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Abstract 

While ruthenium(II) arene complexes have been widely investigated for their potential in catalytic 

transfer hydrogenation, studies on homologous compounds replacing the arene ligand with the six-

electron donor tris(1-pyrazolyl)methane (tpm) are almost absent in the literature. The reactions of 

[RuCl(κ3-tpm)(PPh3)2]Cl, 1,with a series of nitrogenligands (L) proceeded with selective PPh3 mono-

substitution, affording the novel complexes [RuCl(κ3-tpm)(PPh3)(L)]Cl (L = NCMe, 2; NCPh, 3; 

imidazole, 4) in almost quantitative yields. Products 2-4 were fully characterized by IR and 

multinuclear NMR spectroscopy, moreover the molecular structure of 4was ascertained by single 

crystal X-ray diffraction. Compounds 2-4 were evaluated as catalytic precursors in the transfer 

hydrogenation of a series of ketones with isopropanol as the hydrogen source, and 2 exhibited the 

highest activity. Extensive NMR experiments and DFT calculations allowed to elucidate the 

mechanism of the transfer hydrogenation process, suggesting the crucial role played by the tpm ligand, 

reversibly switching from tri- to bidentate coordination during the catalytic cycle. 

 

1. Introduction 

The reduction of carbonyl functionsto alcohols via transfer hydrogenation (TH) provides the access 

to high-value compounds with important applications as natural products, pharmaceuticals, 

agrochemicals and other fine chemicals.1,2,3,4,5,6Isopropanol is easily available and relatively nontoxic, 

and its use as a solvent for organic transformations has spread out in accordance with the principles of 

green chemistry and sustainability;7,8using isopropanol as solvent for TH is particularly convenient, 

since it behaves as the hydrogen-donor favouring the conversion of the starting ketone into the targeted 

alcohol product. There has been an impressive growth in the various transition metal complexes (e.g. 

rhodium, iridium and rhenium) employed as catalytic precursors for the TH of ketones from 

isopropanol.9,10,11,12,13,c14Among them, ruthenium compounds have played a leading role,15,16,17,18 and 
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related work in this area by Noyori was awarded with the Nobel Prize in 2001.19Aconsiderable number 

of ruthenium(II) arene complexes,bearing a wide diversity of co-ligands,has been intensively 

investigated, showing a variable catalytic activity.20,21,22,23,24,25,26,27,28TheTouge group developed 

bifunctional Ru complexes, bearing an ether linkage between 1,2-diphenylethylenediamine (DPEN) 

and the η6-arene ligand, that catalyse TH with excellent enantioselectivity under mild reaction 

conditions.29 In 2020, the reduction of ketones mediated by ruthenium(II) p-cymene complexes, 

containing quinoxalin-11-one derivatives or tryptanthrin-6-oxime,was reported by Potapov and 

Benassi, resulting in a good catalytic activity with 2-propanol as the hydrogen donor.30 Subsequently, 

the same group successfully synthesized a series of mono- and dinuclear arene-ruthenium (II) 

complexes with imidazole-containing ligands and applied them as efficient catalysts in the TH 

reaction.31 In spite of these relatively recent developments, the exploration of novel catalysts and 

mechanistic features remains of high interest. 

Tris(pyrazolyl)methane (tpm) and related substituted moleculesmay be consideredas arene 

surrogates, in that both types of compounds areneutral and canbehave as six-electron donor ligands 

towards transition metal centres.32,33Indeed, tripodal coordination involving three nitrogen atoms (κ3) is 

common for the tpm ligand, usually providing a substantial robustness to the resulting complexes, 

although alternative coordination fashions are also feasible.34,35,36 Several complexes with tpm or 

substituted analogues, based on different transition metals, have been investigated as catalytic 

precursors in a variety of organic transformations.37,38,39,40The interchange between tri- and bidentate 

coordination is generallyassumed to play an important role in the catalytic activity,40nevertheless this 

feature has been rarely ascertained in the literature.Jagirdar and co-workers showed that an iridium-

tpms complex (tpms = tris(pyrazolyl)methanesulfonate) catalysed the hydrogenation of 3,3-dimethyl-1-

butene, and hypothesized that the reaction proceeded through a κ2-tpms intermediate based on DFT 

calculations.41 
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There are several examples of ruthenium-tpm complexes investigated in catalysis;42,43,44,45,46,47 

however, in sharpcontrast with the related arene systems, ruthenium-tpm compoundshave 

beenalmostunexplored for their potential in hydrogenation reactions.Studies concerning TH activity of 

ruthenium-tpm species have been limited tothe hydrogenation of acetophenone by the nitrosyl complex 

[RuCl2(NO)(κ3-tpm)]PF6 and its tris(3,5-dimethyl-1-pyrazolyl)analogue,48both obtained from 

[RuCl3(NO)];49 nevertheless, the activity was poor and the catalytic pathway was not elucidated. 

In the present work, we selected [RuCl(κ3-tpm)(PPh3)2]Cl, 1,as a convenient entry to access three 

novel RuII-tpm compounds by means oftriphenylphosphine substitution with nitrogen ligands. 

Complex1is easily prepared from commercial ruthenium trichloride via an optimized two-step route 

recently reported by some of us (Scheme 1).50,51Subsequently,1 and derivatives were investigated as 

catalysts for the transfer hydrogenation of a range of ketones from isopropanol, disclosing the 

important role of the tpm ligand.  

N

N

N
N N

N

Ru

Cl

H

Ph3P PPh3

Cl

PPh3
 
(5 eq)

MeOH 
reflux, 4h

tpm (1 eq)
toluene 
RT, 16h

RuCl3
⋅
3H2O [RuCl2(PPh3)3]

1  
Scheme 1. Two-step synthesis of ruthenium(II) tris(pyrazolyl)methane complex used as starting material for the 
synthesis of catalysts investigated in this work. 
 

2. Results and discussion 

2.1. Synthesis and structural characterization of complexes 

When the bis-triphenylphosphine complex1 was heated at reflux temperature in acetonitrile, 

quantitative PPh3/NCMe replacement occurred in 3 hours, and the acetonitrileadduct 2 was isolated in 

95% yield after work-up (Scheme 2). This result is not common, in that nitrile ligands are easily 



 
 

6 
 

replaced by phosphines in group 852,53,54 and other transition metal complexes.55,56It is envisaged that 

the clean PPh3/NCMe substitution is driven by the large excess of nitrile and the steric demand 

exertedby two bulky triphenylphosphine ligands occupying adjacent coordination sites in 1, that was 

previously inferred to explain the restricted rotation around the Ru-P bonds.50 

When 2 was heated in ethanol solution in the presence of one equivalent of triphenylphosphine, 50% 

conversion of 2 into 1 was recognized by 31P{1H}NMR after 3 hours, evidencing some labile character 

of the NCMe ligand.  

On the other hand, the reactions of 1, in refluxing ethanol, with equimolar amounts of benzonitrile and 

imidazole afforded complexes3-4in 90-94% yields (Scheme 2). 
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Scheme 2. Synthesis of ruthenium(II) tris(pyrazolyl)methane complexes obtained via PPh3 substitution with N-
donors. 
 

The novel complexes 2-4 are air-stable yellow solids, which are soluble in methanol, dichloromethane 

and chloroform, and insoluble in diethyl ether, pentane and toluene. They were fully characterized in 
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the solid state by elemental analysis and IR spectroscopy (Figures S1-S4 in the Supporting 

Information),and in CDCl3 solution by multinuclear NMR spectroscopy (Figures S6-S16). The IR 

spectra of 2 and 3 display the diagnostic absorption related to the nitrile function at 2278 and 2247 cm-

1, respectively.  

The NMR spectra of 2-4 display a single set of resonances, and signals related to the tpm ligand do not 

significantly differ in 2-4.Specifically, the ring carbons resonate in the intervals 144.2-148.6 ppm, 

132.8-135.7 ppm and 108.1-108.6 ppm, while the signal of the methylidyne carbon occurs at ca. 74 

ppm. The 31P{1H} resonance for the phosphorus nucleus undergoes a notable shift on going from 1 

(39.5 ppm) to the products 2-4 (46.5-51.7 ppm). 

Crystals of 4 suitable for X-ray analysis were collected by slow diffusion technique(Figure 1). 

Complex 4 displays a distorted octahedral geometry, as found in the precursor 1 and related 

complexes.50,57,58,59 The Ru(1)-Cl(1) distance [2.389(5) Å]is comparable to that found in 1 [2.402(2) 

Å], whereas the Ru(1)-P(1) distance [2.289(5) Å] is slightly shorter [2.651(2) and 2.374(2) Å in1]. The 

replacement of a bulky PPh3 ligand in 1 with the less sterically demanding imidazole ligand causes the 

P(1)-Ru(1)-X angle [X = P, 103.9(1)° for 1; N, 93.7(4)° for 4] to approach 90° in 4 compared to 1. The 

N-Ru-N angles involving the tridentate trispyrazolylmethane ligand are all smaller than the ideal value 

of 90° expected for an octahedral complex.50 The imidazole N(8)-H(8) group of 4 is involved in a 

hydrogen bond with the chloride counter-ion [N(8)-H(8) 0.88 Å, H(8)···Cl(2) 2.30 Å, N(8)···Cl(2) 

3.107(16) Å, N(8)-H(8)-Cl(2) 153.1°].  
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Figure 1. View of the molecular structure of the cation of 4. Displacement ellipsoids are at the 50% probability 
level. Selected bond lengths (Å) and angles (°): Ru(1)-N(1) 2.099(17), Ru(1)-N(3) 2.093(15), Ru(1)-N(5) 
2.123(16), Ru(1)-N(7) 2.090(14), Ru(1)-Cl(1) 2.389(5), Ru(1)-P(1) 2.289(5), N(7)-C(11) 1.33(2), C(11)-N(8) 
1.34(2), N(8)-C(12) 1.36(2), C(12)-C(13) 1.34(2), C(13-N(7) 1.36(3), N(1)-Ru(1)-N(3) 85.1(6), N(1)-Ru(1)-N(5) 
85.2(6), N(3)- Ru(1)-N(5) 85.4(6), P(1)-Ru(1)-Cl(1) 95.41(18), P(1)-Ru(1)-N(7) 93.7(4), Cl(1)-Ru(1)-N(7) 87.4(4). 
CCDC: 2168078. 

 

Further, the behaviour of 1-4 in deuterated water was assessed by NMR spectroscopy (see Section 4 in 

the Experimental for details). Thus, 2 and 4 are slightly soluble in D2O (ca. 4⋅10-3 M), while 1 and3 are 

insoluble. Compounds2 and 4 exist in aqueous solution in equilibrium with the respective 

chloride/water exchange adducts (see Figures S17-S18 in the Supporting Information), in accordance 

with previous results on related complexes.50 The relative amount of aquo-complex, after 2 hours from 

the dissolution in D2O, is 80% and 46% for 2 and 4 respectively. This outcome highlights the influence 

of electronic factors arising from the nitrogen ligand in 2-4 on the kinetics of chloride dissociation 

reactions, that might be relevant to the catalytic activity (vide infra). 

 

2.2. Catalytic activity in transfer hydrogenation 

With complexes 1-4 in hand, their catalytic activity in the transfer hydrogenation (TH) of ketones was 

explored. Initially, the TH reaction was tested using the model substrate acetophenone, 10 mol% of 
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KOH as the base, and 1 mol% loading of ruthenium(II) arene complex 2 in iPrOH at 80 °C under Ar, 

leading to moderate yield of 1-phenylethan-1-ol after 6h (Table 1, entry 1). Then, when the amount of 

base was increased to 50 mol%, the conversion of the reaction was not greatly improved (Table 1, entry 

2). Based on these early results, we explored the effect of different bases (Table 1, entries 3-6). 

Monitoring the reaction by 1 H NMR spectroscopy allowed us to observe complete conversion in the 

presence of NaOH as the base after 6 h. On the other hand, traces or no hydrogenation products were 

detected when weak bases were used.The reaction still yielded 99% NMR yield when reducing the 

amount of NaOH to 10 mol% (Table 1, entries 7-9). Decreasing the catalyst loading by half resulted in 

a dramatic drop in productivity (Table 1, entry 10). However, a similar result was obtained by 

increasing the catalyst loading from 1 mol% to 1.5 mol% (Table 1, entry 11). Low reaction yields were 

obtained when we performed the reaction with other protic solvents instead of isopropanol (Table 1, 

entries 12-14).  

Subsequently, we investigated the effect of different ruthenium-tpm catalysts on the model TH reaction 

(Table 1, entries 15-17). Among the catalysts examined, 1 and4exhibited lower catalytic performances 

than 2 and 3,which is probably due to a different mechanism of reaction (vide infra).60 The 

performance of the benzonitrile catalyst 3 is slightly worse compared to the acetonitrile catalyst 2 

(compare entries 8 and 16 in Table 1). Conducting the reaction in air hindered the progress of the 

reaction (possibly due to NaOH carbonation and/or air sensitivity of intermediate ruthenium species), 

and only a 28% yield was obtained after a reaction conducted overnight (Table 1, entry 18). In addition, 

product formation was reduced with decreasing reaction temperature or reaction time,resulting in 

moderate yields (Table 1, entries 19-20). 

By comparing analogous experimental conditions, the activity provided by complex 2 in the TH of 

acetophenone,under optimized conditions,is exceedingly higher than that previously reported for the 

only other ruthenium-tpm compound previously assessed for the same reaction, i.e. [RuCl2(NO)(κ3-

tpm)]PF6,48 and promising when compared to recently reported ruthenium(II) arene systems.61,62 
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Table 1. Optimization of the reaction conditions for the conversion of acetophenone into 1-phenylethan-1-ol.a 

Optimal reaction conditions are reported as entry 8 (see also Table S1). 

 

O OH

[Ru], Base

Solvent, Temp., Ar, 6h
 

Entry Ru cat. (mol%) Base (mol%) Solvent Temp. (oC) Yield (%)b 

1 2 (1 mol%) KOH (10 mol%) iPrOH 80 55 

2 2 (1 mol%) KOH (50 mol%) iPrOH 80 74 

3 2 (1 mol%) K2CO3 (50 mol%) iPrOH 80 <10 

4 2 (1 mol%) NaOAc (50 mol%) iPrOH 80 - 

5 2 (1 mol%) NaOH (50 mol%) iPrOH 80 99 

6 2 (1 mol%) tBuOK (50 mol%) iPrOH 80 83 

7 2 (1 mol%) NaOH (20 mol%) iPrOH 80 98 

8 2 (1 mol%) NaOH (10 mol%) iPrOH 80 99 

9 2 (1 mol%) NaOH (5 mol%) iPrOH 80 57 

10 2 (0.5 mol%) NaOH (10 mol%) iPrOH 80 18 

11 2 (1.5 mol%) NaOH (10 mol%) iPrOH 80 >99 

12 2 (1 mol%) NaOH (10 mol%) EtOH 80 trace 

13 2 (1 mol%) NaOH (10 mol%) MeOH 65 15 

14 2 (1 mol%) NaOH (10 mol%) H2O 100 - 

15 1 (1 mol%) NaOH (10 mol%) iPrOH 80 62 

16 3 (1 mol%) NaOH (10 mol%) iPrOH 80 80 

17 4 (1 mol%) NaOH (10 mol%) iPrOH 80 26 

18c 2 (1 mol%) NaOH (10 mol%) iPrOH 80 28 

19 2 (1 mol%) NaOH (10 mol%) iPrOH 60 56 

20d 2 (1 mol%) NaOH (10 mol%) iPrOH 80 60 

a Reaction conditions: acetophenone (0.3 mmol, 1 eq.), base, Ru catalyst, iPrOH (1.5 mL), 6 h, under Ar. b NMR 
yields (1,3,5-trimethoxybenzene as internal standard). c Under air, overnight. d Reaction time is 4 h. 
 

Several ketones were employed to explore the range of catalyst application for transfer hydrogenation. 

The results are shown in Table 2. The ruthenium(II) arene complex 2 showed high catalytic activity 

and conversion to aryl ketones. In fact, almost all substrates bearing various substituents can be 
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converted to the corresponding alcohols in good to excellent yields. By comparison, the reaction 

efficiency withhalide-functionalized acetophenone was slightly lower. In contrast, the use of bis(4-

fluorophenyl)methanone as a substrate facilitated the conversion of ketone to alcohol and led to a 91% 

isolated yield. Electron-donating groups (-OMe) provide limited reaction efficiency and a longer time 

is required to reach good conversion. 

Unfortunately, aliphatic ketones, such as cyclohexanone and pentanone, do not produce the 

corresponding alcohols under optimal conditions, which may be associated with the very different 

electronic effects of the ketone structure.63,64 

 

Table 2.Transfer hydrogenation of ketones catalysed by complex2 under optimized reaction conditions.a 

R

O

R'
R

OH

R'

2 
(1 mol%), NaOH (10 mol%)

iPrOH (2 ml), 80oC, 6h
 

Entry Substrate Product Yieldb 

1 

O

 

OH

 

91 

2 

O

 

OH

 

88 
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Cl  

OH
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79 
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O

 

OH

 

87 
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O

MeO OMe
 

OH

MeO OMe  

76c 
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O

F F  

OH

F F  

91 
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O

 

OH

 

0 

8 

O

 

OH

 0 

a Reaction conditions: ketone (0.5 mmol, 1 eq.), NaOH (10 mol%), catalyst 2 (1 mol%), iPrOH (2.0 mL), 80°C, 6 
h, under Ar. b Isolated yields. c 12 h. 
 

2.3. NMR studies 

The mechanism of the transfer hydrogenation reaction promoted by the most active catalyst, 2, was 

investigated by NMR spectroscopy and DFT calculations. First, an isopropanol solution of 2 was 

heated at reflux in the presence of one equivalent of sodium hydroxide, thus reproducing the conditions 

of the catalytic reactions but in the absence of the organic substrate. After thorough removal of the 

volatiles under vacuum, the residue was redissolved in CD3OD. Subsequent NMR experiments(Figures 

S31-S33) showed the prevalent formation of a new ruthenium derivative, lacking acetonitrile, and the 

presence in solution of one equivalent of isopropanol. This experiment was repeated multiple times, 

revealing a substantial reproducibility. Experimental facts suggest the conversion of 2into the 

acetamido complex[Ru{κΝ-NHC(=O)CH3}(κ3-tpm)(PPh3)(iPrOH)]Cl, 2a, vianitrilehydroxylationand 

chloride/isopropanol substitution (Scheme 3).The dissociation of the phosphine ligand was ruled out 

based on 31P NMR spectroscopy. By dissolving 2a into deuterated methanol required for NMR 

analysis, the isopropanol ligand is expected to be released into the solution and replaced by one solvent 

molecule (formation of 2b, Scheme 3). 

Note that a variety of ruthenium compounds are able to promote the hydration of nitriles,65,66,67,68,69 and 

thus several ruthenium-acetamido complexes have been reported.70,71,72,73In particular and analogously 

to the present case, the acetamido complex [RuH(κΝ-NHCOMe)(PCy3)2(iPrOH)(CO)], containing an 

isopropanol co-ligand, was obtained from the acetonitrile precursor [RuH(NCCH3)2(PCy3)2(CO)]BF4 
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by reaction with KOH in isopropanol.70 Interestingly, [RuH(NHCOMe)(PCy3)2(iPrOH)(CO)] works as 

an efficient catalyst in the TH of aromatic ketones from isopropanol. 

The IR spectrum of solid 2a displays multiple bands between 1665 and 1545 cm-1, ascribable to the 

amide carbonyl stretching, and a broad absorption centred at 3317 cm-1 which accounts for the 

isopropanol ligand (Figure S5). In the 1H and 13C NMR spectra (2b), diagnostic signals assigned to the 

coordinated acetamide occur at 5.68 ppm (NH) and 184.4-184.3 ppm (C=O); moreover, a HMBC 

correlation has been found between the 13C signal due to the carbonyl and the 1H signal due to the 

methyl (1.94-1.93 ppm). The NH resonance has lower intensity than expected, suggesting the 

occurrence of H-D exchange in CD3OD.70 This phenomenon might also explain the splitting of the 

resonances due to the methyl and carbonyl groups. Compound 2a is poorly soluble and unstable in 

chlorinated solvents, as the initial pale yellow-green solution turned dark-green within a few minutes. 

Nevertheless, 1H NMR spectrum registered in CD2Cl2 soon after the preparation of the sample showed 

the NH resonance at ca. 4.4 ppm, in agreement with literature data (see Experimental).70,71 

N
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N N
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 eq)
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Scheme 3. Formationof the acetamido complex2avia nitrile ligand transformation, and subsequent exchange of 
solvent ligand.2a analysed by solid state IR spectroscopy, 2b by multinuclear NMR spectroscopy.  
 

When the reaction of 2 with NaOH/iPrOH (Scheme 3) was performed in the presence of 2 eq. of 

acetophenone, partial conversion of acetophenone to 1-phenylethanol was recognized (approximately 

64%), while 2a remained the predominant ruthenium species in solution (1H, 13C and 31P NMR spectra 

recorded in CD3OD). Moreover, 1H NMR spectroscopy revealed the minor formation (approximately 



 
 

14 
 

14% with respect to 2a) of a ruthenium-hydride species, manifested by a doublet at -13.87 ppm in 

CD3OD. The value of the coupling constant (2JHP = 28.8 Hz) resembles that previously reported for a 

similar {H-Ru-PPh3} system (2JHP = 27.8 Hz in acetone-d6).74 

Combined,NMR experimentson the nitrile complex 2and literature facts suggest that the active species 

involved in the catalytic cycle is an acetamido complex,thus the higher reactivity of 2 should not be 

ascribed to some labile character of the acetonitrile ligand, otherwise observed in coordination 

chemistry.52,53,54 

 

2.4. DFT calculations 

Based on the results of the NMR study, DFT calculations were performed replacing the bulky 

PPh3ligand with PH3, to optimize the computational resources. Thus, starting from the model complex 

[RuCl(κ3-tpm)(PH3)(NCMe)]+ (2PH3
+), the hydroxide can displace the chloride ligand giving 

[Ru(OH)(κ3-tpm)(PH3)(NCMe)]+ (Int1, Figure 2), which is 20.4 kcal/mol more stable than 2PH3
+ in 

terms of free Gibbs energy.Intramolecular attack of the hydroxide ligand in Int1to the nitrile function 

proceeds with anactivation barrier of 20.3 kcal/mol (TS1). The same step has been invoked also for the 

nitrile hydration of other ruthenium(II) complexes.70,71The kinetic product is [Ru(κ3-tpm)(PH3)(κ2-

NC(OH)Me)]+ (Int2, ΔG = -0.5 kcal/mol) containing a bidentate N,O-ligand,75 but the enol-to-keto 

tautomerization leads to the more stable [Ru(κ3-tpm)(PH3)(κ2-NHC(=O)Me)]+(Int2a, ΔG = -28.3 

kcal/mol).Such tautomerism was previously observed in other Ru-tpm systems,76 andis consistent with 

the NMR detection of 2a (see NMR studies). 
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Figure 2. Energy profile for the activation of the model pre-catalyst 2PH3
+ under basic conditions. 

 

Once Int2a is formed, isopropanolcan coordinate the metal centre through the alcoholic group (Int3, 

Figure 3). Possible adducts alternative to Int3 were considered and resulted less favourable (see Figure 

S34 in the Supporting Information). Under the basic conditions experimentally used in catalysis, the 

isopropanol ligand in Int3is deprotonated with a free energy gain of 30.7 kcal/mol (Int4).77Then, 

thevacancy required to carry on the reaction may be generated by the tpm ligand, switching from κ3 to 

κ2 coordination mode.78Indeed, aninteraction between the isopropanol CH hydrogen and the metal can 

be established (TS2, ∆G# = 19.0 kcal/mol with respect to Int4, -11.7 kcal/mol with respect to Int3), 

leading to the acetone derivative [RuH(κ2-tpm)(NHCOMe)(O=CMe2)(PH3)] (Int5) via β-elimination. 

At this point,acetophenone may displace the acetoneligand (Int6) and subsequently add the ruthenium-

bound hydride through TS3 (∆G# = 4.6 kcal/mol), The resulting intermediate (Int7) containsa 1-

phenyl-etoxideligand and the tpm ligand still in a κ2 coordination mode. Finally, the tpm restores 
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theκ3coordination mode, andInt8 is more stable than Int4 by 4.4 kcal/mol,providingthe thermodynamic 

driving force to the overall process. The visual inspection of optimized geometries does not reveal 

importance of the steric hindrance of the phosphine, therefore PH3 can be considered a satisfying model 

for the bulkier PPh3. Note that, starting from Int3, the coordination vacancy for hydride abstraction 

might be in principle generated by intramolecular proton transfer from isopropanol to amide, giving an 

isopropoxide ligand and releasing acetamide from coordination. However, this process resulted much 

less favoured than TS2, with ΔG# = +7.1 kcal/mol with respect to Int3. 

 

 

Figure 3. Energy profile for the transfer hydrogenation of acetophenone mediated by a model ruthenium-tpm 
system. 
 

In summary, based on the experimental (NMR) and theoretical (DFT) results, a catalytic cycle for the 

transfer hydrogenation of ketones from isopropanol, promoted by the best catalyst 2 in the presence of 

NaOH,is proposed (Figure 4).The resting species corresponds to deprotonated 2a (see Scheme 3) and is 

formed via hydroxide addition to the acetonitrile and chloride-isopropoxide substitution, assisted by the 
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basic environment. The subsequentβ-elimination step from isopropoxide is allowedby the switch of the 

tpm ligand from κ3 to κ2 coordination, to give a ruthenium-hydride. The reacting ketone (e.g., 

acetophenone) replaces the newly generated acetone ligand, andcarbonyl hydrogenation by the hydride 

takes place. 

Remarkably, the tris-pyrazolylborate complex [RuH(Tp)(PPh3)(NCMe)] was previously reported to 

promote the hydrogenation of carbon dioxide to formic acid, and the proposed mechanism involves 

acetonitrile displacement and no switch of the tridentate Tp ligand.59 
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Figure 4. Proposed mechanism for the transfer hydrogenation of acetophenone by complex2. 

 

Benzonitrile may undergo facile metal-mediated hydroxylation likewise acetonitrile.79 Indeed, when a 

2-propanol solution of 3 was heated at reflux in the presence of one equivalent of sodium hydroxide, 

70% conversion to the corresponding benzamido complex was recognized by NMR. However, catalyst 

3 is slightly less efficient than 2 (Table 1), possibly due to electronic factors related to the benzamido 

ligand compared to the acetamido, slowing down ligand dissociation steps. 
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The lower activity exhibited by [RuCl(κ3-tpm)(PPh3)(L)]Cl (L = PPh3, 1; imidazole, 4) seems 

ascribable to a different mechanism, consisting in the dissociation of L and preserving the κ3-

coordination of tpm during the catalytic cycle.As a matter of fact, a 31P NMR experiment conducted on 

a solution of 1 in iPrOH/NaOH clearly pointed out the release of PPh3 (ca. 62%) and the likely 

formation of [RuCl(OiPr)(κ3-tpm)(PPh3)]; under analogous conditions, 4 afforded a mixture of 

compounds arising from imidazole elimination (see Experimental).DFT calculations confirmed that1 

and 4 undergo substitution of L by isopropoxide from the solution. Considering the steric hindrance 

around the metal, the mechanism of this substitution must be dissociative. The ΔG is +24.6 

kcal/molforPH3dissociation from the model compound [RuCl(κ3-tpm)(PH3)2]+, and this is the rate 

determining step of the whole process. Successively, isopropoxide coordinates to the metal, giving  

[RuCl(OiPr)(κ3-tpm)(PH3)] (ΔG = -13 kcal/mol). Then, to generate the coordination vacancy enabling 

hydride elimination from the isopropoxide, the chloride ligand moves to the second coordination sphere 

(ΔG# = 14.3 kcal/mol). Otherwise, tpm switching to κ2-coordination mode would involve a more 

prohibitive barrier (19.5 kcal/mol). 

 

3. Conclusions 

Transfer hydrogenation of ketones from isopropanol is a reaction of tremendous impact for which the 

exploration of new metal catalysts and mechanistic features is of currently great interest. In contrast 

with the related Ru-arene compounds, ruthenium(II) tris(pyrazolyl)methane compounds have been 

substantially under explored for their catalytic potential. Herein, we describe a straightforward method 

to access new complexes of such type with differentnitrogen ligands, and a study of their activity in the 

transfer hydrogenation of a range of ketones. All investigated compounds showed activity under basic 

conditions, and the acetonitrile adduct emerged as the most performant catalytic precursor. According 

to NMR and DFT studies, this result is due to the peculiar behaviour of the nitrile ligand, undergoing 
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conversion into an anionic ligand rather than dissociation, and to the viable, reversible 

κ3toκ2coordination switching of the tpm. Alternative reaction pathways with other complexes, 

involving the dissociation of a neutral ligand, are less effective. Although theversatility of tpm 

coordination is generally accepted to play some role in related catalytic reactions, we provide here 

strong evidence of the importance of such feature in a hydrogenation process. 

 

4. Experimental 

4.1. Materials and methods. 

Reactants and solvents were purchased from Alfa Aesar, Merck, Strem or TCI Chemicals, and were of 

the highest purity available. Tris(1-pyrazolyl)methane (tpm) was prepared according to the published 

procedure.80 Reactions were conducted under N2 atmosphere using standard Schlenk techniques, and 

all products were stored in air once isolated. Solvents were used as received unless otherwise stated. 

Toluene and diethyl ether were dried with the solvent purification system mBraun MB SPS5, while 

methanol was distilled from calcium hydride and isopropanol from magnesium. IR spectra of solid 

samples were recorded on Agilent Cary630 FTIR spectrometer. IR spectra were processed with 

Spectragryph software.81 NMR spectra of ruthenium complexes were recorded at 298 K on a Jeol 

JNM-ECZ500R instrument equipped with a Royal HFX Broadband probe, while NMR spectra of 

organic products were recorded at 298 Kon Bruker spectrometer (300 MHz or 400 MHz). Chemical 

shifts (expressed in parts per million) are referenced to the residual solvent peaks (1H, 13C)82 or to 

external standard (31P to H3PO4). 1H and 13C{1H}NMR spectra of ruthenium complexes were assigned 

with the assistance of 1H-13C (gs-HSQC and gs-HMBC) correlation experiments.83 Elemental analyses 

were performed on a Vario MICRO cube instrument (Elementar). 

 

4.2. Synthesis and characterization of ruthenium complexes. 
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[RuCl(κ3-tpm)(PPh3)(NCMe)]Cl, 2 (Figure 5) 

Figure 5. Structure of 2(labelling refers to carbon atoms). 
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A solution of 1 (200 mg, 0.22 mmol) in 25 mL of acetonitrile was heated at reflux for 3h. The solvent 

was evaporated under reduced pressure and the solid residue was washed with diethyl ether (25 mL) 

and then dried under vacuum. Yellow solid, yield 144 mg (95%). Anal. calcd. for C30H28Cl2N7PRu: C, 

52.26; H, 4.09; N, 14.22; Cl, 10.28. Found: C, 52.02; H, 3.98; N, 14.26; Cl, 10.41. IR (solid state): 

ῦ/cm─1 = 3109w, 3055w, 2958w, 2919w, 2278w (ῦN=C), 1620w-br, 1507w, 1483w, 1450w, 1433m, 

1408m, 1375w, 1289m, 1277w, 1252w, 1223w, 1187w, 1090s, 1053w, 1048w, 997w, 987w, 857w, 

971s, 779s, 767s, 750s, 756s, 695s. 1H NMR (CDCl3): δ/ppm = 12.29 (s, 1H, CδH); 8.90, 8.75, 8.71 (d, 

3H, 3JHH = 2.9 Hz, CγH); 8.14 (d-br, 1H, CαH); 6.91, 6.55 (d, 2H, 3JHH = 2.2 Hz, CαH); 7.41-7.27 (m, 

15H, C3H + C4H + C6H); 6.43 (s-br, 1H CβH); 6.07, 5.96 (t, 2H, 3JHH = 2.6 Hz, CβH); 2.16 (s, 3H, 

C2H). 13C{1H} NMR (CDCl3): δ/ppm = 148.0, 147.2, 144.1 (Cα); 135.6, 135.4, 133.6 (Cγ); 134.1 (C4, 

3JPC = 9.4 Hz); 132.3 (C3, 1JPC = 42.3 Hz); 130.1 (C6); 128.3 (C5, 4JPC = 9.3 Hz); 127.9 (C1); 108.3, 

108.2, 108.0 (Cβ); 74.4 (Cδ); 4.7 (C2).31P{1H} NMR (CDCl3): δ/ppm = 48.1.1H NMR (CD3OD): δ/ppm 

= 8.43, 8.37, 8.35 (d, 3H, 3JHH = 2.9 Hz, CγH); 8.25, 7.03, 6.97 (d, 3H, 3JHH = 2.2 Hz, CαH); 7.47 (m, 

3H, C6H); 7.36 (m, 12H, C3H + C4H); 6.65, 6.32, 6.20 (t, 3H, 3JHH = 2.6 Hz, CβH); 2.37 (s, 3H, C2H). 

CδH not observed. 13C{1H} NMR (CD3OD): δ/ppm = 150.2, 149.6, 146.2 (Cα); 136.3, 136.1, 134.2 
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(Cγ); 135.2 (C4, 3JPC = 9.5 Hz); 133.3 (C3, 1JPC = 42.9 Hz); 131.4 (C6); 129.4 (C5, 4JPC = 9.5 Hz); 127.5 

(C1); 110.0, 109.6, 109.5 (Cβ); 77.4 (Cδ); 3.8 (C2). 31P{1H} NMR (CD3OD): δ/ppm = 48.1.When a 

solution of 2 (0.055 mmol) and PPh3 (0.055 mmol) in ethanol (4 mL) was heated at reflux for 3 hours, 

half conversion of 2 into 1 was finally recognized by 1H and 31P{1H} NMR spectra (1/2 ratio = 1). 

 

4.3. General procedure for the synthesis of [RuCl(κ3-tpm)(PPh3)(L)]Cl. 

A solution of 1 and the appropriate reagent L in ethanol was heated at reflux for a variable time. After 

cooling to room temperature, the volatiles were evaporated under reduced pressure. The solid residue 

was dissolved in the minimum volume of dichloromethane, precipitated with diethyl ether, filtered and 

dried under vacuum. 

[RuCl(κ3-tpm)(PPh3)(NCPh)]Cl, 3 (Figure 6) 

Figure 6. Structure of 3(labelling refers to carbon atoms). 
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From 1 (150 mg, 0.16 mmol) and benzonitrile (20.4 µL, 0.198 mmol) in ethanol (7 mL). Reaction time: 

16 h.  Yellow solid, yield 116 mg (94%). Anal. calcd. for C35H30Cl2N7PRu: C, 55.93; H, 4.02; N, 

13.04; Cl, 9.43. Found: C, 55.88; H, 4.16; N, 13.17; Cl, 9.36. IR (solid state): ῦ/cm─1 =  3116w, 3055w, 

3021w, 2907w, 2862w, 2765w, 2723w, 2678w, 2618w, 2247 (ῦN=C), 1653w, 1509w, 1480w, 1446m, 

1436m, 1431m, 1406m, 1288m, 1248m, 1219w, 1087s, 1054m, 1047s, 999w, 987w, 888w, 856m, 
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790s, 766s, 749s, 702s, 689s. 1H NMR (CDCl3): δ/ppm = 12.36 (s, 1H, CδH); 8.94, 8.78, 8.74 (d, 3H, 

3JHH = 2.8 Hz, CγH); 8.20, 6.90, 6.50 (d, 3H, 3JHH = 2.1 Hz, CαH); 7.61 (t, 1H, 3JHH = 7.30 Hz, C5H); 

7.48-7.37 (m, 13H, C8H + C9H + C3H + C4H); 7.28 (m, 6H, C7H); 6.45 (t-br, 1H, CβH); 6.09, 5.98 (t, 

2H, 3JHH = 2.6 Hz, CβH). 13C{1H} NMR (CDCl3): δ/ppm = 147.9, 146.9, 144.0 (Cα); 135.7, 135.3, (Cγ); 

134.1 (C7, 3JPC = 9.4 Hz); 133.6 (C5 + Cγsuperimposed); 132.68 (C3), 132.3 (C6, 1JPC = 42.7 Hz); 130.1 

(C9, 5JPC = 2.3 Hz); 129.4 (C4), 128.43 (C8, 4JPC = 9.3 Hz); 125.74 (C1); 111.76 (C5); 108.3, 108.2, 

108.0 (Cβ); 74.4 (Cδ). 31P{1H} NMR (CDCl3): δ/ppm = 47.5. 

 

[RuCl(κ3-tpm)(PPh3)(NCHNH(CH)2)]Cl, 4(Figure 7) 

Figure 7. Structure of 4(labelling refers to carbon atoms). 
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From 1 (150 mg, 0.165 mmol) and imidazole (13.5 mg, 0.198 mmol) in ethanol (8 mL). Reaction time: 

8 h. Yellow solid, yield 107 mg (90%). Anal. calcd. for C31H29Cl2N8PRu: C, 51.96; H, 4.08; N, 15.64; 

Cl, 9.90. Found: C, 51.79; H, 4.15; N, 15.53; Cl, 9.97. IR (solid state): ῦ/cm─1 = 3098w, 3052w, 

2958w, 2915w, 2848w, 2764w, 2681w, 2615w, 1537w, 1507w, 1480w, 1450m, 1433m, 1406m, 

1288m, 1253m, 1220w, 1118w, 1088s, 1059m-brw, 856m, 791s, 743s, 694s, 683m, 666m. 1H NMR 

(CDCl3): δ/ppm = 11.84 (s-br, 1H, NH); 11.72 (s, 1H, CδH); 8.80, 8.60, 8.56 (d, 3H, 3JHH = 2.7 Hz, 

CγH); 7.33 (m, 4H, C7H + CHImid); 7.25 (m, 1H, CαH); 7.08, 6.57 (d, 2H, 3JHH = 2.2 Hz, CαH); 7.17 (m, 
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6H, C5H); 6.97 (t-br, 6H, C6H); 6.90, 6.46 (m, 2H, CHImid); 6.23 (m, 1H, CβH); 6.09, 5.99 (t, 1H, 3JHH = 

2.5 Hz, CβH). 13C{1H} NMR (CDCl3): δ/ppm = 148.6 (Cα + Cα superimposed); 144.3 (Cα); 139.8 

(CImid); 135.2, 134.3, 132.8 (Cγ); 133.9 (d, 3JCP = 9.3 Hz, C5); 132.8 (d, 1JCP = 40.1 Hz, C4); 130.4 

(CImid); 129.8 (C7); 128.2 (d, 2JCP = 9.1 Hz, C6); 116.6 (CImid); 108.5 (Cβ); 108.2 (2Cβ superimposed); 

74.7 (Cδ). 31P{1H} NMR (CDCl3): δ/ppm = 51.6. Crystals suitable for X-ray diffraction were collected 

by slow diffusion into diethyl ether from a dichloromethane/chloroform solution of 4. 

 

4.4. X-ray crystallography 

Crystal data and collection details for 4·solvare reported in Table 3. Data were recorded on a Bruker 

APEX II diffractometer equipped with a PHOTON2 detector using Mo–Kα radiation. The structures 

were solved by direct methods and refined by full-matrix least-squares based on all data using F2.84 

Hydrogen atoms were fixed at calculated positions and refined using a riding model. The crystals of 

4·solv were thin plates of low quality and the data have been cut at 2θ = 46°. Because of this, 

corrections for absorption were not very accurate and, thus, some high residual electron densities 

remained close to the heavy atoms, in position which are not realistic for any atom. The unit cell of 

4·solv contains an additional total potential solvent accessible void of 813 Å3 (ca. 2% of the Cell 

Volume), which is likely to be occupied by highly disordered solvent and water molecules. These voids 

have been treated using the SQUEEZE routine of PLATON.85,86 

 

Table 3. Crystal data and measurement details for 4·solv. 

 4·solv 

Formula C31H29Cl2N8PRu 

FW 716.56 

T, K 
100(2) 

λ,  Å 0.71073 

Crystal system Monoclinic 

Space group P21/c 

a, Å 11.793(4) 

b, Å 22.168(7) 
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c, Å 14.138(5) 

β,° 101.122(10) 

Cell Volume, Å3 3627(2) 

Z 4 

Dc, g∙cm-3 1.312 

µ, mm−1 0.655 

F(000) 1456 

Crystal size, mm 0.14×0.13×0.07 
θ limits,° 1.732-22.998 

Reflections collected 24479 

Independent reflections 
4929 [Rint = 

0.1520] 
Data / restraints /parameters 4929 / 522 / 388 

Goodness on fit on F2 1.677 

R1 (I > 2σ(I)) 0.1850 

wR2 (all data) 0.4462 

Largest diff. peak and hole, e Å-3 8.392 / –6.570 
 

 

4.5. Solubility and chloride exchange in aqueous solution. 

The water solubility of 2-4 was assessed by 1H NMR spectroscopy (Table 4). The selected Ru 

compound (3-5 mg) was added to a solution of D2O (0.7 mL) containing Me2SO2 as internal standard87 

(3.36·10-3 M). The mixture was vigorously stirred at 21 °C for 2 h. The resulting saturated solution was 

filtered over celite, transferred into an NMR tube and analysed by 1H and 31P{1H} NMR spectroscopy 

(delay time = 3 s; number of scans = 20). The concentration (solubility) was calculated by the relative 

integral (starting complex + aquo-complex, CβH signal in the 1H spectrum) with respect to Me2SO2 

(δ/ppm = 3.14); solubility value for 3 is below the detection limit. D2O solutions of 2 and 4 were 

maintained at 37 °C for additional 48 hours, then 1H and 31P{1H} NMR analyses at RT were repeated; 

newly formed organometallic species were not detected. The final percentage of the aquo-complex was 

calculated by the relative integral of the CβH signal in the 1H spectrum with respect to Me2SO2 (δ/ppm 

= 3.14 in D2O), see Table 4. 
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Table 4. Solubility and speciation of ruthenium complexes in D2O. aImmediately after sample preparation, t0 (see 
above). bAfter maintaining the solutions at 37 °C for additional 48 h. 
 

Compound Solubility / 10-3 mol∙L-1 
(D2O, 21°C) 

% aquo-
species(D2O, 21°C) a 

% aquo-
species(D2O, 21°C) b 

2 4.5 80 92 
3 insoluble - - 
4 4.0 46 94 
5 insoluble - - 

 

 

4.6. Transfer hydrogenation reactions 

In a typical procedure, a 4 mL vial equipped with a septum cap and a stirring bar was charged with 

ketone (0.5 mmol, 1 eq.), [RuCl(κ3-tpm)(PPh3)(NCMe)]Cl, 2 (3.4 mg, 1 mol%), NaOH (2.0 mg, 10 

mol%), and iPrOH (2 mL). The reaction mixture was stirred at 80 °C under Ar. After 6 or 12 hours, the 

solvent was removed under vacuum. Purification by column chromatography on silica gel with PE/EA 

(v/v = 10/1~8/1) as eluting solvent to give the desired alcohol products. 

α-Methylbenzenemethanol. 1H NMR (CDCl3): δ/ppm = 7.37 – 7.06 (m, 5H), 4.78 (q, J = 6.5 Hz, 1H), 

2.04 (s, 1H), 1.39 (d, J = 6.5 Hz, 3H). 13C NMR (CDCl3): δ/ppm = 145.9, 128.6, 127.5, 125.5, 70.5, 

25.2. Data agree with reported information.2c 

1-(2-Methylphenyl)ethanol. 1H NMR (CDCl3): δ/ppm = 7.52 (dd, J = 7.5, 1.5 Hz, 1H), 7.27 – 7.22 (td, 

1H), 7.18 (td, J = 7.3, 1.5 Hz, 1H), 7.15 – 7.12 (m, 1H), 5.13 (q, J = 6.4 Hz, 1H), 2.35 (s, 3H), 1.89 (s, 

1H), 1.47 (d, J = 6.4 Hz, 3H). 13C NMR (CDCl3): δ/ppm = 144.0, 134.3, 130.5, 127.3, 126.5, 124.6, 

66.9, 24.0, 19.0. Data agree with reported information.2a 

1-(4-Chlorophenyl)ethanol. 1H NMR (CDCl3): δ/ppm = 7.38 – 7.09 (m, 4H), 4.82 (q, J = 6.5 Hz, 1H), 

2.18 (s, 1H), 1.42 (d, J = 6.5 Hz, 3H). 13C NMR (CDCl3): δ/ppm = 144.4, 133.1, 128.7, 126.9, 69.8, 

25.3. Data agree with reported information.2c 

Diphenylmethanol. 1H NMR (CDCl3): δ/ppm = 7.43 – 7.11 (m, 10H), 5.75 (s, 1H), 2.23 (s, 1H). 13C 

NMR (CDCl3): δ/ppm = 143.9, 128.6, 127.7, 126.7, 76.4. Data agree with reported information.2c 
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Bis(4-methoxyphenyl)methanol. 1H NMR (CDCl3): δ/ppm = 7.32 – 7.20 (m, 4H), 6.96 – 6.81 (m, 4H), 

5.76 (s, 1H), 3.78 (s, 6H), 2.13 (s, 1H). 13C NMR (CDCl3): δ/ppm = 159.1, 136.5, 127.9, 114.0, 75.5, 

55.4. Data agree with reported information.2c 

Bis(4-fluorophenyl)methanol. 1H NMR (CDCl3): δ/ppm = 7.38 – 7.28 (m, 4H), 7.09 – 6.98 (m, 4H), 

5.81 (s, 1H), 2.23 (d, J = 2.9 Hz, 1H).  13C NMR (CDCl3): δ/ppm = 164.0, 160.8, 128.3 (d, J = 8.1 Hz), 

115.6 (d, J = 21.5 Hz), 75.1. Data agree with reported information.2c 

 

4.7. NMR mechanistic studies 

Reaction ofcomplex 2 with iPrOH/NaOH. A mixture of complex 2 (30 mg, 0.043 mmol) and NaOH 

(1.9 mg, 0.048 mmol) in anhydrous isopropanol (1.5 mL) was heated at 80 °C for 1h under Ar 

atmosphere.After cooling to room temperature, the volatiles were evaporated under vacuum; a yellow-

green solid was obtained and analysed by NMR and IR spectroscopy (Figure S5 and Figures S31a-

S33a). IR (solid state, 2a): ῦ/cm─1 = 3317m-br (ῦOH), 3113m, 3055m, 2964m, 2918m, 2870m,  1665-

1545m (ῦC=O), 1434m, 1406m, 1256m, 1087s, 1049m, 1023m, 856w, 787s, 748s, 692s, 607w, 526s, 

506s. 1H NMR (CD3OD, 2b): δ/ppm = 8.60, 8.54, 8.46 (d, 3H, 3JHH = 2.9 Hz, CγH); 8.16, 6.95, 6.95 (d, 

3H, 3JHH = 2.2 Hz, CαH); 7.45 (t, 3H, PPh3); 7.33 (t, 6H, PPh3); 7.11 (t, 6H, PPh3); 6.69, 6.41, 6.18 (t, 

3H, 3JHH = 2.6 Hz, CβH); 5.68 (s-br, 1H, Ru-NHCOMe); 3.93 (sept, 1H, 3JHH = 6.2 Hz, OHCHMe2); 

1.94-1.93 (s, 3H, Ru-NHCOMe); 1.15 (d, 6H, 3JHH = 6.2 Hz, OHCHMe2); -13.9 (d, traces, 2JPH = 28.8 

Hz, Ru-H). CδH not observed. 13C{1H} NMR (CD3OD, 2b): δ/ppm = 184.4-184.3 (d, Ru-NHCOMe); 

150.4, 149.1, 147.0 (Cα); 136.3, 136.2, 134.6 (Cγ); 134.9 (d, PPh3, 
3JPC = 9.6 Hz); 133.7 (d, PPh3, 1JPC 

= 41.2 Hz); 131.1 (d, PPh3, 
4JPC = 2.1 Hz); 129.4 (d, PPh3, 

2JPC = 9.1 Hz); 109.9, 109.8, 109.7 (Cβ); 

64.7 (OHCHMe2); 26.1-26.0 (Ru-NHCOMe); 25.3 (OHCHMe2). Cδ not observed. 31P{1H} NMR 

(CD3OD, 2b): δ/ppm = 53.3; 33.0 (OPPh3 asimpurity).1H NMR (CD2Cl2): δ/ppm = 12.31 (s, 1H, CδH); 

8.82, 8.82, 8.81 (m, 3H, CγH); 7.93, 6.92, 6.50 (d, 3H, CαH); 7.39 (t, 3H, PPh3); 7.28 (t, 6H, PPh3); 

7.10 (t, 6H, PPh3); 6.41, 6.08, 6.06 (t, 3H, CβH); 4.44 (s-br, 1H, NHCOMe); 3.95 (sept, 1H, 3JHH = 6.1 
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Hz, OHCHMe2); 1.85 (s, 3H, NHCOMe); 1.10 (d, 6H, 3JHH = 6.1 Hz, OHCHMe2).31P{1H} NMR 

(CD2Cl2): δ/ppm = 55.82; 54.74 (2, 22%); 28.3 (OPPh3asimpurity). Afterwards, the solvent was 

eliminated from the sample in CD3OD, the residue was washed with diethyl ether (3 x 4 mL) and then 

redissolved in CD3OD, and new NMR spectra were recorded (Figures S31b-S33b). 

Then, the reaction was repeated under the conditions described above except for the addition of 

acetophenone (10.2 µL, 0.087 mmol), and NMR spectra were subsequently recorded (Figures S31c-

S33c).  1H NMR (CD3OD): δ/ppm = 8.60, 8.53, 8.45 (d, 3H, 3JHH = 2.9 Hz, CγH); 8.16, 6.95, 6.95 (d, 

3H, CαH); 7.99 (d, 1-phenylethanol); 7.61 (t, 1-phenylethanol); 7.50 (t, 1-phenylethanol); 7.45 (t, 3H, 

PPh3); 7.36-7.21 (arom, acetophenone); 7.33 (t, 6H, PPh3); 7.11 (t, 6H, PPh3); 6.69, 6.41, 6.18 (t, 3H, 

3JHH = 2.6 Hz, CβH); 5.68 (s-br, 1H, Ru-NHCOMe); 4.81 (q, 3JHH = 6.5 Hz, 1-phenylethanol); 3.93 

(sept, 1H, 3JHH = 6.2 Hz, OHCHMe2); 2.60 (s, Me,acetophenone);  1.94-1.93 (s, 1H, Ru-NHCOMe); 

1.42 (d, 3JHH = 6.4 Hz, Me, 1-phenylethanol); 1.15 (d, 6H, 3JHH = 6.2 Hz, OHCHMe2); -13.9 (d, traces, 

2JPH = 28.7 Hz, Ru-H). CδH not observed. 13C{1H} NMR (CD3OD): δ/ppm = 184.4 - 184.3 (d, Ru-

NHCOMe); 150.4, 149.1, 147.0 (Cα); 147.6 (arom, 1-phenylethanol); 138.4(arom, acetophenone); 

136.3, 136.2, 134.5 (Cγ); 134.9 (d, PPh3, 
3JPC = 9.6 Hz); 134.4 (arom, acetophenone); 133.7 (d, PPh3, 

1JPC = 40.9 Hz); 131.1 (d-br, PPh3); 129.7 (arom, 1-phenylethanol); 129.4, 129.3 (arom, 

acetophenone); 129.4 (d, PPh3, 
2JPC = 9.1 Hz); 128.1 (arom, 1-phenylethanol); 126.5 (arom, 1-

phenylethanol); 109.9, 109.8, 109.7 (Cβ); 70.8 (CH, 1-phenylethanol); 64.7 (OHCHMe2); 26.7 (Me, 

acetophenone); 26.1-26.0 (Ru-NHCOMe); 25.6 (Me, 1-phenylethanol); 25.3 (OHCHMe2). Cδ not 

observed. 31P{1H} NMR (CD3OD): δ/ppm = 53.3. 31P{1H} NMR (CD3OD): δ/ppm = 53.3; 48.1 (2, 

13%); 33.0 (OPPh3 asimpurity). 

For comparison, the NMR spectra of commercial acetamide were also recorded. 1H NMR (CD3OD): 

δ/ppm = 1.94 (s, 3H, NH2COMe). 13C{1H} NMR (CD3OD): δ/ppm = 176.4 (s, NH2COMe); 22.1 (s, 

NH2COMe). 



 
 

28 
 

Reactions of complexes 1, 3 and 4 with iPrOH/NaOH. A mixture of the selected complex andNaOH, 

in anhydrous 2-propanol (1.2 mL), was heated at 80 °C for 1h under Ar atmosphere. After cooling to 

room temperature, the volatiles were evaporated under reduced pressure; a yellow solid was obtained 

and analysed by NMR spectroscopy (only relevant signals are reported in the following).  

From 1 (26 mg, 0.029 mmol) and NaOH (1.3 mg, 0.032 mmol). 31P{1H} NMR (CD3OD): δ/ppm = 66.9 

(d, 8%); 66.1 (2%); 44.3 (31%); 39.6 (1, 21%); 38.5 (5%); 33.0 (OPPh3, 5%); -5.2 (PPh3, 12%).  

From 3 (25 mg, 0.032 mmol) and NaOH (1.4 mg, 0.036 mmol). 1H NMR (CD3OD): δ/ppm = 8.65, 

8.56, 8.52 (d, 3H, CγH); 8.17, 7.07, 6.98 (d, 3H, CαH); 7.57-7.10 (m, PPh3, Ru-NHCOPh); 6.66, 6.43, 

6.24 (t, 3H, CβH); 5.92 (s-br, 1H, Ru-NHCOPh); 3.93 (sept, 1H, 3JHH = 6.2 Hz, OHCHMe2); 1.15 (d, 

6H, 3JHH = 6.2 Hz, OHCHMe2); -13.4 (d, traces, 2JPH = 28.9 Hz, Ru-H). CδH not observed. 13C{1H} 

NMR (CD3OD): δ/ppm = 182.3 (Ru-NHCOPh); 64.7 (OHCHMe2); 25.3 (OHCHMe2). 31P{1H} NMR 

(CD3OD): δ/ppm = 53.0 (73%); 47.4 (3, 27%).  

From 4 (30 mg, 0.042 mmol) and NaOH (1.8 mg, 0.046 mmol). 31P{1H} NMR (CD3OD): δ/ppm = 54.9 

(22%); 52.9 (61%); 51.7 (8%); 51.5 (9%).  

 

4.8. Computational details 

All geometries were optimized with ORCA 5.0.3, using the B97 functional with the zero-order 

regular approximation (ZORA) to take relativistic effects into account and in conjunction with a triple-

ζ quality  basis set (ZORA-TZVP).  For ruthenium, the basis set “old-ZORA-TZVP” has been used. 

The dispersion corrections were introduced using the Grimme D3-parametrized correction and the 

Becke Johnson damping to the DFT energy. Allthe structures were confirmed to be local energy 

minima (no imaginary frequencies), or saddle points (one imaginary frequency corresponding to the 

reaction coordinate).  The solvent was considered through the continuum-like polarizable continuum 

model (C-PCM, isopropanol). 
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