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ABSTRACT: Diverse synthetic routes of tethered 5−oxocyclohexadienyl ruthenium complexes, which 

are the extended version of the 4−cyclopentadienone Shvo-type active catalyst, are described and their 

reactivity studies are reported. An original dimeric 5−oxocyclohexadienyl compound has been isolated 

and its solid state structure was established by X-ray analysis. DFT computational data suggested that this 

dimeric compound is prone to generate a coordinatively unsaturated mononuclear Lewis acid metal com-

plex bearing a Lewis basic -coordinated 5−oxocyclohexadienyl ligand. Preliminary studies in (trans-

fer)hydrogenation of acetophenone confirmed that the dimeric 5−oxocyclohexadienyl complex behaves 

as a bifunctional catalyst with metal-ligand cooperativity. Promising results were obtained under base-

free conditions using dihydrogen, iPrOH and formic acid as hydrogen donors, the later being active in 

water hence highlighting the robustness and stability of the catalyst and opening perspectives toward sus-

tainable catalytic transformations. 

 

 



 

INTRODUCTION 

Metal–ligand cooperativity in molecular catalysts has been demonstrated to be an efficient strategy 

for a large number of chemical transformations.1 Shvo dimeric pre-catalyst I,2 one of the earliest complex 

which has initiated the large development of the metal-ligand cooperation concept, is the prototypical 

example in the family of half sandwich (or piano-stool) transition metal complexes.3 Shvo type-catalysts 

have shown high catalytic activity in hydrogenation reactions and have led to explosive growth of their 

application.4 Since its preparation, Shvo dimeric pre-catalyst I is believed to dissociate in solution into 

two species, the hydride [(5−C5Ph4OH)Ru(H)(CO)2] (II) and the coordinatively unsaturated 4-cyclo-

pentadienone complex [(4−C5Ph4O)Ru(CO)2] (III) (Chart 1).2,4 Complex II could not be crystallized; 

however, the available NMR data are consistent with the proposed structure. The 16-electron mo-

nomolecular entity III has never been observed to date and a recent combined experimental/computatio-

nal study envisage the possibility that III is not viable in the typical experimental conditions of catalytic 

reactions.5 Note that the corresponding dimer complex IV was independently prepared and structurally 

characterized.6 Surprisingly, dimer IV species (Chart 1), which can be considered as precursors of the 

corresponding active coordinatively unsaturated 4−cyclopentadienone mononuclear complexes of the 

type III, have been little investigated in catalysis.7 

 

Chart 1. Representation of the Shvo dimeric pre-catalyst I and its thermal dissociation products II and 

III, and dimeric 5–cyclopentadienone complex IV. 

 

 

 

 

By analogy with the 5-membered ring 4−cyclopentadienone complexes A, of which the Shvo 

active catalyst III is the archetypical model, we assume that the 6-membered ring homologues, the 

5−oxocyclohexadienyl metal complexes B, may be of interest in metal-ligand cooperative bifunctional 



 

catalysis (Chart 2). The synthesis of piano-stool 5−oxocyclohexadienyl transition metal complexes B 

can be achieved via different chemical pathways which allow to tune the steric and electronic properties 

of the –coordinated phenoxy ring as well as the other ligands grafted on the metal center. Examples of 

such type of 5−oxocyclohexadienyl complexes have been described in the literature from group 6 to 

group 10 transition metal elements.8 In the area of -coordinated arene organometallic chemistry, parti-

cular attention has been devoted to the development of arene-tethered complexes9 in an attempt to improve 

the stability of the corresponding species and to increase stereocontrol at the metal center of chiral cata-

lysts. Surprisingly, before our studies10 no-tethered 5−oxocyclohexadienyl metal complexes were re-

ported. Moreover, even though the first 5−oxocyclohexadienyl metal complex, 

[(5−OC6H5)Ru(H)(PPh3)2] was published in 1976 by Cole-Hamilton, Young and Wilkinson,11 these spe-

cies, incorporating an arene ligand with acido-basic properties, have been totally ignored from potential 

applications in a number of domains such as homogeneous catalysis. 

 

 

Chart 2. General representation of half-sandwitch 4-cyclopentadienone A and 5-oxocyclohexadienyl 

B transition metal complexes. 

 

 

 

Prototypical catalytic reactions involving transition metal complexes with acido-basic ligands are 

reduction reactions. Reduction reactions are ubiquitous in organic synthesis and despite their undeniable 

benefit compared to conventional stoichiometric reductants such as metal-hydrides, these catalytic reduc-

tion processes still require basic co-catalyst(s). This matter of fact is problematic for environmental and 

economic impact concerns and it is also an issue considering the limitations imposed by these basic con-

ditions as these processes cannot be applied to substrates containing base-sensitive functional groups. For 

these reasons, the development of base-free reduction processes is of high interest and has received a lot 

of attention. Considering catalysts without preformed metal-hydride species,12 reduction reactions using 

isopropanol as “hydrogen donor” are intensively studied.13 In this case, metal-ligand cooperation is gene-

rally at play and involves acido-basic properties of the ligand. Base-free hydrogenation of ketones with 



 

dihydrogen is much less developed. It has been originally described by Noyori and Okhuma14 and more 

recently, several groups have reported the base free hydrogenation using either preformed metal-hydride 

complexes15 or cooperating ligands.16 Finally, the base free hydrogenation of ketones employing formic 

acid as hydrogen donor as only been rarely reported since the original report by Watanabe in the early 

80’s.17 Very recently, a Shvo-type molybdenum complex was reported for the base-free reduction of alde-

hydes, ketones and amines18 while an iridium19 and a ruthenium20 complex were briefly reported for the 

reduction of acetophenone. Interestingly, few results on the additive-free hydrogenation and transfer hyd-

rogenation of levulinic acid into -valerolactone have been recently reported.21  

Herein, we present sequential and straightforward synthetical routes for the preparation of tethered 

5−oxocyclohexadienyl half-sandwich ruthenium(II) complexes with an emphasis on a combined expe-

rimental and theoretical study on an unprecedented dimeric -coordinated phenoxy entity. Considering 

the structure of this 6:1-P -coordinated phenoxy O-bridged ruthenium dimer, determined by X-ray 

crystal analysis, preliminary catalytic tests in hydrogenation reaction for the reduction of acetophenone 

and a diarylaldimine are presented. Moreover, efficient transfer hydrogenation reactions conducted with 

formic acid as hydrogen donor in base-free condition are reported. 

 

 

RESULTS AND DISCUSSION 

Synthesis of tethered 5−oxocyclohexadienyl complexes 

Mechanistic preconceptions suggested that the tethered 5−oxocyclohexadienyl ruthenium com-

plex 4 could be prepared independently via the two alternative routes shown in Scheme 1 and this ex-

pectation was readily confirmed. Starting from the linear amidino phosphine complex 1, to prepare com-

plex 4, route A) involves the formation of the tethered 6−silyloxyarene complex 3; and route B) goes 

through the acetonitrile solvate tethered 5−oxocyclohexadienyl complex 6. 

As shown in Scheme 1, route A), complex 1 was reacted in dichloromethane at room temperature with 1 

equiv. of NaPF6 in the presence of PPh3 to form quantitatively the linear arene complex 2 identified by 

31P NMR as two doublets resonances (JPP = 50.8 Hz) at 42.8 (large, PN) and 23.5 (PPh3) ppm. Treatment 

of the crude reaction mixture gave compound 2 in 80% purity along with the presence of another growing 

derivative 3. When the reaction mixture was stirred for 72 h, complex 2 totally disappeared to give the 

monomeric tethered 6−silyloxyarene complex 3 isolated in pure form as an orange powder in 70% yield 

after column chromatography under basic conditions. This compound 3 exhibits two doublets resonances 

at 70.3 (PN) and 36.0 (PPh3) ppm in the 31P{1H} NMR spectrum (JPP = 49.4 Hz). When 3 was passed 



 

through a column of silica gel, the monomeric tethered 5−oxocyclohexadienyl complex 4 was formed in 

40% isolated yield. 

We developed an other synthetical pathway (Scheme 1, route B)) to prepare 4 in acetonitrile which 

involves the addition of NaPF6 on 1 to give quantitatively the corresponding linear amidino phosphine 

solvate complex 5 which showed a large signal at  31P 50.0 ppm. Cleavage of the Si-O bond was easily 

achieved with TBAF; removal of the p-cymene arene ligand was observed and the corresponding mo-

nonuclear tethered solvate 5−oxocyclohexadienyl complex 6 was formed quantitatively according to 31P 

NMR ( 31P 77 ppm). Starting from the latter solvate product 6, after addition of PPh3, complex 4 is 

obtained in 70% isolated yield. It is worth noting that depending on the experimental conditions com-

pounds 2 and 5 interconvert (Scheme 1). If compound 2 is solubilized in acetonitrile, total conversion to 

compound 5 is observed after 3 days at room temperature. Starting from 5, addition of PPh3 in CH2Cl2 

led instantaneously to the complete formation of 2. 

 

Scheme 1. Sequential synthesis of the tethered 5–oxocyclohexadienyl ruthenium complex 4 via route 

A) and B) starting from the linear phosphaamidine precursor 1. 

 

 

 

We demonstrated that following the synthetical strategy described in route B, it was possible to 

process simultaneously on complex 1 to the chloride abstraction and the Si-O bond cleavage using CsF 

as the unique reagent to obtain quantitatively in solution the acetonitrile complex 6 in a straightforward 

way (Scheme 2).10 If dichloromethane or THF is used instead of acetonitrile, addition of CsF on 1 led to 

the formation of a thermally and air stable new tethered species 9 (Scheme 2) which is isolated as an 

orange powder in more than 80% yield. It exhibits a singlet signal at 76 ppm in31P NMR. DOSY NMR 

experiment revealed a diffusion coefficient in CD2Cl2 for 9 significantly lower compared to the one re-

gistered for the mononuclear 5−oxocyclohexadienyl species 4 which is favorable with the formation of 

a dimeric structure for 9. When the latter 9 was dissolved in CD3CN, formation of the monomolecular 



 

solvate complex 6 was observed and confirmed by NMR analysis. Interestingly, in CD3CN, the diffusion 

coefficient of 6 is higher compared to complex 4 (see SI, Figure S7). Moreover, when the acetonitrile 

solution of the 5−oxocyclohexadienyl solvate complex 6 is evaporated to dryness, according to IR and 

solid state NMR experiments, the resulting powder corresponds to the dimeric compound 9 (Scheme 2). 

Its structure has been confirmed by a solid X-ray crystal analysis (see section X-ray diffraction studies of 

complexes 9-14). It is noteworthy that complexes 6 and 9 are formal precursors for the formation of the 

coordinatively unsaturated 16-elecron 5-oxocyclohexadienyl complex C (Scheme 2, Figures 1 & 3) in-

corporating in its structure a Lewis basic oxygen site and an acidic vacant metal coordination site. These 

peculiar features, encountered in Shvo catalyst, are at the origin of metal-ligand cooperation and make 

complex C a valuable bifunctional catalyst candidate. 

Chelation of the cyclic fragment of the amidino phosphine ligand on the ruthenium atom is ac-

companied by a deshielded effect on the 31P chemical shift of about 30 ppm. All proton and carbon atoms 

of the -coordinated ligand in tethered complexes 3,4 and 6-9 have been identified and display their own 

resonances in accord with the stereogenic nature of the metal center. As well as for compound 4, the low 

frequency shift of the four 5−C6H4O-ring protons in 3,4 and 6-9 compared to 1, 2, and 5 indicates -

coordination to the ruthenium center. In the 13C NMR spectrum, six resonances were observed for the 

5−oxocyclohexadienyl unit, one deshielded singlet at 159 ppm corresponding to the carbon atom linked 

to the oxygen atom, and five shielded signals corresponding to the other carbon atoms of the ligand in the 

range of those found for 4.  

 

 

 

 

 

 

 

 

 

 

 

 



 

Scheme 2. Synthesis of the dimeric -coordinated phenoxy complex 9 and monomeric tethered 5−oxo-

cyclohexadienyl entities 4 and 6-8. 

 

 

 

 

As it is often observed with 5−oxocyclohexadienyl cyclic ligand, in complex 7, formation of an 

adduct through hydrogen bonding with residual methanol coming from the purification process occurred 

which explain the slight shielded effect on the  13C (CO) at 156 ppm compared to the other identified 

5−oxocyclohexadienyl complexes 4, 6 and 8 (Table 1). Note that the 13C NMR chemical shift of the C=N 

carbon atom of the backbone amidino organophosphorus ligand in 1-9 complexes in the region of 163 to 

166 ppm is not perturbed by the chelating coordination mode. 

 

 

 

 

 

 

 

 

 



 

Table 1. NMR data of tethered half-sandwich 5–oxocyclohexadienyl 4 and 6-8 and dimer 9 complexes. 

 

Complexes 

31P 

NMR 

(JPP)° 

13C NMR (JCP) 1H NMR (3JHH) 

C1 C2 C3 C4 C3’ C2’ H2 H3 H3’ H2’ 

 

73,38 

(44) 

159.1 85.3 

(6.2) 

101.1 

(6.7) 

112.0 

(5.1) 

88.2 79.1 

(5.1) 

4.94 

(7.1) 

5.98 

(7.1) 

4.27 

(6.5) 

3.67 

(6.5) 

 

77 160.7 83.8 

(2.4) 

86.9 

(5.6) 

106.3 89.9 

(6.6) 

73.1 

(14.3) 

4.59 

(6.7) 

5.21 

(6.7) 

5.44 

(6.6) 

4.62 

(6.6) 

 

74,34 

(53) 

156.2 94.8 

(9.3) 

 

 

102.5 

(7.5) 

 

105.7 

(7.5) 

 

85.5 74.9 

(10.3) 

5.55 

(7.2) 

 

5.90 

(7.2) 

 

4.84 

(6.0) 

 

4.35 

(broad) 

 

79,-

34 

(46) 

159.2 87.8 

(9.2) 

 

 

104.2 

(10.3) 

 

110.0 

(9.2) 

84.0 73.1 

(10.9) 

5.19 

(6.9) 

 

5.92 

(6.9) 

 

5.11 

(5.1) 

 

4.74 

(5.1) 

 

76 164.7 80.3 

(14.2) 

72.7 

(3.2) 

106.3 

(7.5) 

83.17 

(4.8) 

83.9 

(2.3) 

5.67 

(5.7) 

4.90 

(5.7) 

5.26 

(6.3) 

6.89 

(6.3) 

Numbering scheme of the phenoxy ring : 

 

 

 

Computational Studies 

We turned to DFT calculations to get deeper insight on the structural and electronic features of the 

-coordinated phenoxy dimer 9 which is a potential precursor of the coordinatively unsaturated 16-elect-

ron 5−oxocyclohexadienyl complex C. Let us point out that a careful analysis of the potential energy 

surface (PES), reveals the presence of 3 isomers for the dimeric product which correspond to the 6:1-P 

O-bridged –coordinated phenoxy isomers with Cl atoms in trans and cis position (9 and 9’ respectively) 

and the Cl-bridged isomer (9’’). As shown in Figure 1, calculation of the dimerization energy from C 

http://pubs.acs.org/paragonplus/submission/acs_cif_authguide.pdf


 

evidences a thermodynamic preference for the formation of the trans-O-bridged isomer 9 (G : -16.1 

kcal/mol), which is consistent with its solid state characterization recorded by X-ray diffraction analysis 

(see X-ray Diffraction Studies section). Dimer 9 is calculated to be the global minimum. Isomer 9’ was 

found to be higher in energy (G : 9.0 kcal/mol) and 9’’ lies at 18.8 kcal/mol above 9. 

Experimentally, at room temperature, when the dimeric complex 9 is solubilized in MeCN, for-

mation of the corresponding mononuclear 5-oxocyclohexadienyl solvate complex 6 is observed (Scheme 

2). In contrast, in THF, the corresponding tethered mononuclear solvate [(5–OC6H4-

C(NiPr2)=NPPh2)Ru(THF)Cl] 6’ complex is not formed, the structure of the initial dimeric complex 9 

remains. These results are consistent with the computed dissociation energies. The formation of 6’ from 

C in THF is an endergonic reaction (GTHF : +3.3 kcal/mol). On the contrary, the formation of 6 from C 

in acetonitrile is exergonic (GMeCN : -9.6 kcal/mol), in agreement with the identification of 6 in MeCN 

solution. Interestingly, dimer 9 is recovered from 6 after evaporation of the acetonitrile solution (Scheme 

2). This “dimerization” process of 6 into 9 is a thermodynamically favorable convertion (G : -13.5 

kcal/mol). Therefore, we may reasonably envisage that starting from 6 removal of MeCN solution induce 

the transient formation of the 16-electron coordinatively unsaturated complex C to give the dimeric pro-

duct 9. 

 

 

Figure 1. Relative stability (G in kcal/mol) of the 3 isomers associated to the 6:1-P O-bridged dimeric 

-coordinated phenoxy forms (9 and 9’) and the dimeric Cl-bridged form (9’’). 

 

 

 



 

In order to have a better insight on the nature of the ligands around the metal in complexes C, 4, 

6, 6' and 9, NBO analysis was performed. The distribution of the NPA charges on the –coordinated cyclic 

fragment of the tethered ligand in the dimer 9 and in the monomers C, 4, and 6 were examined. 

Interestingly, we noticed that the respective values of the charges on each of the carbon atoms C(1)-C(6) 

which form the 6-membered ring and the charge on the oxygen atom do not differ significantly for all the 

complexes cited above whatever it is a dimeric or a mononuclear complex. Analysis of the charge transfer 

from the THF, MeCN and PPh3 ligands to the metallic fragment C indicate a stronger donation in 4, than 

in 6 and than in 6' (CT : 0.70, 0.20, 0.17 respectively). For complex 4 a RuP bond has been found whereas 

in complex 6 and 6’ a strong donor acceptor interaction (nN or nOd(Ru)) has been identified at the 

second order perturbation theory, with a stabilizing interaction E(2) at 120 kcal/mol in 6 and 47 kcal/mol 

in 6’. Moreover, the Natural Localized Molecular orbital associated to the LigandRu interaction evi-

dences an increase of the participation of the Ru atom going from 4 to 6 and 6’ (34.5%, 16.6% and 7.0% 

respectively), in agreement with the electronic donor ability of the corresponding L ligand. 

Considering the structural data of the –coordinated phenoxy ring, the bond lengths between C−C 

atoms are comparatively similar in the dimer 9 and in the 5–oxocyclohexadienyl monomers C, 4, and 6. 

However, by examining the Ru(1)-C(1) bond lengths, we found that this distance is longer in compounds 

4 and C than those computed in dimer 9 (~2.492 Å for 9 to 2.572 and 2.641 Å for 4 and C respectively). 

For dimer 9, the geometrical considerations support - as shown by the solid XRD analysis - an 6–hapto 

-coordination type. Moreover, if we compare the Wiberg Bond Indices (WBI), and in particular the index 

relative to the C(1)-O(1) bond, we note that the value calculated for dimer 9 (~1.2) is lower compared to 

the value computed for mononuclear 4, 6 and C complexes (~1.6). The latter is in favor for a double bond 

C–O character and consequently in agreement with a delocalization on the 5 carbon centers characteristic 

of the 5–coordination mode in a -coordinated oxocyclohexadienyl cyclic fragment. 

 

Chemical reactivity of 5–oxocyclohexadienyl complexes 

The reactivity of 5–oxocyclohexadienyl complexes towards Brønsted acids, electrophiles, thal-

lium salt and dihydrogen was investigated in order to comfort the potential interest of these complexes in 

catalysis. 

Interconversion of 5–oxocyclohexadienyl transition metal complexes to their corresponding 

phenol compounds, upon protonation/deprotonation processes, has been largely exemplified in the litera-

ture. In a first approach, a stoichiometric amount of HCl was added at room temperature on the 5–

oxocyclohexadienyl entity 4. After 15 min., quantitative formation of the expected phenol complex 10 

was observed and this complex was isolated in 90% yield after anion exchange with NaPF6 (Scheme 3). 



 

The phenol compound 10 exhibits in the 31P{1H} NMR spectrum two doublets resonances at 70.2 (PN) 

and 29.8 (PPh3) ppm with a JPP = 52.0 Hz along with the sextuplet of the PF6 counter anion centered at -

144.7 ppm. In 1H NMR, variable temperature experiments did not allow us to observe the phenolic proton. 

However, we were able to obtain X-ray quality single-crystals of 10 to confirm its phenolic structure and 

demonstrate the basic character of the 5–oxocyclohexadienyl ligand (see x-ray diffraction studies sec-

tion). Note that all attempts to isolate the corresponding phenol products formed after addition of HX ( 

X= Cl, OTf) on complexes 6 and 9 were unsuccessful. Broad signals by 31P NMR were observed in the 

region of 78 to 84 ppm depending on the solvent of the reaction and the concentration of the solution; 

these chemical shifts may be attributed to the expected phenol complexes in dynamic intermolecular in-

teractions. All these products decompose in a multitude of 31P NMR signals along the course of the diffe-

rent treatment processes attempted to isolate them. 

Very few reactions have been investigated to test the nucleophilicity of the 5–oxocyclohexadie-

nyl ligand. In this aim, electrophiles have been reacted with complexes 4 and 7. Addition of the alkylating 

agent MeOTf on 4 led to the quantitative formation of the corresponding 6–methoxybenzene chelate 

complex 11 (Scheme 3). Note that the use of MeI did not form 11 but gave selectively the iodine analogue 

complex of 4, [(5–OC6H4-C(NiPr2)=NPPh2)Ru(PPh3)I] 4’. Interestingly, when 2-bromoethyl triflate was 

reacted with 4, quantitative formation of the 6–bromoethoxybenzene complex 12 was observed. An 

identical reaction was conducted with the 5–oxocyclohexadienyl complex 7 incorporating the functio-

nalized PH-phosphine; the same selectivity was observed and the product 13 was isolated in good yield. 

Chlorine abstraction was not observed after addition of TlPF6 on 4; instead of that, the 6–phenoxy thal-

lium complex 14 was isolated as a dimeric species in its solid form. 

 

 

 

 

 

 

 

 

 

 

 

 



 

 

 

 

Scheme 3. Reactivity of tethered 5−oxocyclohexadienyl complexes 4 and 7. 

 

 

 

 

The 31P chemical shift of the phosphorus atom of the tethered ligand in complexes 11-14 in the 

range of 70 ppm as well as their JPP coupling constant, are in the same range as those registered for the 

5–oxocyclohexadienyl complexes 4, 6-8. In accord with the stereogenic nature of the metal center, all 

proton and carbon atoms of the -coordinated ligand in tethered complexes display their own resonances. 

In 1H NMR, the low frequency shift of the four 5–C6H4O-ring protons in 11-14 complexes indicates -

coordination to the ruthenium center. In the 13C NMR spectrum, the chemical shift for complexes 10-12 

of the carbon atom linked to the oxygen atom is in the range of 137-138 ppm which is typical for those 

found in 6–coordinated alkyl phenoxy ether complexes. Interestingly, the singlet observed at 151.5 ppm 

for the C(1)–O(1) bond in complex 13 is in between those registered for 5–oxocyclohexadienyl com-

plexes 4, 6-8 and 6–coordinated alkyl phenoxy ether complexes 11-14. Note that the 13C NMR chemical 

shift of the C=N carbon atom of the backbone amidino organophosphorus ligand in 11-14 complexes in 



 

the region of 163-164 ppm is not perturbed by the 6–coordinated phenoxy ligand.These results clearly 

evidenced the nucleophilic character of the phenoxy ligand. 

Finally, the reactivity of complexes 6 and 9 under dihydrogen atmosphere was monitored by NMR. 

These complexes are precursors of C (Scheme 2 & Fig 1) which should split H2 leading to the protonation 

of the phenoxy ligand with concomitant formation of a ruthenium-hydride to form the corresponding 

phenol hydride complex 15 (Scheme 4). The reactivity of the solvate 6 toward H2 was investigated by 

exposing a CD3CN solution of 6 to 3 bar of H2 at room temperature in an NMR tube. After 10 min the 

clean formation of a new product at 31P 89 ppm in a 1:5 ratio relative to the starting complex was obser-

ved. 1H revealed the presence of an hydride chemical shift at 1H -9.30 with a 2JHP coupling constant of 

42 Hz and a broad protonic phenol signal centered at 10.9 ppm. All these NMR data recorded in solution 

for this compound are in favor of the formation of the expected -coordinated phenol hydride complex 

15 which is stable for 3 days in solution. Under the same experimental conditions, dimer 9 in CD2Cl2 led 

to the formation of the phenol hydride product 15 along with the presence of the starting complex 9 and 

other non-identified products with hydride signals recorded from -7 to -14 ppm. The ability of complexes 

6 and 9 to split dihydrogen into a ruthenium hydride species bearing an acidic phenolic proton confirms 

the potential of such complexes for catalytic applications, in particular in reduction catalysis. 

 

Scheme 4. Hydrogenation reaction of tethered 5−oxo-cyclohexadienyl monomeric 6 and dimeric 9 

complexes. 

 

 

Finally, monomeric 6 and dimeric 9 complexes have been reacted with formic acid (FA) which is 

one of the privileged hydrogen donor source in transfer hydrogenation catalysis because of ist unique 

properties, including among others, easy transportation, handling and favorable energy density.22 At RT 

in MeCN after 12h, addition of FA (3 eq.) on monomer 6 resulted in the total consumption of the starting 

compound and in the presence of CO2 (
13C 125 ppm) and the formation of a major compound with a 31P 



 

chemical shift at 128 ppm which was not possible to identify. Note that we were not able to observe in 

the reaction mixture by 1H NMR any metal hydride products. When the dimeric complex 9 was reacted 

with FA (10 eq.) in CH2Cl2, after 12 h at RT, we detected the same products as those observed in the 

reaction with the monomeric solvate complex 6 and no hydride compounds were observed as well. How-

ever, when the same reaction was conducted with 9 in DMSO,23 Ru-H hydride compounds were detected 

as a broad 31P NMR chemical shift at 84 ppm and hydride signals at -10.0 and -11.6 ppm with a JHP of 30 

and 32 Hz, respectively. An other hydride complex was detected at 127 ppm and -10.5 ppm in 31P and 1H 

NMR, respectively, with a JHP of 31 Hz. Unfortunatly we were not able to identifiy those complexes. It is 

worthy to mention that two other hydrido compounds were observed at -11.5 ppm and -14.4 ppm without 

JHP coupling constant. In view of the results recorded with FA, we could anticipate that FA will act as an 

hydrogen donor source in transfer hydrogenation catalysis in the presence of the dimeric complex 9. 

 

X-ray Diffraction Studies of Complexes 4, 9-14 

Solid state X-ray structures studies are pertinent to assign the bonding mode of –coordinated 6-

membered aryloxy ring type ligands, whether it is an 5– or 6–bonding mode. The solid molecular struc-

tures of compounds 410, 9-1424 have been determined by X-ray analysis. It is noteworthy to remind that 

the most striking structural features observed for the 5–oxocyclohexadienyl derivatives, among the other 

representative structural features, are the following : a) the carbon˗carbon distances are shorter in the 

‘pentadienyl’ fragment of the ring than in the bonds to C(1), b) the C(1)–O(1) bond is tilted above the 

plane formed by the pentadienyl fragment C(2)–C(6), and has substantial double-bond character which 

ranges from 1.23 to 1.25 Å,25 c) puckering of the ring is identified by the rather long Ru(1)–C(1) bond 

distance. These effects, observed in 4 (Table 2), are not so pronounced for 6–bonding mode though these 

complexes also show some degree of non-planarity, as well as variation in the internal C–C distances and 

angles. 

 

 

 

 

 

 

 

 



 

Table 2. X-Ray crystallographic data of tethered 5-oxocyclohexadienyl/6-bounded phenoxy rings com-

plexes 4, 9-14. 

Complexes 
C(1)-

O(1) 

C(1)-

C(2) 

C(1)-

C(6) 

C(2)-

C(3) 

C(3)-

C(4) 

C(4)-

C(5) 

C(5)-

C(6) 
 (°) 

Ru(1)-

C(1) 

Ru(1)-

C(4) 

 

1.246 1.467 1.438 1.382 1.421 1.417 1.420 8.78 2.672 2.164 

 

1.301 1.457 1.396 1.393 1.441 1.403 1.437 / 2.409 2.101 

 

1.344 1.427 1.399 1.407 1.430 1.406 1.428 / 2.378 2.180 

 

1.344 1.394 1.435 1.427 1.411 1.434 1.395 / 2.398 2.137 

 

1.350 1.400 1.426 1.420 1.405 1.438 1.381 / 2.542 2.253 

 

1.362 1.422 1.387 1.393 1.435 1.410 1.431 / 2.380 2.160 

 

1.279 1.455 1.434 1.392 1.438 1.417 1.429 / 2.460 2.128 

Numbering scheme of the phenoxy ring : 

 

 

 

http://pubs.acs.org/paragonplus/submission/acs_cif_authguide.pdf
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After several attempts, we were successful to obtain good quality single-crystals of 9 for X-ray 

diffraction analysis. The ORTEP diagram is presented in Figure 2. The solid-state structure confirmed the 

proposed dimeric nature of compound 9 in which the phenolate-type ring is –coordinated to the ruthe-

nium and O–bridged to the second ruthenium fragment thus achieving an 18-electron configuration. Each 

ruthenium atom bears a chlorine atom and the tethered backbone 1–phosphino amidine -coordinated 

arene ligand. All six C(1)–C(6) carbon atoms and the oxygen atom of the phenolate-type arene unit -

C6H4O in 9 are coplanar. In comparison to the true 5–bonding mode of phenolate-type ring in 4 (C(1)-

O(1) 1.246 Å), the C(1)–O(1) bond of 1.301 Å in 9 is elongated and is in between of those registered for 

5–C6H5O oxocyclohexadienyl9,13 and 6–C6H5OR alkyl phenoxy26 transition metal complexes (Table 2). 

Note that the Ru(1)–O(1) bond distances of 2.115 Å in the bridging interactions of the dimeric species 9 

are comparable to what is observed in the two solid state structures of the homologous dimeric 5-mem-

bered ring transition metal complexes of type IV [2.1376a and 2.1176b Å] described so far in the literature 

in which the –coordinated cyclopentadienyl rings with the oxygens bound to the second ruthenium. The 

bond lengths and angles values in the N-phosphino amidine backbone iPr2N-C=N-PPh2 in 9 are compa-

rable to those recorded for the corresponding tethered η6–arene-1–P-ruthenium complexes previously 

described by us.16 

 

Figure 2. Solid state structure of dimer 9. Thermal ellipsoids are depicted at the 50% probability level. 

H-atoms have been omitted for clarity. Selected bond distances (Å) and bond angles (deg): 

C(1)−O(1).303(7); Ru(1)−O(1) 2.115(4); C(1)−O(1)−Ru(1) 120.1(3). 
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Intra-ring C–C bond distances and Ru–C bond lengths compare well with a benzene type ligand 

coordinated to a ruthenium atom. All these structural features in the solid state provide evidence that the 

-bonded phenolate-type ligands in dimeric species 9 possesses 6–arene character.10g,14,27 

The solid state X-ray structure studies of complexes 10-14 show the six membered rings to have the 

carbon atoms C(1)–C(6) and the oxygen atoms nearly in the same plane. The –benzene binding mode of 

the six membered ring ligand is indicated by the C−C bonds distances (1.381−1.455 Å). The C(1)−O(1) 

bond length of 1.34-1.36 Å for 10-13 is consistent with a single-bond character and comparable to analo-

gous distances previously reported for -coordinated phenol28 and alkyl phenoxy29 piano-stool ruthenium 

complexes. In the case of the dimeric compound 14, the relatively short C(1)−O(1) bond distance (1.28 

Å) is in the range of those already reported for such type of dimeric thallium derivatives and is attributed 

to a partial delocalization of the negative charge on the oxygen atom on the phenolate-type ring.30 Note 

that the bond lengths and angles in the N-phosphino amidine backbone iPr2N−C=N−PPh2 in 9-14 are 

comparable to those recorded for the corresponding tethered 6-arene-1-P-ruthenium complexes previ-

ously described by us.31 The general structural features of the arene ligand are largely in favor for an 6–

coordinated nature of the 6-membered ring. 

 

 

Hydrogenation and Transfer Hydrogenation Catalysis with dimer 9 

The reactivity of tethered 5−oxocyclohexadienyl ruthenium complexes with Brønsted acids, electrophi-

les, and dihydrogen was investigated and confort the potential interest of these complexes in catalysis. It 

was calculated that the thermal dissociation of dimer 9 into the mononuclear coordinatively unsaturated 

16-electron tethered 5–oxocyclohexadienyl complex C is a low-energy. Considering the structure of this 

species C which possesses acido-basic properties homologous to the Shvo active catalyst III, we antici-

pated that the dimeric compound 9 is the ideal precursor for catalytic applications. 
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Table 3. Reduction of acetophenone catalyzed by 9 using various hydrogen donnorsa. 

 

 

Entry Hydro-

gen 

donor 

T 

(°C) 

Sol-

vent 

Conver-

sion 

(%)b 

1 H2 (60 

bar) 

75 To-

luene 

23 

2 H2 (60 

bar) 

90 To-

luene 

59 

3 H2 (30 

bar) 

90 iPrOH 99 (99)c 

4 iPrOH 90 iPrOH 33 

5 HCOOH 

(2 equiv.) 

75 iPrOH 48 (46)c 

6 HCOOH 

(2 equiv.) 

75 H2O 50 

7 HCOOH 

(2 equiv.) 

90 iPrOH 58 

8 HCOOH 

(2 equiv.) 

90 H2O 72 

[a] Acetophenone (0.857 mmol, 100 L), 9 

(1 mol%, 9.3 mg), Solvent (1.0-1.5 mL), 17 

h.  [b] Determined by 1H NMR. [c] With 

Shvo catalyst. 

 

 

Then, we decided to investigate the potential metal-ligand cooperation of C in the base-free re-

duction of acetophenone. As depicted in Table 2, hydrogenation of acetophenone with the dimeric pre-

catalyst 9 proceeded smoothly under 60 bar of dihydrogen in toluene (Table 3, entries 1, 2) but 99 % 

conversion was reached in iPrOH under 30 bar of dihydrogen which is identical to the Shvo catalyst (Table 

3, entry 3). The reaction performed under transfer condition in isopropanol was much more sluggish 

reaching a modest 33% conversion after 17 h at 90 °C (Table 2, entry 4). Considering the actual state of 

the art, the most remarkable results were achieved under hydrogen transfer conditions using formic acid 

as hydrogen donors (Table 3, entries 5-8). Under these conditions valuable conversion was reached at 75 

°C both in iPrOH and H2O as solvent and could be substantially improved upon heating at 90 °C (72% 

conversion, Table 2, entry 8). Here again, the performance of the catalyst was found similar to the Shvo 
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catalyst (Table 3, entry 5). Preliminary studies indicate that this reaction proceeds predominantly by de-

hydrogenation/hydrogenation rather than true transfer hydrogenation as conversions dropped significantly 

when the reactions were conducted in an open vessel. 

 

Scheme 5. Reduction of an imine catalyzed by 9 (conversion determined by 1H NMR). 

 

 

 

The catalytic activity was further evidenced with the reduction of an imine-containing substrate 

(Scheme 5).32 Here again, 9 proved competent for the efficient reduction of the imine substrate in parti-

cular using a mixture of iPrOH and FA as hydrogen donors in the absence of base. 

In light of recent studies in homogeneous transfer hydrogenation reaction with metal-ligand cooperative 

catalysts,5b mechanistic proposal will require further experimental and theoretical studies to understand 

more precisely the catalytic activity and improve the catalyst’s performances. 

 

 

 

CONCLUSION 

Through this study, we evidenced two independant pathways for the synthesis of the tethered 5–

oxocyclohexadienyl metal complex 4. We extended the preparation of 5–oxocyclohexadienyl metal com-

plexes to the PH-functionalized 7 and water soluble 8 compounds using a straightforward synthetical 

strategy. We have isolated a thermally and air stable tethered species 9. Its dimeric solid state structure 

was determined by X-ray diffraction analysis and revealed an original –coordinated 6–phenolate-type 

ring O–bridged to the other metal center. DFT computational data suggested that the dimeric entity 9 is 

prone to generate a mononuclear 16-electron 5–oxocyclohexadienyl metal complex C with a vacant 

coordination site on the Lewis acid metal center and a Lewis basic pendant –coordinated phenolate-type 

ligand. This theoretical observation has been confirmed by the quantitative formation of the 5–oxocyc-

lohexadienyl solvate metal complex 6 from 9 in acetonitrile solution. 
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The reactivity of 5–oxocyclohexadienyl complexes towards Brønsted acids and electrophiles em-

phasized the basicity and nucleophilicity of the oxygen atom of the phenolate-type ligand. The reactivity 

under dihydrogen atmosphere of complexes 6 and 9, precursors of the transient 16-electron 5–oxocyc-

lohexadienyl complex C, was monitored by NMR and showed the splitting of H2 to form the correspon-

ding phenol hydride complex 15. These results confirm the potential interest of such complexes for cata-

lytic applications in particular in reduction catalysis. 

With all the experimental and theoretical informations on 5–oxocyclohexadienyl complexes in hands, 

we have tested the dimeric ruthenium complex 9 in base-free hydrogenation and transfer hydrogenation 

catalysis conditions. Among other results registered in this study, we demonstrated that 9 operates in water 

with formic acid as the hydrogen source without base additive. It is reasonable to propose that the dimeric 

species precursor 9 acts as the 16-electron mononuclear ruthenium active species C which behaves as a 

bifunctional metal-ligand cooperative catalyst. The precatalyst 9 was also competent for the reduction of 

an imine substrate under base free conditions. 

Preliminary results showed that dimer 9 has comparable catalytic performances than the Shvo 

catalyst I. The two alternative routes to prepare 5–oxocyclohexadienyl ruthenium complexes via a 

stepwise process (Scheme 1) are investigated in the group for the preparation of a series of new complexes 

for which the first and second coordination sphere of the metal will be readily modified in the aim to 

enhance the performance of the corresponding catalysts. 

We are also presently expanding the scope of ketone and imine hydrogenation reaction, as well as studying 

its mechanistic implications. Although the reactivity of 9 has been well established and some catalytic 

hydride intermediates identified, at this stage, it remains hypothetical to propose a reliable catalytic me-

chanism.5b,33 

In order to improve the catalytic activity of our systems, the synthesis of new families of dimeric 

–coordinated phenolate-type species are currently under investigation in our laboratory. Incorporation 

of first row metal center are envisaged as well as the preparation of their optically active version for 

asymmetric catalysis. 
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