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Stereochemical Control of Transition Metal Complexes by Poiyphosphlne 
Ligands+ 
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I.  Introduction and Scope of tho Revlew 
Tertiary phosphines are excellent ligating agents to 

metal ionsand transitionmetala in avariety ofoxidation 
states and, thus, are important constituents of com- 
pounds for catalysis, structurebonding relationships, 
and spectroscopic studies. The compability of phoa- 
phorus ligands with other organic functional groups 
hasextended their importanceandsyntheticscope. New 
technologies such as thin-film electronic device manu- 
facture and surface preparation have benefited from 
the use of complexes with chelating phosphine ligands. 
Chemical bonding with the chalcogenides, halogens, 
and oxygen as additional functional groups can enhance 
this coordinating ability so that the ligands used for 
example as extractants for rare earths, uranium, and 
transuranium elements. 
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of C-H bonds. and photochromic molecules 

The ligand effect and coordinating ability of phos- 
phines was not always appreciated even though the 
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first observations of compound formation were recorded 
in the middle 1800~ .~  F. G. Mann in England and K. 
Jensen in Denmark initiated the revitalization and 
promoted the renaissance of phosphine coordination 
chemistry in the 1930s. This beginning was subse- 
quently expanded by J. Chatt2s3 and others.P10 Their 
research fortuitously came at  the time of rapid devel- 
opment of organometallic chemistry, especially with 
the stabilization of multivariant metal oxidation states 
and coordinated ligand reactivity. Further growth in 
polyphosphine chemistry results from their use in 
~atalysis, l l-~~ organic synthesis,14 and solid-state ma- 
terials.15 

This current review will specifically cover the reaction 
chemistry of polydentate tertiary phosphine complexes 
with the exclusion of bidentate compounds. Also 
excluded will be catenated phosphorus compounds, 
macrocyclic derivatives, and compounds that lack direct 
phosphorus-metal bonds. Excellent reviews of biden- 
tate phosphine complexes and structural aspects of 
polydentate compounds currently A com- 
pilation of polyphosphine ligands and their physico- 
chemical properties is displayed in ref 19 along with 
their coordination possibilities. 

Mayer and Kaska 

metals, (ii) an increased basicity (or nucleophilicity) at  
the metal, (iv) strong trans influence, (v) formation of 
stable complexes in a variety of metal oxidation states, 
and (vi) detailed structural and bonding information 
due to the metal-phosphorus and phosphorus-phos- 
phorus coupling constants. Thus polyphosphine-metal 
complexes are thermodynamically more stable than 
comparable monophosphine analogs which lead to the 
isolation and characterization of many reactive inter- 
mediates normally not observed. In addition the 
reactivity of the participative coligands is generally 
preserved. 

The factors which can control ligand size and ligand 
design and thereby determine the structure of a complex 
is a rapidly evolving Brown and Lee38 have 
summarized the important aspects of phosphine ligand 
steric effects for monodentate compounds of phospho- 
rus. Similar work with polyphosphines will greatly 
enhance the directions of this category of compounds 
in synthesis. The stereochemistry of many polydentate 
complexes can be accurately described in an elegant 
series of studies by Keppert and They have 
used structural data in the form of graphs and diagrams 
to help in the predictions of stereochemistry. A valuable 
emerging aspect of this theme is the concept of 
preorganization introduced by According 
to this concept the stereochemical arrangement of the 
free ligand can be synthetically prearranged by a 
knowledge of the donor-acceptor complex. Application 
of this concept is inherent in the development of the 
chelate effect.49 Further progress along these lines will 
promote the role of organophosphorus chelates in 
enantiomeric synthesis and catalysis. 

B. Aspects of Bonding 
The structure and bonding in organophosphorus(II1) 

compounds was reviewed by GilheanyPM' while the 
bonding in transition metal-phosphine complexes was 
briefly discussed by Levason.18 The relationship be- 
tween steric and electronic effects is of preeminent 
concern in phosphine ligand design. The concept of a 
cone angle and the ancillary electronic effects associated 
with this idea on phosphines were introduced by 
T0lman.5~9~~ More recently in a series of papers 
Gierin$9y5= has developed equations that will separate 
u- and *-effects in the reactivity of phosphine ligand 
complexes. Although the relationship between mono- 
dentate and polydentate ligands is not complete, the 
influence of *-bonding is less important on thereactivity 
of metal phosphine complexes than u-bonding and steric 
effects. 

I I .  Stereochemistry and Synthesis 

A. Basic Methods 
The traditional methods of polyphosphine synthesis 

have been carefully documented2' and only specific 
aspects will be noted here. One such process that held 
considerable promise involved the cleavage of carbon- 
nitrogen bonds (eq 1).26 Although the process was 
potentially versatile and broad in scope, carbon- 
nitrogen bond cleavage was not always observed. 

Another variation of a traditional method which is 
not completely appreciated is the substitution of 
fluoride from aromatic ring systems. Since the synthetic 
potential of placing fluorine atoms as substituents on 
aromatic rings is under continual development, the use 
of these materials in phosphine synthesis can be 
expanded.2s28 

Some of the first polydentate phosphines were 
reported in 1962 using metathesis reactions with alkali 
metal phosphides and alkali halides.29 However, the 
most dramatic advance in synthesis came with the work 
of R. B. King and the use of two methods: base- 
catalyzed and the free radical-catalyzed addition of P-H 
bonds across the double bond of vinyl  phosphine^.^^^^^ 

One of the main incentives bebind the synthesis of 
inorganic complexes is the interest in promoting factors 
that control structure and bonding. The polydentate 
phosphines are becoming more important because they 
are chelating systems or p o d a n d ~ ~ ~ ~ ~ ~  for many types of 
metals. Thus their properties can be altered to favor 
different kinds of reactions. Moreover, they can be 
precursors to other types of polydentate phosphines.21 

The polyphosphine advantage which is the favorable 
behavior of polyphosphines over their comparable 
monodentate phosphines has been developed by Meeka 
and expanded by B i a n ~ h i n i ~ ~  and co-workers. Poly- 
phosphines exhibit (i) excellent bonding ability to 

I I I .  Reactions of Complexes 

A. Non-Transltion Metals 

1. Boron 

The podand MeC(CH2PMe2)3 interacts with Br2- 
HB.SMe2 to give a quinuclidine type structure, with 
facile nucleophilic substitution of the bromide ions and 
SMe2. Coordinated SMe2 is easily displaced when the 
phosphine is treated with 3 equiv of H3B-SMe2 

The first X-ray molecular structure of the simple 
podand HC(PPh2)3 shows that the free molecule has 

(eq 2).% 
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copper complexes have been made and at  least one 
reaction (eq 3) has been studied.63 

(3) Cu(tdpme)SnMe, + CS, - Cu(tdpme)S(S)CSnMe, ,C"" 5.11, N",, 

Me,P \fPMe2 2 Br. \ :PMe2 
B 
I 
H 

1 

MeC(CH,PMe,), + 3 H,B. SMe, - MeC(CH,PMe,BH,), + 3 SMe, (2) 

the phosphorus atom lone pairs in a trans orientation 
(2a,b).67 

H 
I 

H 
I 

. .  
2a 2b 

The tris(borane) adduct 3 also reflect this stereo- 
chemical arrangement and the consequences of this will 
be apparent with corresponding transition metal com- 
plexes of this ligand.576e 

H 
I BH. 

BH, 

3 

The tripod ligand MeC(CH2PPh2)3 (tdpme) because 
of its larger bite angle will complex three BH3 molecules. 
It is more stable thermally than the HC(PPh2BH3)s 
analog. Tetradentate tetrakid (diphenylphosphin0)- 
methyllmethane will complex four BH3 groups (4) and 
form chelates as in 5.eo 

Dh P- I c-7 

GhilardP has synthesized some polynuclear phos- 
phinecopper-containing complexes, [{(tdpme)CoP&- 
(CuBr6)l and [t(tdpme)IrP3)3(CusBrl)l, whose struc- 
tures were determined by X-ray diffraction. 

Complexes with silver and gold are usually of two 
types: one type involves direct combination of the 
coinage metal with the polyphosphine and the other 
involves a remote complexation. 

Reaction of HC(PPh2)a with silver carboxylates give 
[((PhzP)3CHjAga(OzCR)3] (R = Me, Et, iPr, Ph). From 
multinuclear NMR spectroscopic studies it was con- 
cluded that each silver atom is coordinated to one 
phosphorus atom and that the carboxylato groups bind 
to the silver atoms either as chelating or as bridging 
ligands. This requires that the silver atoms must be at  
the same side of the ligand.@ 

Because the polyphosphine ligands promote the 
concentration of electron density on the metal atom 
they facilitate cluster and H bridge formation. Complex 
7 (Scheme 1) is stable in acid solution, but it decomposes 

Scheme 1 

Rh(tdpme)C13 
2. H, 

7 

7 

The hydrides are omitted for clarity. 

4 5 

2. Mercury 
Chelate geometry and specificity have been instru- 

mental in using phosphorus podal ligands to complex 
non-transition metal ions. Thus the coordination 
sphere of mercury can be increased. This renders the 
HgMe+ cation insoluble in water and forces a tetrahedral 
geometry around the mercury ion (6).61~62 

in neutral or basic solution with the formation of silver, 
although no precipitate of AgCloccurs.'3'j 

Schmidbaurs7 has used the specific geometry of the 
podands to emphasize the phenomenon of aurophilicity. 
Aurophilicity is a largely based relativistic effecta 
which leads to additional bonding between heavy metal 
atoms like gold. Thus HC(PPh& interacts with 3 equiv 
of MezSAuCl to form 8, with an all-cis arrangement of 
the AuCl units. 

Cl 

H 

6 

3. Copper, Silver, and GOIV 
Polyphosphine complexes of the coinage metals have 

been only modestly developed. Two examples of direct 0 
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In contrast, MeC(CHzPMe2)3 interacts with Me2- 
SAuCl to form a layer structured compound shown in 
eq 4 where the aurophilic effect is intramolecularly 
directed to only two gold atoms; the third gold atom 
interacts in an intermolecular chain effect. Presumably 
MeC(CH,PMe,), + 3 Me,S,AuCI - 3 Me,S + MeC(CH,PMe.&CI), (4) 

Mayer and Keska 

the stereochemical flexibility of the MeC(CH2PMe2)3 
podand compared to HC(PPh2)s is the reason for the 
different str~cture.6~ Earlier studies showed that the 
polyphosphine MeC(CH2PPh2)3 (tdpme) gold complex 
has structure 9.70971 Even though the Au-Au pairing 
energy is on the order of 7 kcal/mol only two gold atoms 
in the complex 10 form intramolecular pairsa72 

PP h, - AUCl , AuCl 

CIAU- AuCl “‘“-PPh,-AuCI 

9 10 

Other attempts to obtain clusters of gold atoms were 
not successful (11, Scheme 2). Complex 11 showed no 

Scheme 2 
Me,SAUCI + PP, - [Au,(P-PP~)ICI, 

11 

reaction with nucleophiles such as azide or thiocyanate, 
but it did interact with MezAuCl to give A Q C ~ Q ( ~ - L ~ ) . ~ ~  

The so-called linear phosphine, MeP(CH2PMe&, 
does interact with KAuCl4 to form a linear array of 
gold atoms (12, Scheme 3).74 

Scheme 3 
Me 1 3 +  

MeP(CH,PMe,), + KAuCI, - 
-7 PMez 

Me 

12 

Since IrH3(PPh3)3 could be isolated in fac and mer 
forms, similar studies were performed to determine 
stereochemical control of the polyphosphine ligand 
MeC(CH2PPh2)3. This ligand can stereochemically 
control the isolation of the fac isomer which can be 
used to promote cluster growth shown in Scheme 4 with 

Bianchini used stereochemical control of tdpme to 
prepare gold cluster compounds in anticipation of using 

P ~ ~ P A u C ~ . ~ ‘  

Scheme 4 

PN, ..d -I+ 
P41r’H-AuPPh, I 

H 

13 

L .  
H 

I 
14 PPh, 

15 

the isolobal relationship between ‘‘A~(pPh3)~ and 
hydrogen to synthesize mixed gold polyhydride com- 
plexes (Scheme 5).7s For example the (q3-H)Au(PPh3)- 
Au(PPh3) ligand in 19 is isolobal to trihydrogen. 

Scheme 5 

7 P  

H 

16 

HZC I - CH, H- AuPPh, 

17a 

solid state 

[Au(THF)PPh,]+ 

17b 

solution 

AuCIPPh, 

i a  19 

Venanzi described an achiral rhodium complex77 
which has the same structure as 15 by using the isolobal 
analogy of PhSPAuC1 for hydrogen and the stereo- 
chemical control of MeC(CH2PPh2)s (tdpme) to force 
an octahedral coordination on the rhodium atom. The 
molecular details of 15 can be elaborated by using chiral 
20 to prepare a chiral rhodium complex with remotely 
bonded gold atoms. 

P(Me)Ph 

20 
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This chiral ligand has a stereochemical control on 
the rhodium atoms which is different from the achiral 
complex. Magnetic resonance studies with rhodium 
show a slow rotation of the RRS,SSR-triple unit and 
mutual exchange of diastereotopic hydrides.77 

Chemical Reviews, 1994, Vol. 94, No. 5 1249 

plexes (eq 7). The silicon atom a t  the top of the podand 

(7) 
Ndnaphthalene 

co 
VCIJTHF), + trimpsi + V(trimpsi)(CO), 

B. Transltlon Metals 

7. Titanium, Zirconium, and Hafnium 

A complex of titanium with tBuSi(CH~PMe2)3 (trimp- 
si) can be readily synthesized applying reducing meth- 
ods (eq 5).78 

Ti(trimpsi)(THF)CI, + 4 CO Ti(trimpsi)(CO), (5) 
Ndnaphthalene 

The complexes are seven coordinate with a face- 
capped trigonal prism. As a result, the titanium 
complex is moderately stable to air and decomposes 
only at  190 "C. 

Complexes of the titanium triad were made in a 
similar fashion using l,l,l-tris(dimethylphosphin0)- 
ethane[MeC(CH~PMe~)s] as the ligand (eq 6). 

Wnaphthalene 
M q . 2  THF + MeC(CH,PMe,), ~0 M[MeC(CH,PMe,)J(CO), (6) 

M = Ti, Zr, Hf 

The basic structure is comparable to the one with 
trimpsi; no reactions were reported except that the 
complexes are strikingly colored.79 

2. Vanadium, Niobium, and Tantalum 

Early work on the chemistry of polyphosphine 
complexes with vanadium was reported by Behrens.80 
The degree of ligation was not often clear, however, but 
this was confirmed later by and Rehder.8- Very 
complex carbonyl substitution patterns could be ob- 
served especially under photolytic conditions, when 
vanadium carbonyls were used as starting materials. 
The linear phosphine PhP(CH2CH2PPh& (etp) gave 
a mer vanadium carbonyl complex (23, Scheme 6). 

Scheme 6 
hv 

[vco),]' + etp - [v(~~), ) ( r l ' -e tp) I  + CO 
21 

co 

22 
co 
23 

Different approaches to vanadium complexes for the 
purpose of developing molecular precursors for the 
chemical vapor-phase deposition of thin films (MOCVD) 
has led to a consistent high-yield product with the 
synthesis of tert-butyltris[(dimethylphosphino)meth- 
yllsilane (tBuSi(CHzPMe2)3) (trimpsi) vanadium com- 

allows the PMe2 group to twist which changes the bite 
angle of the phosphorus atoms and optimizes binding. 
This is not seen in the corresponding MeC(CHzPMe2) 
ligand. No other reactions were reported except 
treatment with NEt3HCl which allows preparation of 
V(trimpsi)(C0)3He78 

3. Chromium, Molybdenum, and Tungsten 

Sterically smaller podands like tris(dipheny1phos- 
phino)methane [HC(PPh2)31 only form cis-M(CO)rHC- 
(PPh2)3 (M = Cry Mo, W) (24) complexes with one of 
the donor phosphine groups not bonded to the central 
metal.86f87 Stereochemical control to form clusters does 
not occur. Keppert has described these angle effects 
and their result on stereochemistry42 when the bite angle 
of the phosphine is too small. 

24 

M = Cr, Mo, W 

The presence of the dangling phosphine means that 
numerous types of bimetallic species can also be 
prepared as the example shows in 25.86 A similar 
structure is formed with Mo(CO)4(pip)2 by substitution 
of the pipiridine ligand with tris(dimethylphosphin0)- 
methane [HC(PMe2)31 in 26.@ 

co 

25 co 

26 

With more hindered tungsten and molybdenum 
carbonyl compounds, HC(PMe2)s with a small bite angle 
forms A-frame type complexes.@ The course of this 
reaction often depends upon the metal-ligand coor- 
dination sphere (Scheme 7). Thus [CpMo(C0)212 gives 

Scheme 7 
H, ,PM% 

Me,P \PMe, 

I 1  [CPW(CO)~I~ + HC(PMe,), - 
Ir(PPh,),(CO)CI 

- PPh, 

Me P-lr(PPh,)(CO)CI 
H I  1 

I I 
Me,P A PMe, 
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an analog to 27 but [CpMo(C0)3]2 results in [CpMo- 
(CO)z~~2-HC(PPh2)3)l[C~Mo(CO)sl. 

More recently it was shown that N(CHzCHzPPh2)3 
(np3) and P(CH2CH2PPh& (pp3) both interact with 
chromium and molybdenum to give mer-distorted 
octahedral complexesm like 29. 

rPPh2 

Mayer and Kaska 

plexes of the type ~UC-MO(M~C[CH~P(P~)(R)]~)(CO)~ 
and Mo(MeC(CH2PK) (CH~PR’Z) (CH~PR”Z))(CO)~ can 
be generated, r e s p e ~ t i v e l y . ~ ~ ~ ~ ~  

The podal ligand (l,l,l-tris(dimethylphosphin0)- 
methy1)ethane [MeC(CH2PMe2)3] forms fuc complexes 
with chromium halides. In addition one is able to isolate 
Cr[MeC(CHzPMe2)& (eq 9). This species is thermo- 

Cl 

29 M = Cr, Mo, W 

The choice of mer geometry is electronic in origin, 
i.e. decreasing electrostatic repulsions between X- (X 
= C1, Br, or I). A fuc geometry is common for neutral 
ligands.91 

When the molybdenum complex is reduced, the cis- 
M O [ N ( C H ~ C H ~ P P ~ ~ ) ~ I ( N Z ) ~  (30) is formed. The 
Mo[P(CH&H2PPh2)31C13 gives the trans nitrogen 
complex.92 The larger apical phosphorus atom probably 
allows a larger bite angle so that all the donor atoms 
do not need to bond to the central metal. Hence 
stereochemical control of the complex is governed 
simply by the apicalatom of the tripod. The cis complex 
undergoes the reactions shown in Scheme 8. 

Scheme 8 
Mo(np3)(CF3C0,), Mo(np3)(CO)3 

The tetradentate P(CH&H2PPh2)3 forms mer oc- 
tahedral complexes; one phosphorus atom is not con- 
nected. The branched ligand MeC(CHzPPh2)3 coor- 
dinates in a facial way because of steric constraints. 
Also observed was the fact that CrF3 or hydrated CrF3 
would react with the phosphines.93-B6 

Huttner synthesized the first fuc trihalide coordina- 
tion complex of molybdenum with all phosphorus atoms 
bound to the metal.w The X-ray molecular structure 
of the fac molybdenum trihalide complex shows a great 
deal of steric congestion from the six phenyl groups. In 
order to isolate this isomer, the mode of synthesis is 
important. Thus the synthesis begins with a high-valent 
metal halide to insure complexation of the sterically 
rigid phosphine (eq 8). Concurrent reduction with a 

MoCI,(MeCN), + Mo(tdpme)CI, (8) 
1 .  Sn/HgCI, 

2. tdDme 

mild reducing agent then lowers the oxidation to the 
observed product. When this discovery is joined with 
the facile synthesis of chiral MeC[CH2P(Ph)(R)l3 and 
tripod ligands with three different donor groups 
[MeC(CHzPRd(CH2PR’2) (CHZPR”~)~,  chiral com- 

NdHg 
(9) CflMeC(CH,PMe,)3]2CI, * Cr[MeC(CH,PMe,),], 

chromic and changes from yellow to orange when it is 
heated.99 

Although no reactions were studied, treatment of 
Cr[MeC(CHzPMe2)31Cl3 with LiHBEt3 gives {HCr- 
[MeC(CH2PMe2)312)BEt+ The actual structure is 
between a regular trigonal antiprism and trigonal 
prismatic which allows the hydrogen atom to be easily 
deprotonated to give Cr [MeC(CHzPMe2)312. The re- 
verse protonation of Cr[MeC(CHzPMez)& was not 
possible.100 

Since phosphites have been used in some homoge- 
neous catalytic systems, their introduction as podand 
ligands has generated considerable interest. The phos- 
phite systems tend to be less electron donating than 
the phosphine analogs. The stereoelectronic control 
has generated fuc isomer 35.10’ 

F, 

35 

Norman used a template approach to make the fuc- 
polyphosphinemolybdenum complex 36 (Scheme 9).lo2 

Scheme 9 

L = mesitylene 

v 
36 

Here the central metal atoms holds the ligands in place 
for fuc coordination, although the 1Zmembered ring is 
large enough to encapsulate the metal atom. A long 
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sought after six-coordinated polyphosphine complex 
(37) was recently prepared as an air stable solid (Scheme 

Scheme 10 

10).103 

/ - y 2  

Chemical Reviews, 1004, Vol. 94, No. 5 1245 

Scheme 11 
(CO),WPPh(CH=CH,), + 2 Ph2PH - 

+ pp3 Ph,P-P<~~~PPh, \ 

trans-Mo(N,),(PPh,Me), - 
Ph,PqH&bPPhz 

L b P h ,  

37 

Polyphosphines related to bis(diphenylphosphin0)- 
methane (dppm), 1,2-bis(diphenylphosphino)ethane 
(dppe), and 1,1,2-tris(diphenylphosphino)ethane (tppe) 
have been introduced by McFar1ane.lMJo6 They form 
complexes with chromium, molybdenum, and tungsten 
in five different bonding modes. The tridentate 
example is shown below (38). The analog 1,1,2-tris- 
(dipheny1phosphino)ethene (tppee) (39) forms only 
bidentate complexes. 

39 
38 

41 
40 

Balch also observed that bis[ (diphenylphosphin0)- 
methyl] phenylphosphine [PhP(CH2PPh2)21 only forms 
a bidentate boat chelate structure to a single metal 
atom represented in 42; the unoccupied phosphorus 
orbital can then coordinate to other metals.@ A similar 
observation was made in the cases of 24 and 25. 

P?p 
<I 
I I M = Cr, Mo 

Ph,P, ,PPh, 
M 

The potentially tridentate ligand bis[(di-tert-bu- 
tylphosphino)methyllmethylphosphine [MeP(CH2Pt- 
Bu2)zl also acts only bipodal when treated with 
Mo(C0)4(NBD) (NBD = norbornadiene) or Mo(C0)3- 
(C7H8) (C7H8 = cycloheptatriene) to give Mo[MeP- 
(CH2PtBu2)21 (CO)4. In contrast to 42, the central 
phosphorus atom coordinates to the metal resulting 
in four-membered rings with one tBu2P-unit dan- 
gling.'" 

Stepwise addition of diphenylphosphine to a coor- 
dinated phenyldivinylphosphine was used by Keiterlw 
to obtain monodentate complexes of potentially poly- 
dentate phosphine ligandslM (Scheme 11). 

Angeliciloe has investigated the heats of protonation 
to quantify the basicities of monodentate and of 
tridentate phosphine tungsten carbonyl complexes. 

Ph2P 
Ph 

43 

There is a remarkable decrease in basicity in the fuc 
complex W(tdpme)(C0)3 compared to fuc-W(etp)- 
(CO)3110 because the protonated W(tdpme)(CO)s struc- 
ture is forced to adopt an unstable geometry by the 
restrictive tdpme. Thus the flexible tridentate etp is 
more basic than tdpme. Monodentate phosphines111J12 
are less basic than the flexible polyphosphine etp but 
more basic than tdpme, at least where protonation 
reactions are involved. A comparison with cone angles 
suggests that steric effects also contribute to basicity. 
These physicochemical results will set the stage for the 
better design of ligands that will influence the electron 
density on the metal atom. 

Polyhydride complexes of tungsten can be synthe- 
sized by reacting WC&(PPh3)2*CH&12 with PhP(CH2- 
CH2PPh2)2, PhP(CsH4-o-PPh2)2 and tdpme to give 
WCW. Treatment with LiAlHl results in WH&'s 
which are classical polyhydrides with no q2-H2 ligands. 
With triphenylsilane WH$hP(CH&H2PPh2)2 can be 
converted into the silyl pentahydride complex WH6- 
(SiPha)PhP(CH&H2PPh2)2. However, protonation of 
WH& with HBF4 gave [WH7-~(q2-H2)xLl+.113 

When Mo[PhP(CH&H2PPh2)&13 is treated with 
NaSeCsHzMes3-2,4,6 in the presence of oxygen, a 
molybdenum(1V) oxo-selenolato complex is obtained 
45114 (Scheme 12). Although the reaction starts out as 

Scheme 12 
CI 0 

I 
CI 

44 

Lii 
PPh, 

45 

a mer complex, the "steric pressure" of the podand 
keeps the coordination geometry virtually intact so that 
there is a reaction site for adventitious oxygen to give 
the final product. 

Polyphosphine complexes of molybdenum were syn- 
thetically explored by King,30v81J16J16 but very little 
reaction chemistry was performed. Stelzer, on the other 
hand used a stepwise approach to prepare 45 and 46 
(Scheme 13).117J18 The metal behaved like a template 

Scheme 13 

LiH', Ph 'Ph 

46 
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so that the ligand could be synthesized in an organized 
fashion around the metal. 

In early investigations George observed that reactions 
(eq 10) could be performed on the N2 ligands that were 
coordinated to a polyphosphine complex.11g Later 

HBr 
2 trans-Mo(ttp)(N,),PPh, - 

2 NH,Br + 3 N, t 2 PPh, + 2 Mo(ttp)Br, (10) 

Mayer and Kaska 

Dahlenburg120J21 used metal reduction methods to 
prepare similar polyphosphine molybdenum complexes 
(12). The polyphosphine complex was determined to 
be mer and the two nitrogen ligands occupy trans 
positions. A trisnitrogen species could not be isolated. 
Dahlenburg122 and Pietsch prepared the molybdenum 
complex (47) and illustrated its reactivity with carbon 
dioxide (Scheme 14). 
Scheme 14 

mer-Mo(dmppmp)Cl, t Na t PMe, - Mo(dmppmp)(N,),PMe, 
N, 

47 

- PMe, 
Mo(dmppmp)(CO,)(CO) - Mo(dmppmp)(CO,)(CO)PMe, 

King's classic papers on the synthesis of podallgands 
expanded the scope of polyphosphine-metal complex 
~hemistry.81J~5J~~ The hexatertiary phosphine 1,1,4,4- 
tetrakis [ 2- (dipheny1phosphino)ethyll- 1,Cdiphospha- 
butane {[(P~)~PCHZCH~IZPCHZCH~P[CH~CH~P- 
(Ph)2]2j readily forms carbonyl complexes 50. No 
complexes were observed where the ligand acted as a 
hexadentate monometallic species as in 51. The CH2- 
CH2 bridge atoms are too short to allow bonding to a 
single metal atom. No reactions of the complex were 
studied. 

49 40 

I I co co 
51 50 

M = Cr, Mo, W 

Stanley123 has taken the hexaphosphine system, (Et2- 
PCH2CH2)2PCH2P(CH2CH2PEt& (eHTP) and treated 
it with M(CO)s (M = Cr, Mo, W). Complex 52 is 
structurally comparable to those observed by King with 
ethylene bridges between the phosphorus atoms. 

co 

P , M  CO 

M = Cr, Mo, W 
52 

In contrast to similar chromium complexes, Dahl- 
e n b ~ r g l ~ ~  observed that MoCldMeP(CH2CHzCH2- 

PMe2)21 when treated with Li underwent C-H in- 
tramolecular insertion in the presence of Me3P (eq 12). 

Li/PMe, n 
Mo(dmppmp)CI, - Mo(H)(CH,PMe,)(dmppmp)PMe, 

A related type of reaction was reported by Stanley.126 
When tungsten carbonyl is heated with (eHTP) one of 
the (diethy1phosphino)ethyl arms is lost to form a 
pentaphosphine ligand (53). In addition an intramo- 
lecular C-H metalation takes place (Scheme 15). 

Scheme 15 
co 

CO 
53 

The photochemical reactivity of the eHTP complexes 
varies from Crz(eHTP)(CO)lo to Mol/W2(eHTP)(CO)e.12S 
Photolysis of the chromium complex in CH2C12 gives 
air stable, mer-Crz(eHTP)C& (54) while the tungsten 
and molybdenum carbonyl produces a chlorinated 
carbonyl (55). 

54 55 
M = Mo. W 

The stereochemistry of the tetraphosphine [CHZP- 
(CH2PPh2)12 is governed by the ethylene bridge which 
does not allow all four phosphine groups to be coor- 
dinated to one metal center. In cases where binuclear 
complexes are formed the metal atoms are not juxta- 
posed (Scheme 16).127 

Scheme 16 
PhzP--\ A r p p h z  

JP \-PPh, Ph,P 

P M(CO),(RCN), + 

ph/2p--\ A r p y h z  

(CO),M Ph,P \JP P p;h:(c0)3 

56 

The new tetratertiary phosphine ligand [CH(CH2- 
PPh2)232 has been synthesized but there is little 
stereochemical control over the formation of 57 or 58 
type complexes.128 Most derivatives with the early 
transition metals are of type 57 although type 59 are 
obtained with an uncoordinated donor atom (Scheme 
17). Presumably the smallnumber of methylene groups 
in the chains offer little structural flexibility. 

For the MozXzL2 system (X = e.g. C1) up to 13 isomers 
are possible. When the ligands L are four separate 
monophosphines only the isomer where the bulky 
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phosphine groups are far from each other has been 
found. The stereochemistry of the linear tetraphos- 
phine Ph2PCH2CH2P(Ph)CHzCH&Ph)CH2CH2PPh2 
is prearranged to coordinate molybdenum in such a 
way that another of the 13 isomers can be i s01a ted . l~ '~~  
Here the short separation between donor atoms most 
likely influences metal-metal bond formation. 

Ph 

60 
61 

4. Manganese, Technetium, and Rhenium 

Heterobimetallic clusters have been synthesized by 
taking advantage of the small steric constraints of the 
ligand HC(PMe2)a. When Re2(CO)lo(r-H) (p-CBH10) was 
treated with this ligand the binuclear rhenium complex 
61 was obtained in good yields. Further reaction of 
this material with [IrCl(COD)12 (COD = cyclooctadi- 
ene) gave 62 and not a polynuclear cluster as intended.'% 

62 

Obviously there is much more to be studied about the 
stereochemical control exerted by small podal phos- 
phines to generate metal cluster compounds from 
monomeric units. 

EllermannlWJ" has shown that Mn2(CO)lo and tdpme 
undergo a disproportionation to give the products shown 
in Scheme 18, which basically amount to "cluster" 
fragmentation. 

On the other hand a new complex with the ligand 
tdpme was synthesized with a rhenium atom coordi- 
nated to six terminal hydrogen atoms and linked to a 
second rhenium atom by three hydride bridges.136Js 
The rigid stereochemical control of the ligand and small 

hydrogen atoms probably influence the polyhydride 
composition of complex 67. All of the H atoms are 
fluxional. 

67 

The ligand tdpme can be used to make a fuc-Re- 
(tdpme)X3 complex, which can be converted to the 
polyhydride, R e ( t d ~ m e ) H & ~ ~ - l ~ ~  (Scheme 19). When 

Scheme 19 
NaBH, 

r Re(tdpme)H, Re(tdpme)CI, . 
68 69 

[Re(tdpme)(RCN),H]'BFi /PPh, 

70 
/ A  

J Re(tdpme)( PPhJH, 
71 H 

[Re(tdpme)(PPh,)H,]'BF,' 

73 72 

this is heated a hydride-bridged cluster 73 is formed. 
The easier deprotonation of the tetrahydridorhenium 

cation [Re(tdpme)(H)*LI+ (L = MeCN, tBuNC, xy- 
ly1NC) compared to their monophosphine analogs 
indicates a nonclassical structure of the hydride ligands. 
This is also consistent with the easy conversion of Re- 
(tdpme)H,j to the hydrido species Re(tdpme)Hs which 
in the absence of a ligand L forms the dirhenium 
polyhydride Re~(tdpme)zHd.l~~ 

Complex 69 shows enhanced thermal reactivity, which 
is a function of the fac stereochemical control of the 
ligand. Thus the hydrogen atoms in the rhenium dimer 
are readily fuc coordinated like the ligand. 

The more powerful hydriding agent LiAlH4 forms 
the optimum Re(tpdme)H, complex 74 (Scheme 20). 
The seven "soft" hydride ligands coordinated to the 
rhenium atom create a "soft" metal center which 
competes with the "soft" donor phosphine ligand. Thus 
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polyphosphine serves to increase electron density on 
the metal atom, and the stereocontrol of the ligand 
offers coordination sites for chemical reactivity. The 
reactions with CO are particularly interesting because 
a C02 adduct could be part of the reaction scheme. 

The tripodal tetradentate np3 interacts with MnI2 to 
form 84, which is moderately stable in air. The structure 
is half-way between a trigonal bipyramid and a tetra- 
hedron.14 

Scheme 20 

tdpme 

LiAIH, 
Re(PPh,),(O)CI, - 

PPh, 

74 

one of the "soft" donor phosphines of the tripod ligand 
is readily rep1a~ed.l~~ 

Linear polyphosphines like PhP(CH&H2CH2PCy2)2 
(ttpcy) can be used to synthesize molecular hydrogen 
complexes 77 by protonation of Re(ttpcy)HP (Scheme 
21). The complex shows a meridional coordination of 

Scheme 21 
Re(ttpcy)CI, + NaBH, - Re(ttpcy)H, 

75 

78 

the phosphine but no substitution reactions readily 
occur presumably because of the unusually long H-H 
bond distance of the q2-H2 ligand. Similar results were 
reported for the hexahydridorhenium complex stabi- 
lized by etp141 which makes the unusual properties of 
these hydride complexes independent of the substitu- 
ents on the phosphorus atoms. 

Reactions of Re(ttpcy)H,j and Re(ttp)H~ [ttp = 
PhP(CH&H2CHzPPh2)2] are known with respect to 
acetylene (Scheme 21) (78).142 

Polyphosphines have enabled Wojc i~ki '~~  to prepare 
hydrido oxo complexes as potential model systems for 
catalyzed reactions of H20, 0 2 ,  and peroxides. Ex- 
amples of reactions of [Re(ttpcy)(q2-H2)H41SbFs (77) 
with CO, S02, and isocyanides are summarized in 
Scheme 22. The mer coordinating action of the 

Scheme 22 

co 
(-F;cy. -I+ 

I ,co - PCy, c y  -pcy, 
81 \.,. 80 

83 

84 

5. Iron, Ruthenium, and Osmium 
Generally tris(dipheny1phosphino)methane [HC- 

(PPhd31 promotes the spontaneous assembly of transi- 
tion metals as clusters, or it will stabilize already formed 
clusters, but with iron it coordinates to a single 
transition metal (85, Scheme 23).86J46 When the 

Scheme 23 
H 
I 

[Fe(p-xylene)Cp]PF, + HC(PPh,), - hv 

Fe 
CP 

85 

sterically constrained HC(PPh& ligand is treated with 
preformed metal clusters, the cluster bonds remain 
intact since all the metal atoms are within the donor 
influence of the phosphorus atoms.'* Two of the many 
products 86 and 87 are shown in Scheme 24. 

Scheme 24 
Ru,(CO),, + HC(PPhJ3 

H 
I 

H 
I 

86 87 

More recently Ru&O)12 has been treated with the 
sterically smaller HC(PMe& to give a capped clus- 
ter Ru3(q3-HC(PMe2)3)(C0)~(p-CO)g comparable to 
Ru~(CO)~(~-C~)~(M~S~(P~B~)~~~. The product however 
is not reactive to substitution or addition reactions with 
phosphines, olefins, or isocyanides. Even thermal or 
photochemical interaction with hydrogen failed. The 
ruthenium cluster did interact with hexafluorophos- 
phoric acid and [Au(Ph3P)]03SCF3. The major reason 
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for this lack of reactivity is the envelope effect that the 
ligand has on the metal coordination sphere.89 

When the ligand spatial groups are extended by the 
introduction of methylene groups, the steric require- 
ments are still rigid and there is some distption in the 
fac complexes. This forces other co-ligands to occupy 
additional coordination sites. Such is the case for low- 
valent iron which forms a hydrido-bridged dimer 
88.22,147,148 

H 

00 

The course of the reaction is sometimes dependent 
upon the steric requirements of the groups attached to 
phosphorus and to the particular anion which is used 
(Scheme 25). For example with Fe(BF& the borohy- 

Scheme 25 

H 

89 

dride fragment remains attached to the iron. One could 
envision that BH3 simply takes the place of an iron 
tdpme moiety in 88. 

When the apical carbon atom in these podands is 
replaced by the larger silicon atom as in MeSi(CH2- 
PMe2)3, the resultant metal complexes can metalate 
certain substrates.149 The larger stereochemical control 
of the ligand and the added electron density on the 
metal atom, contribute to electron rich coordination 
sites for the type of intermolecular metalation (Scheme 
26). The formation of the carbonate complex 92 is 

Scheme 26 
-P -P 

CI 
90 

I 
H 

91 

92 0 

unusual and only occurs under pressure. Adventitious 
moisture and oxygen under pressure is the most likely 
source of the extra oxygen atom. 

The rigid steric requirements, small apical carbon 
atom, and increased electron density of tdpme com- 
plexed to ruthenium also promote extranuclear attack 
on coordinated carbon monoxide's0 (Scheme 27). The 
high values of the CO stretching frequencies suggest 
that coordinated CO is attacked nucleophilicly by water. 

Scheme 27 
[Ru(tdpme)(CO),CI]* + CO + AICI, - [Ru(tdpme)(CO)$' 

93 , w  

95 

The intermediate in the reaction is [Ru(COzH)(CO)z- 
(tdpme)] +, a coordinated carboxylic acid which loses 
COz. A similar reaction occurs with hydride ion, but 
the intermediate here is a metalloformate. 

X-ray molecular structures of the complexes with 
tdpme show that this phosphine has three 90° bite 
angles and caps a triangular face of the octahedron with 
a fac stereochemistry; recall that PhP(CH2CH2CH2- 
PPh& is mer. All three of the remaining coordination 
sites of a facial, octahedral MP3 are trans to phosphorus, 
while only one remaining site is trans to phosphorus in 
the mer structure. Since the phosphorus atoms have 
a high trans influence, there is greater reactivity in the 
fac series.161 This is illustrated in Scheme 28. 

Scheme 28 
[Ru(tdpme)(CO),CI]CI [Ru(tdpme)(CO),HlCI 

Ru(tdpme)(CO)CI, MeCOCl 100 t CH,=C=O 

101 
[Ru(tdpme)(CO),Mel+ 

102 

Solvent0 complexes and mixed solvent species of 
tripod ligands can be made by C1- abstraction with Ag+. 
Reactions of the solvent0 species with H- are not the 
same as those with Cl-162J63 (Scheme 29). 

Scheme 29 
CI 

RuCI,(DMSO), + tdpme 

CI 

103 

Polyarsine complexes of ruthenium with coordinated 
acetonitrile are reduced by borohydrides to give a 
bisamine hydride complex. In contrast [Ru(tdpme)- 
(MeCN)#+ is only reduced to the ruthenium hydride 
borohydride ion; no reduction of the coordinated nitrile 
occurs (Scheme 3O).lM The different chemical reactivity 

Scheme 30 
NaBH, 

[Ru(triars)(MeCN),](OTf), - [Ru(triars)(NH,CH,Me),H]OTf 

NaBH, 
[Ru(tdpme)(MeCN)~(OTf), - Ru(tdpme)BH,)H 

104 
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in the two compounds is related to the differences in 
the trans effect of the two tripodal ligands. 

The tripodal ligand N(CHZCHZPP~Z)~ (np3) is po- 
tentially tetradentate and forms complexes of the type 
105 and 106. The donor atoms nominally can occupy 

Mayer and Kaska 

(attractive %is effe~t").lWJ~~ This is also in agreement 
with a higher fluxionality found for the pp3 complexes 
compared to the dppe and depe derivatives. Inelastic 
neutron scattering experiments reveal that d,(M)-a*- 
(H2) back-donation is stronger in the iron complex 
than in the ruthenium derivative.lM The different 
metal-dihydrogen bond interactions in 110-1 12 is 
reflected in their behavior as catalyst precursors (see 
below). 

The neutral dihydride complex Ru(etp)(L)HZ (L = 
PMezPh, P(OCHz)&Et) which adopts an octahedral 
structure with the triphosphine coordinated in a fuc 
way changes to mer upon protonation. This makes it 
possible for the q2-dihydrogen ligand to occupy a 
trans position to the high trans-influence terminal hy- 
dride.169 

As in the iron complex shown in Scheme 31 the 
increased electron density allows polyhydrogen com- 
pound 114 to form.170 

Scheme 31 

105 106 

four sites on the metal atom but the stereochemical 
control is such that the coordination sphere can be 
expanded by one other ligand site. This gives a trigonal- 
bipyramidal or square-pyramidal form. The metal ion 
electronic configuration can sometimes override the 
stereochemistry influence. Thus Fe(I1) can exhibit 
tetradentateBJ&Jm trigonal-bipyramidal derivatives or 
hexadentate ones (107 and 108, respectively). 

SH 

107 

I 
.PPh, 

NCMe 
108 

Complexes of N(CHzCHZPPh2)s (np3) have been 
studied extensively by Sacconi, but few reactions were 
r e c ~ r d e d . ~ J ~ ~ - l ~ ~  Complex [Fe(nps)Br]PF6 (109) which 
is a typical example of this series, is five coordinate 
from X-ray molecular structural data: 

' +  
Ph,P - Fe I \PPh, 

br 
109 

The series of M(I1) cis-hydride-+dihydrogen com- 
pounds with the formula [M(pp3)(q2-H2)H]BPh4 (M = 
Fe,l'j2 Ru,lm 0sls4) display a similar trend in their 
properties down the iron group triad compared to the 
truns-hydride-q%lihydrogen complexes [MLz(+HdHI+ 
[L = PhzPCH&HzPPhz (dppe), EtzPCHZCHzPEt2 
(depe)] .165 Thus the metal-dihydrogen bond strength 
increases in the order Ru < Fe < Os while the H-H 
interaction decreases. 

F l ; P  h, 

M = Fe (110), Ru (111)~ Os (112) 

PPh, 

However, the pp3 complexes are more stable than 
the corresponding dppe and depe compounds. Due to 
the stereochemistry of the polyphosphine pp3, the q2- 
dihydrogen and hydride ligands are forced in mutual 
cis positions which experience a stabilizing overlap 
between the filled M-H a-orbital and the empty U*H-H 

L P M e ,  

113 

L P M e ,  

114 

Since Dahlenburg has shown that the ruthenium 
tdpme complex wil l  metalate hydrocarbons, the more 
electron-rich tetradentate compounds should behave 
~imilar1y.l"~ The X-ray molecular structure of cis-Ru- 
(MesP)dHz and RU(P(CHZCH~CH~PM~Z)~]H~ was de- 
termined in order to understand the differences and 
relationships between monodentate and chelating 
phosphines with respect to stereochemical control of 
hydrocarbon metalation reactions. Thus the steric 
encumbrance in the trimethylphosphine complex is 
greater than in the triphos complex. This is perhaps 
a deciding factor in making cis-(Me3P)&uo undergo 
spontaneous cyclometalat i~n.~~~ Scheme 32 summa- 
rizes these reactions with a tetraphosphine ligand. 

Scheme 32 
LiAIH, 

Ru(P(CH,CH,CH,PMe,),)CI, - Ru(P(CH,CH,CH,PM~,),)H, 
116 115 

Na/Hg [ C6H6 

J 119-d 
Ru(P(CH,CH,CH,PMe,),(C,D,)D 

V 

Ru(P(CH,CH,CH,PMe,),(C,D,)D 

/ 
Ru(P(CH,CH,CH,PMe,),)(C,H,)H 

u(P(CH,CH,CH,PMe,),H]'BF,' 
117 

119 

Ru(P(CH,CH,CH,PMe,),(OC(O)H)H 

118 

In a similar comparative study, D a h l e n b ~ r g l ~ ~ J ~ ~  has 
noted the interesting differences between ruthenium 
and iron in the hydrocarbon metalation reaction with 
fac stereochemical control of the metal geometry in 
Scheme 33. The larger ruthenium atom does not 
undergo intramolecular cyclometalation of the coor- 
dinated phosphine ligand. Although no structural data 
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Scheme 33 
f'-y, 

120 

L P M e ,  

121 

m;Me2 ci"" 116 PMe, 

C,H, hv 1 

119 

specifically exists, there is less steric congestion around 
the ruthenium atom. This normally tends to disfavor 
intramolecular metalat i~n. '~~ When the iron compound 
120 is treated with C02, the carbonate Fe(02CO) [P(CH2- 
CH2CH2PMe2)Sl is formed along with CO and hydro- 
gen. 

One of the donor groups is released when 122 (Scheme 
34) is treated with a donor ligand. This can be the 

Scheme 34 

L P M e ,  

122 

L P M e ,  

123 

result of stereochemical control or most likely from 
electronic influences of the new ligand. It can allow for 
synthetic and reaction flexibility.17G179 

Since most of the polyphosphines enhance the 
electron density on the metal atom, supplemental 
bonding to a main group metal system can be observed. 
One of the first examples of this is illustrated in Scheme 
35." Morrislal expanded the chemistry of polyphos- 

Scheme 35 

124 PI- TY r r7ph2i+ 

126 

phine-stabilized ruthenium complexes and synthesized 
the hydrogen complex 128 (Scheme 36). The reaction 
with BH4- must be done under hydrogen gas or the 
borohydride adduct 129 will be obtained. 

Scheme 36 

RGI,(PPh3), + P(CH,CH,PCy,), + 

127 

HJBH4/ I BH, 

128 H I B H ,  I 

129 

The mer stereochemical control of the linear triden- 
tate MeP(CHzPMe& on metal carbonyl complexes like 
Fe2(C0)9182 is directed toward compounds that reflect 
cluster building products and linear adducts (Scheme 
37). The more sterically hindered ligand MeP(CH2Pt- 

Scheme 37 
Me 

131 133 

Bu& does not react with Fez(C0)g under the same 
reaction conditions.106 

Meek attempted to compare the chemistry of chelat- 
ing ruthenium hydrides with their monophosphine 
analogs. He found that Ru(ttpcy)H, and Ru(ttpcy)- 
(H)C1 are similar to Ru(PPh3)3H4 and Ru(PPh3)4H2 in 
their reactions with olefins. However, 2-vinylpyridine 
formed an interesting vinyl metalated complex with 
Ru(ttpcy)H41a3 (Scheme 38). 

Scheme 38 

\-PCy, 
134 

135 136 
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Meek184 used stereochemical control of the linear 
polyphosphine ttpcy to obtain the dihydrogen complex 
134. The hydrogen atoms interact with substrates as 
a dihydrogen complex and as a metal hydride. Thus 
carbon dioxide insertion occurs to form a bidentate 
formate ligand. Carbon monoxide reacts irreversibly 
to form a six-coordinate dihydride and dihydrogen can 
be displaced by nitrogen to form a nitrogen dihydride 
complex. The carbonyl groups in Ru(ttpcy)(C0)2 are 
oxidized by oxygen and the carbonate complex 137 is 
formed. When Ru(ttp)(CO)z is treated with oxygen an 
uncharacterizable material is obtained.185 

Mayer and Kaska 

Scheme 41 
RuCI,.~ H,O + ttpcy - Ru(ttpcy)CI, (soluble) 

142 

RuC1,.3 H,O + ttp - insoluble dimer or polymer material 
143 

137 

The stereochemical control exhibited by ttpcy in 
earlier reactions prompted the investigation of forming 
carbon-carbon bonds with acetylenic reagents shown 
in Schemes 39 and 40.lW For example Ru(ttpcy)(H)Cl 

Scheme 39 
CeHs * 

Ru(ttpcy)(H)CI + PhC.C-C=CPh 

138 

139a 139b 

Scheme 40 
134 + PhCgCH - 

140 141 

reacts with 1,4-diphenylbutadiyne to give the syn,cis 
insertion product 139a. This dissolves in polar solvents 
to give the unti,mer isomer 139b.lS7 Most of the 
reactions are typical of metal-coordinated ligands except 
for Ru(ttpcy)H4 (134) which interacts with two mol- 
ecules of phenylacetylene to form a coordinated ligand. 

A more detailed description of the less hindered t tp 
ruthenium chemistry is depicted in Scheme 41. For 
example the more hindered ttpcy ligand gives soluble 
ruthenium dichloride complexes, whereas the less 
hindered t tp ligand forms an insoluble material. An 
attempt to make a dihydrogen complex like 134 by using 
NaBH4 gave a borohydride adduct (144) (Scheme 41). 
This is often the case when hydrogen is not used in the 
reaction. An attempt to displace BHS from 144 with 

the Lewis base donor P(0Ph)sresulted in a substitution 
reaction followed by orthometalation of the phosphite 
148." 

148 P = P(OPh), 

Complexes of the Ru(C0)2 moiety with PhP(CH2- 
CHzCH2PPh2)2 and PhP(CH&H2PPh2)2 interact the 
same way with many substrates but the final stereo- 
chemistry is different. The ligands PhP(CH2CH2CH2- 
PPh& prefer mer arrangements, while PhP(CH2CH2- 
PPh2)2 prefers a fuc-coordinated octahedral complex. 
This is undoubtedly because of the smaller bite angle 
in the latter ligand.18SJsg The reactions shown in 
Scheme 42 exhibit these differences. 

Scheme 42 
7 

co 
fac 
1 49 

I 

fac 
150 

mer 

151 

Some oxidative addition reactions with PhP(CH2- 
C H ~ C H ~ P C Y ~ ) ~  are displayed in Scheme 43. The mer 
stereochemistry predominates in the final product. 
These air-stable complexes are labile low-spin de 
materials.lMJW 

MeeklmJgl has reported that the structure of the 
complex Ru(ttpcy)Cl2 is dependent on the polarity and 
coordinating ability of the solvent. In nonpolar solvents 
i.e. C,& the mer and fac are present but in halogenated 
solvents the fuc form predominates. In contrast to the 
ttpcy ligand with its sterically encumbered cyclohexyl 
groups, the polyphosphine PhP(CH&H2PPh2)2 (etp) 
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A mixture offac and mer isomers arise from the ligand 
PhP(CH&H2PPh2)2, because of the relatively short 
methylene chain. When the total chain length is 
increased, structural data on P ~ z P C Z H ~ P ( P ~ ) C Z H ~ P -  
(Ph)CzH4PPhz iron complexes show that all four 
phosphorus atoms can coordinate to the metal atom 
under special condition~.~g7 

An interesting polyphosphine of ferrocene 160 has 
been synthesized but no reactions have been reported.'% 

Ph 
'p- 

I 
Fe 

/ 
Ph-P 

\ / P-& 

Ph 

160 

Scheme 43 
(---?CY, 

my, I L L Y ,  
153 

<;cy, 

154 

with one less methylene group and thus less flexibility 
acts as a bidentate ligand in 155 with one phosphorus 
atom of each ligand ~ncoordinated.~92J~~ 

CI 

155 

meso- and rac-tetraphos iron and osmium complexes 
156 and 157 allowed Morris to probe the stereochemical 
control of hydrogen atom exchange with dihydrogen. 
Thus the meso complex holds the H and HZ ligands far 
apart and prevents exchange. Stereocontrol in the rac 
complex forces the H and HZ ligands in the cis position 
and encourages exchange.Ig4 

Ph Ph 
P 3 P l \  I 

M = Fe, Os Ph meso 

156 rac 
157 

The linear tetraphosphaalkane MezP[CHzIsPMe- 
[CHzlnPMe[CHz]3PMe~ forms diamagnetic com- 
plexes,l96 e.g. 158, by stereochemically coordinating to 
the metal in a mer fashion. In contrast the hexaphos- 
phine (Et2PCH&H2)zPCHzP(CHzCHzPEtz)z (eHTP) 
gives the binuclear complex [FezClz(eHTP)I 2+ which 
is cleaved by CO, and an iron chloride moiety is released 
to form mononuclear 159 with dangling phosphorus 
donor ligands.196 

CI l+ 
OC-Fe- 

CI'I R,P J 
CI 

158 159 

6. Cobalt, Rhodium, and Iridium 

The metal carbonyl compounds of group 9 portray 
examples of the cluster-forming potential and stereo- 
chemical control by sterically small polyphosphine 
podands. Scheme 44 illustrates that the initial reactions 

Scheme 44 
Rh,(tdpme)(CO), 7 [Rh,(CO),,]' 

161 

Rh,(CO)iz 

162 

163 [Rh,(CO)i,I' 

of Rh,&O)lz with tdpme are face capping or fragmen- 
tation at  different temperatures. The sterically larger 
ligand tdpme exhibits less control in reactions with R b -  
(C0)lz. At  -60 "C face capping of the rhodium tetra- 
hedron occurs followed by heating to isolate the uncoor- 
dinated hexarhodium species. However, at  room temp- 
erature fragmentation of the tetramer is observed with 
tdpme. Only at  low temperatures the tetrarhodium 
cluster is maintained (Scheme 44). The clusters can be 
reversibly protonated without decomposition.1w The 
tripod ligand HC(PPh2)s only exhibits face capping.200 

Tripod, HC(PPh& with the least steric constraints 
interacts with rhodium and iridium clusters to give 
M&O)gHC(PPh& compounds which do not decom- 
pose at  120 "C in toluene. These can be eventually 
converted into polyhedral compounds. 

In Scheme 45 the construction of a small cluster with 
HC(PPh2)3 is displayed albeit with the formation of a 
Scheme 45 

H 1 2+ 
I 

Ph,P 

co s 

164 
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single metal-metal bond.201-203 Thus treatment of a 
rhodium dicarbonyl compound with HC(PPh& gives 
a partially constructed cluster. Addition of further 
rhodium fragments to increase the size of the cluster 
was not reported. 

Fragmentation of the polyphosphine ligand can occur 
under certain conditions. When IrCl(C0)2@-CH3C&- 
NH3 is used instead of hq(c0)12, a cluster is formed 
but part of the polyphosphine is cleaved in the process 
(Scheme 46),204 The tridentate phosphine ligand 

Mayer and Kaska 

upon the metal coordination sphere and reaction 
conditions. 

A highly reactive paramagnetic dimer 170 can be 
obtained by reduction of a tdpme cobalt c0mplex~~7-~09 
(Scheme 48). This will form a paramagnetic carbonate 

Scheme 48 
[(tdpme)Co(~CI),Co(tdpme)I + NdHg - paramagnetic dimer 

Scheme 46 
Ph 

I 
!i 

CO 

165 

underwent HC-PPh2 bond cleavage followed by pro- 
tonation to give dppm (Ph2PCH2PPh2) and PPh2. The 
PPh2 moiety underwent P-Ph bond cleavage leading 
to p3-PPh and formation of a Ir-Ph bond. The different 
reaction products in terms of stereocontrol by the 
polyphosphine are not understood. 

Dicobalt octacarbonyl interacts with the tripod ligand 
HC(PPh2)3 to give the cluster C O ~ ( C O ) ~ H C ( P P ~ ~ ) ~ ~ ~ ~  
(166). This is the same type of behavior observed with 
163. The prominent electron-donating character of 
tripod with its stereocontrol allows the addition of 
another cobalt carbonyl fragment to the initial COZ- 
(C0)s. Thus the tripod retards metal-metal bond 
cleavage without breaking down the cluster, and 
simultaneously it promotes carbonyl displacement from 
the apical position (167, Scheme 47). 

Scheme 47 
H H 

166 167 

Another example of "cluster" formation by sterically 
small polyphosphine podands is 168,2OS although this 
reaction is not completely general and often depends 

oc 

'J I MePvPMe2 
168 

170 

derivative 169 and a paramagnetic 17-electron allyl 
complex 171 which is effective in catalytic allylic 
alkylations.210 

7 P  

171 

The stereochemical control of tdpme allows three 
coordination sites on cobalt to interact with hydroxyl 
amine to give an (q2-oxo)amine 172 which can be 
oxidized with oxygen to the cobalt nitrosyl 173 (Scheme 
49). The stereochemical control imposed by tdpme is 

Scheme 49 
l t  

7 P  
NH,OH, HCI 

NEt, 
Co(BF,), 6 H,O t tdpme - 

172 

psi*, CO-NO -6;; 
173 

tetrahedral around the metal so the nitrosyl group is 
linear instead of bent. These reactions indicate the 
forceful stereochemical control by the tdpme ligand 
which guarantees that open coordination sites will be 
available for coordinated ligand reactivity. 

An additional example of such ligand reactivity that 
is promoted by a polyphosphine is the aqueous cobalt 
system and tdpme which interacts with white phos- 
phorus by replacing one of the phosphorus tetrahedra 
with the stereocontrolled face of the cobalt complex. 
The lone pair electrons on the phosphorus atoms can 
be coordinated to transition metal carbonyls 175 or 
alkylated as in 176211p212 (Scheme 50). Treatment of 
Co(tdpme)P3 with CF&30J3 gives [Co(tdpme)PsHl (CF3- 
S03)2'(H502).213 The product consists of a H+-bridged 
Co-P edge, H30+, and a molecule of water. 

A spiro type of polyphosphine ligand gives a podal 
complex 179 (Scheme 51) with one dangling donor 
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Scheme 50 
-D p\ 

/ 174 

I 
176 CH3 

Scheme 51 
C O ~ ( C O ) ~  + C(CH,PPh2)4- [Co(CO),(Ph,PCH,),CCH2PPh~][CO(CO)~l 

177 

170 / 
NaBH, 

J. 
[COH(CO),(Ph2PCH,),C(CHZPPh, BH& 

J 

180 

+ NH,[Co(C0)4] + NH4NC0 

H 
179 

arm214 by using cobalt octacarbonyl as the starting 
material. Note that the sterically larger podand does 
not stabilize cluster formation but rather formsfacially 
directed compounds. 

The three equivalent cis positions which are generated 
when the facial tripod ligand tdpme is coordinated to 
an octahedral metal center has made tdpme one of the 
most popular polyphosphines. Especially with the d8 
metals rhodium and iridium, a rich chemistry which is 
relevant to several areas in organometallic chemistry 
exists. The [M(tdpme)] fragment (M = Rh, Ir) is able 
to coordinate important reactive ligands such as acyl 
groups, alkyls, aryls, carbon monoxide, hydrides, and 
olefins in a stable way and in a large variety of different 
arrangements and bonding modes. Thus by using 
tdpme instead of three monophosphines, some reaction 
intermediates such as the alkyl carbonyl Rh(tdpme)- 
(CO)R,36215 the carbonyl acyl Rh(tdpme)(CO)(COR)35$15 
(R = Me, Et, Ph), the dihydride carbonyl [Rh(tdpme)- 
(H)2(CO)lBPb,35 theethylene ethylRh(tdpme)(CzH& 
C2H5,35v216 the dihydride alkyl Ir(tdpme)(H)2C2H5,217 and 
ethylene dihydride [Ir(tdpme)(H)2C2H41BPhq,217 and 
the hydride alkyl carbonyl [Ir(tdpme)(CO)(CzHb)HI- 
BPh4217 could be isolated and characterized. 

One of the earliest studies on the complex chemistry 
of d8 metals with the tripodal ligand MeC(CH2PPh& 
was Collman's report.218*219 Here the chloro group could 
be substituted with a variety of anions including azide, 
and the iridium and rhodium carbonato complexes 
could be made by oxidation of the coordinated CO 
ligand (Scheme 52). 

More recent examples show that the dihydride 
[Ir(tdpme)(H)2C2H4)I+ (184a) is in a fast equilibrium 

Scheme 52 

with ita [Ir(tdpme)(CzHb)H]+ (184b) isomer via a 
hydride migration/ 6-H elimination process (Scheme 
53). The reduction of [Ir(tdpme)(H)2C2H4)1+ with 

Scheme 53 

C2H4 1 A 

7 P  7 P  

Et 
184b 

R = C,H,, CH,CN, PhCzC 

NaBH4 or LiHBEt leads to the dihydride ethyl complex 
Ir(tdpme)(H)&zH5) (18). Ethane but no hydrogen or 
8-H elimination occurs to form the reactive intermediate 
[Ir(tdpme)H] (185) upon thermolysis or photolysis of 
Ir(tdpme)(H)2(CzH~) (18). The geometry which tdpme 
imposes on the [Ir(tdpme)Hl (185) fragment forces 
frontier orbitals with the appropriate symmetry and 
energy for insertion into sp3, sp2, and sp C-H bonds to 
be generated. This has been used by Bianchini et al. 
to study the intermolecular C-H activation reaction at 

The ?r-olefin complex 16 and the vinyl 
dihydride 186 are observed upon thermolysis of 18 in 
the presence of ethene. It was concluded that the two 
products form via different transition states which is 
in agreement with studies performed on the isoelec- 
tronic fragment [('r15-C5H5)IrPMe31 .221 

Reaction of Rh(tdpme)(CzH4)C1 (188) with ethyne 
in a 1:l ratio forms [(tdpme)Rh(ll-Cl)(~l-11~-s~-C2H4)- 
Rh(tdpme)] (189) as brick red crystals while with a 
metal/ethyne ratio of 1:2 off-white crystals of Rh- 
(tdpme)(v2-C4H4)C1 (190) are obtained (Scheme 54).222 
This species is an active catalyst for acetylene cyclo- 
trimerization and functi~nalization.~~~ The q4-benzene 
complex [Ir(td~me)(11~-csH6)]+ (191) could be isolated 
when rhodium is replaced by iridium.224 This species 
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Scheme 54 

Mayer and Kaska 

ordinate complexes in Scheme 56 are trigonal bipyra- 
midal with two phosphorus atoms at  the equatorial and 
one at  the axial position. Due to the better ?r-bonding 
ability of CO, this group is equatorial and the halogen 
occupies the apical site.228 

The purpose of the ethylene in 204 is most likely to 
protect the rhodium site for hydrogen addition to give 
a trihydride which reacts with acid; hydrogen is released 
to give 206. The bridged trihydride 206 forms from 
EtOH and completes the reaction (Scheme 57).22943'3 

Scheme 57 

7 P  A H ,  
189 

190 

has allowed one to study the stepwise reduction of the 
q4-coordinated benzene to cyclohexene.225 The use of 
tdpme as ligand has enabled the authors to characterize 
the q3-cyclohex~dienyl (192), q4-cyclohexadiene (193), 
cyclohex-1-ene-4-yl (194), q3-allyl (195), and the 1,3- 
diyl (196a) and its isomer 196b as intermediates 
(Scheme 55). 

Scheme 55 

v 
191 192 193 

196a 

1 A 

195 194 

P P <,Ir -@$+tp* A THF C J r + ; H  P I H  

H H THF 

196b 197 198 

Triphos MeC(CH2PPh& can confer some extra 
stability on the multiple hydrides of rhodium and 
iridium. For example IrHa(PPh3) as the fuc and mer 
complex is stable but the corresponding rhodium 
complex is not. By using tdpme the rhodium complex 
is stabilized and interacts with CO to give Rh(tdpme)- 
(C0)H (209).22s 

Some additional examples of reactions with iridium 
complexes are shown in Scheme 56.n7 The pentaco- 

Scheme 56 
Ir(tdpme)(CO)H 2rBHi 

H HCI 
[lr(tdprne)(CO)H2]+& Ir(tdpme)(CO)CI - (Ir(tdpme)(CO)(H)Cl]+ 

201 199 202 p2 
BH,' 

Ir(tdpme)CI, - 199 
203 

H 
204 

There is no report on whether ethylene is reduced or 
not to ethane. Compound 206 is paramagnetic although 
there is very little temperature variation in its magnetic 
susceptibility. 

BairdB1 observed that some complexes with specific 
ligands could not be made by substitution of CO from 
[Rh(tdpme)(C0)2lPFe. Complexes of PPh3, ethylene, 
and propylene have to be prepared by displacement of 
hydrogen: 

L 
(13) [Rh(tdpme)(CO)H,]PF, - [Rh(tdpme)(CO)LlPF, - Hz 

L = ethylene, propylene 

A route to the trimethylrhodium complex is described 
in eq 14. Rh(tdpmelMe3 reacts with CO to the acyl CO 
adduct Rh(tdpme)(CO)COMe.216 No ethane but ac- 
etone is observed during the reaction. This implies 
that a phosphine arm of tdpme is decoordinated during 
the course of the reaction. 

CIZ MeLi 
(Rh(tdpme)(CO),JPF, - [Rh(tdpme)CldPF, - WtdPme)Me, (14) 

When [Rh(tdpme)(CO)2lPF~ is treated with MeLi, 
the nucleophile attacks the CO group to give the acyl 
product which eliminates acetone after a second attack 
by MeLi to result in the final product aniona2 (eq 15). 
The vibration of the stretching frequency of CO is often 
an indicator of substitution of CO or addition. 

Meli 
[Rh(tdpme)(CO)$PF, - [Rh(tdpme)CO]Li (15) 

Interestingly the complex Rh(tdpme) (C0)Me is inert 
to MeI, but in the presence of Me3P it reacts with Me1 
to form [Rh(Mpme)(CO)(PMe3)]+ and methane, but 
no ethane. The formation of Rh($-tdpme)(CO)(PMes)- 
Me was detected but the exact nature of the reaction 
is still ~nclear.~s3 



Control of Transition Metal Complexes 

The fac-coordinating character of MeC(CH2PPh& 
is instrumental in influencing the formation of metal- 
metal-bonded compo~nds ,2~~ although the rhodium- 
rhodium bond in the following can be cleaved by 
specific reagents (Scheme 58). This is similar to the 

Scheme 58 
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I 
208 

H 
209 

cluster-forming capabilities of the smaller podal 
ligands. 

The COD iridium complex 210 was recently prepared 
and characterized236 (Scheme 59). The barrier to 

Scheme 59 

. / 'I CI 

210 

pseudorotation is significantly lower than that observed 
for [Ir(PMe3)3(COD)ICl. The chelating tdpme is 
responsible for the fast turnstile mechanism in contrast 
to the Berry pseudorotation which accounts for the high 
fluxionality of the monodentate counterparts. The 
structure of [Ir(tdpme)(COD)l+ in the solid state is 
best described as a distorted trigonal bipyramid, while 
[Ir(PMe&(COD)I+ is best represented as square pyr- 
amidal with the COD ligand and two PMe3 groups 
occupying the basal sites. 

Note the different chemistry presented by the COD 
ligand in this complex compared to the tetradentate 
one described later by Bianchini (Scheme 66). 

The observation that the off-white or pale yellow cis- 
hydride alkynyl complexes [Co(PP3)(H)(CCR)l+ (R = 
H, Ph, SiMes, CMes) transform into the corresponding 
red vinylidene derivatives when a solid sample is 
heated2M has led Bianchini and co-workers to develop 
a molecular solid-gas organometallic chemistry. In the 
solid-vapor reactions of [Co(PP3)(Nz)IBPh (21 1) with 
small organic molecules (C2H2, C2H4, CH20, MeCHO, 
and CO), N2 is evolved and 1:l complexes involving the 
reagents are formed237 in high yields (Scheme 60). The 
stereochemical control of the ligand indicates that all 
metal centers are accessible to the organic substrate. 
Fragmentation of the crystals of the precursors is not 
observed. 

The reaction between solid metal complexes and 
gaseous molecules may be controlled by the restrictive 
environment of the reactant crystal lattice which leads 
to a different product distribution compared to the 
reaction in solution. This has been shown by the 
treatment of ethyne with the crystals of the q2-ethene 

Scheme 60 

P7 

H,C-CH, 
212 

21 1 

I 
ti 

0 
213 

OeC'Me 
214 

21 5 21 6 

dihydride [Ir(tdpme)(H)&2H4)1BPh4 (184) which 
when carried out in solution yields the q4-benzene 
complex (191) and the q4-buta-1,3-diene complex 217 
while in the solid-gas reaction the products shown in 
Scheme 61 are observed.238 

Scheme 61 

H H 

218a 21 8b 

A reversible exchange of the H2 and N2 above 65 OC 
takes place when a stream of H2 or N2 gas is passed over 
crystals of [Co(PP3)(N2)1+ and [Co(PP3)(Hz)l+, re- 
s p e c t i ~ e l y . ~ ~ ~  X-ray studies reveal that the colorless 
classical dihydride 219 or the pink-red nonclassical 
dihydrogen complex 220 is formed depending on the 
nature of the counterion (Scheme 62). When 219 is 



1258 Chemlcal Revlews, 1994, Vol. 94, No. 5 Mayer and Kaska 

improved to 100% when the reaction components are 
heated as a solid-solid mixture instead of refluxing a 
THF solution. Treatment of 226 with HZ in either the 
solid state or THF quantitatively affords Ir(tdpme)- 
(H)z(o-S(CeHs)CzHs) (227) which is completely con- 
verted to Ir(tdpme) (H)C12 (228) and 2-ethylbenzeneth- 
io1 by the protonolysis with an excess of gaseous HC1 
in CDzC12. 

The solid-gas chemistry outlined above demonstrates 
the ability of organometallic fragments which are 
stabilized by tripodal phosphine ligands to assist in 
heterogeneous reactions. It was found that in certain 
cases the nature of the counterion is important for the 
activity of the metal complexes. 

Recently the cyclohexane frame was introduced as a 
backbone in tripodal phosphine ligands (Scheme 65). 

Scheme 65 

Scheme 62 

219 21 1 220 
X = BPh,', PF, 

dissolved the colorless classical dihydride tautomerizes 
into the pink-red +dihydrogen complex. The struc- 
tural difference between the [Co(PP3)1 fragments in 
the BPb-and PFe-salta were traced back to the opening 
of the trans-P-Co-P angles. 

With the ethylene dihydride complex [Ir(tdpme)- 
(C&Hz)(H)nlBPhd (184) as the precursor the solid-gas 
hydrogenation of ethylene can be performed catalyti- 
cally.240 A steady-state condition at  60 OC could be 
maintained for several days. On the basis of experi- 
mental evidence a mechanism has been proposed which 
is shown in Scheme 63. 

Scheme 63 

,,,.1 I IL; 222a' 

H,C~CH, 

t 
1848 

I 

I 104b 

i""' 
225 224 223 

The reaction of benzo[b] thiophene with the q4- 
benzene complex [Ir(tdpme)(Cd&)]BPh4 (191) leads 
to the dissociation of benzene followed by the insertion 
of the [Ir(tdpme)]+ fragment into the C-S bond of 
benzo[b]thiophene forming [Ir(tdpme)(l12-C,S-C~)l- 
BPh4 (226) (Scheme 64).241 The yields of 90% can be 

Scheme 64 

+ (& I -C,H, 

THF, reflux or solid state 

BPh,' 

191 

80 "C, - BPh, - CeH, 

solid I 

220 H + 
2 HCI, CD,CI,, 20 OC 

THF, 20 'C 

227 

231 229 

-* 230 

R Me I 

232 233 

Ll 

234 235 

The complexation behavior of these ligands is not only 
a function of the bite angle but also depends on the 
flexibility of the cyclohexane ring and the specific cis,cis 
arrangement of the phosphine functional groups. The 
complexation of 229 to the Rh-Cl fragment resulted in 
an octahedral environment at the metal.242 

In solution the compound forms an oligomer (232). 
In spite of the higher flexibility of 230 only two 
phosphine groups are coordinated to the metal center 
in 233, while the third remains noncoordinated.243 In 
both complexes an intramolecular C-H metalation takes 
place resulting in the oxidative addition of a ring 
methylene C-H bond to the metal. In contrast the 
tripodal ligand 231 is able to coordinate all three 
phosphine groups to one metal center resulting in either 
trigonal bipyramidal or octahedral adamantane-type 
structures 234 and 235.% The steric constraint of the 
ligand (tdppcy) does not allow the dissociation of one 
phosphine arm while the other two remain bonded to 
the metal. This might be important in developing 
catalytic systems. The barrier to pseudorotation in 
tdppcy-stabilized pentacoordinated complexes is 
lower than in comparable complexes stabilized by 
tdpme.215244,246 
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tron density on the metal for oxidative addition 
reactions. However the stereochemical control of the 
ligand must be subtle enough for distinctions to be made 
between rhodium and iridium (Scheme 66). 

Scheme 66 

Complexes of cobalt, rhodium, and iridium have 
played an important role in understanding the stereo- 
chemical control of polyphosphine complexes because 
the coordination stereochemistry was defined by using 
factors such as chelate, bite angle, and sterically 
demanding groups. One of the first such ligands was 
that of Venanzi2& with the following structure: 

I IPh 

M = Co, Rh, Ir Cl 

236 

The central phosphorus atom forms a complex with 
the metal so that a trigonal bipyramidal coordination 
is found.247~24 Soon afterward other ligands like 
the linear polyphosphines PhP(CH&H2PPh2)2 and 
PhP(CH2CHzCH2PPh2)2 and tripodal ligands N(CH2- 
CH2PPh2)2 for example illustrated that one can vary 
the ring size and bite angle just by changing the number 
of CH2 groups.249 Cobalt complexes of the rare Sb- 
( C H ~ C H ~ C H ~ A S M ~ ~ ) ~  were prepared as ionic salts, 
i.e. [CO{S~(CH~CH~CH~A~M~~)~}IC~O~.~~ The ligand 
P(CH2CH2PPh2)3 more commonly forms trigonal- 
bipyramidal complexes and less commonly square- 
pyramidal compounds. It can function as a bidentate 
or tridentate ligand to one metal or bridge two or more 
other metals.2s1-2M Examples and reactions are shown 
in eqs 16-18. 

CoZt + pp, + BH,' - Co(pp,)H (16) 

2 Co(pp,)H + 4 HCI - 2 COCIz + PP3 + 3 H, (17) 

Co(pp,)CI + 2 NaBPh, + CO + [Co(pp,)CO]BPh, (18) 

Complexes with the ligand tris(2-diphenylphosphi- 
no)ethylphosphine and rhodium (pp3) can be made as 
follows:2~~ 

ppdacetone 
[Rh(COD)CI], + 2 AgBF, - 2 [Rh(pp,)(acetone),]BF, (19) 

A common podal system which contains nitrogen 
forms complex 237. In reactions with aquo cations of 
cobalt, the medium is important since two different 
series of products hydroxo and aquo are obtained 
depending on whether EtOH, THF or acetone are 
~ ~ e d . ~ ~ * ~ ~ ~  

237 

BianchinP has observed the intermolecular meta- 
lation of the COD ligand by 238. In contrast the 
corresponding rhodium complex orthometalates a C-H 
bond of the np3 ligand even in the presence of COD. 
The tripodal ligands certain confer considerable elec- 

i [Ir(COD)CI], + np, 

NaBPh, 
- NaCl 

I NaBPh, P h c , y r % 2  '' 
- NaCl \PPh, 

239 

A current use of polyphosphine ligands is in chiral 
h y d r o g e n a t i ~ n . ~ ~ ~ ~ ~ ~  Such a successful chiral complex 
of rhodium is 240. 

co 1 i c) 
all-(S) complex 

240 

The importance of the interplay between the ster- 
eochemical control of the polyphosphine and the nature 
of the metal center is demonstrated by the cis-dihydride 
and q2-dihydrogen complexes of the Co, Rh, and Ir triad 
with the tripod ligands pp3 and np3 (Scheme 67). While 
the pp3Co fragment forms a a2-dihydrogen complex of 
CgU symmetry in solution and in the solid state,2e1 the 
rhodium derivative exists as a cis-dihydride complex 
with pseudo octahedral CzO symmetry in the solid state 
and in solution below 183 K. At higher temperature 
the compound rearranges to a trigonal bipyramid of 
C3u symmetry with a q2-dihydrogen ligand.w2 The 
iridium complex maintains the octahedral geometry 
with the classical dihydride structure in solution and 
in the solid state.263 From theoretical studies it was 
concluded that if a d8 ML4 complex adopts a CsO 
symmetry, H2 will be nonclassically coordinated as a2, 
otherwise the classical dihydride structure is more 
stable.2g4 This is due to the better back-donation from 
an occupied metal a-orbital to the Hz u* orbital in the 
latter case. In general the CaU symmetry of d8 ML4 
complexes is unstable with respect to the octahedral 
CZ,, structure. However, the tripodal ligands pp3 and 
np3 are able to compensate for the instability of the C3,, 
symmetry by their strong steric requirements which 
makes the q2 coordination of H2 possible. The increase 
in a-back-donation on going from cobalt to iridium 
favors the classical bonding mode and thus only 
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Scheme 67 

HJ-H 

241 

H 

solid state 

243 

H 

245 

H 
242 

solution 

244 

246 

octahedral dihydride complexes exist. When the central 
P atom in pp3 is replaced by a N atom, which delivers 
more electron density to the metal, the better M-H2- 
(a*) back-donation results exclusively in octahedral 
dihydride comple~es.~~6 A direct consequence of the 
different binding modes of H2 in the pp3MH2 (M = Co, 
Rh, Ir) series is their different behavior toward olefins. 
The cobalt derivative quantitatively isomerizes di- 
methyl maleate to dimethyl fumarate while the rhodium 
complex hydrogenates the C-C double bond. The 
iridium complex does not react with dimethyl maleate 
at  all. 

Polyphosphine ligands which impose a square-planar 
geometry on a d* metal can potentially control metal 
nitrosyl complexes to adopt bent nitrosyl geometry.=vm 
Complex 247, however, remains tetrahedral with one 
of the donor atoms danglingm and the nitrosyl group 
is linear (Scheme 68). Most likely the NO group with 

Scheme 68 
0 
N 

rp/Rhyph I 
Rh(PPh,),NO + pp3 ----+ 

Ph,P 

247 

its three electrons overrides the stereochemical control 
of the polyphosphine. 

Scheme 69 

248 I 
XH 

249 

Mayer and Kaska 

When groups other than nitrosyl are used, as shown 
in Scheme 69 the vacant trigonal-bipyramidal site is 
readily substituted.289 

Linear polyphosphines form a broad spectrum of 
complexes with group VI11 metals. For example, the 
linear ligand PhP(CH&H2PPh& (etp) constitutes 
trigonal-bipyramidal complexes with cobalt [ Co(etp)L- 
(C0)IX and [Co(etp)(C0)2lX while the ligand PhP- 
(CH2CH&H2PPh2)2 (ttp) prefers the square pyramidal 
geometry in the complex [Co(ttp) (CO)P(OMe)sl+.no~~l 

250 

More recently K ~ b i a k ~ ~ ~  has shown that the coor- 
dinated COD in 251 (Scheme 70) can interact with bases 
Scheme 70 

P P P h .  P P P h .  
P P P h ,  1 C l  

251 252 253 

in two different ways. When bases like alkoxides are 
used the mechanism goes through a mer intermediate 
to form 253, when bases like pyridine are used the mer 
intermediate is not observed. The etp ligand has enough 
stereochemical control to prevent a Michael-type adduct 
in the mechanism of forming 253 with bases like 
pyridine. 

Linear polyphosphine coordination complexes will 
disproportionate carbon dioxide (Scheme 71),2731274 
Scheme 71 

CO, [Rh(COD)CI], + t-BuP(CH,CH,CH,PMe,), - 
L - P M e ,  

254 

although with bulky groups placed on the ring next to 
the metal atom the carbon dioxide adducts can undergo 
insertion reactions275 (Scheme 72). 
Scheme 72 

[Rh(4-MeC,H4)t-Bu(CH,CH,CH,PPh,),] + CO, + PhNO - 
PPh, 

255 

Complex 256 readily undergoes substitution with 
phosphides which in turn can be converted with 
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hydrogen (258) and diazomethane (259) into two types 
of coordinated  phosphine^^^^*^^ (Scheme 73). 

Scheme 73 

t-Bu, r,, 
(p -B - PRz 

nph2 
t-Bu-P-Rh-CI + LiPR, - 

( I  

/ I CHzNz 

258 259 

Dahlenburg also showed that the iridium complex 
260 was easily prepared278 and underwent reactions with 
CO to give 261 and with HC1 to give 262. Dahlenburg 
also observed that ortho-metalated iridium complexes 
will form chelates27s282 (Scheme 74). 

'/ HCI/ 

L P P h ,  

261 

The electron-rich chelating triphosphine ligand 
PhP(CH&H&H2PPh2)2 occupies three of four coor- 
dination sites in square-planar rhodium and iridium 
complexes (263).283 By variation of the fourth coor- 
dination position with different anionic ligands, the cis 
and trans influences have been studied.2a*2s 

Ph-P-M-X 
/ I  

(,6Phz 

With the more hindered podand, PhP(CH2CH2CH2- 
PCy2)2, only oils could be isolated. The meridional 
stereochemistry of the ligands and electron-releasing 
character of the phosphines make the OH group basic 
enough to interact with a variety of organic acids and 
s02. 

Some of the stereochemical aspects of these rhodium 
complexes are discussed in the ref 268. Iridium also 
forms mer octahedral complexes, and because the 

phenyl group on the apical carbon is syn or anti to the 
chloride ligand, diastereomers can be obtained.288-2'3'3 

phwP-lr-H CY:; 
CLy, 

264 

Linear polyphosphines with small bite angles like 
PhP(CH2PPh2)2 form 265= although polynuclear metal 
derivatives are known289-B1 

265 

Carbonyl complexes of rhodium with the same ligand 
bis(diphenylphosphinomethy1)phenylphosphine (dpmp) 
are structure sensitive to the anion present. Thus [Rh3- 
(pdpmp)&O)3X2] [BPhl  loses CO to give [Rh3(p- 
~P~P)~(~~-CO)(CO)(~-X)XI [BPh41 .292 

The reactions of the metal carbonyls are typical 
oxidative addition reactionsm3 in which cooperativity 
between the metal atoms is promoted by the stereo- 
chemical control of the linear tridentate ligand (Scheme 
75). The dihydride 268 is stable in the solid state and 
in air. 

269 268 

When the apical atom is replaced by arsenic, a series 
of mixed metal complexes can be made (271 and 272, 
Scheme 76). Some are photoluminescent.2'J4 

Stanleyms has expanded on the chemistry of the 
hemtertiary polyphosphine (Et2PCH&H&PCH2CH2PP- 
(CH2CH2PEt& (eHTP). With CoCl2 it gives C02C4- 
(eHTP) 273 which forms a metal carbonyl complex 
(Scheme 77). The ligand in 273 can undergo trigonal 
bipyramidalaquare planar changes about the cobalt 
center. When the cation is reduced with sodium 
naphthalenide the closed mode configuration is formed 
(275).29s 
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the starting meso or dl tetraphos. This control is 
reflected in the type of Ph-Ph interactions which occur 
and demonstrates that small changes in ligand geometry 
can have profound effects on the coordination chemistry 
of the complex.297 

Scheme 76 

271 

Scheme 77 

273 Ndnaphthalene 

F0 

275 OC>"-- \ 

The commercial linear tetraphosphine ligand Ph2- 
PCH~CH~P(P~)CH~CH~P(P~)CH~CHZPP~~ exists as 
a stereoisomeric mixture. It forms meso and M C  
mixtures of iron compounds 156 and 157. An extension 
of this chemistry to group VI11 was attempted in order 
to prepare bimetallic compounds. Thus when meso 
tetraphos is treated with (COD)Rh(acac) and HBFd, 
complex 276 is generated (Scheme 78). Hydrogenation 

Scheme 78 
COD COD 

276 

7. Nkkel, Paikdium, and Pktinum 

Small bite angle podal polyphosphines interact with 
nickel carbonyl compounds in much the same way as 
octacarbonyldicobalt compounds to form clusters and 
monometallic derivativesm (Scheme 79). Thus ster- 

l+ 
Ph . Ph l+ 

I 2  
PPh, 

Scheme 79 
H 

ph,p/cr PPh, 

I 

\ /pphz 

Ni(CO), + HC(PPh,)3 - 
Ni(CO), 

Ni3(CO),IHC(PPh,)3) 279 
280 

b h , P '  '""\PP( 

278 -. - 
277 

of 276 gives 278 which interacts with oxygen to give 
277. The corresponding dl isomer to 278 also reacts 
with oxygen but much faster. Thus stereochemical 
control governs the kind of isomer that forms from either 

CO 
202 

261 

eochemical control of metal synthesis is similar to other 
metals that have been studied, although attempts to 
carry the synthesis further to heterometallic complexes 
by using HC(PMe2)s and platinum were not success- 
fu1.299 

Specific studies with platinum and palladium have 
just recently been initiated, and the major effects of 
polyphosphines stereochemical control with small bite 
angles like in HC(PPh2)s are not completely clear.300 

The [Ni(tdpme)12+ fragment iB basic enough to cleave 
white phosphorus and replace one of the phosphorus 
atoms in the tetrahedral phosphorus cluster (Scheme 
80) 

Scheme 80 

1 2 +  

2 Ni(BF,), + P, + 

283 
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The specific ligand N(CHzCH2PPh2)3 does not ef- 
fectively neutralize the positive charge on nickel(I1) so 
that a sterically unhindered target for nucleophilic 
attack is still present. Thus BH4- reduces the nickel 
atom to NiO. The phenyl groups make somewhat of a 
cage around the metal atom and thus stereochemically 
control the 

A nickel(0) complex with an unusual dimeric structure 
(284) has been reported with P(CH&HzPPh2)3 as the 
ligand.303 
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284 

The stereochemical rigidity of MeC(CH2PPh2)3 with 
NiO was used to make a complex of the following 
haloiminophosphine (ArN=P-X, X = C1, Br) (Scheme 
81). The tripod ligand conferred an extra degree of 

Scheme 81 
-P 

Ni(tdpme) + ArN=P-CI - 
285 

286 

thermal sensitivity to the complex, which was not 
experienced by other phosphine complexes of the 
haloiminoph~sphine.~~~ 

The ease with which some of the phosphorus donor 
atoms in a platinum tdpme complex can be replaced is 
illustrated in Scheme 82.306 Although one of the podal 

Scheme 82 
P I C  - ‘Bu 

I 

288 

donating arms is removed in the reaction, stereochem- 
ical control over the entire complex is still maintained. 
This again is a decided advantage in forming complexes 
with the podal polyphosphines. 

By careful addition of the reagents, mixed-metal 
tricoordinate phosphines can be obtained with a 
tripodal phosphine ligand that has different methylene 
chain lengths3M (Scheme 83). 

The more symmetrical podal phosphine ligand forms 
the different derivatives shown in Scheme 84. 

The complexes Ni{N(CH&H2PPh2)3), [Ni{N(CH2- 

are rare examples of trigonal-bipyramidal complexes 
which are stereochemically generated by these podal 
ligands. Their synthesis is very interesting and is 
displayed in Scheme 85 with pps that has an apical 
phosphorus atom.307 

CH2PPh2)3)Hx]BF4, and [CO{N(CH~CH~PP~~)~]IBFI  

Scheme 83 
CH,C(CH,PPh,),CH,CH,PPh, t CoCI, - 

‘ Y p 7  A 
.C’ PPh, 

289 

PPh- 

CH,C(CH,PPh,),CH,CH,PPh, + NiCI, - CI,Ni 

290 

Scheme 84 

291 P=PEt, 

NiCI, ’ \ /  \ 
Me(CH,PEt,), + CI,Ni 

292 

Note that the cyclopropane derivative cannot be 
initially complexed to the nickel atom, or the reaction 
will not give the desired product. The only pathway 
to the podal complex is to introduce a different olefin 
complex, cyclopropenium ion and polyphosphine. 

A solid-state reaction occurs with the nickel podand 
294 and CO. The metal hydride has a v(MH) of 1855 
cm-l which is characteristic of a metal that is electron 
rich from the tripodal l igand.z~1~~2*z57~~ When CO is 
added to the material, the hydrogen atom “tunnels” to 
form a metal-hydrogen bridge bondm (Scheme 86). 

Scheme 86 

H 

294 

CO 

295 

The hydrogen atom in the complex above can be 
replaced by alkyl groups like CH3, Et, and CHZPh, but 
movement of these groups was not reported. These 
compounds are very stable to reaction because there is 
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kinetic shielding around the metal atom by the sub- 
stituents on the phosphorus atom.310311 The same nickel 
complex interacts with MnI2 in the manner shown in 
Scheme 87.312 

Mayer and Kaska 

Scheme 87 
MnX, 

Ph,S/\ l+ 

Ph,P-Ni Ph,P - Ni - PPh, 
I 

CI x 
296 297 

Early work with platinum centered on the use of 
tdpme as a ligand. Specifically Pto complexes showed 
that only four phosphorus atoms of six were coordinated 
to platinum. With Pt(I1) derivatives, the chelate ring 
adopts a flexible twist boat configuration.313315 

Complexes withtdpme, ttp, ttpcy, etp, and PhP(CH2- 
CH2PMe2)2 as ligands are all bidentate at room 
temperature, although coordination of the central 
phosphorus atoms is p0ssible.3~6~317 Later structural 
work showed that platinum(I1) forms complexes in 
much the same way as nickel. Substitution of the 
halogen atom in 298 for hydrogen (Scheme 88) occurs 

Scheme 88 
l+ 

299 

. AuCI( PPh,) - 1 2 t  
Ph,P-R 

AuPPh, 

300 

readily.318*319 The hydride in 299 is readily replaced 
with the isolobal A d +  moiety.320 

Attempts to prepare the Pto complex with three 
phosphorus donor atoms was not successful, but the H 
could be replaced with SnCls- and phosphides after 
deprotonation of the corresponding secondary phos- 
phine adduct.3213" Similar results have been obtained 
with nitrogen as the apical atom325 (Scheme 89). 

Nickel, palladium, and platinum complexes of the 
linear polyphosphine PhP(CH&H&H2PPh2)2 are 
kn0wn.3~~ Stelzer observed that the tetraphos deriva- 
tive formed square-pyramidal complexes with nickel 
(304)327 (Scheme 90). 

When nickel(I1) is used as a template, macrocycle 
306 can be made328*329 (Scheme 91). Some of the 
macrocycles which have alkyl substituents on the 
phosphorus atoms have such high ligand fields that the 
nickel atom cannot be removed with concentrated KCN 
at 80 "C. However, when phenyl substituents are used 
the metal can be removed from the complex.330 

Scheme 89 

PPh, 

301 

NaBH, 

/ H 

302 

CH,CI 

303 

Scheme 90 

n l+ 

304 

Scheme 91 

- Ph-P-Ni-P- Ph -P-Ni- Br 

f !.R 

305 
R 

306 

Early research on the polyphosphine complexes of 
palladium showed that compounds of the type M(MeC- 
(CH2PPh2)& (M = Pd, P) could exist. The complexes 
exhibited various types of isomerism.331 Later results 
revealed that not all of the phosphorus atoms 
necessarily coordinate to the metal atom (Scheme 
92) 

Scheme 92 

ph/2pT 
\ JPPh 

PhP(CH,PPh,), + Pd(PhCN),CI, - CI,Pd 

Ph,P 

307 

All of these polyphosphines leave a dangling phos- 
phorus atom when they behave as bidentate ligands, 
but these in turn can form bonds to other metals.% 

p Y p 7  Ti 
P-Pt-CI 

Ph,P PPh, 
'Pd& 

308 

When the methylene chain is lengthened, the boat- 
type coordination with a dangling phosphorus group 
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still predominates. This is particularly the case with 
the ligands PhP(CH2CHzCHzPh2)2, PhP(CH2CH2- 
PPh2)2, and PhP(CH2CH2PMe&. They all form square- 
planar complexes with Pt(I1) and a dangling phosphine 
which also exchanges with the bound phosphines.333 
Mixed-chain complexes can be made with platinum as 
a t e m ~ l a t e . ~ ~ ~ ? ~ ~ ~  Thus stereochemical control can be 
introduced into the complex by varying the number of 
methylene groups (Scheme 93). 

Scheme 93 
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95). These tetradentate materials designed to juxtapose 
metal atoms have been prepared by Stanley. Although 

Scheme 95 
(Et,PCH~CH,),PCH,P(CH,CH,PEt,), t NiCI, 

309 

Linear polyphosphine complexes of palladium will 
promote electrochemical reduction reactions with car- 
bon dioxide.338 The nature of the ligand is very 
important and influences the rate of the reaction. No 
increase in the rate is found when bulky substituents 
on the terminal phosphorus atoms are used. It was 

(22) 
2e' / + H+ 

[Pd(etp)Ll'' - [Pd(etp)H]+ t L 

L 
[Pd(etp)CO,HI+ - [Pd(etp)L12' + co t H,O (24) 

observed that an increase in the steric bulk on the 
central phosphorus atom is more important than 
electronic effects. The bite size of the chelate ring has 
some impact on the reaction as well. Complexes with 
donor atoms other than phosphorus are not catalytically 
active. Certain side reactions produce a bimetallic 
compound of interest.33' 

Ph 
/ 

Ph,P 

Ph P-Pd-Pd-PPh, 

C P '  ' 
31 0 

Interestingly, the same type of complexes with Pt as 
the central metal atom are not effective catalysts. 

Multidonor linear phosphines generate square- 
pyramidal complexes with palladium338 (Scheme 94). 

Scheme 94 

31 1 

Linear polytetraphosphines form similar square- 
planar complexes with nickel as observed with cobalt; 
meso and rac forms of 312 are also possible339 (Scheme 

1 

312 

these compounds do not have intact metal-metal bonds, 
the ligands coordinate the metals in a "closed" mode 
(313).340 Stereochemical design is important here 
especially with the appended groups on the phosphorus 
atoms. 

CI CI 

31 3 

Stanley has synthesized an interesting mixed-metal 
complex by using the stoichiometry shown in Scheme 

Scheme 96 

9&"1Z42 

31 4 

In an attempt to exert stereochemical control on the 
synthesis of planar NiO, PdO, and PtOcomplexes, Verkade 
introduced the tetratertiary phosphine ligand [CH- 
(CH~PPh2)212. However, there are not enough backbone 
carbon atoms to enable the ligand to bind all four 
phosphorus atoms to one metal center (315). The 
bimetallic complex 316 is obtained instead. Since the 
basic stereochemical control has been shown to be 
operative, these results offer the opportunity to form 
future heterobimetallic deri~atives.3~3 

31 5 316 

The possibility that tetradentate complexes can be 
used as optically active catalysts has suggested the 
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synthesis of the derivative in Scheme 97 by using more 
manageable phosphite derivatives.34 In this case 

Scheme 97 

Mayer and Kaska 

31 7 31 8 
P = PhosDhite 

stereochemical control of the internal groups allows 
the synthesis of a rare polyphosphite Pto complex. 

I V. Cataiytic Chemical Reactions 

The goal in catalysis to produce pure products in 
high yields requires the rigorous stereochemical control 
of the catalytic reactions. Thus the idea to use 
polyphosphine-stabilized metal complexes as catalysts 
has emerged early. However, the nondissociative 
character of the chelating polyphosphines is a disad- 
vantage in catalytic processes which require open sites 
at  the metal center. This seems to limit the application 
of polyphosphines in catalysis to processes which do 
not need many available positions at  the metal center. 
Several elegant examples have been reported to cir- 
cumvent this drawback. 

In square-planar d8 metal complexes with chelating 
tridentate phosphine ligands the catalytic cycle does 
not need the dissociation of a phosphine group if the 
fourth position is a participative ligand during the 
reaction s e q u e n ~ e . ~ ~ ~ ~ ~ ~  

Hybride polydentate ligands which contain phos- 
phorus and nitrogen donors are able to supply free 
coordination sites at the metal by dissociation of either 
a phosphine or a nitrogen donor.13*346349 

A free coordination site can be created by the 
tautomerization of a dihydride to a dihydrogen com- 
plex:261 

A. Hydrogenation 

While Rh(PPh&Cl is an efficient hydrogenation 
catalyst under mild conditions350 the comparable 
complex Rh(ttp)Cl adds irreversibly hydrogen under 
the same conditions and is inactive. The proposed 
hydrogenation mechanism351 suggests the dissociation 
of the PPh3 group trans to hydride leaving a free 
coordination site for binding the olefin molecule. 
However, in Rh(ttp)(H)&l the dissociation of the 
phosphorus trans to the hydride ligand is not possible 
without breaking the two chelate rings. There is no 
low-energy pathway to create a free coordination site. 
The situation changes when the chlorine in the dssquare 
planar complex Rh(ttp)Cl is replaced by aligand which 
is involved in the catalytic cycle. Thus Rh(ttp)H and 
Co(ttp)H (generated in situ) hydrogenate 1-octene 
under mild conditions (room temperature and 1 atm 
H2).34s When in these complexes a fifth coordination 

31 9 320 

site is occupied by a nondissociating ligand (CO, 
phosphine) no hydrogenation of 1-octene under the 
same conditions is observed. This shows that the 
catalytic cycle for the hydrogenation of 1-octene with 
M(ttp)H (M = Rh, Co) does not require the dissociation 
of a phosphorus group of the triphosphine ligand. The 
catalytic cycle can simply be described as the coordina- 
tion of an olefin, hydride transfer to produce a metal 
alkyl, oxidative addition of H2, a second hydride 
transfer, elimination of the alkane, and regeneration of 
the catalyst.345 

Since AlEt3 and AlEhCl have been used to generate 
the metal hydride via @-elimination, Rh(ttp)Cl acts in 
the presence of either AlEt3 or AlEhCl as an effective 
catalyst for homogeneous hydrogenation of terminal 
olefins and 1 - 0 c t y n e . ~ ~ ~ ~ ~ ~  Under comparable condi- 
tions (20 "C, 750 Torr H2) this system is 25 times faster 
than Rh(PPh&Cl. Careful 31P and lH NMR spec- 
troscopy showed that Rh(ttp)H is formed instanta- 
neously and that the addition of terminal olefins results 
in very rapid conversion of Rh(ttp)H to Rh(ttp)R. 
Although the exact nature of the active species is not 
known, NMR data suggest that one AlEt3 molecule is 
bonded directly to the rhodium atom while a second 
species is bridged via the Rh-H linkage. 

Hydrogen of 1-octene with Ru(ttp)(H)BHd as a 
catalyst has only been obtained when a base or an acid 
was added.'% An equivalent amount of added acid 
generated a catalyst to selectively hydrogenate 1-octene 
to n-octane at  a rate 0.75 times of Rh(PPh3)sCl. In the 
presence of a large excess of NEt3 a quantitative reaction 
with a comparable rate to that of Rh(PPh)&l is 
obtained. While Ru(ttp)(H)z is thought to be the active 
catalyst in the presence of a base, the cationic complex 
[Ru(solvens),(ttp)Hl+ might be the active species 
produced by the acid. 

In spite of the weakly bound dihydrogen ligand in 
q2-H2 complexes, experimental evidence suggests that 
when [Fe(pp3)(q2-H2)HlBPH4 (110) is used as a homo- 
geneous hydrogenation catalyst, a free coordination site 
for substrate binding is provided by the dissociation of 
a phosphine arm, rather than loss of H2 coordina- 
tion3M*366 (Scheme 98). No Hz evolution at  any stage 
of the reaction was observed which is in agreement with 
the independence of the reaction rate of the H2 
precursor. The transformation of 1-alkynes to alkenes 
is highly selective. After the 1-alkyne insertion across 
the Fe-H bond, a proton transfer from the acidic 
dihydrogen ligand to the a-vinyl group liberates the 
alkene. It is worth mentioning that according to this 
mechanism the hydrogen does not need to be oxidatively 
added to the metal in order to react with the olefin. In 
contrast in the selective hydrogenation of phenylacetyl- 
ene to styrene where [Ru(pp3)(q2-H2)Hl+ (111) acts as 
a catalyst precursor, a free site for the incoming molecule 
is generated by the dissociation of the q2-H2 ligand and 
not by unfastening of a phosphine arm.366 
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Scheme 98 

[~e(pp~)( r l~-H,)~+ 
110 
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obtained with 327 and 328, respectively. It has been 
observed that under continuous reaction conditions for 
5 days, the activity decreased steadily to zero. A metal 
complex could be isolated and characterized in which 
the starting ligand (CH3)Si(CH&HzPPh& underwent 
a carbon-silicon bond cleavage. After removing the 
methyl group the undercoordinated silicon atom is then 
able to intramolecularly add to the rhodium metal: 

I t  
pph? 0 

321 J 
pph% 

323 

B. Hydroformylation 
Hydroformylation is the condensation of l-alkenes, 

Hz, and CO to give aldehydes from a complex which 
has rhodium or cobalt as the typical metal center. It is 

0 
[MI II 

RCH=CH2 + CO + H, - RCH,-CH,-CH (26) 

one of the most important homogeneous catalytic 
processes which is industrially used to exploit the 
production of aldehydes which are then converted to 
important basic chemicals like alcohols. Extensive 
mechanistic investigations on RhPPh3-catalyzed sys- 
tems reveal that a large excess of PPh3 is required to 
maintain a high selectivity toward linear 
The large excess was thought to be necessary because 
at  least two phosphine ligands must be coordinated to 
the metal center during the selectivity step of the 
reaction. Although this has been known for many years 
it was not until recently that polyphosphines have 
successfully been employed in hydroformylation reac- 
tions. 

A series of polyphosphines of the type (CHs)&i- 
( C H ~ C H Z P P ~ Z ) ~  (n = 1-4) (325-328) have been tested 
in rhodium-catalyzed hydr~formylation.~~ The objec- 
tion was to design the ligands in a way that chelation 
was prevented, but at  the same time supply a high 
concentration of phosphines in the area around the 
rhodium center. The bridge length connecting two 
phosphorus atoms was chosen so that eight-membered 
rings would be formed upon chelation which is known 
to be an unfavorable ring Kinetic studies are 
consistent with the nonchelating character of these 
ligands. Comparison reactions with 325-328 and PPh3 
at  the same ligandhhodium ratio of 12 showed that the 
rate with PPh3 as ligand is much faster, the selectivity 
to n-propanal of 59 % is much lower compared to 83 % 

329 

Complex 329 contains a rare Rh(1)-Si bond.mIsl It 
was stated that the lack of a hydride ligand at  the metal 
center of 329 is responsible for ita inactivity in the 
hydroformylation process. 

Replacement of three comparable monophosphines 
by the tripodal ligand tdpme has supported the isolation 
and the characterization of the carbonyl acyl Rh- 
(tdpme)(CO)COR36~216 and the alkyl carbonyl Rh- 
(tdpme)(CO)R (R = Me, Et, Ph)351215whichare believed 
to be reaction intermediates in the hydroformylation 
process. This and the observation that Rh(tdpme)- 
(C0)COMe was easily hydrogenated to acetaldehyde 
and that the carbonyl hydride Rh(tdpme)(CO)H (209) 
reacts with excess ethylene has inspired these authors 
to investigate the hydroformylation based on [Rh- 
(tdpme)] . 3 5 9 2 1 5 3 2  The ethylene hydride complex Rh- 
(tdpme)(CzH4)H (204) and the carbonyl hydrido com- 
plex Rh(tdpme) (C0)H (209) were successfully employed 
as precursors in the hydroformylation of l-hexene. 
Under mild conditions (100 "C, 30 atm HdCO; 67 "C, 
900 psi HdCO) both catalysts precursors convert 
l-hexene to n-heptanal and 2-methylhexanal quanti- 
tatively, with only little isomerization to 2-hexene. A 
more detailed study of the Rh(tdpme)(CzHd)H (204) 
system unveiled that [Rh(tdpme)Hl is the active 
catalyst. Increasing the catalyst to substrate ratio 
increases the selectivity but reduces the activity of the 
catalyst. Under hydroformylation conditions the cata- 
lyst forms dimers which display less activity. The 
carbonyl hydride is ca. 10% less active than ethylene 
hydride; both create comparable isomeric compositions. 
At lower temperatures Rh(tdpme)(CO)H (209) pro- 
duces a linear to branched ratio close to the com- 
mercially applied catalyst Rh(PPh3)z(CO)H/excess 
PPh3 which demonstrates that polyphosphines are able 
to imitate the redundancy of PPh3. 

When [Rh( tdpme) (CO)C2H41+ and [Rh( tdpme) - 
(CO)Hl+ are used as catalyst precursors, the 14-electron 
fragment [Rh(tdpme)l+ was identified as the active 
catalyst species. [Rh(tdpme)l+ is less active with an 
increase in selectivity when the temperature is raised.36 

The catalytic cycle of the hydroformylation demands 
that at  least in one step tdpme has to become bidentate 
to avoid a 20-electron species as intermediate. Recently 
it has been shown that under hydroformylation condi- 
tions one of the three phosphine arms dissociates to 
create a free coordination site for substrate binding383 
(Scheme 99). 
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Scheme 99 

Mayer and Kaska 

droformylation catalysis is consistent with the bimetal- 
lic cooperativity in the proposed mechanism. 

C. Miscellaneous 
Bianchini et al. have reviewed the stoichiometric and 

catalytic transformations of alkynes, a,@-unsaturated 
ketones to allylic alcohols, of 1-alkynes and carboxylic 
acids to enol esters, and of the dimerization of 1-alkynes 
to 2-butenynes with tripodal phosphine metal com- 
p l e ~ e s . ~ ~ ~ ~ ~  They developed the tripodal polyphos- 
phine control element which due to the stereochemical 
constraints the ligand imposes on the metal complexes, 
only one specifically favored reaction pathway is left 
open for high chemo-, regio-, and/or stereoselectivity. 

The nonclassical hydrides M(pp3)(q2-Hz)H [M = Fe 
(11O),Ru (111),Os (11211 represent catalyst precursors 
for the chemoselective reduction of a,@-unsaturated 
ketones to allylic alcohols, with secondary alcohols as 
hydrogen sources.369 The free coordination site for 
substrate binding is generated by the release of HZ 
which, due to the different meta-dihydrogen bond 
strengths in 110-112 results in different activities. When 
M = Ru and the substrates are acyclic ketones a 
disproportionation of the acyclic ketones to carboxylate 
ions and ethers was reported as side reacti0ns.3~0 

The use of the Rh(II1) complexes [Rh(tdpme)Cl,- 
(MeCN)%,I (CF&303)s-, ( x  = 1-3) as catalyst precursors 
for various acetalization and trans-acetalizations was 
reported by Venanzi and  coworker^.^^^^^^^ A high 
turnover rate together with high stereoselectivity was 
observed under mild reaction conditions. The facial 
chelating tripodal phosphine (Mpme) provides three 
equivalent cis positions activated by a trans phosphine 
at any time. These prerequisites are important to 
weakly coordinate an alcohol and carbonyl molecule in 
mutual cis positions for simultaneous activation. 

Crabtree et al. showed that the tripodal phosphine- 
stabilized base metal polyhydride [W(PhP(CHzCHz- 
PPh2)z)Hel displays catalytic activity in alkane dehy- 
drogenation in contrast to the monophosphine analogs 
which form catalytically inactive W H L  by dispro- 
portionation of WH&3 (L = mon~phosphine) .~~~ 

V. Conciusions 
The reaction chemistry that has been described in 

this review portrays polyphosphine ligand complexes 
as major aspects of modern coordination chemical 
interactions. Catalysis, reactions of coordinated ligands, 
organometallic transformations, and structure and 
bonding can be represented with new perspectives 
because of polyphosphine ligands. Novel complexes of 
small molecules, like hydrogen, nitrogen, carbon di- 
oxide, and alkanes along with important catalytic 
reactions can be used to develop molecular organization 
effects and stereochemistry needed for the synthesis of 
new polyphosphine ligands. Coupled with new syn- 
thetic methods that are specific for phosphorus, the 
union of steric effects and size and shape of ligands374 
will contribute to the development of this chemistry. 

VI.  Abbreviations 
acac acetylacetone 
COD 1 ,bcyclooctadiene 
CP cyclopentadiene 
CY cyclohexyl 

I 
H 

/ - -  
r -  I P 

H 

330 331 

There have been numerous examples of reactions 
involving tdpme as tripodal ligand which can only be 
explained on the basis of an "arm-off" process during 
the course of the reaction which demonstrates the 
kinetic lability in contrast to the thermodynamic 
stability of the M-P bond in chelating polyphosphine 

It is still of some controversy, whether the aldehyde 
is formed by reaction of H2 with the acyl complex or 
if a hydrido complex transfers the hydride to the acyl 
moiety.12vM7 In the case of Rh(tdpme)(CO)H (209) 
evidence has been given for the reaction pathway with 
hydrogen, while the use of a binucleating tetraphosphine 
ligand system (E@C2WPh)&H2 (eLTTP) favors the 
hydride transfer from one metal to another. This 
tetraphosphine ligand is able to bridge and bichelate 
two transition metal centers and forms a highly flexible 
binuclear metal complex. Rh2(NBD)2(eLTTP)2+ (332, 
NBD = norbornadiene) (Scheme 100) is a remarkably 

complexe~.21~,226,231~~33~~ 

Scheme 100 
R~(NBD),(eLTTP)" 

332 

P 12 co 
OC\ E j P  5 ,  

H*,R: P ] 
RCH,CH,CHO 

>+HZ P t  'Ph 

337 334 

II 

good hydroformylation catalyst with a selectivity higher 
and an activity only slower by a factor of 2 compared 
to commercially available Rh(PPh3)2(CO)H/excess 
PPh3. Until the acyl intermediate is formed, [Rhz- 
(eLTTP)] behaves like a common monometallic hy- 
droformylation catalyst. At  this stage the conforma- 
tional flexibility of the ligand allows the two rhodium 
atoms to approach one another generating a bridged 
species for a facile hydride transfer. The observation 
that high concentrations of 1-hexene inhibit the hy- 



Control of Translion Metal Complexes Chemical Revlews, lQ94, Vol. 94, No. 5 1289 

depe 

dPmP 

dPPe 

dPPm 
eHTP 

eLTTP 

etP 

NBD 
nP3 

P 
PiP 
PP3 

THF 
tdmme 

tdpme 

tdPPCY 

tPPe 

tPPee 

trimpsi 

ttP 

ttPCY 

1,2-bis(diethylphosphino)ethane (EhPCHzCHz- 

bis [ (diphenylphosphino)methyl]phenylphos- 

1,2-bis(diphenylphosphino)ethane (PhzPCH2- 

bis(dipheny1phosphino)methane (Ph2pCH2pPhd 
ethyl-substituted hexatertiary phosphine [(E& 

ethyl-substituted linear tetratertiary phosphine 

bis [2-(diphenylphosphino)ethyllphenylphos- 

norbornadiene 

PEtz) 

phine [ (Ph2PCHz)zPPhl 

CHzPPhz) 

PCH~CH~)~PCH~CHZP(CHZCHZPE~&J 

[ (EtzPC2HPPh)zCHzl 

phine [P~P(CHZCHZPP~Z)Z]  

tris [ 2- (dipheny1phosphino)ethyll amine [N(CH2- 
CHzPPh2)l 

PPh2 unless otherwise stated 
pipiridine 
tris [ 2-( diphenylphosphino)ethyl]phosphine 

[P(CHzCHzPPh2)31 
tetrahydrofuran (solvent) 
bis[3-(dimethylphosphino)propyllmethylphos- 

l ,l ,l-tris[ (dipheny1phosphino)methyllethane 

cis,cis-l,3,5-tris(diphenylphosphino)cyclohex- 

1,1,2-tris(diphenylphosphino)ethane [(PhzP)z- 

1,1,2-tris(diphenylphosphino)ethene [(PhzP)z- 

tert-butyltris[ (dimethy1phosphino)methyll- 

bis 13- (diphenylphosphino)propyll phenylphos- 

bis[3-(dicyclohexylphosphino)propyllphenylphos- 

phine 

[MeC(CHzPPh2)3 

an [1,3,5-CdMPPh~hI 

CCHPPhz] 

CHCHzPPhz] 

silane [tBuSi(CHzPMez)31 

phine [PhP(CHzCHzCHzPPhz)zI 

phine [P~P(CHZCHZCHZPC~Z)Z] 
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