*) (215) 

yield (ref) 

61(203) 
60 (244) (245) 
91 (203) 

(157) 

yield (ref) 

27 (140) 1-11 (137) 
0.5-32 (137) 28 (140) 
62 (140) 
58(140) 
1-76 (137) 72 (140) 
23(98) 
30 (140) 4-28 (122) 
17 (140) 
5 (137) 
4-26 (137) 
9(140) 
42 (140) 
16 (137) 
15 (140) 
27(99) 
1-12 (137) 
55 (140) 
15 (140) 
41 (140) 
34(140) 
58(140) 
79 (140) 28 (137) 
53 (140) 
34(140) 
16 (140) 
14 (140) 2-7 (137) 
19 (140) 
(96) 
37 (140) 17-27 (137) 
36(26) 
60(26) 
10 (26) 
(96) 
(195) 
(97) 
(15, 96) 
(234) 
(234) 
(96) 

RV 
\ „ 

.R2 

„• H. Cyclic Compounds of Type .P—P 

M 
R' 

Me 
iPr 
tBu 
cHez 
cHex 

R« 
tBu 
iPr 
tBu 
cHex 
cHex 

M 
WCp(CO)2

+Cl-
WCp(CO)J+Cl-
NiBr, 
CoBr2 

CoCl2 

method 

50 
50 
21 
21 
21 

yield (ref) 

84 (197) 
76 (197) 
51 (156) 
56(154) 

(154) 

R1 

cHex 
cHex 
cHex 
cHex 

Rs 

cHex 
cHex 
cHex 
cHex 

M 
CoI2 
NiBr2 

NiCl2 

PdCl2 

method 

21 
21 
21 
21 

yield (ref) 

(154) 
54(154) 
62 (154) 

(164) 
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TABLE 7 (Continued) 
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I. Miscellaneous Compounds (M outside a cycle) 

compound M method yield (ref) compound M method yield (ref) 

as 11 72(141) 

JOrrCX Me ^ I I " Me 
(CO)5W W(CO)5 

R R 

(CO) 5 Cr-P—P r Cr(CO)5 "B" 
Ph < = > 

(CO)5Cr P h 

t I 
P h - ; P — P - Cr(CO)5 

42 

47 

122 
122 

122 

65(189) 

86 (189) 65 (194) 

36(240) 
66 (267«) 

68 (267) 

Ph Ph 
I i 

ElO-C C-OEt 
I I 

P h - P P-W(CO) 5 

(CO)5W Ph 

U \ 
"-TU-" 
(OT)3Ni \ MofCO)5/2 

, P - M(CO)3 

Me-^I)P 
> P— M(CO)5 

-P- M(CO)5 

• M(CO)5 

- P - M(CO)5 
Me2 
Si P — MnCp(CO)2 

. / ,SuJV 
Si P — MnCp(CO)2 

Me2 

94 66 (264) 31 (266) 

as 97 14 (186) (262*) 

Cr as 11 (111) 
W i l l (111) 

I P - M(I 

Me-A ^ P - 1 

> P— Mf< 

Cr as 11 (111,112*) 
W a s l l (111) 

as 11 (136) 

J. Miscellaneous Cyclic Compounds (M inside a cycle) 

compound M method yield (ref) compound X M method yield (ref) 

Me2P PMe2 

(CO)2Cr Cr(CO)2 as 9 (95) 

Ph2 Ph2 
P — P 

/ \ 

(NO)2Fe-— Fe(NO)2 

X / S H 

Ph2P PPh2 

(CO)3M^ ^M(CO) 3 

Me2P PMe2 

(CO)2Fe Ni(CO)3 

Me2P^I)PMe2 

(CO)3Fe 

Me2P—PMe2 

( C O ) 2 F e ^ - ^ F e ( C O ) 2 

Me2 Me2 

ai I* 

, , Me 

(COD)Rh 

Me 
H 

Br Mn 
Br Re 

I Re 

44 
44 

12 
12 

12 

34 (193) 
35 (192*. 193*) 

(128*) 
48-75 (124*) 

(123*) 
57 (117) 

[BF4
-I2 as 15 (COD) 47(22») 

as 7 (94) 

X ^ % (Ph)2 

/ P P 

(CO)Ni Ni(cO) 

Cr(CO)4 

Mo(CO)4 

Rh(CO)Cl 

^gJ- Mn(CO)4 

15 (137) 

98 1 (137) 

as 15 43(141*) 
as 15 73(141) 
19 59 (141) 

69 40 (225*) 

Tms 

Tms 
Ph 

43 (18*) 
52 (18) 

59 (102) 

(CO)2Ni 

(CO)3Mo / M6 

17 29 (143*) 28 (144) 

(CO)4Mn J 2 H - F < ' 
^ N ^ 

i 
LBu 

15 (101*, 136) 

P—SiMe2 

\l M V 
. P—SiMe2 . 

117 (27*) 

(CO)3Cr 



S92 Chemical Reviews. 1991. Vol. 91, No. 4 

SCHEME 27 

R 
N P -

I 
P— 

R ' < 

R=. 

SCHEME 28 

+ 

Me1PIi 

2Fe(CO)5 

or 
Fe2(CO)9 

. Cf* CF3 

Ph 

v Fe2(CO)9 

> - P h + or 
Fe3(CO)12 / 

i 
Ph 

SCHEME 29 

R f R 
L2MQ2 + > - ( P ) „ < 

M ^ NM' 

L - Cp or nothing n - 1 , 2 , 3 
M - Ti, Zr, Hf M' - Li, Na, K 

SCHEME 30 
Ai H 

S P — P ^ + KMoCp(CO)3 

a / NAr 

96 

SCHEME 31 

iPr2N Q 

iPr2N a 

98 

+ [Et4N][HW(CO)5] 
99 

-Et4NO 

+ 3 [Et4N][HFe(CO)4] 
102 

NP Y 

M I"* 
(PO)?<r ^Fe(CO)3 

20 

Ph Ph 

> < 
(QI^)3Fe-L-1Fe(CO)3 

j ) P — Fe(CO)3 

Ph + 93 

V 
Fe(CO)4 

,Ph 

Ph " Fe(CO)3 

^e(CO)3 

94 

- 2 M'Cl 

n'«1 , 2 

A 
R — P ' ">P—R 

M 
L2 

9 5 

Ai 

-Ka V-< 
H 

97 
MoCp(CO)2 

IPr2N 
^p-p—a 

iPr,N 

100 
W(CO)5 

iPr2N V 
;P—P-N(IPr)2 

a 
W(CO)5 

101 

SCHEME 32 

Cp2MoH2 

- 2 Et4NQ 

P — P 
+ IXi 

P - P 

H H 
I I 

iPr2N—P—P-Fe(CO)4 

(CO)4Fe Fe(CO)4 

103 

[Et4N] 

H - P = P - H 

MoCp2 4 

SCHEME 33 

M(PPh3)J • 

M-Pd 7 Pt 

SCHEME 34 

C 4 F . 

1/2 

^ C 6 F 5 

Cammade et al. 

C«FJs ,C 6F 5 

C 6 F / 
P - P . -PPh3 

XCSF, 

R 
V P - P ' Cl2ML2 

- 2 Y Q 

M 

Ph3P PPh3 

104 

nr 
Y » SiMe3, Li R = SiMe3, Me, tBu, Ph M = Ni, Pd, Pt 
L2 = R'2PCH2CH2PR'2 , (PR'3)2 R' = Me, Et, nBu, Ph, cHex 

105 

SCHEME 35 

V P-
tBu. .tBu 

P - P f 
N, 

Nia2(PMe3)2 

SCHEME 36 

tBu tBu 

T 
tBu-P S ^ P-tBu 

\ P^ 
I I 

tBu tBu 

tBu—P=P—tBu 

.Ni 
tBu—P^ VP—tBu 

\ / 
. P - P . 

t B i / \ tBu 

106 

tBu-" 

P - = ; P P-5=rP 

Oc '™ 
+ FeCl2 

0 H ^ tBu tBtt̂ " 

tBu tBu 

107 

SCHEME 37 

L f -

• ua 

I 
tBu. Fe tB 

Mn(CO)5Br 

-UBr 

I 50 
tBu 

(major) 

tBu-" 

I 108 
tBu 

(minor) 

Mn(CO)3 109 

P = P 
xAr 

Cr(CO)3(CH3CN)3 

CPnCO)3Cr^ 

-3CH3CN 
P = P . 

vAr 
110 

R3
2PY 

-XY p — K 
R^l NR3 

M(CO)n 

SCHEME 38 

Np—x 
R 2 ' | 

M(CO)n 

M(CO)n - Cr(CO)5, W(CO)5; R
1, R2, R3 = Me; X - Cl; Y = SiMe3, SnMe3 

M(CO)n - Fe(CO)4; R
1, R2, R3 - Ph ; X - Ph3P-N-PPh3 ; Y » Q 

M(CO)n = Mo(CO)5, Fe(CO)4; R
1 - Ph, R2 - H, R3 = Ph, tBu ; X = U, H(NEt)3; Y - O 

SCHEME 39 

to stabilize free diphosphenes (Scheme 22). Moreover, 
the diphosphene Tris—P=P—Tris, which bears the 
bulky substituent tris(trimethylsilyl)methyl, has never 
been complexed. 

Unsymmetrical trans diphosphenes illustrate also this 
phenomenon: the reaction always takesjriace on the 
less crowded phosphorus atom.*166,80,61,16® The steric 
hindrance of metallic groups is also an influential factor 
for this reaction, since diphosphene 3 does react with 
Cr(CO)6, which is bulkier than Ni(CO)4 or Fe(CO)6, but 
in this case, the reaction gives the v (arene) tri-

Ph2PQ + [RP(H)(Li)I2Mo(CO)4 

S PC 
/ ^ P P h 2 

(CO)4Mo 
N p ^ P P h 2 

R' S H 

-LiCl 

111 

carbonylchromium complexes 83 and 84 instead of the 
Tj1 complex 82 (Scheme 23).160'161 

The influence of steric factors is also illustrated when 
silver or gold salts are involved. A cationic diphosphene 
complex is obtained with Ag, while only the mono 
cation 87 is formed with [Et3PAu][PF6], presumably as 
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SCHEME 40 

Ph2P 

(CO)4Ru Co(CO)3 + LiPPh2 
\ / -CO 

P 
Ph2 

Ph 2P—PPh 2 

(CO)4Ru Co(CO)3 

P 
Ph2 

-LiCl 
+ ClPPh2 112 

(CO)4Ru—-Co(CO)3 

Ph2 

SCHEME 41 

H 
I 

A r - P ^ ' ^ P — Ar 
Fe 

(CO)3 

Y+ + Q - P = C ^ 
v 

SiMe3 

Ph -YO 
Ar-

Y - N a 1 U 
(CO), 

Ar 

< 
Ph 

114 

SCHEME 42 

Me 

+ h 

(CO)5W 

SCHEME 43 

Ms Me 

Y\-* 
•2UI / 1 W I 

™ (CO)5W W(CO)5 " * 
115 

tBu. 
P - P -

tBu 

LU-, 
R R 
/ \ 

<co: 

- CJH+BTJ 

i)jFe<_>Fe(CO), (CO)3FeA /.Fe(CO)3 

P - F 23 

-2LiBr H 2 C-CH 2 

(CO)3Fe Fe(CO)3 .C2H4 ^ i j * 
116 

Me 26 Me 

H H 
I I 

R • Me, tBu, Ph, ToI 

>p p^MB ""-^p p.^R 

(CO)3FeJV ^Fe(CO)3 (CO)3FeJV W c O ) 3 

(CO)3FeA /Fe(CO)3
+(CO)3FeA Ae(CO)3 

, P - F . P - P 
Me 117 Ms 

SCHEME 44 

Ph2 
P 

(NO)2Fe^-^Fe(NO)(PPhjH) 

K 
O 

Li+ RCHI, 

R = H, Me 

R / i i 8 S R 

Ph2 Ph2 
P—P 
/ \ 

( N O ) 2 F e - J F e ( N O ) 2 

R / VH 
119 

SCHEME 45 

1Ir4(CO)11(PPhH)]-DBUH+ + Ag[QO4] + [AuPEt3][QO4] 

OC-

(Et3P)Auc^\7/ /^ r r i 25 

Ir(CO)3 

Ir(CO)2 

SCHEME 46 
Ph2PCl 

Ir(CO)2 

EtMgBr 

Mo(CO)5 

Ph 2P—PPh 2 

(CO)5Mo Mo(CO)5 

120 
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" 
Li+ 

,SiMe3 

SCHEME 47 

Me Me Me Me 

yc^ Eon x 
(CO)5W

 0 ^ (CO),w 

Mt Me 

(CO)5W
 H 

122 
121 

+ (PMe)(C6H4)SO3H 

Mev * Me 

* * (CO)5W W(CO)5 ™ 

SCHEME 48 

Ph2PH 

Cp(CO)2Fe 

124 

PF, 
hv 

123 

Cp 
- " F« Ph2 Ph, 

HPh2P \ \ p _ i _ p 2 

P Px \ 
Ph2 P h ^ F e -

Cp 
125 

SCHEME 49 

Cp(CO)3M-SiMe3 

+ 

Me2PQ - ^ 1 0 1 

SCHEME 50 

Me 
Cp(CO)3M-PC 

Ms 

M = Mo, W 

HMe2PQ 

PPh2H 

Ms 

2+ 

[PF6" I2 

Ms 
Cp(CO)3M-P-PC 

Ms »* 126 ** 

+ 

Cl' 

Cp(CO)2W=PC + R'jPCl 
NR 

R = iPr, tBu R' = Me, iPr 

SCHEME 51 

PhPY2 + 

[M] 

R = Me, Ph 

SCHEME 52 

H 
I 

2 P h - P—Li 

2R 2 PQ 
- 2 Y Q 

Cp(CO)2W PR2 

P 
R'2 _ 

127 

Ph 
I 

R2P-P-PR2 

+ 

Cf 

Y = H1SnMe3 

[M] 
128 

[M]=Fe(CO)41W(CO)3 

+ PhPCl, 

[M] 

SCHEME 53 

-2LiCl 

[M]=Mo(CO)51Fe(CO)4 

H 

Ph 

Ph 
I 

(Me3Sn)3P + 3 Ph2PCl 

M(CO)5 

3 Me3SnCl 

M = Q 1 Mo1 W 

[M] [M] 

129 

PPh2 
I 

P h 2 P - P - P P h 2 

M(CO)5 

130 

a consequence of the steric demand of this group162,163 

(Scheme 24). 
However, the cts-diphosphene 88 behaves differently. 

Surprisingly, the complexation with Ni(CO)4 seems to 
occur on the most crowded phosphorus atom, whereas 
the reaction with (nBu3P)2Ni(COD) gives r? complex 
30.47 This compound is the only i\2 complex obtained 
by direct complexation of a free diphosphene (Scheme 
25). Its unstability might be related to the electron 
deficiency of nickel in this case. 

file:////p_i_p
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B. Complexation with Modification of a P-
P=P Ligand 

-P or 

Modifications of a free ligand may occur by cleavage 
either of the phosphorus-phosphorus bond or of a 
phosphoru8-substituent bond, during the course of the 
complexation. Most of the metalladiphosphanes are 
obtained in this way. 

1. Synthesis of Dlphosphane Complexes 

a. Phosphorus-Phosphorus Bond Cleavage. A 
P-P bond cleavage frequently happens when drastic 
conditions are used to carry out a complexation reaction 
(see Scheme 7). The consequence with cyclopoly-
phosphines is a ring extension, formally induced by 
insertion reaction of phosphinidene19,76,138464"168 (Scheme 
26). Compounds of types 90 and 91 were claimed to 
be 1,2 complexes in first reports.76,76 Later this assertion 
has been refuted19,133,141 and the proposed structures of 
1,3 and 1,4 complexes, depicted in Scheme 26, seems 
to be more reasonable. 

With iron, a ring extension occurs by insertion of the 
metal into a phosphorus-phosphorus bond.**32,94,169 The 
reaction is clean with iron pentacarbonyl and gives 
phosphido-bridged metallacycles 20 (Scheme 27). 

However, some reactions carried out with Fe2(CO)9 
or Fe3(CO)12 produce a mixture of products sprung from 
insertion and complexation reactions170"172 (Scheme 28). 

b. Phosphorus-Substituent Bond Cleavage. Free 
di- or polyphosphanes which bear good leaving groups 
such as alkali or halides react with metal halides or 
hydrides. Formation of a metallacycles 9531.34.178,174 
occurs with linear polyphosphane salts, but the length 
of the phosphorus chain is not always kept (n may be 
different from n) (Scheme 29). 

The reaction of a metal salt with monochlorodi-
phosphane 96, giving rise to the original three-mem-
bered metallacycle 97, is to be related to this series175 

(Scheme 30). Complex 97 is the only stable compound 
of type E. Earlier, formation of analogous complexes 
was postulated in mass spectrometry.176 

For our part, we have studied the reactivity of two 
anionic hydrides 99 and 102 with a gem dihalogenated 
diphosphane 98. The compound isolated with tungsten 
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is diphosphane complex 101, which arises from a rear
rangement of the intermediate compound 100.177 We 
have also isolated an original anionic metalladi-
phosphane 103, obtained by addition of 3 equiv of iron 
hydride 102 on diphosphane 98177 (Scheme 31). 

2. Synthesis of Dlphosphene Complexes 

Most of T)2 diphosphene complexes are obtained 
starting with compounds in which a phosphorus-
phosphorus bond already exists. This is the case for 
the first reports in this field. One concerns the reaction 
of white phosphorus with a neutral molybdenum hy
dride9,43 (Scheme 32). 

The second reports a P-P bond double cleavage of 
a cyclotetraphosphane induced by a platinum or pal
ladium complex, which allows the synthesis of di
phosphane complex 10444'63 (Scheme 33). 

However, from a practical point of view, the reaction 
of linear diphosphane lithium salts or silylated di-
phosphanes with metallic halides is the most widely 
used to produce J?2 diphosphene complexes of type P 
in good yield (70-907C)63,64,178-182 (Scheme 34). Some 
of these compounds are palladium63,64 or platinum63,64,181 

complexes, but most of them are nickel complex-
e 8178-180,182 

In one case, the reaction is more surprising: isolated 
compound 106 presumably arises from a coupling re
action between two diphosphene units in the coordi
nation sphere of nickel,33 with formation of a a- me
tallacycle (Scheme 35). 

Some phosphorus analogues of ferrocene, 50 and 108, 
or cyclopentadienylmanganese tricarbonyl, 109, are also 
obtained starting from the phosphorus lithium salt 107 
and metallic halides73 (Scheme 36). 

The last reaction related to a phosphorus-substituent 
bond cleavage implies the migration of a penta-
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methylcyclopentadienyl group TJ1 bonded to phosphorus 
toward a metallic center, where it becomes 77s bonded 
and gives metalladiphosphene HO183 (Scheme 37). 

C. Formation of a Phosphorus-Phosphorus Bond 

The synthesis of diphosphane and diphosphene com
plexes by creating phosphorus-phosphorus bonds offers 
a wide range of possibilities. Generally, the phospho
rus-phosphorus bond is formed by elimination reac
tions. Some reactions give univocally diphosphane 
complexes, other give either diphosphane or di
phosphene complexes. The main factors directing the 
reaction are the number of leaving groups on the 
starting phosphane, the bulk of the organic substituent 
R, and sometimes the steric demand of the metallic 
group. Most of these reactions concern eliminations 
between a cationic group (Li, Na, H, Me3Si, Me3Sn, etc.) 
of one of the starting phosphanes and a chloride anion 
of another phosphane. If at least one of the starting 
phosphorus compound possesses only one leaving group, 
the products are obviously diphosphane complexes, 
whereas with two leaving groups on each phosphorus 
compound, the reaction may result in the formation of 
diphosphene complexes. 

/. Reactions of Complexed Phosphanes 

a. Monofunctionalized Phosphanes. Complexed 
phosphanes may react with free phosphanes when each 
compound possesses a labile group. Elimination of 
Me3SiCl,98 Me3SnCl,184 LiCl,186 and [Ph 3 P=N= 
PPh3]Cl186 occurs spontaneously (Scheme 38). BiS(Tz1 

.a 
+ P h - P ' 

147 

SC1 

MnCp(CO)2 

P h - V? —I 

MnCp(CO)2 

146 

THF 

H Ph 
I I 

P h - P — P - H 

Cp(CO)2Mn MnCp(CO)2 

148 

Ph 

+ cHex-NCl2 

Cp(CO)2Mn 

— P h P MnCp(CO)2 

Cp(CO)2Mn Ph 

149 

SCHEME 62 

MePCl2 
Re(CO)4 

M e C l 2 P - N i - P C l 2 M e + 4Re2(CO)10 — (CO)4Re'' ' \ / ^Re(CO) 4 

\ 
MePCl2 

SCHEME 63 

a 

R 
\ 
P-

RPBr2 + nMg — 

M(CO)5 

R - Me, Et, iPr, tBu, 
Ph, cHex, (-)Ment 

n = 1,2,3 
n' = 1, 2, 3 

R = (-)Ment R
s 

\ / 
• A 

/ 
Re(CO)3 

150 

R M(CO)5 

\ / 
p p^„ 

,P1 *' \ 
151 

M(CO)5 
152 

M(CO)5 

R M(CO)5 

\ / 
/ \ / ^ R 

(CO)5M P 
R 

M(CO)5 153 

y 
M(CO)5 

M = Cr1W n = 2 / 
(CO)5M 

(CO). ijM^'"^M(CO)5 
154 155 

diphosphane) complexes 111186 are also obtained in 
good yield (Scheme 39). 

Analogous reactions are observed with delocalized 
anions. Intermediate 112, with both bridging and ter
minal PPh2 groups, prepared in situ from LiPPh2, re
acts with electrophiles such as chlorodiphenyl-
phosphane187 (Scheme 40). 

The original low-coordinated diphosphadiene com
pound 114 is synthesized in an analogous way188 

(Scheme 41). 
Two complexed phosphanes bearing labile substitu-

ents (mainly Li) can also associate under the influence 
of a third reactive to give J / V diphosphane complexes. 
For instance, demetallation reactions of lithiated 
phosphane complexes occur with oxidants such as iod
ine189 (Scheme 42). 

In the case of halogenoalkanes, the reaction of the 
diphosphido complex 116 is mainly intermolecu-
1̂ .42,190,191 8i(ie r e a c t i o n 8 with dibromoethane (117) or 
the solvent (118) also occur (Scheme 43). An intra
molecular reaction leading to 23 is observed only when 
the organic substituent of phosphorus is a tert-butyl 
group.38 

Some couplings of two PPhn groups are observed by 
oxidation of monoanions with RCHI2

192,198 (Scheme 44) 
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or AgClO4
41 (Scheme 45). In the later case, the di

phosphane ligand bridges an Ir4 and an Ir4Au2 unit in 
cluster 25. 

The leaving group of the phosphane complex may 
also be chloride. One reaction with a Grignard's reagent 
is reported98 (Scheme 46). 

Basic hydrolysis is used to cleave a P-CO2Et bond 
of a complezed phosphole; reaction between interme
diates 121 and 122 thus obtained, followed by proton 
migration, finally gives diphosphane complex 123189194 

(Scheme 47). 
Activation methods such as photolysis are rarely used; 

the only known example concerns the cationic second
ary phosphane complex 124,196 which affords the cat
ionic six-membered metallacycle 125 (Scheme 48). 

Some reactions are observed even if one of the reag
ents possesses no leaving group; in these cases, addition 
reactions may occur. Transient metallaphosphanes are 
readily converted to cationic metalladiphosphanes by 
addition of phosphane on the phosphorus lone pair196 

(Scheme 49). 

If the lone pair is complexed to form a phosphorus-
metal double bond, the addition takes place on this 
double bond197 and gives cationic compounds 127 in 
which the diphosphane is unusually side-on coordinated 
to the metal (Scheme 50). 

b. Di- or Trifunctionalized Phosphanes. a. 
Synthesis of Di- or Polyphosphate Complexes. If one 
of the reagents possesses one leaving group and the 
other two or more leaving groups, polyphosphorus 
compounds are generally obtained. The monocom-
plexed triphosphates 128 are synthesized starting from 
free monochlorophosphines157,198 (Scheme 51) whereas 
dicomplexed triphosphates 129 are synthesized from 
free dichlorophosphanes186 (Scheme 52). 

An analogous reaction furnishes tetraphosphorus 
complex 130 from a tristannyl phosphane complex199 

(Scheme 53). 
However, the reaction pathways are not always so 

simple. Side reactions are sometimes observed when 
the expected product is unstable. For instance, attack 
of the uncomplexed phosphorus atom in intermediate 
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131 on the phosphorus atom to which it is not directly 
bonded and subsequent evolution of carbon monoxide 
led to 132200 (Scheme 54). 

Dichlorophosphanes react also with diphosphane 
complexes of type M(R2PY)2 and give, besides the ex
pected product 133, five-membered ring 13416'201-205 

(Scheme 55). 
An analogous ring extension is observed with phos

phide-type complexes 135206-208 (Scheme 56). 
On the other hand, a ring contraction has been no

ticed in a particular case28 (Scheme 57). The driving 
force for the tautomerization of intermediate 139 may 
be the formation of the P=O bond or of the five-mem
bered ring structure. 

Another type of phosphorylphosphane complex, 142, 
is obtained via elimination of styrene from phosphirane 
complex 141209 (Scheme 58). 

Di- or polyphosphane complexes are also obtained 
when some of the so-called labile substituents do not 
react For instance, this is the case for trihalophosphane 
complexes: their reaction with magnesium210,211 or their 
irreversible cathodic reduction212 gives tetrahalide di
phosphane complexes 143 (Scheme 59). 
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Hydrolysis of lithium salts of complexed phosphanes 
results in the formation of other diphosphane complexes 
144 and 14524 (Scheme 60). 

The analogous secondary diphosphane complex 148 
is obtained by reacting dichlorophosphane complex 146 
with its lithium salt 147 in THF,213 whereas the reaction 
of the same lithium salt with a dichloroamine gives 
cyclotriphosphane complex 149214>216 (Scheme 61). 

An unexpected reaction leading to cyclometallatri-
phosphane 150 is observed with a rhenium carbonyl 
complex216 (Scheme 62). 

0. Synthesis of Diphosphene Complexes. Most of 
the reactions of difunctionalized phosphane complexes 
give a mixture of diphosphane and diphosphene com
plexes. This is for instance what happens when di-
bromophosphane complexes are allowed to react with 
magnesium. The main products of the reaction are 
cyclotriphosphane complexes 151,152, and 153, which 
are respectively linked to one, two, and three metallic 
groups.217 However, the (-)-menthyl substituent gives, 
besides cyclotriphosphane and phosphinidene com
plexes, T?V diphosphene complex 154218 (Scheme 63). 

Dichlorophosphane complexes behave essentially like 
dibromophosphane complexes. Their reduction with 
zinc/magnesium amalgam leads to a mixture of com
pounds, including diphosphane 156 and diphosphene 
157 complexes24 (Scheme 64). 

Elimination reactions with a chromium salt give ei
ther phosphido complex 158 or V1V2V1 diphosphene 
complex 159, depending mainly on the metal of the 
starting phosphane complex and also on the substituent 
R208 (Scheme 65). 

The reactivity of free dichlorophosphanes toward 
difunctionalized phosphane complexes and metallo-
phosphanes depends on the steric hindrance of the 
substituents; with bulky substituents, diphosphene 
complexes are obtained. However, the base-induced 
deshydrochlorination depicted in Scheme 66 does not 
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lead to the expected compound 160; the isolated one is 
161, arising from a migration of the metal toward the 
less hindered phosphorus atom.159 

The nature of the product isolated with metal-
laphosphanes depends on the substituent of the 
"organic" phosphane. Metalladiphosphenes 163 are 
obtained starting from the bulky (2,4,6-tri-tert-butyl-
phenyl)dichlorophosphane and metalladiphosphane 
1 6 2 ro,704Ji9-22i Metallacyclo tri- or tetraphosphanes 164 
and 165 are isolated with less bulky dichlorophosphines, 
even with mesityldichlorophosphine.222 However, 
analogous compounds are also obtained with the bulky 
(tri-fert-butylphenyl)dichloroarsine221 (Scheme 67). 

2. Reactions of Free Phosphanes with Metallic 
Groups 

a. Synthesis of Diphosphane Complexes. Few 
diphosphane complexes are synthesized starting from 
free phosphanes. Most of these reactions are carried 
out between free monohalophosphanes and metal car-
bonyl sodium salts. The first step of the reaction gen
erally gives salts of phosphane complexes 166, which 
react further with free halophosphanes. The second 
step of the reaction is analogous to the one described 
in Scheme 38 and n1 diphosphane complexes are iso-
lated29'186'223-224 (Scheme 68). 

However, some unexpected reactions occur, mainly 
with aminochlorophosphanes. The surprising cage 
structure 169 is obtained starting from dichloro-
diazadiphosphetidine 168226 (Scheme 69). 

SCHEME 84 

RPCl2 Na2Fe(CO)4 P = P . 

Fe(CO)4 

; ^ Q I O , ^ y 0 , IPr2N, 

I R 
Fe(CO)4 

(cHex)2N 19S 

SCHEME 85 

PhPCl, 

Na2Cr2(CO)10 — 

Ph / C r < C O > 5 
S P = P -I 

(C0)'C' L(CoJ5 
159 

+ cHexPCl2 
cHe: V / 

Cr(CO)5 

P P 

(CO)5Cr' V NcHex 

I 
cHex 

196 

The influence of the solvent on the reaction is to be 
noticed: conducting the reaction of dichloro(diiso-
propylamino)phosphane with iron tetracarbonyl sodium 
salt in tetrahydrofuran rather than diethyl ether leads 
to the phosphido derivatives 171 and 172 as major 
products instead of phosphorus-bridging carbonyl com
pound 170226-227-228 (Scheme 70). 

A migration of an amino substituent may also occur. 
The unexpected products 173 and 174, obtained with 
dichloro(diethylamino)phosphane come from the mi
gration of amino groups from one phosphorus to an
other and from one phosphorus to a carbon atom.226,229 

Derivative 173 is the only compound of type J fully 
characterized so far (Scheme 71). 

Elimination of amino groups also leads to the syn
thesis of diphosphane complexes. A mixture of com
pounds is obtained from hexamethylphosphorus tri-
amide and rhodium complex 175230 (Scheme 72). 

Addition of the anionic iron hydride 177 to the ace-
tylenic (dimethylamino)chlorophosphane 176 allowed 
us to isolate the anionic diphosphane complex 178 and 
the related neutral compound 179231 (Scheme 73). 

Unexpectedly, we have obtained the functionalized 
diphosphirane complex 181 from chlorophosphaalkene 
180 and the same hydride232 (Scheme 74). 

Another spirocyclic complex, 184, is formed via the 
shift of a Cp* ligand, in an attempt to synthesize me-
tallaiminophosphane 183. Compound 184 is presuma
bly generated by addition of the phosphorus lone pair 
of intermediate 183 on the phosphorus nitrogen double 
bond of the starting iminophosphane 184233 (Scheme 
75). 

Primary and secondary phenyl phosphanes are also 
suitable materials for the synthesis of diphosphane 
complexes. For instance, metallacycle 185, in which the 
phosphorus atoms are cr-bonded to zirconium, is ob
tained from phenylphosphane and zirconocene deriva
tives with elimination of methane37 (Scheme 76). 

Phenyl phosphane gives also cationic secondary di
phosphane complexes 186 when it reacts with silver or 
copper salts234 (Scheme 77). 

An analogous coupling is observed with diphenyl-
phosphane; however, the reaction stops at the first step 
and gives the linear diphosphane complex 187 instead 
of a cyclic one235 (Scheme 78). 
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The last reaction used to synthesize a diphosphane 
complex from a free diphosphane concerns the thermal 
dimerization of phosphole 188. This dimerization, in
duced by chromium hexacarbonyl, involves evolution 
of carbon monoxide and shift of phenyl groups from 
phosphorus to carbon236 (Scheme 79). 

b. Synthesis of Diphosphene Complexes, a. 
Sodium Salts of Carbonyl Metals. Reactions of di
chlorophosphanes are often unforeseeable; the nature 
of the products depends on the organic substituent of 
the phosphorus atom, the metal (Fe, Cr, Mo, W, etc.), 
the nature of the complex (mono or dinuclear), and the 
solvent. Formally, most of the products arise from 
combinations of metal carbonyl fragments M(CO)n and 
phosphinidene fragments P-R in variable proportions. 
The main factor directing the reaction seems to be the 
steric hindrance: generally, with bulky substituents 
such as tri-tert-butylphenyl66 or tetramethylpiperidyl, 
only one product is obtained, TJ1 diphosphene complex 
!go23?,238 (Scheme 80). 

On the other hand, with less bulky substituents, re
actions are less specific.63 A mixture of TJ1 (190) and TJV 
(191) diphosphene complexes is obtained when 
(TmS)2CH46-68^-62-64 and (TmS)2N

67-62-64 substituents are 
involved. TJV diphosphene complexes are the preferred 
reaction products89,62-64'239 with mesityl groups: di-
phosphenes cis-191 and trans-191 are obtained in 38% 
and 21% yield, respectively, whereas diphosphane 192 
is isolated in only 13% yield. A mixture of trans-di-
phosphene 191 and diphosphane 193 is obtained with 
(Tms)CH2 groups (12% and 30% yield, respectively)62 

(Scheme 81). 
When smaller substituents are used, the only di

phosphene complex isolated from the reaction mixture 
is IJ1IJ8Ij1 complex 194240 (Scheme 82). 

These examples show that the more the steric hin
drance of the substituents diminishes, the more the 
number of metallic centers needed to stabilize the di
phosphene increases. However, the part played by the 
steric hindrance of the metallic center itself can be 
exemplified: a same diphosphene ligand is stabilized 
either by one Cr(CO)6 group46-62-63 or by two Fe(CO)4 
groups67-68,64 (Scheme 83). 

Electronic effects of the organic substituent on 
phosphorus probably add to steric effects, but elements 
of comparison are not sufficient to draw a conclusion. 
For instance, it is difficult to know why, among the 15 
or so substituents used (aryl, alkyl, amino, alkoxy 
groups), only crowded alkoxy and amino substituents 
give TJ1Tj2 diphosphene complexes 19546-64-226 (Scheme 84). 

However, conjugation seems to play a part, by pro
moting the formation of a double bond. Indeed, di
phosphene complex 159240 is obtained from phenyldi-
chlorophosphane, whereas the same reaction carried out 
with the corresponding saturated derivative (cyclo-
hexyldichlorophosphane) gives only a mixture of poly
phosphate complexes (Scheme 85). 

On the other hand, calculations worked out with 197, 
as a model of 198, show that the lone pair of the ni
trogen atoms does not contribute to the conjugation 
with the P = P double bond.238 

H2N / 
W(CO)5 

P = P & S 
M(CO)5 

P = P . 
NH, 

197 
N V M = Cr, Mo, W 

198 \_/ 

These reactions point out the influence of the organic 
substituent of the dichlorophosphane on the reaction. 
However, the nature of the sodium salt itself must also 
be taken into account. This has been shown with 
chromium carbonyl salts.69,62 In this case, the dinuclear 
complex seems to give a more selective reaction than 
the mononuclear one (Scheme 86). 

All those examples (Schemes 80-86) show that the 
reaction of dichlorophosphanes with sodium salts of 
carbonyl metals allows the synthesis of numerous di
phosphane and diphosphene complexes, often inac
cessible by other ways. Cluster 51, built around two 
diphosphene units, exemplifies the originality of com
plexes obtained in this way74 (Scheme 87). 

£. Other Metal Complexes. The preceding reaction 
is the only one carried out with a sodium salt of nickel; 
nickel chloride complexes are most often used. They 
react with silylated phosphanes to produce ij2 di
phosphene complexes, generally in low yield178"182-241"243 

(Scheme 88). 
For our part, we have studied the reactivity of the 

anionic iron hydride 177 toward dichlorophosphanes. 
The first step of the reaction is always the reduction 
and the complexation of the phosphane. The secondary 
chlorophosphane complex 205 thus obtained reacts with 
the starting dichlorophosphane to give TJ1 diphosphane 
complex 206, which reacts further with hydride 177 to 
give TJ1??1 diphosphane complex 207244-246 (Scheme 89). 
These Tj1Tj1 diphosphane complexes are unstable; their 
behavior depends on the R substituent. Tj1Tj2 di
phosphene complexes 208 and 209 are obtained when 
R is a phenyl group244-246 or a cyclic phosphaalkene,247 

whereas four-membered heterocycle 210 is isolated 
when R is a methyl group244,246 (Scheme 89). 

A primary phosphane is also used for the synthesis 
of a diphosphene complex: TJ2 complex 211 is obtained 
by reacting phenylphosphane with a magnesium de
rivative248 (Scheme 90). 

3. Miscellaneous Syntheses of Diphosphene 
Complexes 

Some reactions cannot be connected to the main 
types described previously. This is the case for reac
tions which involve phosphaalkyne 212. Thus, phos-
phaferrocene-type complexes 108 and 214 are obtained 
in low yield among other compounds249 when 212 is 
reacted with iron derivative 213 (Scheme 91). 

However, the analogous reaction carried out with 
vanadium leads to polycyclic complex 215 instead of 
phosphavanadocene260 (Scheme 92). 
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Thermolysis reactions of phosphorus complexes also 
lead in some cases to diphosphene complexes. Phos-
phinidene complexes of type 21663 give T/^V di
phosphene complexes 2J)46 and 217,261 for R = Ph and 
R = tBu, respectively (Scheme 93). 

Some thermolysis are also catalyzed by copper(I) 
chloride. Complexes of diphosphene (219), 1,2-di-
phosphetane (220), and diphosphirane (221) formally 
arise from the generation of terminal phosphinidene 
complexes 218s*2"257 (Scheme 94). 

D. Reactivity of Diphosphane and Diphosphene 
Complexes 

Reactions which lead to the cleavage of the phos
phorus-phosphorus bond will not be presented here, 
except the dismutation of a diphosphane complex in 
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presence of a free diphosphane,268,269 which produces the 
unsymmetrical diphosphane complex 16 (Scheme 95). 

Two series of reactions keeping the phosphorus-
phosphorus bond occur with diphosphane and di
phosphene complexes: some could be named "organo-
metallic" reactions, i.e. mainly complexations and de
compilations. Others could be named "organic" re
actions, i.e. mainly additions and substitutions. 

1. Complexation, Decomplexation Reactions 

a. Diphosphane Complexes. We have already seen, 
in part III-A-I of this review, some examples of addi
tional complexation of n1 diphosphane complexes 
(Schemes 6, 7, and 9). These reactions are rather fre-
quent.92*8-137-188'140-148^4'260'291 They can be schematized 
as follows, for the two main types of v1 diphosphane 
complexes 222 and 223 (Scheme 96). 

The Ml/„< reagents are analogous to those described 
in part IH-A; the I/ Uganda are mainly CO, THF, and 
norbornadiene. Additional complexation on poly
phosphate complexes occurs first on the /3 phosphorus 
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atom relative to the complexed phosphorus atom,196 but 
a third complexation may occur188,282 (Scheme 97). 

Other transformations are induced by thermal or 
photochemical activation. A mixture of numerous 
complexes in variable proportions is obtained starting 
from T;V diphosphane complexes18*137,140 (Scheme 98). 
Most of the compounds seem to result from exchange 
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reactions of ligands, either carbon monoxide or the 
diphosphene itself. 

A migration of the metal from the central phosphorus 
atom to an external one may occur upon heating tri-



602 Chemical Reviews, 1991, Vol. 91, No. 4 

SCHEME 106 

%_P -M < C 0 > ! _J!L 
SMes 

M - Cr, Mo, W 

Ar 
S P = p ' 

236 

Mes 

N 
M(CO)5 

SCHEME 107 

Ph2 

(CO)3Fe^—^Fe(CO)3 

pKv 

Ph P ^ 

Ph 

FeiC0)* rn 
2
 Np j / ^ S S . P h - / V ™ -*i*°£. (CO)3Ft^-Fe(CO)3 
phT -4co... i X \ -2C0 N y 

(CO)JFe-^ 5 Fe(CO) 2 

Fe(CO)1 

208 

SCHEME 108 

/ 

(CO)3Fe^ -Fe(CO)3 

237 

Cr(CO)5 

I 
Ph 

238 

A 700C 
P = P . 

Cr(CO)5 

, Ph 
(CO)5Cr Cr(CO)5 

29 

• 
(CO)5Q 

Ph 

38 

(TmS)2CH 

(CO)5M 

,M(CO)5 

CH(TmS)2 

A 6WC (TmS)2CH ^ 
• P = P . 

M(CO)5 

CH(TmS)2 

M = Cr1W 

SCHEME 109 

Ph 2P—PPh 2 

(H5Cp)Ni(Il1Cp) 

+ LU 

-CpU 

239 

Ph 2P—PPh 2 

I 
(Tl5Cp)NiI 

SCHEME 110 

Ph2P—PPh2 + 2 BrCH2-CH=CH2 

(CO)3Ni Ni(CO)3 

229 

„ „ P V PPh2 

T \ i . ^ - N i NL / / 
HCC \ / ^ ' C H 

\ \ Br Br // 
H2C CH2 

240 

SCHEME U l 

Me2P PMe2 

Cp*LRh 

+ MeI 

L = C2H4 

+ MeI 

L = CO 

+ [Me3O]BF4 

L = CO 

Me2I*—PMe3 

Cp*Rh—Me 
I 241 

M e 2 P - P M e 2 

Cp*Rh—C—Me 

I 0 242 

+ Ag[PF6] 

Me2P—PMe2 

Cp*(CO)RhMe 

243 
X = 

+ 

X" 

PF6 , BF4 

phosphane complexes,157'186,262 whereas irradiation in 
THF medium induces a phosphorus-phosphorus bond 
cleavage167 (Scheme 99). 

Some decomplexation reactions are also reported. An 
exchange of ligand occurs between cyclotriphosphane 

SCHEME 112 

Ph 
I 

H - P — P P h 2 

I 
(CO)nM 226 

+ Ph2PQ 

- NEt3, 

+ NEt3 

HCl 
M = Fe, Mo 

+ PhPCl2 + NEt3 

Ph5P-

(CO)nM 

Camlnade et al. 

Ph 
I 

- P - P P h 2 

I 
244 

•NEtj.HCl 

Ph2P Ph PPh2 2I I I 
P h - P — P — P — P h 

t I 
(CO)4Fe Fe(CO)4 

245 

SCHEME 113 

H H 

I I +BuLi 
» R - P P - R 

JUL 
I I 

+ BuLi 
R" 

R - P P - R 
I l +R'X I l +R"x l I 

Cp(CO)2Mn MnCp(CO)2 Cp(CO)2Mn MnCp(CO)2 Cp(CO)2Mn MnCp(CO)2 

246 
R = tBu, iPr R', R" - Me1 D X = I, OMe 

H 

Ph^j 
(CO)5Mo 

Ph 

P H 

%C + 
j ^Ph Mo(CO)5 

+ MeLi + Ph2PCl 

SCHEME 114 

+ 2BuLi 

Ph Ph 
I I 

B r - P P - B r • 

I I 
(CO)5Cr Cr(CO)5 

-LiBr 

+ LiAlH4 

Ph 
Ph2P J, H 

Ph^| p P h 
(CO)5Mo Mo(CO)5 

247 

Ph Ph 
I I 

Bu—P P—Bu 
I I 

(CO)5G Cr(CO)5 

248 

Ph Ph 
I I 

H - P P - H 

I I 
(CO)5G G(CO)5 

249 

SCHEME 115 
iPr,N 

I 
P 

JPr 2 N-^p/ \ p ^ - N ( i P r ) 2 

(CO)3Fe^-—-^Fe(CO)3 

250 

SCHEME 116 

(Et2N)2P P(NEt2J2 

I I 
(CO)5G Cr(CO)5 

SCHEME 117 

HX 
JPr2NH 

X - OMe, OEt, Cl, Br 

P^ 
i P ^ N ^ p / Np^N( iPr ) 2 

(CO)3Fe^ ^Fe(CO)3 

251 

4HBr Br2P PBr, 
-4Et2NH "J ) " 

(CO)5G G(CO)5 

143 

1/8 S, 
Me2P—PMe2 + or . 

I Se 
[M] 

[M] = Fe(CO)4, RMy(C 2 H 4 ) 

Me2P—PMe2 

W H 2 5 2 

E « S, Se 

227 and tributylphosphane217 (Scheme 100). 
Lastly, the neutralization of a cationic complex by 
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lithium iodide also induces a decomplexation142 

(Scheme 101). 
b. Diphosphene Complexes. The complexation of 

diphosphene complexes mainly occurs on the phos
phorus lone pair. For instance, the two lone pairs of 
t)2 diphosphene complex 230 react one after the other 
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TABLE 8. Metalladiphosphanes 
R1 R1 

Linear Compounds of Type (CO)4Fe-P—P-R2 

(CO)4Fe M 

R1 R2 M method yield (ref) R2 M method yield (ref) 

Me 
Ph 
Ph 

H 
H 
H 

PPh4 

PPh4 

NEt4 

Fe(CO)4 

Fe(CO)4 

W(CO)6 

128 
128 
128 

20 (244) PhC=C Me2N 
55 (244) (245,246) H iPr2N 
62 (244) (246) 

A R 
B. Cyclic Compounds of Type pl—Jp-^ 

NT 

PPh4 

NEt4 

Fe(CO)4 

Fe(CO)4 

73 
31 

37 (231) 
19 (177*) 

M method yield (ref) M method yield (ref) 

FeCp*(CO)2 AsAr 
Mes PMes 
Mes PMes 
Mes PMes 
Ar CH2 

FeCp*(CO)2 

FeCp*(CO)2 

Fe(PPh8)Cp(CO) 
RuCp*(CO)2 

FeCp*(CO)2 

67 
67 
67 
67 

124 

10 (221*) 
25 (222) 
13 (222) 
30 (222) 
38-45 (270, 271) 

Ar 

Ar 

Ar 
Ar 
Ar 

CH2 

CCrigCfig 
S 
Se 

RuCp*(CO)2 

FeCp*(CO)2 

RuCp*(CO)2 

FeCp*(CO)2 

FeCp*(CO)2 

124 

124 

124 
125 
125 

R 

Cyclic Compounds of Type R—PC^ ^P—R 

9-33 (270, 271) 

37 (271*) 

21 (271) 
60 (272, 273) 
35 (272, 273) 

n R 

1 Me 
1 Me 
1 Me 
1 Et 
1 Et 
1 Et 
1 tBu 
1 tBu 

M 
HfCp2 

TiCp2 

ZrCp2 

HfCp2 

TiCp2 

ZrCp2 
HfCp2 

TiCp2 

method 

29 
29 
29 
29 
29 
29 
29 
29 

yield (ref) 

71 (34) 
(34) 

75(34) 
63(34) 
40(34) 
70(34) 
28 (34) 

(34) 

n 
1 
1 
1 
1 
2 
2 
3 
3 

R 
tBu 
Ph 
Ph 
Ph 
tBu 
Ph 
Ph 
Ph 

M 
ZrCp2 

HfCp2 

TiCp2 

ZrCp2 

Ni(tBu-P=P-tBu) 
MoCp2 

TiCp2 

ZrCp2 

method 

29 
29 
29 
29 
35 
29 
29 
29 

yield (ref) 

34(34) 
57 (34) (37*) 
57 (34) (174) 
84 (34) (37) 
30 (33*) 

(31) 
(3D 
(31) 

R2 

I 

D. Phosphido Compounds of Type R 1 —PQ J ^ P - R 1 

(CO) 3 Fe^ ^ F e ( C O ) 3 

R1 R2 method yield (ref) R1 R2 method yield (ref) 

tBu 43 11 (38*. 39*) 
Ph Ph 56 (206,207) 
iPr2N MeO 115 (227,228,261) 
iPr2N EtO 115 70 (261) (227,228) 
iPr2N iPr2N 70 35 (226*) 30 (227*) (228) 
iPr2N Mn(CO)6 as 115 82(261*) 
iPr2N Br 115 97 (261) (227) 
iPr2N Cl 115 100 (261) (227) 
iPr2N H 115 78 (261) (227) 

E. Phosphido Compounds of Type 

An 
An 
(cHez)2N 
Me 
CF3 

Ph 

C8F6 

tBu 
Ph 
(cHex)2N 
Me 
CF3 

Ph 

C6F6 

56 
56 
as 70 
27 
27 
56 
27 
27 

95 (208*) 
84(208) 
30 (226) 
(32*) 
67 (169) 
35(206) 
(32*) 
(30) 

(CO)3Fe: 

R1 R2 

iPr2N Cl 
JPr2N H 

compound 

M 
Cr(CO)6 

Cr(CO)6 

method 

as 96 (THF) 
as 96 (CO) 

M method 

yield (ref) R1 R2 

45 (261*) iPr2N H 
55 (261) cHez cHez 

F. Miscellaneous Linear Compounds 

yield (ref) compoum 

M 
Fe(CO)4 

Cr(CO)6 

method 

as 96 (Fe(CO)6) 
65 

M method 

yield (ref) 

77 (261) 
28 (208*) 

yield (ref) 

M-P-^jKOEt)2N 
pipH* 

Cr(CO)6 

Mo(CO)6 

W(CO)6 

11 
11 
11 

55 (126*) 
35 (125) (127) 
80 (127*) 

G. Miscellaneous Cyclic Metalladiphosphanes 

M 

pipH* Cr(CO)6 

Mo(CO)6 

11 
11 

68 (126*) 
(127*) 

compound M method yield (ref) compound M method yield (ref) 

Ar_ 
P p " " 

MoCp(CO)2 

Cp'fCOJjFe^ 

Ŝ  y -Ar 

30 

125 

90 (175*) 

(273) 

Cp^CO)2Fe-P-As-Ar 

Cp^(CO)2Fe- P -As -Ar 

Cp' 
V 

t B u - c / % C - t B u 
lNA 

I 
tBu 

67 

92 

27 (221) 

(250*) 
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TABLE 8 (Continued) 

G. Miscellaneous Cyclic Metalladiphosphanes 
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compound 

M - P - P — M e s 
I I 

M-P-P—Mes 

compound 

MoCp(CO)2 

P h - P - — - P — Ph 
\ • 

Cp(CO)2Mo 

P h - C = C NMe2 

( C O ) 4 F e - P — P - C = C - P I 

(CO)3Co Fe(CO)4 

Cl + N(IPr)2 

iPr'\pXP-

( C O ^ F e ^ — ^ F e ( C O ) 3 

Fe(CO)4 

Et2N t X J \ /NEt2 

Fe(CO)3 

"Fe(CO)4 

(CO)4Fe p NE, 
V p / " V 

c Q p e ^ 
^NEt2 

1 ^ P - C ^ 0 

R ' * R 
^ P - . ^ P - ' /x\ 

(CO)3Fc^ ^ F e ( C O ) 3 

M^pV-^FefCO^ 
Ph Fe(CO)3 

Ph Ph 

Orp _r>FN ( c o ) 3 

^ ^ ^ P / / ^ . F e ( C O ) J 

p / XFe(CO)j 

erNv? ( co )3 

^ ^ • P | / > F e ( C O ) j 

p / ^Fe(CO) 3 

0(V^ F e ( C O ) 3 

^ = ^ P ^ ^ . F e ( C O ) 3 

Ph 7 ^ F e ( C O ) 3 

p , / Fe(CO)3 

M 

FeCp*(CO)8 

RuCp*(CO); 

R 

i 

iPr,N 
(cHex)2N 

method 

> 

method 

105 

73 

54 

71 

71 

70 
70 

as 56 

28 

28 

28 

28 

67 
67 

yield (ref) 

11 (222) 
17 (222) 

compound M 

M - P - P - M e s FeCp*(CO), 

M e s - P - P - M RuCp*(CO)s 

H. Miscellaneous Phoephido Compounds 

yield (ref) 

30 (40*) 

(231) 

20 (200*) 

35 (226*) (229*) (228) 

37 (226*) (228, 229*) 

3 (226*) (228, 229») 
5 (226) 

(171) 

9 (170) 

2 (170) 

8(172*)4(171*) 

(172) 

compound 

Fe(CO)4 

N P — P - P h 

1^Ap j-pFHCOh 
Ph' ^ Fe(CO)3 

,Re(CO)4 

(CO)4Re^ \ p / ^Re(CO)4 

\ I / 

Re(CO)3 

T»—Y 
(CO)3FcV VFe(CO)3 

(CO)3FeA /Fe(CO)3 

R ' P \ 

HjC^-CH2 
Me^p ^ M e 

(CO)3FeJV ^Fe(CO)3 

(CO)3FeA A e ( C O ) 3 

>— K 
Me s M e 

H H 
***"P P*" 

(CO)3FeJV ^Fe(CO)3 
(CO)3FeA /Fe(CO)j 

R > — < R 

P * 
(CO)jFe^^,Fe(CO)j 

Pl>~.p/ \ p - P h 

'X̂  
I5(CO)3 

oc^oo^co 

(CO)2Ii<> / ^Ph 0 

^Ir (CO) 2 

Ph Ph 
Ph2P-^p L-PPh2 

(C0)3Fe^--iFe(C0)j 

Ph 
H Ph 1 Ph H 

(CO)3FCr ^Fe(CO)3 (CO)3Fe*-SFe(CO)3 

method 

R 

Me 
Ph 
ToI 

Ph 
ToI 

67 
67 

method 

28 

62 

43 
43 
43 

43 

43 
43 

107 

45 

56 

56 

yield (ref) 

(222) 
(222*) 

yield (ref) 

5 (171*, 172*) 

30 (216*) 

10 (190*) 8(42*) 
12 (190) 
10 (190) 

9(190) 

37 (191) 
13 (190) 

70 (266*) 

31 (41*) 

45(206) 

60 (207) 35 (206) 

file:///p-Ph
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TABLE 9. 

R1 

Ph 
Ph 
Ph 
(TmS)2N 
(Tms),CH 

(TmS)2CH 
(Tms)2CH 

(TmS)2CH 
Mes 

Mes 
Mes 

Mes 
Mes 

Mes 
Tmp 
Tmp 
Tmp 
Ar 
Ar 
Ar 
Ar 

Ar 

it1 Diphosphene Complexes 

R! 

Ar 
Ar 
Ar 
(TmS)2N 
(TmS)2CH 

(TmS)2CH 
(TmS)2CH 

Ar 
Ar 

Ar 
Ar 

Ar 
Ar 

Ar 
Tmp 
Tmp 
Tmp 
tBuNH 
Ar 
Ar 
Ar 

Ar 

R1—P=P-
I 

M 

M 
Cr(CO)6 
Mo(CO)6 
W(CO)6 
Cr(CO)6 
Cr(CO)6 

Mo(CO)6 
W(CO)6 

Fe(CO), 
Cr(CO)6 

Cr(CO)6 (cis) 
Mo(CO)6 

Mo(CO)6 (cis) 
W(CO)6 

W(CO)6 (cis) 
Cr(CO)5 
Mo(CO)6 
W(CO)6 
Ni(CO)3 (cis) 
Ag+SO3CF3" 
Au(PEt3J

+PF8-
Fe(CO)4 

Ni(CO)3 

-R2 

method 
66 
66 
66 
83 

108 
83 
81 

108 
81 
22 
66 
22 

106 
22 
66 

106 
22 
66 

106 
80 
80 
80 
25 
24 
24 
22 
80 
22 

yield (ref) 
(159) 
(159) 
(159) 
18 (62) (57) 
80(59) 
60 (59) 45 (45*, 62», 63) 
76 (59*) 
73 (59) 
69 (59) 
63 (55, 61) (56) 
70 (159) 
48 (159) (60) 
(60*) 
60 (159) (60) 
(159) 
(60) 
68 (159) (60) 
(159) 
(60) 
25 (238) 
22 (238)(237) 
13 (238*)(237) 
80(47) 
(162, 163) 
(162, 163) 
70 (61*) 65 (55*) (56*) 
(56) 
(56, 61) 

TABLE 10. 

R 

TmsCHj 
Ph 
(Tms)2N 
(TmS)2CH 
(TmS)2CH 
(Tms)2CH 
Mes 
Mes (cis) 
Mes 
Mes 
Mes (cis) 
Mes 
Mes (cis) 
(-)-Ment 
(-)-Ment 
Ar 

it'll1 Diphosphene I 
M 

R / 
P=P or 

' NR 
M R 

M 

Cr(CO)6 

Cr(CO)6 

Fe(CO)4 
Cr(CO)6 

Fe(CO)4 

W(CO)6 

Cr(CO)6 

Cr(CO)6 

Fe(CO)4 

Mn(MeC6H4)(CO)2 

Mo(CO)6 

V(Cp)(CO)3 
W(CO)6 

Cr(CO)6 

W(CO)6 

Ag+CF3SO3" 

Complexes 

R 
V P = < 

,R 

• \ 
M 

method 

81 
108 

83 
81 
83 
81 
86 
86 
81 
64 
86 
81 
86 
63 
63 
24 

M 

yield (ref) 

12 (62*) 
80(46*) 
45 (57*. 64) 
28 (59) 
50 (58*. 64) 
14 (59) 
21-30 (62*) 
23-38 (62*) 44 (59) 
35 (64*) 
(24) 
56 (59*) 
34 (239*) 
20 (59) 
44 (218*) 
51 (218) 
(162, 163) 

to give Tj1I?2 complex 231 and JJVT/1 diphosphene com
plex 232M (Scheme 102). 

The complexation of triphosphaferrocene 233 (ob
tained as a mixture with other phosphaferrocene de
rivatives) occurs on one phosphorus atom of the "cis-
diphosphene" unit263 (Scheme 103). 

Metalladiphosphenes are always complexed on the 
phosphorus atom o--bonded to a metal70'71-220,264 (Scheme 
104). No example of additional complexation on the 
second phosphorus atom is known. 

A diphosphene unit can also be transferred from a 
metal to another40 (Scheme 105). Two points are no
ticeable in this reaction: 24 is the only complex of type 
L, and the transfer induces a trans-cis isomerization of 
the diphosphene. 

Irradiation of rj1 diphosphene complexes also induces 

a trans-cis i8omerization80••b,169 (Scheme 106), which is 
analogous to the one observed for free diphosphenes.266 

Both cis and trans complexes are stable. 
A complicated "dimerizationlike" reaction266 leading 

first to phosphorus spiranic species 237 is observed by 
heating 77V diphosphene complex 208. Heating further 
phosphido complex 237, we have obtained the original 
cluster 23S266 in which a metallaphosphoranylidene-
phosphane unit serves as a building block. Up to now, 
complex 238 is the only one of type T (Scheme 107). 

Thermal activation may also induce a selective de-
complexation either of the double bond46,267 or of one 
phosphorus atom241 (Scheme 108). 

2. Substitution, Addition Reactions 

a. Diphosphane Complexes. Few substitution or 
addition reactions concern the metallic center. Di
phosphane complex 229 shown in Scheme 101 is also 
obtainable by replacement of the 7?1 cyclopentadienyl 
group by iodine268 (Scheme 109). 

Carbon monoxide can also be replaced by allyl 
bromide91 (Scheme 110). However, the extreme sen
sitivity of complex 240 prevented its full characteriza
tion. 

Addition reactions occur with methyl iodide either 
directly on the metal, with evolution of ligand such as 
ethylene,136 or on a metal-ligand bond.147 The addition 
of Me+ on rhodium gives a cationic diphosphane com
plex when trimethyloxonium tetrafluoroborate is in
volved (Scheme 111). 

However, many reactions concern the diphosphane 
ligand itself; these are mainly substitution reactions. 
For instance, base-induced eliminations of proton are 
observed for secondary diphosphane complexes and 
polypho8phane complexes are thus synthesized167,186,260 

(Scheme 112). 
Hydrogen atoms of secondary di- or triphosphane 

complexes are selectively substituted, using first butyl-
or methyllithium and then halocompounds such as 
methyl iodide24 or chlorodiphenylphosphane186 (Scheme 
113). 

Halide-substituted diphosphane complexes react also 
with butyllithium and are reduced by lithium aluminum 
hydride113 (Scheme 114). 

Amino groups are suitable leaving groups. They react 
with compounds of type HX, with X » halide or alkoxy 
groups.227,228,261 The reaction always takes place on the 
free phosphorus atom of complex 250 and does not 
concern the complexed phosphorus atoms (Scheme 
115). 

However, in another example, all amino groups of 
complexed phosphorus atoms are substituted by bro
mine210,269 (Scheme 116). 

Addition reactions on diphosphane complexes are 
rare and concern only compounds of type B. They 
obviously occur on the lone pair of the uncomplexed 
phosphorus atom. This is the case with sulfur and 
selenium134,135,224 (Scheme 117). 

Methyl iodide adds also to the uncomplexed phos
phorus atom, leading to phosphonium salts.136,147 The 
cationic acetyl complex thus obtained reacts further 
with AgPF6 to form the dication 253 (Scheme 118). 

b. Diphosphene Complexes. Only one reaction 
concerning the metallic center is known: a ligand ex
change occurs when diphosphene complex 254 is treated 
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TABLE 11. q1 Diphosphene Complexes 

R1 

Me 
Tms 

Tms 
Tms 

Tms 

Tms 
Tms 
Tms 
Tms 
Tms 

Tms 

Tms 
Tms 
Tms 
Tms 
Tms 
Tms 
tBu 
tBu 

tBu 
tBu 
tBu 
tBu 
tBu 
tBu 
tBuNH 
Ph 
Ph 
Ph 
Ph 

Ph 
Ph 
Ph 
Ph 
C8F6 
C6F6 
C6F6 
H 
H 

R8 

Me 
Tms 

Tms 
Tms 

Tms 

Tms 
Tms 
Tms 
Tms 
Tms 

Tms 

tBu 
tBu 
tBu 
tBu 
tBu 
H 
tBu 
tBu 

tBu 
tBu 
tBu 
tBu 
tBu 
H 
Ar 
Ph 
Ph 
Ph 
Ph 

Ph 
Ph 
Ph 
Ph 
C6F6 
C6F6 
C6F6 
H 
H 

R1—P=P-R2 

I 
M 

M 
Ni[(cHex)2P(CH2)2P(cHex)2] 
Ni(PMe3)2 

Ni[EtSP(CHj)2PEt2] 
Ni(PEt3), 

Ni[P(nBu)3]2 

Ni[P(iBu)3]2 
Ni[Ph2P(CHj)2PPh2] 
Ni[(cHex)jP(CHj)2P(cHex)2] 
Ni(PPh3)j 
Pt(PEt3J2 

Pt(PPh3J2 

Ni[Et2P(CH2J2PEt2] 
Ni[PEt3I2 
Ni[Ph2P(CH2)2PPh2] 
Ni[(cHex)2P(CH2)2P(cHex)2] 
Pt[PEt3J2 
Ni[(cHex)2P(CH2)2P(cHex)2] 
Ni[Et2P(CH2)JPEt2] 
Ni[PEt3J2 

Ni[tBuP(P(tBu))2P(tBu)] 
Ni[Ph2P(CHj)2PPh2] 
Ni[(cHex)2P(CH2)2P(cHex)2] 
Pt[PEt3I2 
Pt[PPh3J2 
Ni[(cHex)jP(CH2)jP(cHex)2] 
Ni[P(nBu)3]2 
Ni[EtjP(CH2)2PEt2] 
Ni[PEt3I2 
Ni[Ph2P(CH2)jPPh2] 
Ni[(cHex)2P(CH2)2P(cHex)2] 

Pd(Ph2P(CHj)2PPh2) 
Pt(PMe2Ph)2 
Pt(Ph2P(CHj)jPPhj) 
Pt(PPh3)j 
Pd(Ph2P(CH2) jPPhj) 
Pd(PPh3)2 
Pt(PPh3), 
Mo(Cp)2 
Ni[(cHex)2P(CH2)2P(cHex)2] 

method 
88 
34 
88 
88 
88 
34 
88 
34 
88 
88 
88 
88 
34 
88 
34 
88 
34 
88 
34 
34 
34 

120 
34 
34 
88 

34 
34 
34 
34 
34 

120 
25 
88 
88 
88 
90 
88 
34 
34 
34 
34 

119 
33 
33 
32 
88 

yield (ref) 
23 (180) 
24 (179) 
5 (179) (243) 
37 (178,180) 
38 (243) 16 (179) (242*) 
32 (179) 
10 (179) (243) 
9 (179) 
(179) 
(180) 
28 (178,180) 
(179) 
31 (181) 
7 (181) 
(181) 
(181) 
32 (182) 
(179) 
(182) 
77 (182) 
(181) 
(182) 
61 (180) 
84 (179) 
11-14 (179) 
30 (33*) 
74 (180) 60 (178) 
92 (180) 
79 (181) 
(181) 
83 (182) 
(47) 
17 (180) 
11 (179) 
5(180) 
53 (248) 
44 (178, 180) 
(53*. 54*) 
(53) 
(53, 54) 
(53, 54) 
(53) 
(53) 
(44*, 53) 
(9, 43*) 
39 (182) 

TABLE 12. ij'ir* Diphosphene Complexes 

R 

MeC=N(Me)NP=C 
Ph 
Ph 
iPr2N 
(cHex)2N 
2,6-tBu-4-Me(C„Hj)0 
ArO 

M 

Fe(CO)4 
Fe(CO)4 
W(CO)6 
Fe(CO)4 
Fe(CO)4 
Fe(CO)4 
Fe(CO)4 

M' 
\ t 

P=P. 
M R 

M' 

Fe(CO)4 
Fe(CO)4 
Pd(Ph2P(CH2)2PPh2) 
Fe(CO)4 
Fe(CO)4 
Fe(CO)4 
Fe(CO)4 

method 

89 
89 

102 
84 
84 
84 
84 

yield (ref) 

31 (247*) 
65 (246*) (244, 245) 
(53) 
(226) 
(226) 
(64) 
40 (45*, 64*) 

with l,2-bis(diphenylphosphino)ethane upon heating63 Substitution reactions on phosphorus are also very 
(Scheme 119). rare: the only one known for a diphosphene complex 
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TABLE IS. VnV Diphoiphene Complexes 
M 

\ t / P=P 
M 

M 

R M 
Me Cr(CO), 
Me Mo(CO), 
Et Cr(CO), 
nBu Cr(CO), 
Ph Cr(CO), 

Ph Pd(PPh,)2Cl+BF4 
Ph W(CO), 
Ph W(CO)6 

An Cr(CO), 

Cr(CO), 
Mo(CO), 
Cr(CO), 
Cr(CO), 
Cr(CO), 

M' 

- Pd(PhjP(CHj)sPPhj) 
Pd(Ph2P(CH2)jPPh2) 
W(CO), 

Cr(CO), 

TABLE 14. Metalladiphosphenes 

M 
CrCp*(C0)8 
FeCp* (CO)2 

Ar-P=^P-M 

method 

Fe(PPh9)Cp(CO) 
MnCp*(C0)2 
0sCp*(C0)2 
ReCp*(C0)(N0) 
RuCp* (CO)2 

M 
FeCp*(C0)2 
FeCp*(C0)2 
FeCp*(C0)2 
MnCp*(C0)(N0) 
0sCp*(C0)2 
0sCp*(C0)2 
ReCp*(C0)(N0) 
ReCp*(C0)(N0) 
RuCp*(C0)2 
RuCp*(C0)2 

37 
67 
67 
67 
67 
67 
67 

Ar-P=P^ 
M' 

M' 
Cr(CO)6 
Fe(CO)4 
Ni(CO)3 
Cr(CO)6 
Fe(CO)4 
Ni(CO)3 
Cr(CO)6 
Ni(CO)3 
Fe(CO)4 
Ni(CO)3 

method 
104 (THF) 

method yield (ref) 
82 
82 
82 
82 
65 
82 

56(240) 
12(240) 
35 (240) 
40 (240) 
(46*) 
(240) 

as 102 (53) 
102 
94 
82 
82 

(53*) 
20 (252*) (253) 
9(240*) 
41 (240) 

yield (ref) 
61 (183) 
59 (69, 70*) 
57 (70) 
39 (219) 
(70) 
(220) 
67.5 (69, 70) 

104 (Fe(CO)6) 
104 (CO) 
104 (THF) 
104 (Fe(CO)6) 
104 (CO) 
104 (THF) 
104 (CO) 
104 (Fe(CO)6) 
104 (CO) 

Cp*(CO)jM 

/ \ Ar 

R^S 

R1 R8 R3 M 
R> 

method 

yield (ref) 
57 (220*) 
55 (71*) 
31 (264) 
51 (220) 
38 (71) 
22 (70) (264) 
31 (220) 
(220) 
24 (71) 
63 (264) 

yield (ref) 
Me 
H 
H 
H 
H 

H 
Me 
H 
H 
H 

H 
H 
Me 
H 
H 

Fe 
Fe 
Fe 
Fe 
Ru 

126 
126 
126 
126 
126 

49 (277) 
35 (277) 
12 (277) 
47 (276*, 277*) 
42 (277) 

concerns the reaction of trimethylsilyl groups with 
methanol, owing to the oxophilicity of silicon182 (Scheme 
120). 

On the other hand, addition reactions on diphosphene 
are more usual. They mainly take place on the double 
bond, which can also be reduced by lithium aluminum 
hydride.218 [1,2] additions are observed with com
pounds of type HX. Interestingly, the same di
phosphane complexes are obtained starting either from 
»;V diphosphene complexes287 or from J?XJ;V di
phosphene complexes240 (Scheme 121). Thus in the 
later case, the addition also induces a decomplexation 
of the double bond. 

1,3 dienes react also with free267 or complexed240 

phosphorus-phosphorus double bonds to give hetero-
cycles (Scheme 122). 

Analogous reactions occur with sulfur,237,267 diazo-
methane,267 and phenyl azide,237 leading to phosphirane 
complexes 262 (Scheme 123). 

Metalladiphosphene react also with diazomethane270 

and diphenylsulfonium cyclopropanide271 and give 
metalladiphosphirane (Scheme 124). 

The products isolated with sulfur and selenium are 
also three-membered heterocycles, but the first step of 
the reaction is an addition on the lone pair of the 
phosphorus atom linked to the metal272'273 (Scheme 
125). This reaction is analogous to the one observed 
for organic diphosphenes.274,276 

a,/3 unsaturated compounds also add on the phos
phorus lone pair by a [1 + 4] cycloaddition reaction, 
giving rise to an oxaphosphole complex with an exo-
cyclic P=P double bond278-277 (Scheme 126). 

Methylation reactions on triphosphirene complexes 
occurs also on a phosphorus lone pair72 (Scheme 127). 

Finally, we have shown that the anionic hydrides 99 
and 177 add on the lone pair of the uncomplexed 
phosphorus atom of ?? V diphosphene complexes. The 
anionic diphosphane complexes 267 thus synthesized 
are also obtainable starting from diphosphane com
plexes244 (Scheme 128). 

IV. Organization of Tables 

Tables 6-16 give listings of rj1 diphosphane complexes 
(Table 6), 17 V diphosphane complexes (Table 7), me-
talladiphosphanes (Table 8), i?1 diphosphene complexes 
(Table 9), i;V diphosphene complexes (Table 10), rj2 

TABLE IS. T Complexes of Diphosphenes 
compound method yield (ref) 

tBu 
tBu 
tBu 

Ad 
Ad 

H 
tBu 
tBu 

Ad 
Ad 

CH 
P 
C-tBu 

P 
C-Ad 

CH 
P 
P 

P 
P 

,W(CO)3 

tBu" pS^^tBu 
I 

Fe 
Cp 

36 

103 
36 
36 
91 
36 
36 

103 

(73) 

(263*) 
30 (73*) 
(73*) 
(249) 
(73) 
(73) 

(263) 
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TABLE 16. Miscellaneous Diphosphene Complexes 

compound 

Cp^cOJjFe^ 

x / = P ^ A r 

tBu 
1 
P ^ 

( C O H C i A ^ ^ 

"%p 
• 

tBu 
Ph. Ph 

P P „' 

(CO) 2 Fe-=: / -Fe(CO) 2 

( C O ) 3 F e ^ y Fe(CO)3 

I 
Ph 

a 
Ni 

ams)jCH^pJjtjN.p,CHams)j 
(TiM)2CH^ £\ 1^CH(TmS)2 

OC CO 

Ph^ ) 
Ni 

Ph2P PPh2 

TmsO-^Nj^OTtas 

Me 

Me 
I 

Ph2P I PPh2 2 \ PPh2' 

M 
p J_ p 

+ 

Y" 

X 

S 
Se 

M - Co*. 
Ir1Rh 

Y • BF4*. 
CF8SO8 

method 

125 
125 

93 

107 

87 

as 88 

127 

yield (ref) 

66 (272*, 273*) 
(272, 273) 

20 (251*) 

30 (266*) 

15 (74*) 

60 (241) 

80 (72*) 

diphosphene complexes (Table 11), t?V diphosphene 
complexes (Table 12), Tj1JiV diphosphene complexes 
(Table 13), metalladiphosphenes (Table 14), and mis
cellaneous diphosphene complexes (Tables 15 and 16). 
Polymeric compounds are excluded. The following 
remarks are pertinent to the tables. 

Organization of Listings 

Each table is organized with organic substituents 
listed first, then metallic groups. Organic substituents 
are filed according to their empirical formula; the 
Chemical Abstracts classification is used, i.e. for in
stance, Br, Me, CF3, Ph, cHex, Cl, H. The metallic 
groups are filed, first according to the alphabetical order 
of the metal, then according to the empirical formula 
of the sum of all ligands, excepted the diphosphene or 
diphosphane unit. Miscellaneous compounds are filed 
according to the number of phosphorus atoms. Ab
breviations mentioned in the introduction of the review 
are used in the tables. The number of the method given 
in the tables refers to the number of the corresponding 
scheme in part III. For general reactions, the leaving 
ligand L is specified in brackets. The term "as 12" 
indicates that the method used is similar to that in 
Scheme 12. In the column "yield (ref)", the term "63 
(30*, 31) (53)" means that a 63% yield is given in refs 
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30 and 31, whereas no yield is given in ref 53. The 
asterisk indicates that the structure of the compound 
has been determined by X-ray crystallography in ref 30. 
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