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Abstract 

The fluxional behavior of pseudo-undercoordinared rur&:ium complexes provided with 
bifunetional ether-phosphine ligands which compete for a common coordination site at the 
metal center is reviewed. The quantitative determination of this dynamic exchange by temper- 
ature-dependent 31P NMW spectroscopy and line-shape analyses gives access to kinetic and 
thermodynamic data. From these, valuable information concerning the different chelating 
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abilities of various ether-phosphines is available in dependence on both O-nucleophilicity 
and phosphorus basicity. Based on these experimental results, appropriate (ether-phosphine)- 
ruthenium and rhodium complexes are presented showing high reactivity toward the activation 
of smG!i molecules like hydrogen, sulfur dioxide, carbon dioxide, carbon disulfide, ethene and 
phenylacetylene. Moreover, their catalytic properties with respect to hydrogenations, carbon- 
ylstions and carbon dioxide hydrogenation are discussed. 

1. Introducrion 

Coordinatively unsaturated transition metal complexes play a crucial role in 
catalytically operating processes, because they represent very reactive intermediates 

several important steps, e,g. oxidative addition or simple substrate corn- 
plexation. A remarkable improvement concerning the isolation and thus the examina- 
tion of such undercoordinated species has been achieved by the introduction of 
bifunctional or so-called ‘hemiiabile‘ [ 1 ] ether--phosphines @,I?) instead of ‘classical 
tertiary phosphines [ 21. These Q,P ligands are provided with oxygen atoms incorporO 
rated in open-chain or cyclic ether moieties which form a weak metal-oxygen contact 
while the phosphorus atom is stro y coordinated to the central atom. From this 
‘hernilabile’ nature, it has been repo that the ether oxygen donor may be regarded 
as an intramolecular solvent molecule stabilizing the empty coordination site and 

elate efkct these complexes are much more stable than simple solvent 
of the metal--oxygen bond guarantees a 

of such c~m~l~xcs in the se of an incoming substrate. 
out in the synthesis and charac- 
ine complexes of late transition 

ercoardinated ruthe- 
ium and rhodium 

advantageous are 
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Scheme 1, Schematic representation of the various types of pseudo-undercoordinated ruthenium, rhodium 
and palladium complexes. 

compounds with at least two bifunctional ,P ligands in which the weak oxy 
donors compete for a common Bloordination site. This leads to an excharh 
chelated and acyclic phosphorus and therefore reveals a dynamic behavior in solution 
that can be studied by variable-temperature 31 P NMR spectroscopy. A line-shape 
analysis gives access to kinetic and thermodynamic data which offers an insight into 
the isomerization mechanism. Thus, from the knowledge of a variety of different 
types of ether-phosphine ligand (Scheme 2), dynamic investigations and line-shape 
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exceptisn of 1h, which decomposes below the coalescence temperature [4]. This 
averaging of magnetic environments on the NMR time scale indicates mutual 
exchange of the two 0,P ligands. The rate constants of the exchange-broadened 
31P{1H} NMR spectra and the thermodynamic parameters AH$ AS* and AG’ of 
la-g and Ii-1 were obtained by using the DNMR 5 program followed by the graphic 
application of the Eyring equation to the kinetic data. 

All calculated AH# values are positive (ca. 24-69 kJ mol-l), indicating the rupture 
of a bond in the transition state. The AH’ data correlate with the 0-nucleophilicity 
in noncoordinated ethers which increases with decreasing ring size of the cyclic ether 
moiety (4> 5 > 7 x 8 > 6) [ 181. The A$ values are small and negative in most cases, 
pointing to an intramolecular process [4]. Therefore, we propose a simple ‘opening 
and closing’ mechanism depicted in Scheme 3. Primarily the Ru-0 bond cleavage 
results in a five-coordinate species. Following recombination of the Ru-0 contact, 
the oxygen donor of the second ether-phosphine regenerates the octahedral ruthe- 
nium complex. 

It should be mentioned that an ‘opening and closing’ mechanism is hindered in 
complexes in which the $(P)-coordinated 0,P ligand is trans-positioned to the 
ether-oxygen donor. This structural situation requires a rearrangement of the coordi- 
nation sphere for fluxional isomerization resulting in higher coalescence temperatures 
and AGS values [ 41. 

2.2. HaJfkat~dwich rutherzium complexes 

This section refers to the steric and dynamic properties of recently developed 
monochelated half-sandwich complexes of the type [Cp*Ru( P + 0)( PnO)] + (2a=-d, 

ubstitue11ts with 
n the complexes 2b--d leads to the possible 
; this is caused hirality at the ruthenium 

ehirality of the f$(O,P)-chelilte theme 4), However, 
at low temperature shows e matisn of the two 

ly dependent on the rin size of the cyclic ether moiety. 
exhibits two A systems, only the 
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Fig. 1. Experimcntnl and computer-simulated uariablo-tctnper~tur@ 31 P( L HI ) NMR spectra for the (93 
excfwge in 2g (k,/kz are the rate constants uf the corresponding diasteresmers). 

The coordination af a substrate to an undercoordinated transition metal center 
represents a key step in catalytically operating processes. In this regard, the interest 



in $(O,P)-chelated ether-phosphine complexes having one or more pseudo-vacant 
coordination sites at the metal center (Scheme 1) is plausible, because they are 
expected to act as suitable precursors promoting this important pathway. The ease 
of substrate binding of such types of complex strongly depends on the nature of the 
0,P ligands employed, and stems from the fact that the incoming molecule has to 
compete with the oxygen donor of the chelating ether moiety. In this regard, knowl- 
edge of the especially weak coordinating ether-phosphines is advantageous in order 
to generate highly reactive compounds. In the case of half-sandwich [6] and octahe- 
dral ruthenium complexes [4], quantitative information concerning the different 
chelating abilities of various ether-phosphine ligands has been obtained as a result 
of the thermodynamic data based on line-shape analyses. With this in mind, the 
reactivity of these systems toward a wide range of small molecules has been studied 
recently [7,8,20,21]. 

The use of the ( 1,3-dioxan-2-ylmethyl )diphenylphosphine ligand (c, Scheme 2) in 
the cationic, monochelated complex [Cp*Ru( P - 0)( PnO)] + (2~) has led to a 
relatively low coalescence temperature [6], from which it has been anticipated that 
2e should unde of its intramolecular ether moiety by treatment 

is capable of coordinating simple molecules such 
s carbon monoxide, ethene, phenyla~etylene, diphenyldiazomethane, oxygen, sulfur 

oearbonyl derivative 
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in the formation of the q2(0,P)-chelated cationic complexes [Cp* Ru( PnO)( L)] ’ 
(6m’, 6m”, Scheme 6). If carbon monoxide is used as an ancillary ligand, the cleavage 
of the intramolecular Ru-0 bond in 6m' has been achieved by reaction with carbon 
monoxide (Scheme 6). I-Iowever, the quantitative conversion into the dicarbonyl 
species 7m' requires more ri us reaction conditions (2 bar, 30 min) compared 
with the fast coordination of to the corresponding bis( phosphine) derivative 2~; 
this may be explain eased electron density at the ruthenium metal in 

’ compared with . In this regard, the reversible reaction between ’ and 
sulfur dioxide (Scheme 6) is plausible and is a consequence of the weak donating 
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ability of electrons from the central atom ir+n the b,-orbital of the SO2 ligand [S]. 
The employment of P(OEt), instead of CO in 6m” increases the electron density at 
the ruthenium and therefore demands a higher stability of the sulfur dioxide complex 
m” [S]. 

3.2. Octahedral ruthenium complexes 

From dynamic investigations concerning the fluxional behavior of the octahedral 
ruthenium(II) complexes tralzs-Cl,Ru(CO)( P N 0)( PnO) (1, vide infra) containing 
both monodentate (P- 0) and bidentate (PnO) ether-phosphines it is known that 
six-membered ether moieties with oxygen atoms in 1,3=positions generally show 
lower coalescence temperatures compared with the open-chain methoxy ethyl 
ether 14-j. Based on these experimental results, a very recent study investigated the 
chemical reactivity of pseudo 14.electron bis(chelate)ruthenium( II) complexes 
tvans-Cl,Ru(PnO), (9a, 9c, 9m, Scheme 7) toward the activation of small molecules 
in order to evaluate the influence of the Lewis basicity at the ruthenium center and 
the different chelating abilities of the ligands a, c and m [ 211. In this regard, these 
complexes were provided with a selection of 0,P ligands with respect to different 
oxygen and phosphorus basicity. A facile cleavage of one or both ruthenium-oxygen 
bonds has been achieved by reaction of with sulfur dioxide, carbon 
disulfide, acetonitrile, phenylacetylene and 11. However, the ease of the 
Ru-0 bond rupture of the bis(chelates), as well as the arrangement and the stability 
of the received substrate complexes, strongly depends on the chelating ability and 
the steric demand of the 0,P ligands employed. This is nicely reflected by the different 
reaction pathways if 9a, 9c, 9m ar ted with S02, CSz and phenyla 

theme 7). The bis(che1at.e) complexes ,c react with sulfur dioxide resulti 
formation of the stable q * -coplanar ,c (Scheme 7). Ilowcver, 
whereas 9a coordinates sulfur dioxid ature almost instantane- 

TI=lF is necessary to ve conversion of into the 
0s. Both complc mctry of 

11 openschain ether-pho- 
ns at low tel~~p~r~~t~lrcs. 

When the temperature is raised, coalescence phenomena are observed which are al 
consequence of the competition between the ether dentates for a coordination site 
at the central atom. From the temperature-dependent 31P(11=I) NMR spectra of 1 
the activation barrier (AG $ = 69.8 kJ mol- l) of this dynamic exchange has been 
determined using the approximate equation: AGZ = a ‘p,( 22.96 + In T,/Sv) r 221 ?? This 
relatively high energy barrier is due to the rearral qg+,&ent of the ligarids in the 
coordination sphere of the central atom, which requires additional energy as for the 
‘opening and closing’ mechanism [ 151. The cleavage of the Ru-0 bond i with 
SOz occurs at significantly lower temperature (=- 15 “C) compared with orren 
sponding reactions 9a,c with sulfur dioxide. In contrast to 
$-SOz complex 1 undergoes marked loss 
trans-configuration of the phosphine ligands in 1 (Scheme 7) is evidenced by the 
large coupling constants (zJl,l, x 290 Hz) in the 31P(1H) NMR spectrum and stems 
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both doublets first broaden, then coalesce with final averaging in a sharp single 
peak. The origin of this dynamic process stems from the ‘opening and closing’ 
mechanism of the oxygen donors of the ether-phosphines competing for the vacant 
coordination site. The calculated activation energy (AGt = 41.8 kJ mol- l [ 24)) is 

significantly lower than the dynamic exchange of the &configurated 0,P ligands 
in 10a (vide infra). The major difference between the reactivity of 9a,c and 9m is 
reflected by the reaction of these compounds with carbon disulfide. Whereas 9a,c 
are inert toward CS2, a solution of 9m in toluene undergoes a ready insertion of 
C& into the ruthenium-phosphorus bond to yield the phosphoniodithiocarboxylato 
compound 12m (Scheme 7) as a dark purple, air-stable solid [21]. In agreement 
with this result, it is already known that such a type of insertion reaction requires 
the presence of basic phosphine ligands [26]. Concerning the capability of pseudo 
14-electron bis(chelate)ruthenium( II) complexes trans-ClzRu( PnO)z (9a, 
activate small molecules, in summary of these studies, it can be said that the ease 
of the Ru-0 bond cleavage of these compounds and the stability of the respec- 
tive substrate complexes obtained, is in the order Ph2PCH2CH20CH3 (a) 
Cy,PCH2CH20CH3 (m) PhzPCH2CqH702 (c) [21]. The result of this investigation 
is in con!&ast to our expectations which are based on studies of the dynamic behavior 
of (ether-phosphine)metal complexes. This may be a consequence of the increasing 

emand on goin to c shielding the metal center from being attacked 
by the incoming substrate. Further investigations will be necessary for a better 
understanding of this discrepancy. 

Spurred by the successful use of the well-known Wilkinson complex 
I( PPhJ)J as an eltic ttion ca tnl much ef3lort has 

und [27]. solvent complex 
= solvent) has been tulatcd to be a reactive species in the 

this regard, the monochelated rhodium 
0) (3m) plausibly represents an isolable analog of unstable 

)2(S) and should therefore be active in the hydrogenation of olefins. 
Recent experiments have indeed shown that neat 1-hexene is effectively hydrogenated 
to n-hexan r 3m with 100% selectivity and excellent activity (turnover number 
7920 h--l) 

The cationic half-sandwich complex [Cp” Ru( P h 0)( PnO)] ‘* (2~) has been antici- 
pated to act as a suitable ruthenium derivative promoting the catalytic hydrogenation 
of olefins. The results of the hydrogenation experiments show that 
hydrogenate 1-hexene to n-hexane at moderate Hz pressures, but in contrast to the 
experiments with 3m as a catalyst elevated temperatures (SO “C) and long reaction 
times (4 11) are required to achieve a complete conversion [20]. 



Alkyl migration, in which carbon monoxide is involved, has been intensively 
studied because of its significance for the formation of carbon-carbon bonds in 
transition-metal-catalyzed processes [ 291. The introduction of ‘hemilabile’ ether- 
phosphine ligands has been very successful in the cobalt-catalyzed hydrocarbonyla- 
tion of methanol to acetaldehyde. Methanol conversions and selectivities to 
acetaldehyde rose to 90% and 85% respectively [30]. To get an insight into the 
catalytic cycle, a rhodium-based model has been established [ 93. This process is 
composed of three steps: oxidative addition of methyl iodide, methyl migration and 
reductive elimination of acetyl iodi e. Starting from the pseudo 12-electron bis(chelat- 
e)rhodium complex [ Rh( PnC&] + ( 13, species A, Scheme 8), carbonylation to 
species B followed by oxidative addition of methyl iodide affords the alkyl rinodium 
derivative [tram-( P - O)( PnO)Rh(CO)(CH3)( I)] + (C). The meth igration step 
leading to the bis(chelate) species [&+( PerC&Rh(C(O)CH,)( I)] + is promoted 
by the ether-phosphine ligands. Rhodium( III) is more oxophilic than rhodium(I); 
hence, bis(chelate) complexes are usually more preferred [ 93. Recently, it has 
been rcportad that th ty of Q,P ligands plays a key role in the course 

Whereas with ligands of lower basicity 
chcme 8) ‘CO insertion’ is favored [ 91, reverse alkyl 

O]. It should IX m 

contact in oxsphilic Rh(II1) 
tion step, especially in the case 

of small substitu~nts 8’. 
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4.3. Catalytic hydrogenation of carbon dioxide 

The hydrogenation of COZ to formic acid represents an area of current research 
interest, because it appears to be a straightforward approach to the utilization of 
carbon dioxide as a chemical feh;dstock [32]. One of the main targets of these 
investigations was the creation of suitable catalysts which are able to decrease the 
large kinetic barrier for this reaction, and therefore make the hydro 



carbon dioxide an economically interesting process. With reference to this, 
rhodium(I) phosphine complexes have been evaluated to act as valuable precatalysts 
leading to excellent conversion rates at moderate temperatures [ 33-351. A detailed 
mechanistic study of this catalytic process was carried out by Tsai and Nicholas 
defining a cationic dihydride complex of rhodium stabilized by an external solvent 
molecule (THF, H20) as the active species [33]. With this in mind, the pseudo 
12-electron bis(chelate)rhodium( I) derivative [ Rh(PnO)J + (13m, species A, 
Scheme 9) should be predestined to catalyze the hydrogenation of carbon dioxide, 
and therefore an interesting study in our group examined the potential activity of 
this compound [36]. In a typical experiment, a solution of 13m in methanol and 

3 is transferrsd to a stainless steel autoclave. The autoclave is purged three times 
carbon dioxide and pressurized first to 25 bar with CO2 and then to total of 

1 + 

Z?+&crne 9. Proposed meeknnism for the rhsdium-catalyad hydrogenution of curban dioxide over complex 
13m (A). 



50 bar with HZ. After a reaction time of 2 h (at 60 “C) the conversion was determined 
by GC analysis of the reaction mixture. The concentration of formic acid which is 
usually observed under these conditions is consistent with 860 turnovers in 2 h [ 361. 
The proposed mechanism of COz hydrogenation over 13m is depicted in Scheme 9. 
Preliminary oxidative addition of Hz leads to the generation of the already known 
cis-dihydridorhodium( III) complex [ Rh( PnO),( H)J + ) [37]. Subsequent CO2 
insertion into the metal-hydride bond results in the rmation of the format0 

and E. This insertion step may involve the q2-C02-coordinated interme- 
uctive elimination of formic acid from D and E, respectively, produces 

the undercoordinated q2(0,P)-chelated starting compound 13m (A). It is noteworthy 
that the reaction of a CHzC12 solution of 13m with HCOOH at -40 “C affords a 
mixture of the format0 complexes D and E, as deduced by 31P{1H) NMR and ‘H 
NMR spectroscopic investigations at low temperatures which show a double set of 
hydride resonances in the range of - 18 -21 ppm in the case of the latter method 
[ 36). From this, the presence of D and uring the catalytic cycle can be undoubt- 
edly evidenced. 
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