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Abstract 

Homo- and heterocycles containing transition-metal-functionalized phosphorus atoms are 
at the interface between organometallic and main group chemistry. In contrast to the familiar 
phosphane-metal complexes, where the organophosphane acts as good donor ligand with 
moderate accepter properties, in metal-functionalized phosphanes the complex metal fragment 
transfers electron density onto the phosphane fragment enhancing its basicity. The compounds 
under discussion merit special interest, as they not only possess the features of either compo- 
nent but also exert unique properties. They are available by a number of  synthetic approaches. 
Most prominent routes make use of the nucleophilic displacement of halide by carbonyl 
metaiates and of cyclocondensation ano cycloaddition processes. © 1997 Elsevie, r Science S.A~ 

Keywords: Heterocycle; HomocycIe; Cycloaddition; Cyclocondensation; Phosphorus 
compounds 

1. In~roducfion 

Ring  compounds  containing phosphorus  a toms play an impor tan t  and fascinating 
role in main  group chemistry. The concept o f  a diagonal  relationship in the periodic 
table o f  carbon and phosphorus  implies a close relationship o f  carbon and 
phosphorus  chemistry. Indeed the array o f  phosphorus  hydride chemistry is only 
surpassed by that  o f  the hydrocarbons  [1-3] .  Needless to point  to the structure o f  
white phosphorus  containing three-membered tings fused to a tetrahedron,  and to 
that  o f  H i t to r f ' s  phosphorus  where a manifold combinat ion o f  five-membered rings 
is encountered.  Bonding and structures o f  three-membe~cd heterocycles impose the 
interesting question as to whether  a ~-donor -acceptor  interaction B between the 
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building block E 3 and the E~= E z fragment is a suitable description besides the more 
classical cyclopropane analog A [4] (Scheme 1). 

E 3 
I N  < ÷ 

E1- - -E  2 EI ___E 2 

A B 

E 1, E 2, E 3 = group 15 
Scheme 1. 

elements 

The practical use of phosphorus-containing ling species is ev/dent from the array 
of materials based upon the polymerization of functionalized cyclophosphazenes 
(XYP~-N), [5,6]. 

Unsaturated phosphorus ring systems, such as mono- and polyphosphacyclopenta- 
dienide anions [P.(CR)s-~]- (n = 1, 2, 3, 4, 5; R = orgarfic subsfituent) have attracted 
a considerable amount of interest as ligands in the coordination chemistry of trans- 
ition metals [7-i 1 ] Shnilar argumentation holds for ~a_ and ~.S-phosph/nines [ 12,13] 
(where ~.= ~ of cr and ~ bonds; in phosphorus compounds, o describes the number 
of cr bonds at the phosphoru, atom and is usually identical with the coordination 
number at phosphorus), as well as c~c!ohexaphosphoms [ 11 ]. 

Among the first examples of phosphorus containing tings were pentaphenyl- 
cyclopentaphosphane and hexaphenylcyclohexaphosphane obtained by reducing 
PhPCI 2 with magnesium metal, and erroneously presented as phosphobenzene 
e a - P = P - p h  [141. 

The first phosphorus-containing macrocycles [PNClz]. (n=5, 6, 7) were reported 
in ;~97 [15], whereas phosphonitrilic chloride (PNCIz)3, as the earliest reported 
inorganic heterocycle, was described in 1834 [16,17]. 

Especially since the late 1950s, the chem/stry of P-containing homo- and heterocy- 
cles has experienced a rapid development [18-22]. A large number of cyclic com- 
pounds wRh a varying number of ring atoms are described. They include s _ ~ s  
with skeletons such as Pa [1], PzB [1], PzC [1,23], PzSi [1], PaGe [1], PzSn [1], 
P2N [24.25], P2As [26], P~S [1], P2Se [1], PBN [27,28], PC2 [23], PCSi [29], PCGe 
[30], PCN [31], PCAs [321, PCO [33], PCS [341, PSiS [35], PSiSe [35], PSiTe [36], 
PGeS [4], PGeSe [4], PN2 [37,38], PAs2 ~39], PAsS [40,4t], PAsSe [41] up to 
macrocycles containing these atoms [42]. Various :ev/ews are concerned with th/s 
topic [i-3,5,7,8,11,I2,23,35,42-45]. 

The dynamic development of th/s research area also includes numerous s~,d/es 
on the ligating properties of such species. Cycles with one or mor¢ P aioms may for 
example accommodate one metal center at one P atom, serving as terminal two- 
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Ph 
C--C \ / 

P 
(C0)5 Wj \Ph 

C 

/Ph 

H3ct'P~'~pt5 Ci 
H3C-._.7 "Cl 

N / P ~ N / H  
II I 

Ph2P..N//PPh2 

Scheme 2. 

D 

(co)~c% 

ph I 

/Ph 
P - - P  ' ~ /  

c "'c,-(co) 5 
H2 

E 

Scheme 3. 

(Bu _N ''~ Bu 

CI_ p'~'--~._ C, 
OC.. ~ ~ /CO 

_ F e - - - -  F e  
0 C f / ~ C  / \ "CO 

c Ji c o o o 
F 

Et --.Mo(CO)4 
"P</-P~-Et 

P.-----P--Et 
Et--P ~Et 

(3 

Ph Mn(CO)2C p I _ _ p 7  
P 

cp(co)2M° / ~p~. 
Cp(CO)2MnJt'pI h 

H 
Scheme ,4. 
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electron-donating ligands as given in C [23] and D [46] (Scheme 2; Ph=phenyl). 
Multifunctional cycles may also bridge two metal atoms, as shown in E [47] and F 
[48] (Scheme3; Bu=butyl), or act as chelating ligands (G) [49] (Scheme4; 
Et=ethyl; Cp=CsHs). In the trinuclear complex H all phosphorus atoms are 
involved in coordination [50]. 

Unsaturated systems such as Z?-phosphinines may form rlt-(6) complexes I [5i, 52] 
(Scheme 5; Cyh=cyclohexyl), q6-(Tr)complexes of the tytx~ K [53,54] and dinuclear 
(qt : q6) complexes L [55]. The chemistry of ,r complexes of various nuclearity of 
c-P3 [56], c-P4 [57], c-Ps [ 11 ], c-P6 ligands [ 11 ] and their phosphorus-carbon analogs 
[7-10] is described in the literature. 

Ph 

P Ph 

P Ph 0 c /  ~, C ~CO 

cr(co)5 o 

! K 

Ph PCyh3 

Ph P ~' N| 
Ph 

Ni ~ Ph 
Z 

Cyh3P 

L 
Scheme 5. 

The structural integrity of the ring systems in compounds C, D, E, F, G, H, I, J, 
K, L usually remains unaffected by complexation to the metal. A different situation 
is encountered if one or more of the organic substituents at the ring skeleton a r c  
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replaced by transition metal complex fragments. Whereas in compounds C, D, E, 
IF, G, H, I, J, K, L, like in classical tertiary phosphane complexes, a net electron 
transfer from the ligand to the metal via the lone pair at the P atom occurs, in 
transition-metal-substituted phosphanes and cyclophosphanes electron density from 
the metal is released onto the main group element providing an increase of its 
basicity. Transition-metal-functionalized ring compounds M (Scheme 6) combine 
the structural features of an electron-releasing transition metal complex with those 
of the main group fragment, and are thus at the interface of organometallie and 
main group chemistry. As a consequence, these species should not only feature the 
chemistry of either parent fragment, but may also display unique characteristics. 

L n M  - - -  

X 

M 
Scheme 6. X=lon¢ pair, O, S, NR, etc.; L=ligand; M=metal. 

2. General comments 

The content of the present account is restricted to the synthesis, structure and 
reactivity of ring compounds with at least one P atom. Via their phosphorus atom 
they act as one-electron-donor ligands towards transition metal complex fragments 
(M) with 15 or 17 valence electrons. This discrimination is not always unambiguous 
and straightforward, and we will see, especially in Section 5 and Section 6, that in 
some cases the differentiation between a pentavalent phosphorus center with two 
transition metal substituents and a trivalent phosphorus atom bridging two metal 
centers via its lone pair is more semantical than real. Nevertheless, we will follow 
the concept defined here. Fused systems are discussed with respect to the ring of 
concern (e.g. the metal-functionalized P cycle). Clusters and cage compounds will 
not be considered here. 

The article is organized by: 
(1) increasing ring size; 
(2) an increasing number of P atoms; 
(3) an increasing number of metal functions. 

In principle, two general synthetic approaches to the compounds under discussion 
may be discriminated. Firstly, the ring system is already preformed and attached to 
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an appropriate transition metal complex fragment. This process may either proceed 
radically or in terms of nucleophilic substitution Eq. (1). 

x x 

C C" ~ R 1  + R2mMLn -R1--R2 > P MLn 

X == lone pair, O, S, NR etc. (1) 

Secondly, the ring system is constructed in the coordination sphere of the transition 
metal provided that the M-P linkage is already present. This may be accomplished 
either by cycloadditions involving metallophosphaalkenes and metallodiphosphenes 
or by condensation processes of suitably functionalized metallophosphanes Eq. (3). 

X R 1 
l l /  

Lnu--P 
\ R 2  - R1--R2 

X = lone pair, O, S, NR etc. m > 2  (2) 

3. Three-membered rings 

3.1. Three-membered rings containing one phosphorus atom 

3.1.1. P-metallopho~phiranes 
The first P-metalated phosphiranes 3a, 3b, 3e were obtained by heterogeneous 

metallation of Clli-cH(SiMe3)-~(SiMe3)2 (1) (Me=methyl) or by reaction of pho- 
sphirane CsMes-P-CH(SiMe3)C(SiMe3)2 (2) with (MeCN)3Mo(CO) 3 (Eq. (3)) 
[58]. The latter reaction involved a CsMes shift from phosphorus to the transition 
metal. 

A complementary approach to such species made use of the formal [2 + 1 ] cycle- 
addition of aryl isocyanides to the P = C  double bond of metallophosphaalkene 4 
(Eq. (4)) [59]. 

The dinuclear complex 9 shows the structural features of a P-metallophosphirane 
serving as a two-electron donor to a second iron atom via the P lone pair. Compound 
9 resulted from the formal dimerization of the transient metallophosphaalkene 8 at 
-30°C. 8 was obtained from met,date K[Fe(ri3-C3Hs)(CO)3] (6) and chiorophos- 
phaalkene 7 in tetrahydrofuran (THF) at -70°C (Eq. (5)) [60]. 



8 L. Weber / Coordination Chemistry Reviews 158 (1997) 1-67 

R 

,.,CI 

Me3S|~ / P \  ..,,H + [(~5-CsRs)M(CO)n]"K+ 

Me3:~i SiMe 3 
1 

1 
/u(co). 

Me3S|% / P \  ~,,H 
dC~C~ 

Me3Si SiMe3 
30 - c  

+ CsMesLi 
- LiCI 

.~ CsMe5 
Me3SI% / P \  ~,H 

dC--- c~ 
Me3Si SiMs 3 

2 

+ (uecN)3uo(co)3 ~. 3c 

3 
Q 

b 

C 

M R n 

Fe H 2 

F'e Me 2 

Mo Me 3 (3) 

3.1.2. P-memllophosphadiarsiranes 
The reaction of equimolar amounts of the metallodisilylphosphane 10a and 

Mes*AsClz (Mes* =2,4,6-tBu3C6H2) in THF at 0°C led to a dark green solution 
from which the orange P-metallophos~_hadiarsirane l l a  (5%) was crystallized in 
addition to red-violet [Cp*(CO)2Fe-P]zAsMes* (12a) (1(}%) (Cp* =Cs(CH3)5) and 

* * 9 * dark green [Cp (CO)2Fe-P-AsMes ]2 (13a) (,7%). Similarly, yellow Cp (CO)2Ru- 
P~AsMes*)z ( | l b )  was synthesized from Cp* C~)2Ru-P(SiMea)2 (10b) and the 
dichloroarsane. In this case, red [Cp*(CO)2RuP]zAsMes* (12b) was formed as the 
main product (45%). The unstable arsaphosphenes 14a, 14b were detected by atp 
NMR in the fresh reaction mixture (Eq. (6); [M] =metal-ligand fragment) [61,62]. 

3.1.3. P-metallothiaphosphaarsiranes 
Treatment of a freshly prepared THF solution of 14a with elemental sulfur 

afforded the P-metaUothiaphosphaarsirane 15 in 38% yield as an orange crystalline 
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[Fe]~  /S iMe 3 
P=CN 

SiMe3 

4 

+ ArytN ~--.C 

fiiMe3 
[F~I xp cf 

NC/ ~'SiMe3 
II 

Ar~/N 

5 

¢1 
b 
c 

Aryt 

C6H5 
2-MeC6H 4 
2,6-Me2CBH 3 

5a -c  

(4) 

K[Fe~T3-C3H5)(CO)3] 

6 

+ a-~=cR2 (7)  
THF; --70"C 

C3H 4 + 

R = SiMe 3 

C ° \ ,  
>oe- F--p c_ R # , 

R 
8 

~ x 2 

-;~O'C 

(co)s 

t . IPx I ~P=  / a,, ~ . re  cxn 
R (co)3 

9 (5) 

solid. The red complex 16 resulted from the subsequent sulfurization of 15 
(Eq. (7)) [63]. 

Here, compounds 18a, 18b are mentioned as structural isomers with metal-ar~n/c 
bonds. They were analogously synthesized from arsaphosphenes 17a, 17b Eq. (8) 
[63]. 
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+ Mes~AsCi2 ~, 
[ M ] - -  PR 2 - THF, O'C 

lOa,b 

Mes* = 2,4,6-¢Bu3C6H 2 
R = SiMe 3 

 ,o-i i:M1 
. . . . . . . .  

a Cp*(CO)2 F'e 

b cp*(co) 2 R. 

rM] ~=s* 

+ / \ l  
A m -  p p 

I t 
Mes* [M] 

| I a,b 12a,b 
+ 

Eu \p_p/cu  
I i ÷ 

As~As 
Mes * /  NMes* 

c.~gy I 3a 

EM]\ ~ 

P=AsNMes, 

14a,b 
(6) 

[Fe]--  P(SiMe3) 2 

10(] 

÷ Mes*AsCI2 
- 2 Me3S~CI ) '  

[Fe] 
I 
P---As 

S >" xS / Mes* 

16 

. . . . . . . . . .  , _ _ _  

I [Fe]-- P=As~ Mes* 1 
14a 

! 
P - - - - A s  

\ s / !  Mes* 
15 

(7) 
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[Fe] 
As-'P 

~Mes* 
17a,b 

[Fe] 
A\---)P 

S %Mes* 

18a,b 

17, 1B 
~ ,  , _ _  

Q 

b 

[Fe] 

cp *(co)2 Fe 

Cp(CO)(PPh3)Fe 
(8) 

3.2. Three-membered rings containing two phosphorus atoms 

3.2.1. P-monometallodiphosphiranes 
The synthesis of monometalated diphosphiranes (Eq. (9)) was achieved by a 

formal methylene transfer of a carbene fragment to the P = P  double bond of 
metallodiphosphenes. The ferfio- and rutheniodiphosphenes 19a,b smoothly ~ e d  
with an excess of the sulfur ylide Me2S(O)=CH2 in THF to give the orange-yellow 
diphosphiranes 20a,b in 45% and 32% yield respectively. Compounds 20a,b were 
also accessible by treatment of 19a,b with an excess of diazomethane, albeit 
in smaller )fields. Similarly, 19a,b were converted into the first 1,2- 
dipilosphaspiro[2.2]pentanes 21a,b by reaction with diphenylsulfonio c y c l o ~ -  
ide [64,65]. The availability of the respective metallodiphosphene and of t h e : ~ l i -  
dene transfer reagent pose a severe limitation to this approach. 

Similarly, the addition of isocyanides to metallodiphosphenes afforded the 
3-iminodiphosphiranes 23a,b, 24a (Eq. (10)) [66,67]. This reaction, however, also 
suffers from several limitations. The stability of the three-membered ring system is 
highly dependent on the stefic bulk of the organic substituent in the m e t a l ~ o s -  
phene. Thus the use of PhNC only famished the metallodiphosphJmne ~ the 
sterically very congested diphosphene 22. The less bulky 19a was converted by 
phenylisocyanide into a 2A-diimino-l,3-diphosphetane (vide infra). The reaction of 
19=1 with CF3NC may be stopped at diphosphh'ane 24a, provided that an excess of 
the isocyanide is avoided [66,67]. 

A completely different route to metallodJphosphimnes started from 
1-metallo-l,2-diphospha-2-propenes. Heating a methylcyclohexane solution ~ to 
80°C gave rise to a 1,2-SiMe3 shift and the spontaneous cycEzafion of the t ~ t  
phosphinidenemethylenephosphorane 26 to m¢iaUodiphosphirane 27. Treaaucnt of 
27 with cyclooctene(pentacarbonyl)chromium afforded the Cr(CO)s adduct 28, 
which was converted into the corresponding PH defivate 29 by h y d r ~ s  on 
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[u] 
p--p 

~Mes* 
19a,b 

H2 
[ul /% 

÷ CH2N 2 / -N 2 or % 
+ Me2S(O)=CH 2/-DMSO > P ~ P ~  

20=,b 

+ ~C=SPh 2 [M]~ ~ '  
. . . . . . . . . . . .  > P-==- p 

- SPh 2 
21o,b 

Mes* 

Mes* 

19-21 

Q 

b 

[u] 

cp*(CO)zFe 

Cp*(CO)2Ru 
(9) 

alumina. 29 completely isomerized during the course of 3 days to compound 30 
(Eq. (11); A = heat in equations) [68]. 

The base-induced condensation of Cp*(CO)zFe-PH2 (31) with chlorophospha- 
alkene 7 led to transient 32 which rapidly underwent rearrangement to complex 33. 
The latter compound was intercepted as its stable Cr(CO)5 adduct 34 (Eq. (12)) [69]. 

Thermolysis of 1-metallo-l,2-diphospha-2-propenes is no general method for the 
synthesis of metallodiphosphiranes, as is obvious from the thermally induced 
isomerizations depicted in Eq. (13) [ 68 ] and Eq. (14) [ 70]. 

3.2.2. P,P'-dimetallodiphosphiranes 
The synthesis of 35a according to Eq. (15) was accompanied by the formation of 

small amounts of the erystal!ine P,P'dimetaUodiphosphirane 38 [71]. 

3.2.3. P,P'-dimetallodiphosphaarsiranes 
As already indicated in Eq. (6) the P,P'-dimetaUodiphosphaarsiranes 12a, 12b 

were isolated from the cyclocondensation of metallophosphanes 
Cp*(CO)zM-P(SiMe3)2 (M = Fe (10a) and M = Ru (10b)) with Mes*AsCl2 [61,62]. 

3.2.4. P-metallothia- and P-metalloselenadiphosphiranes 
The reaction of equimolar amounts of Cp*(CO)zFe-P=P-Mes* (19a) and sulfur 

in THF at 20°C gave rise to the formation of red thioxodiphosphenyl complex 39a  



L. Weber/Coordination Chemistry Reviews 158 (1997) 1-67 13 

[Fe] 
~p=p 

22 

+ RN_=C > [Fe] 

c(mme3)3 

R 
N 
i l  
C 

p---- p 
~C(SIMe3) 3 

23a,b 

"~p._ p 

~Mes* 
19a 

+ CF3N--= C -> 

F3C~, 
N 
11 

[Fe] c \ / \  
p - - - -  p 

Mes* 
24a  

23 

¢3 

b 

R 

CF 3 

Ph 
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(66%), which upon heating to 80°C in benzene underwent rearrangement to the 
yellow thiadiphosphirane 40a (Eq. (16)) [72]. 
The corresponding selenoxodiphosphenyl complex 39t) was prepared from 19a and 
gray selenium in benzene at ambient temperature. The compound rapidly rearranged 
to the yellow-green selenadiphosphirane 40b (35%) [72]. 

3.3. Metalated cyclotriphosphanes 

3.3.1. Monometallocyclotripkosphanes 
The first monometallocyclotriphosphanes 41a-e were synthesized in moderate 

yields by the action of the metallodisilylphosphanes 10a-c with one equivalent of 
mesityldichlorophosphane. In the case of 10a,b, metaUocyclotetraphosphanes 42a, b, 
and 43a,b were also formed [73] (Eq. (17); Mes=2A,6-(CH3)3C6Hz). 

When 10a was analog~:~asly treated with tBuPCIz, the corresponding cyclotfi- 
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phosphane Cp*(CO)zFe-P'~-tBu)2 was only detected as transient species by 31p 
NMR spectroscopy [74]. On the contrary, the use of Mes*PCI2 [75] or 
2,4,6-(CFa)3C6H2PCI: [76] essentially led to the formation of metallodiphosphenes 
instead of cyclic systems. 

The reaction of Cp*(CO)zFe-PH2 (31) with 7, as described in Eq. (12), was 
originally envisaged for the synthesis of diphosphenes of the type 
[M]-P=P-CH(SiM%)2. If, however, 31 was reacted with two equivalents of 7 in a 
mixture of pentane and ether (1 : 1 ), and tdethylamine was added after a period of 
45 rain, the two metalated cyclotriphosphanes 44 and 45 were generated (Eq. (18)) 
[69]. 

Whereas 45 could not b¢ isolated without decomposition, the dimetalated species 
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44 was obtained as black-red crystals in 22% yield. It was assumed that both 
cyclotriphosphanes resulted from a sequenc~ of cycloadditions of hypothetical 
metallodiphosphene Cp*(CO)2Fe-P--P-CH(SiMe3)z (46) which was derived from 
32 by 1,3-H shift (Eq. (19)). 

The reaction of 10a with two equivalents ofchlorophosphaalkene 7 took a different 
course. Instead of the expected coupling product 47, the bicyelie compound 49 was 
isolated. Optimization of the yield of the latter species was achieved by using three 
molar equivalents of 7 (Eq. (20)) [77,78]. 

It is conceivable that intermediate 47 (not detectable by stp NMR) was rapklly 
attacked by a third molecule of 7 to give trans~nt 2,4,5,6-tetrapbospha- 
hepta-l,3,6-triene 48, which eventually cyclized to give 49. 
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Opening of the P4 tetrahedron was encountered, when CpzZr[P(SiMe3)z]a was 
allowed to react with a five-fold excess of white phosphorus in toluene under ambient 
conditions. Red crystalline 50 was isolated in 42% yield (Eq. (21)) [79]. 

3.3.2. Dimemllocyclotriphosphane~ 
As later recognized, the preparation of metallodiphosphenes 19a,b was accompa- 

nied by the formation of dimetalloeyelotriphosphanes 51, 52 (Eq. (22)). They were 
isolated in 15-20% yield from the mother liquors after precipitation of the diphos- 
phenes (ca. 60% yield). Prolonged reaction thnes hlcreased the yield of the cyclic 
compounds. Moreover, in a 31p NMR experhnent it was demonstrated that THF 
solutions of pure 19b partially decomposed at ambient temperature to give 52 in 
addition to Mes*PH2 and (Mes*PH)2 [80,81]. 
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3.3.3., Trimetallocyclotriphosphanes 
The triply metal-funcdonMized cyclotriphosphane 56 was generated as black 

crystals by the condens~:tion of 10a and metalledichlorophosphane 53 (58%). 
Dim,etaUotetraphospha[1.1.0]bicyclobutane 59 was detected as a thermolabiie by 
product by its 3tp N M R  resonances at 6A = --46.5; fib = --337.5 (1JAB = 185 Hz). A 
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similar result was obtained, when 10a was chlorinated with an equivalent amount 
of hexachloroethane, or alternatively by reduction of 53 with magnesium metal 
(Eq. (23)) [82]. 

A rationale for the observed product pattern invoked transient 
Cp*(CO)_,Fe-P(SiMea)(CI) (54) (~aIP=299 (s)), formed either by ligand exchange 
between 10a and 53 or by partial chlorination of 10a with hexachloroethane. 
Cyclocondensation of three molecules of 54 via diphosphane 55 furnished 56. 
Cyclodimefization of 55 afforded cyclotetraphosphane 58 (831P=38 (s)), which 
rapidly collapsed to 59 with extrusion of [Cp*(CO)zFeh (Eq. (24)). The orange-red 
rathenium analog of 56 was similarly synthes/zed from 10b and CzCI6. 
Cyclotdphosphane 56 functions as a bidentate ligand in tetracarbonyl complexes of 
chromium (60a) and molybdenum (60b) (Eq. (25)) [83]. 
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4. Four-membered rings 

4.1. Four-membered rings with one phosphorus atom 

4.1.1. P-metallo-l,2-dihydrophosphetes 
There are essentially two synthetic approaches available to P- 

metallo-l,2-dihydrophosphetes, both employing metallophosphaaJkenes such as 
Cp*(CO)zM-P=C(NM%)2 ( M =  Fe (61a), Ru (615)) as the starting materials. 
These routes hnply the construction of the ring skdet.on in the coord/nation sphere 
of the metal. 

Compounds 61a,b and electron-deficient alkenes, such as dhnethyl fumarate, 
methyl acrylate, or fumarodinitrile, should undergo a [2+ 2] cycloaddifion to yield 
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metallophosphetanes 62. Unexpectedly, the P-metallo-l,2-dihydrophosphetes 63 
were formed in this process with violent effervescence of dimethylamine [84,85] 
(Eq. (26); EWG = electron-withdrawing group). 

Metallophosphaalkene 61a, when treated with methyl butynoate in ether, gave 
rise to the generation of 1,2-dihydrophosphete 66 [86]. If, however, this reaction 
was conducted in n-pentane the metallo-l-phosphabuta-l,3-diene 67a precipitated 
from the reaction mixture (Eq. (27)). 

In THF, ether or benzene solution compound 67a was readily transformed into 
66 with evolution of dimethylamine. 

The synthesis of P-metallo-l,2-dihydrophosphetes from metallophosphaalkenes 
and alkynes, however, suffers from several restrictions. As metallophosphaalkenes 
are considered as electron-rich heteroalkenes, they only react with electron-deficient 
alkynes such as alkyne esters and 3-ketoalkynes. Moreover, the nature of the prod- 
ucts from the reaction of 61a with such alkynes is dependent upon the substitution 
pattern in both reactants. In keeping with this, rings such as 68, and 69, metallophos- 
phabutadienes such as 67b and other species may be obtained (Eq. (28)) [86,87]. 

4.1.2. P-metallo-l-aza-3-phosphetanes 
Diphosphene Cp*(CO)zF, e-P=P-Mes* (19a) combined with two equivalents of 

trifluoromethylisocyanide in n-pentane solution at -50°C to the P-metallo-l-aza- 
3-phosphetane 71, which precipitated as yellow hexagonal platelets from the solu- 
tion (47%). 

A reasonable explanation for this process invoked the rearrangement of the 
initially formed 24a into transient azaphosphirane 70, which added a second molecule 
of the isocyanide to afford the observed product [66,67] Eq. (29). 

4.1.3. P-metallo-l,3-diaza-2-phosphetanes 
The nucleophilic cleavage of the P-CI function in the spirobicyclic phosphoranes 

72a, 72b, 73c with Na[Mn(CO)s] led to the formation of transition-metal-substituted 
four-membered spirobicyclic phosphoranes 73a,b as pale solids featuring the struc- 
tural characteristics of 1,3-diaza-2-kS-phosphetanes [88] Eq. (30). 
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4.2. Four-membered rings with two phosphorus atoms 

4.2.1. P-metallo-l,2-diphosphetanes 
A reasonable approach to P-metallo-l,2-diphosphetanes involves a formal [2 +2] 

cycloaddition between metallodiphosphenes and electron-deficient alkenes. In keep- 
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ing with this, heating a mixture of Cp*(CO)zFe-P=P-Mes* (19a) with an excess 
of fumarodinitfile in benzene led to the formation of compound 74 in 23% yield 
(Eq. (31)) [89]. 

Similarly, 19a was converted into orange-yellow 76 by an excess of dhnethyl 
fumarate. Compound 76 was also produced upon heating 19n in the presence of an 
excess of dimethyl maleate in benzene at 75°C. It is remarkable that the excess of 
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dh'nethyl maleat¢ was cleanly isomer~ed to dimethyl fumarat¢. Clearly this process 
was catalyzed by complex 19a. Based upon these observations, and considering the 
fact that concerted [2+2] cycloadditions are thermally forbidden, the two-step 
mechanism of Eq. (32) was proposed [89]. The reaction is initiated by a nucleophUic 
attack of the metalated P atom of 1 ~  at the ~* orbital of the olefm to give zwitterion 
75. Rotation around the C-C single bond yielded conformer 75', which either 
cyclized to 76 or dissociated into 19a and the fumarate. The latter recombined with 
19a to give 76. 

Reaction of 19a with malehnide and N-methylmalehnide in benzene at 75°C 
afforded the transition-metal-functionalized orange-red 1,2-diphosphetanes 77 
(R = H) and 78 (R = CH3) as a 1 : 2  mixture of diastereoisomers. They resulted 
from an exo and/or endo [2+2] cycloaddition of the P- -P  double bond of the 
metallodiphosphene to the C = C  functionality of the imides (Eq. (33)). 
Separation of the diastereoisorners on a preparative scale ~dled. It was, however, 
possible to grow single crystals of the major isomer 78b, in which, according to an 
X-ray study, the metal is oriented to the concave (endo) face of the bicycl~c system 
[90]. 

4.2.2. P-metallo-2, 4-bisimino-l,3-diphosphetanes 
In contrast to the situation with CF3NC described in Section4.1.2 (Eq. (29)), 

metallodiphosphene 19a smoothly reacted with two molecules of the isocyanktes 
PhNC (79a), o-TolNC (79b) (Tol=)tolyl,  C6FsNC ( 7 ~ )  to give the crystalline 
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2,4-diimino-l,3-diphosphetanes 81a-c. At the beginning of the reaction the iminodi- 
phosphiranes 80a-e were observed by 31p N M R  spectroscopy. From 31p NMR data 
it was evident that the four-membered rings 81a,b were formed as 2 : I mixtures of 
isomers, whereas for 81e a 6 :1  ratio was determined (Eq. (34)). In the major 
isomers, A, the substituents at the nitrogen atoms were present in an anti-orientation. 
For the minor products, B, two possible syn configurations (B-I; B-2) were dis- 
cussed [66,67]. 

4.2.3. P, P'-dimetallo- l ,3-diphosphetane-2, 4-diones 
On the quest for P-metallophosphaketenes [ M ] - P = C = O ,  such as 83, bromocar- 

bonyliron complexes 82a-e were submitted to reaction with equimolar amounts of 
Li(DME)z(OCP) (DME = 1,2-dimethoxyetbane) [91] in DME. The red solid prod- 
ucts were identified as the dimetalated 1,3-diphosphetane-2,4-diones 84a-e which 
presumably resulted from a head-to-tail dimerization of the P = C  bond in transient 
83. No intermediates were detected by 31p NMR [92] (Eq. (35)). When treated with 
equimolar amounts of (cyclooctene)Cr(CO)5 or nickel tetracarbonyl compound 84 
was transformed into the adducts 85a and b (Eq. (36)). 
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4.2.4. P-metallo-l-oxa-2,3-diphosphetanes 
Metallodiphosphenes (ris-CsRs)(CO)zM-P=P-Mes * ( lga-g)  underwent reaction 

with anhydrous hexafluorGacetone (HFA) in n~pentane to afford either the five- 
5 . membered metalloheterocyeles (11 - C s R s ) ( C O ) M L P ( ~ P M ~ O C ( C F ~ O )  (86) 

5 . or metalated 1-oxa-2,3-diphosphetanes (lq -CsRs)(CO)zM-P-P-(Mes*)OC (CF3)z 
(g7) (Eqs. (37)). The course of the reaction and the nature of the products were 
largely influenced by the basieity of the cyclopentadienylmeta| fragment. Thus, the 
increased metal basieity of the ruthenium rendered the dedvatives (8~,¢,e,g) mark- 
edty more stable than the corresponding iron analogs (8~a,d,f). Cross experiments 
between S6e and 19e evidenced that the rearrangement 86--,87 proceeds intramoleeu- 
larly without the liberation of HFA. Thus, only 87e and unreaeted 19e were obtained 
[93-951. 

4.2.5. P-metallo-l-thia-2,3-diphosphetanes 
Metalated 1-thia-2,3-diphosphetanes 88a,b were available as red mierocrystallh~e 

solids by treatment of metallodiphosphenes 19a,b with equhnolar amounts of carbon 
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disulfide in toluene solution (Eq. (38)) [67]. The use of a large excess of CS2 favored 
the ~0rmation of brown 1 • 2 adducts of unknown structure. 

4.2.6. P-metallo- l,2-diaza-3, 4-diphosphetidines 
Metallodiphosphene 19a was transformed into the bicyclie 1,2-diaza- 

3A-diphosphetidines 90a,b upon reaction with ALl,2A-triazoline-3,5-diones (A in 
unsaturated rings describes the position of the double bond) in benzene solution. 
The nature af the subsfitutent R at the tricoardinate nitrogen atom in the 
triazoline-3,5-dione seemed to be crucial for the success of this transformation. All 
attempts to synthesize 90 with R = CH2Ph, 4-CIC6H4 or 3,5-C12C6H3 failed ( Eq. (39)) 
[96,97]. At the beginning of the reaction, two doublets in the 3~p NMR spectrum 
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[Fe]--Br + LI(DME)2[O=C:=P ] 
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(I.2.4-'~Pr3CsH2)(CO)2Fe 

B3c-c  

O 
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0 0 

u<co). p ~p 

I c ' -  

EVe] nJ EVe] II ~(CO)n 
o 0 

84a 85a,b 

85a: LM(CO)n = (z-eyeRooctene)Cr(CO)5; BSb: Ni(CO)¢ 

(36) 

at 6=341.3 and 146.2 (1Jpp-637.8 Hz) were in agreement with an intermediate 
(gga,b or 89'a,b), which rapidly decomposed to the final products. 

4. 2. 7. P, P'-dimetallo-l ,3-diaza-2, 4-diphosphetidines 
Heterolytic cleavage of the phosphorus-halogen bond in cyclic halophosphanes 

by earbonyl metalates was expected to be a general method for the formation of a 
metal-phosphorus linkages at the periphery of these ring systems. Indeed, such 
a process was observed when 2,4-dichloro-l,3-diaza-2,4-diphosphetidine 91 was 
allowed to react with Na[Fe(CO)2Cp*] or Na[Mn(CO)s]. Whereas in the case of 
the carbonylferrate compound 92 was eleanly generated, the treatment of 91 with 
Na[Mn(CO)s] in boiling THF furnished dinuclear 93 (Eq. (40)). Here, obviously, 
the halide displacement was accompanied by the reductive coupling of two rings 
and chelation to both metal centers [98]. 
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[ 1,3='(IdeZSi)2C5H 3] ire 
[1,3-(U 3Si)2CsHz]Ru 
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The lone pairs at the phosphorus atoms in metal-functionalized diazadiphospheti- 
dines may also be involved in intramolecular CO extrusion with the generation of 
M = P  double bonds, as observed in reaction of g |  with Na[Mo(CO)3Cp*] to afford 
dinuelear 94 [99] (Eq. (40)). 

The nucleophilic displacement of chloride from heterocyele 91 by carbonyl meta- 
lares is not always straightforward, as evidenced by the formation of [(CO)4- 
Fe]P(H)N(tBu)-P(H)[Fe(CO)4]~qtBu from NazFe(CO)4 • 1.5 dioxane and 91 [ 100]. 

4.2.8. Dimetallodiphosphadiarsetanes 
As already pointed out in Seetion3.l.2 (Eq.(6)), dark green P,P'- 

dimetaUo-1,2-diphospha-3,4-diarsetane 13a was produced in 27% yield from reaction 
of Cp*(CO)2Fe-P(SiMe3)2 with superrnesityldichloroarsane [61 ]. 

The formation of the isomeric As,As'dimetallo-l,3-diphospha-2,4-diarsetane 95 
was achieved upon combination of Cp*(CO)zFe-As(SiMea)z with mesityldiehloro- 
phosphane (34%) (Eq. (41)) [10l]. 
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4.2.9. Dimetallocyclotetraphosphanes 
In Section 3.1 it was reported that reaction of mesityldichlorophosphane with 

metallodisilylphosphanes Cp*(CO)zM-P(SiMe3)z ( M =  Fe (1Oa), Ru (10b)) 
afforded mixtures of cyclotfiphosphanes 41a,b and the two isomeric cyclotetraphos- 
phanes 42a,b, and 43a,b [73] (Eq. (17)). The three-membered rings were formed as 
main products in 25-30% yield, and they were easily removed from the product 
mixture by ether extraction. From the extracts, 43a,b were obtained by fractional 
crystallization (11-17% yield), whereas the isomers 42a,b remained ha the mother 
liquor. 

The condensation of Cp*(CO)zFe-P(SiMea)z { 1Oa) with an equivalent amount of 
tert-butyldiehlorophosphane in THF furnislaed red microerystalline 96 which was 
smoothly converted into tetrahedrane 97 or 1,3-diphospha-2-propanone 98 by action 
with 1.5 or 2.0 equivalents of Fe2(CO)9 respectively (Eq. (42)) [74]. 

5. Five-membered rings 

5.1. Five-membered rings with one phosphorus atom 

5. 2.1. P-metallophospholes 
Although in the vast majority of its transition metal complexes the phospholyl 

system [C4R4P]- functions as rl s ligand, there exist a few examples of 
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11 ~-phospholyl complexes as well. Here, heterolytic P-X cleavage by carbonyl meta- 
lates seems to be a viable approach to this target. Consistently, 
l-chlorotetraphenylphosphole reacted with pentacarbonylmanganate and -rhenate 
to give complexes 99a,b in good yields (65% and 69% respectively) (Eq. (43)) [102]. 

In an alternative, but less efficient, route to produce compound 99a, phospholide 
100a and pentacarbonylmanganese were employed (Eq. (44)) [102]. 

Similar heterolytic P-CI and M-CI bond fissions furnished the iron derivative 
I01, as well as the molybdenum and tungsten complexes 102a,b (Eq. (45)) [192]. 

The conversion of 99a,b into dinuclear complexes 103a,b with bridging three- 
electron-donating phospholyl ligands was achieved by gentle heating (70°C) in 
hexane for 24 h [I02], whereas brief thermolysis of 99a,b in refluxing xylene, or 
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alternatively in vacuo at 120°C, produced the more common TIS-phospholyl com- 
plexes 104a,b iu moderate yields (Eq. (46)) [ 103]. 

During the thermal transformation of the iron derivative 101 into phospha- 
ferrocene 105 no intermediates analogous to 103 were detected (Eq. (47)) [103]. 

The metal-phosphorus bond in complexes 99a,b, 101, 102a,b was easily cleaved 
by chlorine and bromine to give the corresponding 1-halogenophospholes and the 
complex transition metal halides [102]. 

The very interesting compound 107, having the (CO)sMn-PC4HaMea system as 
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a six-electron donor towards a Mna(CO)7 fragment, was obtained by irradiation of 
the dinuclear phosphole complex 106 in the presence of an excess of Mn2(CO)lo 
(Eq. (48)) [104]. 

Another account on the synthesis and reactivhy of metal-funcdonalized phosphors 
appeared more recently [105]. The tungsten derivatives 10~,b were easily obtained 
by reaction of the appropriate tungstate with l=cyano-3,4-dhnethylphosphote 1 ~  
or 1-bromo-2,5-diphenylphosphole 108b respectively (Eq. (49); diglyme = diglyco] 
dhnethylether). 

According to X-ray diffraction data, the phosphorus atom in 109a (sum of angles 



36 L. Weber / Coordination Chen;istry Reviews 158 (1997) 1-67 

2 (co)sM-- 

99a,b 

Ph 
p , / ~ P h  

Ph 

¢0. 7 0 ~  
w, hoxana 

120"C 
(without ~, 

solvent) ~ 

Ph 
Ph p h ' ~ l  P 

oCI~Co C 0 

Ph 

Ph Pj~F h 

Ph 
(co)4M M(co)4 

Ph,~ ~ p 7  

Ph" ~'~ 
Ph 

ca. 140"C. / /  
- -  CO 

P h  

103a,b 

104a,b 

M = Mn, Re (46) 

~ P h  
Fe ~ P h  

oCt/ "~P 
Ph 

Ph 101 

x~ene, I~C 
6 ~  

--2 CO 

! 
Fe P ~ P h  

P~~*~=Ph 
Ph 

t 05 (47) 



L. Weber / Coord#~ation Chemistry Reviews 158 (1997) 1-67 37 

M~ 

(co)3un -- Ur,(CO),r 

106 

Un2(CO)10, h~, 
©C5H12, O'C® 2 ~  - - -~  

Me 

(co)3  .n-Mn(co)4 

I07 
(48) 

[cp(co)3w]- Na+ 

Me Ma 

~Oos=) 
CN 

THF, lh, 25"C 

0 oat,) 
Br 

digl~o, -70"--25"G 

Me Me 

Nco)3cp 
109a 

Ph ~ Ph 

~KCO)3Cp 

1 0 9 b  
(49) 

319.6 °) is flattened in comparison with that in l-benzylphosphole (sum of angles 
302.7°), which indicates an increased degree of aromaticity in the meta|ated 
derivative. In contrast, the metalated ring in 109a is less aromatic than the planar 
phospholide ion in Li[PC4Me4] [105]. 

Metallophospholes l ~ , b  display a rich chemistry (Eq. (50)). Oxidation and 
sulfufization proceeded with the toleration of the phosphorus-tungsten bond. 
Alkylation at phosphorus to give 112 and chelate 113 was effected by treatment 
with methyl iodide or t,2-dichloroethane respectively. Protonation with acetic acid 
and subsequent chromatography afforded 2,5-dihydrophosphole-l-oxide 114. A 
formal [2 + 3] cycloaddifion to yield llSa,b took place, when 109 was reacted with 
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electron-deficient alkynes. In contrast to this, 169b and tolane gave rise to displace- 
ment of two carbonyl |igands and the formation of 118 (Eq. (51)). 

P h ' ~  Ph 
Ph \ 

\C / W(cO)2cp 

%,, 
t18 Ph 

<- Ph--C~C'--Ph 
PhM~ 160¢ P h ' ~  Ph 

109b "" w(co)3cp 

Ph ~ Ph 
Cp(CO)2W------ W(CO)2C p 

117 (51) 

Different types of product were encountered when 109= or 1Ogb were thermolyzed: 
the former metallophosphole gave an isomeric mixture of the dinuclear species 116 
with two bridging phosphole ligands; 109b was decomposed to the ~-phosphole 
(~-hydrido) complex 117 featuring a W-W bond (Eq. (51)) [105]. 

5.1.2. P-metalated rings containing C, N and 0 atoms 
The synthesis of the red crystalline P-metallo-I,3-diaza-2-phospholanes 119 was 

achieved by combination of equal amounts of Me-NCHzCHzN(Me)PF and 
Na[Fe(CO)zCp*] in THF (Eq. (52)). 

Me Me 
J 1 

P=-.F - NAP" )" 
""" N / IHF' ~ N  / \Fe(CO)2Cp* 

i J 
Me Me 

1 1 g (52) 

According to an X-ray diffraction study, 119 features a puckered ring ligand with 
a pyramidal phosphorus atom and a typical Fe-P single bond [106]. 
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The synthetic strategy utilized in the preparation of 119 was extended into cobalt 
chemistry. Reaction of Me-lq-CH2CH2-N(Me)PF with Na[Co(CO)4 ] in THF 
at 25°C resulted in the dinuclear complex 120, where the bridging 1,3-diaza- 
2-phospholanyl fgand formally donates three electrons to the carbonyImetal skeleton 
(Eq. (53)) [107]. 
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Complications were also encountered in molybdenum chemistry. The phos- 
phorus atom of the P-N(Me)CHzCHz-NMe iigand in 121, which was obtained 
from Me-N-CHzCHz-N(Me)PF and Na[Mo(CO)3Cp], donates three electrons 
to the metal center (Eq. (54)). A hypothetical tricarbonylmolybdenum intermediate 
Cp(CO)3 Mo-P-N(Me)CHzCH2-NMe was not observed during the course of the 
reaction. 

Me Me 
I I 

+ Na[uo(co)3cpl 
P - - F  . . . . . . .  ) ,  P - -  Mo(CO)2C p 

N /  "rHF 
- CO N / 

I - . o F  I 
Me Me 

1 2 1 (54) 

The X-ray determination of 121 showed the planar disposition of the molybdenum 
and all of the non-hydrogen atoms of the heterocycle, as well as metal phosphorus 
multiple bonding [ 108]. 

Analogously, azoxaphospholanes R-N~-H2CH2OP-CI (R=Me,  Et, tBu, Ph) 
underwent heterolytic fission of the phosphorus-chlorine bond by 
Na[Mo(CO)3Cp] to afford the cyclic phosphenium complexes 122 (Eq. (55)). No 
evidence for complexes of the type Cp(CO)aMo[POCH2CHzNR] was obtained 
[1091. 
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Metallodioxaphospholancs Cp(CO)3M-POCMe2CMe2-O (M=Cr ,  Mo, W) 
(124a-c) with the o-bonded metal atom in a pseudoaxial position at the pyramidally 
configured P atom were synthesized from 2-chloro-l,2,3-dioxavhosDholane 123 and 
the salts Na[M(CO)3Cp] (M =Cr, Mo, W) (Eq. (56)) [109]. 
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Decarbonylation of 124a,b to the phosphenium complexes 125a,b started at - 5°C, 
whereas the transformation of 124c into the dinuclear species 126 required temper- 
atures of about 60°C (Eq. (57)) [I10,111]. 

Compound 124c was easily alkylated with methyl iodide or oxidized by sulfur, 
yielding 127 and 128 respectively. The replacement of CO by trimethyl phosphhe 
afforded 129, which rapidly rearranged to 130 (Eq. (58)) [112]. 

Five-membcred heterocycles with metal-functionalized ;~S-phosphorus atoms, were 
also available by the [ 1 +4] cheletropic cycloaddition of ~,~unsaturated aldehydes, 
ketones [I 13,114] or dialkyl azodicarboxylates [115,116] to metallodiphosphcncs. 

P-metallodihydro-l,2-~.5-oxaphospholes 133a-e (Eq. (59)) were generated by reac- 
tion of Cp*(CO)2Fe-P=P-Mes* and Cp*(CO)zRu-P=P-Mes* with a slight excess 
of acrolein (132a), methacrolein (132b) or buten-3-one-2 (132c) in benzene at 20°C 
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within 2 h. The reaction of 19a with crotonaldehyd¢ to give cycloadduct 133d, 
however, required a temperature of about 50°C and a reaction time of about 10 days. 

The [1+4] cheletropic cycloaddition between metallodiphosphene 19a and 
the azodicarboxylates RO2C-N~- N-CO2R 134a-e or the diamide 
HIoCsN-C(O)-N=N-C(O)NCsHlo (1348) afforded the first metallo-l,2- 
dihydro-~)-oxadiazaphospholes 135a-d as brown solids in 45-80% yield (Eq. (60)) 
[115,116]. 

Very interesting P-metallo-ZS,oS-phosphoranes were synthesized from phos- 
phoranide anions and suitable complex metal halides. 

Deprotonation of hydridophosphorane 136 was effected by KH in THF (Eq. (61 )). 
Replacement of the halide in the complexes Cp(CO)zFeI, (Et3P)AuBr or 
Re (CO)sBr by anion 137 afforded the P-metallo-ZS,oS-phosphoranes 138, 139, 140 
in high yields [117,118]. The stability of these hypervalent species was markedly 
enhanced by equatorial groups, which are able to stabilize the positive charge at the 
phosphorus atom. Eleetronegative substituents in the axial positions effectively stabi- 
lized the negative charge at these positions of the three-center four-electron bond. 

Compared with the situation in hydridophosphorane 136, the P-O bonds in 139 
were markedly lengthened, which was rationalized by an overlap of filled metal 
orbitais with the vacant antibonding orbital of the three-center four-electron bond 
[117]. 
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Metallo-gS,cS-phosphorane 143 was available by treatment of anion 142 with 
Cp(CO)zFeCI in THF at --78°C (76% yield). This process involved a hydrogen 
transfer in anion 142 from phosphorus to nitrogen (Eq. (62)) [ 119]. The hypervalent 
product was also formed, when the catiorfic complex [Cp(CO)2Fe{P(OPh)3}]PF6 
(144) was added to the reaction n ~ t u r e  obtained from two equivalents of 
o-HOC6H4NH 2 and one equivalent of n-butyllithium in T H F  at -78°C [119]. 

The Fe-P bond was already present in precursor 144. The transformation of 144 
into product 143 was made plausible by a series of association, dissociation and 
deprotonation steps [ | 19]. 

An inverse strategy was followed in the preparation of the 2-metallo- 
2,2-spirobi(1,3,2-benzodioxaphospholes) 146a,b, which resulted as yellow-orange 
solids from 2-ehloro-2,2'-spiro(l,3,2-bcnzodioxaphosphole) 145 and Na[Mn(CO)5] 
[120] or Na[Co(CO)a(PPha)] respectively (Eq. (63)) [121]. 
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Molecule 146b is composed of two trigonai-bipyramids which are fused at an 
axial position of the cobalt atom and an equatorial position about the pentacoordi- 
nate phosphorus center [ 121 ]. 

The bicyelic structure of 146a was degraded by hydrolysis in T H F  or ether to 
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give catechole, metallophosphonate 147 and the 2-metal!o-l,3,2-benzodioxa- 
phosphole-2-oxide 148 [122,123]. It was further demonstrated that a THF solution 
of 147 was quantitatively converted into 148 and catechole (Eq. (64)). 

Hydrolysis of 146b also occurred in the solid state when the compound was 
exposed to air for a period of 7-10 days. 

In contrast to compounds 138, 139, 140, 143, 146a,b, where spiro-phosphoranes 
were functioning as monodentate ligands toward transition metal fragments, the 
phosphorane ligands in compounds 150 and 151 displayed a bidentate mode of 
coordination. 

Complex 150 was obtained as a yellow crystalline solid upon deprotonation of 
cation 149a with methyl lithium at -20°C. The cornpound rearranged to deep red 
151 upon heating for 4 h in THF at 60°C (Eq. (65)) [124]. The latter species was 
also accessible by deprotonation of salt 149b with methyl lithium in THF at 60°C 
[125]. 

In line with X-ray structure determinations, both isomers 150 and 151 were 
described as Ls,oS-phosphoranes containing the Cp(CO)2Mo functionality in an 
equatorial position of the trigonal bipyramid. In 150, further coordination to an 
apical nitrogen atom completes the 18 valence electron shell of the metal. It is 
unusual that the more electronegative oxygen atoms are located at equatorial posi- 
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tions of the tfigonal bipyranfid, whereas a phenyl substituent is axially bound. These 
peculiarities were absent in the high-temperature isomer 151 with both oxygen atoms 
in apical positions of the bipyramid, providing an additional oxygen to molybdenum 
donation. 

In some cases, metallophosphoranes were also obtained from tetracyclic cyclen- 
phosphorane (the heterocycle 1,4,7,10-tetraazacyclododecane has been termed 
'cyclen') and dinuclear metal carbonyl derivatives [ 126]. When cyclenPH was allowed 
to react with Coz(CO)a in a 2 :1  molar ratio, covalent 152 and ionic 153 were 
produced at low temperature (--78°C to 20°C). Upon heating to 55°C in THF 
solution 153 spontaneously lost H2 and CO to give 152. The corresponding reaction 
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of cyclenPH with [MoCp(CO)a]a yielded analogous products 154 and 155, although 
refluxing THF was required (Eq. (66)). 

However, the attempted thermolysis of salt 155 to give covalent 154 failed [ 126]. 
No complexes comparable with 152 or 154 were available from the reactions of 
cyclenPH with Mn2(CO)t0 or [Cp(CO)zFe]2 [126]. The reaction of cyclenPH with 
cis-Cl2Pt(PPha)2 in a 1 : 1 molar ratio in THF afforded high yields of the two 
platinum complexes 156 and 157 (Eq. (67)) [127]. 

The very interesting Rh(II l )  phosphoranide complex 159 resulted from a formal 
three-fragment oxidative addition of dichloromethane to the rhodium(1)complex 
158. Precursor 158 was synthesized by treating (Ph3P)aRhCl with cyclenPH in THF 
(Eq. (68)) [128]. 

More chemistry of metal derivatives'of cyclenPH is described in a series of papers 
by Lattman and coworkers [129-131]. 

5.2. Five-membered rings with three phosphorus atoms 

in addition to a series of qS-l,2,4-triphospholyl complexes, a few representatives 
with the heterocyclic ligand in an ~11 fashion are known. Treatment of 
cis-(PEt3)zMCl2 ( M = P d ,  Pt) with [Li(DME)3][P3C2R2] (R=tBu,  ad; ad=  



L. Weber / Coordination Chemb~try Reviews 15,8 (2997) 1-67 49 

H 

Ph 

HMe/THF/Et20 

1 49 (;ia: X=BPh4; b" X=PF 8) 

O C  P h  

150 

LIMe. THF. 60"C 
149 1. (21z) 

! 9 
151 

~ 60"C 

(65) 

l-adamantyl) afforded the yellow platinum derivatives 160b,e and the red palla- 
dium complex 160a. Similarly, cis-(Ph3P)zPtIa was transformed into tra~- 
(Ph3P)z(I)Pt [P3C2(tBu)2] (161) [132,133]. 

The molecular structures of 16~  and 161 showed that in each case the heterocycle 
was attached to the metal atom by one of the two adjacent phosphorus atoms. The 
ring ligand was perfectly flat and the Pt and halogen atoms were located in the 
same plane. 

When a 1 :2  molar ratio of cis-(PEt3)zMClz and [Li(DME)3][P3C2(tBu)z] was 
employed in the reaction, the orange platinum complex 162a and the deep red 
palladium analog 162b, exhibiting two ~l~-l,2,4-triphospholyl ligands, were obtained 
(Eq. (69)). 

In contrast to the situation in 161, the molecular structure of 162a revealed a 
tetrahedral distortion of the metalated phosphorus atoms (sum of angles around P 
equal to 348°). The planarity of the ring ligands, however, was preserved [133]. 

The unprecedented rhodium(IlI) hydride 163, exhibiting an ~-ligatcd 
1,2,4-tfiphospholyl ring, was synthesized by treatment of a mixture of 
Na[P3C2(tBu)j and Na[P2Ca(tBuh] with Cp*Rh(PPhz)C12 in dimethoxyethane at 
room temperature (Eq. (70)) [134]. 

In 163 the Rh atom deviates by 0.564 A from the best plane containing the 
hetcrocycIe. The sum of bond angles about the metalated P atom was determined 
to be 357.1 ° [134]. 
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6. Six-membered rings 

6.1. Sic membered rings with one phosphorus atom 

6.1.1. P-metallo-gS-phosphinines 
~,4-Phosphinine anions are highly ambident species. Whereas their treatment with 

anhydrous FeC12 gave 'open-sandwich' complexes of the type 164, reaction of lithium 
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derivative 165 with Cp(CO)zFeI cleanly led to the formation of the 
P-metallo-ES-phosphinine 166 (Eq. (71 )) [ 135]. 

Small amounts of the P-metallo-LS-phosphinines 169a,b were isolated from the 
reaction of equimolar amounts of Cp*(CO)zFe-P:-C(NMez)2 (61a) and methyl 
propiolate. An excess of propiolate did not improve the yield of 169a,b. It was 
assumed, that the formation of 169a,b was initiated by [2 + 2] cycloaddition, which 
was followed by a [2 +2] cycloreversion to give l-phosphabutadiene 167. Similar 
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observations were made in the reactions of 61a with dimethyl acetylene-dicarboxylate 
(Eq. (28)) and methyl butynoate (Eq. (27)). The subsequent [2+4] cycloaddition 
between 167 and the alkyne afforded P-metallo-l,4-dihydrophospl~dnine 
168, which in ethereal solution was converted to 169a,b (Eq. (72)). The mechanism 
of the final step and the sources of the alkoxy groups are still unclear. An X-ray 
study confirmed the identity of 169a as 1-metallo-;~.S-phosphinine with the bulky 
transition metal complex fragment in an equatodal position of the ring ligand. The 
phosphorus atom is displaced by 0.176 A from the best plane defined by the five 
ring carbon atoms [84,136]. 

6.1.2. P-metailo-l,2-dihydrophosphinines 
Reaction of Os3Hz(CO)10 with phosphinine in refluxing cyclohexane gave a 

yellow mixture of clusters 170 (20%) and 171 (30%). The genen.~tion of 171 im- 
plied the coupling of two molecules of phosphinine in the coordination sphere of 
the osmium atoms. The resulting Egand may be considered as a 1-metallo- 
6-phosphino-l,2-dihydrophosphinine. Only its metalated phosphorus atom donates 
to a second osmium center (Eq. (73)) [137]. 

6.1.3. P-metalated rings conta#~ing C, N and 0 atoms 
Two-fold dehydrochlorination of the dinuclear complex 172, which was accessible 

by action of CpMo(CO)aH with 3,9-dichloro-2,4,8,10,3,9-tetraoxadiphospha- 
spiro[5.5]undecane, gave compound 173. The two six-membered tings were meta- 
|ated at phosphorus in a phosphenium-type fashion (Eq. (74)) [111]. 
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In solution, cyclamphosphorane 174a (cyclam = 1,5,8,12-tetraazacyclotetradecane) 
constitutes an equilibrium with its open tautomer 174b in a ratio of 80 : 20 (Eq. (75)). 

One equivalent of carbon monoxide w:~s evolved when a THF solution of 
CpMo(CO)3CI and 174 was stirred at 20°C, a n d ' a  3 :1  mixture of complexes 
175a and 175b was obtained. These complexes contain the mono- or bidentate 
organophosphorus ligand in the open form. Tile same reaction, when carried out 
with CpW(COhCI,  only afforded 176 as the neutral analog of 175a. The cationic 
complexes 177 and 178 were quantitatively synthesized from 175 and 176 
respectively, by treatment with NaBPh4. Phosphoranide complexes 179 and 180 
resulted when cations 177 and 178 were deprotonated by means of methyl lithium 
(Eq. (76)) [138]. 
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6.2. Six-membered rings with three phosphorus atoms 

6.2.1. P-metalloeyclotripho.~phazenes 
P-metallocyclotriphosphazenes were studied as potential precursors of  new materi- 

als, which combine the properties of polyphosphazenes with those of organometallie 
complexes. Reactions of transition-metal-based nucleoplfiles with halogenated 
cyclotfiphophazenes seemed to be a viable route to this target. 

The first examples of  this kind of transformation involved the interactions of  
K[Fe(CO)zCp] and K[Ru(CO)zCp] with (NPFz)3 to give the monometalated species 
181 and 182 respectively [ 139-141 ]. Further reaction of ferriocyelotfiphosphazene 
181 with an excess of the ferrate resulted in the substitution of the geminal fluorine 
atom with formation of 183 [140]. Treatment of rutheniocyclotriphosphazene 182 
with the ferrate afforded the mixed geminally dhnetalated compound t84. Both 
compounds 183 and 184 were photolabile and, when irradiated, gave rise to the 
generation of dinuclear eornplexes 185 and 186 (Eq. (77)). 

Upon exposure to an excess of K[Ru(CO)Cp] ruthenioeyelotfiphosphazene 182 
was directly converted into the analogous complex 187 [141] (Eq. (78)). 

The mode of coordination in 185, 186, 187 may be rationalized as that of a 
l-X3-, 3-:k s-, 5-;~5-cyclotfiphosphazene containing a trivalent, dicoordinate phos- 
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phorus atom bridging two metal centers in [CpzM2(CO)3] by virtue of its lone pair 
of electrons. Formally, it replaces a bridging carbonyl ligand in the parent molecules 
[Cp2M2(CO)4]. 

Complexes 183, 184, 185, 186, 187 are structurally closely related, and the discrimi- 
nation between doubly metalated pentavalent phosphorus atoms and trivalent phos- 
phorus atoms in a ~t2-bridging situation is rather 'semantical' than real. Here, 



L. Weber / Coordination Chemistry Reviews 158 (1997) 1-67 57 

174  
cpM(co)3~>, 

- C O  

I 
i M o . -  

oC \-"co 
N"" P Ci 

175Q: (M = Mo) 
17S:  (u = vO 

+ 

I 
,~, Mo 

oC 
N..~- P NH 

175b 

"~+ 

C1- 

N=BPh4 ~, 
i 

N.~- P NH 

177 (M = Mo) 
17B(M = w) 

LiMa 
(cu. 9o~ 

BPh¢-  
oC I/'M~'~'C 0 

179 (u == Me) 
1 SO (M = 

(76) 

obviously, the validity of our concept of transifion-metal-funefionalized ring com- 
pounds with covalent phosphorus-metal bonds is fading. 

The chlorinated cyclotriphosphazene [NPCIz]a displayed a more complex reactivity 
toward cyclopentadienyt carbonyl metalates than its fluorinated analog. Treatment 
of [NPCIz]3 with Na[Fe(CO)zCp] caused complete decomposition of the reactants 
[142]. 

Whereas treatment of ("Bu4N)[Cr(CO)aCp] with hexachloroeyclotrJphosphazene 
led, as expected, to the chromiopentachlorocyclotriphosphazene 188, the correspond- 
ing reactions of the molybdenum and tungsten analogs furnished metalloeyclotfipho- 
sphazenes 190a0b, in which a cyclopentadiene group and the complex fragment were 
covalently attached to one phosphorus atom of the ring. It was argued that ia the 
case of the heavier metals cation-halogen exchange accounted for the formation of 
the transient anion 189, which could be trapped, for example by methyl iodide, to 
give 191 (Eq. (79)). The mechanism concerning the Cp transfer onto this intermedi- 
ate, however, remained unclear [143]. 
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A converse synthetic strategy has been utilized for the preparation of 1-organo- 
1-(dicarbonylcyclopentadienylferrio)-3,3,5,5-tetra-chlorocyclotriphosphazenes 193a,b 
from lithium derivatives 192a,b and Cp(CO)2FeI (Eq. (80)) [144]. 

This approach was successively extended to chromium-, molybdenum-, tungsten-, 
and ruthenium-substituted tetrachloroeyelophosphazenes [145]. The preparation of 
194a by reacting lithium species 192b with Cp(CO)3CrI was accompanied by the 
formation of considerable amounts of ionic 195a, which resulted from a competitive 
CO displacement by anion 192. Only poor yields of tt~e molybdenum-, tungsten-, 
and ruthenium analogs 194b-d were produced when 192b was allowed to interact 
with the respective iodo complexes in boiling THF (Eq. (81)). The yields of 194 
were improved by running the reactions under a high pressure of CO [t45]. 

The conversion of the lithiated cydotriphosphazenes 196a,b to the correspond- 
ing ferdocyclotfiphosphazenes 197a.b was accomplished by treatment with 
Cp(CO)zFeI (Eq. (82)). 

Complexes 197a,b serve as important model compounds for polyphosphazenes, 
in which Cp(CO)2Fe units are directly bonded to alternating phosphorus atoms of 
the (PN),  backbone [ 146]. 

According to the crystal structure analysis of 197a, the metalated phosphorus 
atom is displaced by 0.23 A from the plane defined by the remaining ring atoms. 
By the way, it is a general finding that transition metal complex fragments at one 
phosphorus atom strongly influence the geometry of the cyclotfiphosphazene skele- 
ton [146]. 

More information on the organometallic chemistry of cyclophosphazenes is given 
in a review by Allcock et al. [147]. 

7. O t ~  

The first representatives of E,E-l,7-dioxa-4,5,10,11-tetraaza-3,4,8,9-tetra- 
phosphadodeca-5,11-dienes 198a,b resulted when metallodiphosphene 192 and 
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ALl ,2,4-triazoline-3,5-diones were reacted in diethyl ether (Eq. (83)). Obviously the 
reactivity of 19a towards the electrophflic azo species is highly dependent on the 
solvent, as the same reaction in benzene led to 1,2-diaza-3,4-diphosphetidine 9Oa,b 



62 L Weber / Coordination Chemistry Re,:,iews 158 (!997) 1-67 

CF3CH20,~ /BEt3Li 

I II OCH2CF3 
(CF3CH20)2 P,~N IP I \ 

X 

196a,b 

'196,197 
Q 

b 

X 

OCH2CF 3 
CJ 

CF3CH20,~ 
N~ P 

t 
(CF3CH20)2 P"~N 

+ ep(co)~v,,I 
- Lt i  

- BEt 3 

, i  F=(e°)2eP 

~N 
[~fOCH2CF3 

tP\  
X 

1 9 7 ~ , b  (82) 

(Eq. (39)). An explanation for this invoked the dimerization of intermediate 89'a, 
89~ in the dipolar solvent [96,97]. 

8. Conclusions 

It [s obvious that the organometallic chemistry of inor.ganic ring systems at the 
interface of several actual research areas is more than just a hybrid of two classes 
of compound. The combination of main group chemistry, organometallic chemistry 
and coordination chemistry in many eases creates new species with altered and 
sometimes unique properties. First perspectives in application, that exceed more 
fundamental research interests, are convincingly given in the field of metalated 
phosphazenes. 



L. Weber / Coordination Chemistry Reviews t58 (1997) t.~67 63 

p~p 
~Mes* 

19o 

+ 

N=N / \ 
O=C~,NJC=O 

R 

E t 2 0 ,  20"C ),, 

[F , ]  

\~'P"Me~* 
I 

N ~ N  

O~C~N jC-'O 
R 

89'a=b 

~ 2x 

89',19B 
¢1 

b 

[Fe] Mes* \ / /P--P\ 
~C IN 

R \ ? j N C 
Ph RN--C// N ~' ''NR I 
4-EtOCBH4 oJ \N"" C~O 

\ / 
./P'=" P\_ _ 

~es [Fe] 

198a,b  (83) 

Refe~'enees 

[1] M. Baud|or, Angew. Chem., 94 (1982) 520; Angew. Chem. Int. Ed. Engt., 21 (1982) 492. 
[2] M. Baudler and K. Glinka, Chem. Roy., 93 (1993) t623. 
[3] M. Baudler ,'and K. Glinka, Chem. Rev., 94 (1994) t273. 
[4] M. Andfianarison, C. Couret, J,P. Deelercq, A. Dubourg, 3. Eseudi6, H. Ranaivonjatovo and 

J. Sat#,  Organometa|lics, 7 (1988) 1545. 
[5] H.R. A~cock, Sei. Prog. Ox., 66 (1980) 355; Chem. Eng. News, 63 (1985) 22. 
[6] H.R. Allcock, M.L. Levin and P.E. Austin, inorg. Chem., 25 (1986) 2281. 
[7] F. Math©y, New. J. Chem., II (1987) 585; Coord. Chem. Roy., 137 (1994) 1. 
[8] 3.F. Ni×on, Chem. Re,,,., 88 (1988) t327. 



64 L. Weber/Cbordination Chemistry Reviews 158 (1997) 1-67 

[!1] 

[12] 

[13] 
[14] 
[15] 
[16] 
[17] 
[181 
[19] 
[201 

[21] 
[221 
[23] 
[24] 

[25] 

[26] 

[27] 
[28] 
[29] 

[30] 
[31] 

[32] 
[331 

[9] M.L, Sierra, C, Charrier, L. Rieard and F, Mathey, Bull. Soe. Chim. Fr., 130 (1993) 521. 
[10] N. Maigrot, L. Ricard, C. Charrier and F. Mathey, Angew. Chem,, 102 (1990) 575; Angew. Chem, 

Int. Ed. Eng[., 29 (1990.) 534. 
O.J. Seherer, in M. Regitz and O.J. Scherer (Eds.), Multiple Bonds and Low Coordination in 
Phosphorus Chemistry, Thieme, Stuttgart, 1990, p. 112. 
G. Markl, in M. Regitz and O.J. Seherer (Eds.), Multiple Bonds and Low Coordination in 
Phosphorus Chemistry, Thieme, Stuttgart, 1990, p. 220. 
K. Dimroth, M. L~ekoff and H. Kaletsch, Phosphorus Sulfur, I0 (198t) 285. 
H. K6hler and A. Michaelis, Ber. Dtsch. Chem. Ges., 10 (1977) 807. 
H.N. Stokes, J. Am. Chem. Sot., 19 (1897) 782. 
H. Rose, Ann. Chem., 11 (1834) 131. 
J. Liebig and F. W6hler, Ann. Chem., 11 (1834) 139. 
W. Kuehen and H. Buchwald, Chem. Ber., 91 (1958) 2296. 
F.C. Leavitt, T.A. Manuel and F. Johnson, J. Am. Chem. Soc., l~l (1959) 3163. 
F.C. Leavitt, T.A. Manuel, T. Johnson, L.V. Matternas and D.S. Lehman, J. Am. Chem. Soe., 82 
(1960) 5099. 
E.H. Braye and W. H~bel, Chem. Ind. (London), (1959) 1250. 
E.H. Braye, W. Ht~bel and I. Caplier, J. Am. Chem. Sot., 83 ( 1961 ) 4406. 
F. Mathey, Chem. Rev., 90 (1990) 997. 
E. Niecke, A. Nickloweit-Li~ke and R. Rager, Angew. Chem., 93 ( 1981 } 406; Angew. Chem. Int. 
Ed, Engl., 20 (1981) 385. 
E. Niecke, A. Niekloweit-Lt|ke, R. Rt~ger, B. Krebs and H. Grewe, Z. Naturtbrseh. Tell B, 36 
(1981) 1566. 
M. Baudler and D. Habermann, Angew. Chem., 91 (1979} 939: Angew. Chem. Int. Ed. Eng]., 18 
(1979) 877. 
R. Streubel, E. Niecke and P. Paetzold, Chem. Bet., 124 (1991) 765. 
K,-H. van Bonn, P. Sehreyer, P. Paetzold and R. Baese, Chem. Ber., 121 { I988) 1045. 
A. Schiller, M. Weidenbruch, W. Saak and S. Pohl, Angew. Chem,, 99 { 1987) 806; Angew. Chem, 
In[. Ed. Engl., 26 (1987) 776. 
A,H. Cowley, S.W. Hall, C.M. Nunn and J.M. Power, J. Chem, Soc. Chem. Commun., (1988) 753. 
E. Niecke, A. Seyer and D.-A, Wildbredt, Angew, Chem., 93 { 1981 ) 687: Angew. Chem. Int. Ed, 
Engl., 20 (1981) 675. 
P. Jutzi and S. Opiela, Z. Anorg. Allg. Chem., 610 (1992) 75. 
S. Bauer, A. Marine[[i, L. Ricard and F. Mathey, Angew. Chem., 102 (1990) 1188; Angew. Chem. 
Int. Ed. Engl., 29 (1990) 1166. 

[34] Z.-M. Xie, P. Wisian-Neilson and R.H. Neilson, OrganometaHics, 4 (1985~ 339. 
[35] F. Biekelhaupt, in M. Regitz and O.J. Scherer (Eds.), Multiple Bonds and Low Coordination in 

Phosphorus Chemistry, Thieme, Stuttgart, I990, p. 287. 
[36] C.N. Smit and F. Bickelhaupt, Organometallics, 6 (1987) | 156. 
[37] E. Niecke, M, Lilcke and M. Nieger, Chem. Ber., 125 (1992) 93. 
[38] E. Niecke, K, Schwichtenh6vel, H.-G. Schfifer and B. Krebs, Angew. Chem,, 93 { 1981 } 1033; 

Angew. Chem. lnt. Ed. Engi., 20 ( 1981 ) 963. 
[39] M. Baud|er and S. Klautke, Z. Naturtbrsch. Tell B, 36 ( 198I ) 527. 
[40] J. Escudi6, C. Couret, H. Ranaivonjatovo and J.G. Wolf, Tetrahedron Lett., 24 (1983) 3625. 
[41] C.N. Stair, M. Nemanski and F. Bickelhaupt, Phosphorus Sulfur, 30 (1987) 806. 
[42] A.-M. Caminade and J.P. Majoral, Chem. Rev., 94 (1994) 1183. 
[43] F. Mathey, C. Charrier, N. Maigrot, A. Marinetfi, C. Ricard and N.H. Tran Huy, Comments 

lnorg. Chem., 13 {1992) 61. 
[44] H.W. Roesky and M. Witt, Rev. Inorg. Chem., 4 (1982} 45. 
[45] II. Haiduc, Rev. |norg, Chem,, 5 (1983) 7. 
[46] A. Schmidpeter, K. Blanek, H. Hess and H. Rift'el, Angew. Chem., 92 ( 1980} 655; Angew. Chem. 

Int. Ed. Engl., 19 (1980) 650. 
[47] J. Bonn, G. Hut[net, O, Orama and L. Zsolnai, J. Organomet. Chem., 282 (1985) 53. 
[48] P.N. Hawker, L.S. Jenkins and G.R. Wiiley, J. Organomet. Chem., 118 (1976) C44. 



L. Weber / Coordination Chemistry Reviews t58 (1997) 1-67 65 

[491 
[501 

[51] 
[52] 
[531 
[541 
[55] 
[561 
[57] 
[58] 
[591 
[601 
[611 
[621 

[631 
[641 
[651 
[66] 

[67] 
[68] 
[691 
[701 
[711 
[72] 
[73] 
[74] 
[75] 
[761 
[77] 

[781 
[79] 

[80] 

[82i 
[83] 
[841 
[85] 

[861 

[87] 
[881 
[89] 
[90] 
[9|] 
[92] 

[931 

M.A. Bush and P. Woodward, J. Chem. Soc. A, (1968) t221. 
G. Huttner, H.-D. M~ller, A. Frank and H. Lorenz, Angew. Chem., 87 (1975) 597; Angcw. Chem. 
int. Ed. Engl., 14 (1975) 572. 
J. Deberitz and H. N6th, J. Organomet. Chem., 49 (I973) 453. 
H. Vahrenkamp and H. N6th, Chem. Ber., 106 (1973) 2227. 
J. Deberitz and H. Ni)th, Chem. Bet., 103 (1970) 2541. 
H. Vahrenkamp and H. N6th, Chem. Ber., 105 (1972) 1148. 
H. Lehmkuhl, R. Paul and R. Mynott, Liebigs Ann. Chem., (1981) 1 I39. 
F. Mani and L. Sae¢oni, Comments Inorg. Chem., 2 (1983) 157. 
M. Scheer, U. Becker, J.C. Huffman and M.H. Chisholm, J. Organomet. Chem., 461 (1993) Ct. 
H. Brombach, E. Niecke and M. Nieger, OrganometaUics, 10 (1991) 3949. 
L. Weber, A. R~hlicke, H.-G. Stammlcr and B. Neumann, Organometallies, 12 (1993) 4653. 
H..L Metternich, E. Nk~cke and .LF. Nixon, 3. Chem. Soe. Chem, Commun., (t992) 232. 
L. Weber, D. Bungardt and R. Boese, Z. Anorg. AUg. Chem., 578 (1989) 205. 
L. Weber, D. Bungardt, U. Sonnenberg and R. Boese, Angew. Chem., 100 (1988) 1595; Angew. 
Chem. Int. Ed. Engl., 27 (1988) 1537. 
L. Weber and U. Sonnenberg, Chem. Ber., 122 (1989) 18(39. 
L. Weber and E. L~cke, J. Organomet. Chem., 327 { 1987) C63. 
L. Weber, E. Lficke and R. Boese, Organometallies, 7 (1988) 978. 
L. Weber, S. Buchwald, D. Lemz, O. Stanml, D. Preugsehat and R. Marsehall, Organometallk:s, 
13 (1994) 4406. 
S. Buehwald, Ph.D. Thesis, University of Bieiefeld, 1992. 
L. Weber, R. Kirchhoff and R. Boese, Chem. Ber., 126 (1993) 1963. 
L. Weber, R. Kkchhoff, H.-G. Stammler and B. Neumann, Chem. Bet., 125 (1992) 1553. 
E. Niecke and D. Schmidt, J. Chem. Soc. Chem. Commun., (1991) 1659. 
L. Weber, R. Kkehhoff, R. Boese, H.-G. Stammler and B. Neumann, Organomemllics, 12 ( 1993~ 73. 
L. Weber, G. Meine, R. Boese and N. NiederprQm, Z. Naturfor~h. Teil B:, 43 (1988) 715. 
L. Weber, D. BungardL K. ReL~Jg, R. Boese and R. Benn, Chem. Bet., 120 (1987) 451. 
L. Weber and H. Schumann, Chem. Bet., 124 (1991) 265. 
L. Weber, K. Reizig, D. Bungardt and R. Boese, Organometallies, 6 (1987) 110. 
L. Weber, H. Schumann and R. Boese, Chem. l~r., 123 (1990) 1779. 
L. Weber, R. Kirchhoff, H.-G. Stammler and B. Neumann, .L Chem. Soc. Chem. Commun., 
(t992) 819. 
L. Weber, R. Kirehhoff, H.-G. Stanunler and B. Neumann, Z. Anorg. Allg. Chem., 620 (1994) 1725. 
E. Hey, M.F. LapperL .LL. Atword and S.G. Bott, J. Chem. Soe. Chem. Commmt., (I987) 597; 
J. Chem. Soc. Dalton Trans., ( 1991 ) 939. 
E. LQeke, Ph.D. Thesis, University of Essen, [989, p. 50. 
A. Riihlicke, Diploma Thesis, University of Bielefeld, 1991. 
L. Weber and U. Sonnenberg, Chem. Bet., 124 ( 1991 ) 725. 
L. Weber, U. Sonnenberg, H.-G. Stammler and B. Neun~nn, Z. Anorg. AHg. Chem., 605 ( |98I ) 87. 
O. Kaminski, Ph.D. Thesis, University of Bieleefed, I996. 
L. Weber, O. KaminskL H.-G. Stammler, B. Neumann and V.D. Romanenko, Z. Naturforsch. Teit 
B, 48 (1993) 1784. 
L. Weber, O. Kaminski, H.-G. Stamm|er, B. Neumenn and R. Boese, Z. Naturforsch. Tell B, 49 
(1994) 1693. 
L. Weber and R. R~hlk:ke. J. Organomet. Chem., 470 (1994) CI. 
B. Anand, R. Bains and K. Usha, J. Chem. Soc. Dalton Trans., (1990) 2315. 
L. Weber, M. Frebel and R. Boes¢, Chem. l~r., 123 (1990) 733. 
L. Weber, M. FrcbeL A. Mfilter and H. B6gge, Organometall/cs, I0 (1991) II30. 
G. Becker, W. Schwarz, N. Scidter and M. Wcsterhauscn, Z. Anorg. Allg. Chem., 612 (1992) 72. 
L. Weber, B. Torwiehe, G. Bassman, H.-G. Stammler and B. Neumann, OrgarmmetaHics, 15 
(1996) 128. 
L. Weber, S. BuchwMd, D. Lentz, D. Preugg:hrt, H.-G. Stammler a~_d B. Neummm, 
Organometailics, | 1 (1992) 235. 



66 L. Weber / Coordination Chemistry Reviews 158 (1997) 1-67 

[941 

[95] 
[96] 
[97] 
[98] 
[99] 

[100] 
[1011 
[1o2] 
[ 103] 
[104] 
[IO5] 
[i06] 
[~07] 
[lO81 

[t10] 
[111] 

[112] 
[I131 

[114] 
[t15] 
[116] 
[t17] 
[118] 

[1191 
[1201 
[1211 

[122] 
[123] 
[124] 
[125] 

[1261 
[127] 
[128] 
[1291 

[t3o] 
[t311 
[132] 

[133] 
[134] 
[135l 

[t36] 

[137] 

L. Webe'c, H. Misiak, S. Buchwaid, H.G. Stammler and B. Neumann, Organometallies, 13 (1994) 
2194. 
H. Misiak, Ph.D. The~is, University of Bielefeld, 1994, p. 56. 
L. Weber, H. Bastian, R. Boese, H.-G. Stamirder and B. Neumann, Chem. Ber., 125 (1992) 1821. 
L. Weber, H. Bastian, R. Boese and H.-G. Stanunler, J. Chem. Soc. Chem. Commun,, (1991) 1778. 
D.A. Du Bois, E.N. Duesler and R.T. Paine, lnorg. Chem., 24 (1985) 5. 
D.A. Du Bois, E.N. Duesler and R.T. Paine, Organometallies, 2 (1983) 1903. 
D.A. Du Bois, E.N. Duesler and R.T. Paine, Organ,recta!lies, 3 (1984) 1913. 
L. Weber, D. Bungardt, R. Boese and D. Blaser, Chem. Ber., 121 (1988) 1033. 
E.W. Abel and C. Towers, J. Chem. Sac. Dalton Trans., (1979) 814. 
E.W. Abel, N. Clark and C. Towers, J. Chem. Sac. Dalton Trans., (1979) I552. 
F. Mathey, J. Organ,met. Chem., 93 (1975) 377. 
F. Mercier, L. Ricard and F. Malhey, Organometallies, 12 (1993) 98. 
L.D. Hutchins, E.N. DuesIer and R.T. Paine, Organometaltics, 1 (1982) 1254. 
L.D. Hutchins, E.N. Duesler and R.T. Paine, Inorg. Chem., 21 (1982) 266. 
L.D. HutehJns, R.T. Paine and C.F. Campana, .I. Am. Chem. Sac., 102 (1989) 4521. 
L.D. Hutehi~s, E.N. DuesIer and R.T. Paine, Organometallics, 3 (1984) 399. 
W. Malisch and M. Kuhn, J. Organ,met. Chem., 73 (1974) CI. 
E. GraB, K. J0rg, K. Fiederling, A. GiJttlein, W. Malisch and R. Boese, Angew. Chem., 96 (1984) 
705; Angew. Chem. Int. Ed. Engl., 23 (1984) 738. 
A. Meyer, E. GraB, W. Malisch and R. Boese, Phosphorus Sulfur Relat. Elem., 30 (1987) 792. 
L. Weber, M. Frebel and R. Boese, Angew. Chem., 99 (1987) 1045; Angew. Chem. Int. Ed. Engl., 
26 (1987) 1010. 
L. Weber, M. Frebel and R. Boese, Organometallics, 8 (1989) 171~. 
L. Weber, H. Bastian, A. Mailer and H. B0gge, OrganometaHies, 10 ( 1991 ) 2. 
L. Weber, H. Bast[an, A. Mailer and H. B0gge, Z. Naturforsch. Teil B, 47 (1992} 231. 
S.K. Chopra and J.C. Martin, Heteroatom Chem., 2 (1991) 71. 
J.C. Martin, S.K. Chopra, C.D. Moon and T.R. Forbus, Jr., Phosphorus Sulfur Silicon, 76 
(1993) 87. 
H. Nakazawa, K. Kubo and K. Miyoshi, .L Am. Chem. Sac., 115 (1993) 5863. 
M. Lattman, B.A. Anand, D.R. Garrett and M.A. Whitener, lnorg. Chim. Acta, 76 (I983) L139. 
M. Lattman, S.A. Morse, A.H. Cowley, J.G. Lasch and N.C. Norman, Inorg. Chem., 24 (1985) 
1364, 
M. Lattman, B.N. Anand, S.S.C. Chu and P_-~. Ros¢~stein, Organometallics, 3 (1984) 670. 
S.S.C. Chu, R.D. Rosenstein, M. Lattman and B.N. Aaaad, .L OrganomeL Chem., 265 (1984) 45. 
F. Jeanneaux, A. Grand and J.G. Riess, J. Am. Chem. Sac., 103 (198t) 4272. 
J. Wazhter, B.F. Mentzen and J.G. Riess, Angew. Chem., 93 (1981) 299; Angew. Chem. lnt. Ed. 
Engl., 20 (1981) 284. 
M. Lattman, S.K. Chopra, A.H. Cowley and A.M. Arif, OrganometalIlics, 5 (1986) 677. 
M. Lattman, E.G. Burns, S.K. Chopra, A.H. Cowley and A.M. Arif, lnorg. Chem., 26 (1987) 1926. 
E.G. Burns, S.S.C. Chu, P. de Meester and M. Lattnian, Organometallies, 5 (1986) 2383. 
D.V. Khasnis, M. Lattman and U. Siriwadne, Inorg. Chem., 28 (1989) 681, 2594: Organometallies, 
l0 (1991) 1326. 
D.V. Khasnis, M. Lattman, U. Siriwadne and H. Zhang, Organomemllies, i I (t992) 2074. 
D.V. Khasnis, J.M. Burton, H. Zhang and M. Lattman, Organometallics, I 1 (1992) 3745. 
R. Bartsch, D. Carmichael, P.B. Hitehcock, M.F. Meidine, J.F. NJxon and G.LD. Sfllett, J. Chem. 
Sac. Chem. Commun., (1988) 1615. 
P.B. Hitchcock, J.F. Ninon and G.J.D. Sillett, New J. Chem., t3 (1989) 353. 
P.B. Hitchcock, R.M. Matos and J.F. Nixon, J. Organomet Chem., 462 (1993) 319. 
T. Dave, S. Berger, E, Bilger, H. Kaletsch, J. Pebler, J. Kneeht and K. Dimroth, Organometallies, 
4 (1985) 1565. 
L. Weber, O. Kaminski, B. Quasdorff, A. Rahlicke, H.-G. Stammier and B. Neumann, 
Organometallics, 15 (1996) 123. 
A.J. Arce, A.J. I~'eming, Y. De Sanctis and J. Manzur, J. Chem. Sac. Chem. Commun., (1993) 325. 



L. Weber / Coordination Chemistry Reviews 158 ( t997) 1-67 67 

[[38] 
[1391 
[[401 
[[411 
[1421 

[I431 
[I441 

[I45] 
[t461 
[1471 

J.-M. Dupart, A. Grand and J.G. Riess, J. Am. Chem. S0¢., 108 (1986) 1 t67, 
P.P. Greigger and H.R. Allcock, J. Am. Chem. Sot., I0l (t979) 2492. 
H.R. Allcock, P.P. Greigger, L.J. Wagner and M.Y. Bernheim, Inorg. Chem., 20 (1981) 716. 
H.R. Allcock, L.J. Wagner and M.L. Levin, J. Am. Chem. Soe., I05 (1983) 1321. 
H.R. Allcock, P.R. Suszko, L.J. Wagner, R.R. Whittle and B. Boso, J. Am. Chem. Sot., t06 
(1984) 4966. 
H.R. AHcock, G.H, Riding and R.R. Whittle, J. Am. Chem. Soe., t66 (t984) 556l. 
R.A. Nissan, M.S. Connotly, M.G.L. Mirabetll, R.R. Whi~tle and H.R. Alk:ock. ]. C[ern. Soc. 
Chem. Commun., (1983) 822. 
H.R. A|lcock, M.N. Mang, G.H. Riding and R.R. Whittle, Organometallics, 5 (I986) 2244. 
H.R. AIIcock, M.N. Mang, G.S. MeDonell and M. Parvez, Maeromoleeules, 20 ([987) 2(~0. 
H.R. Allcock, J.L. Desoreie and G.H. Riding, ~?olyhedron, 6 (1987) 119. 


