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A B S T R A C T

Metal vinylidenes are key intermediates in the activation of terminal alkynes. Previous studies concerning 
ruthenium η6-arene complexes showed how the elusive vinylidenes are often transformed into more stable alkoxy 
(alkyl)carbene complexes upon reaction with alcohols, highlighting their electrophilicity. We reinvestigated the 
reactivity of terminal alkynes and alcohols with ruthenium(II) η6-arene precursors and we found out new aspects 
of the formation and the reactivity of the alkoxy(carbene)complexes. First, the reactivity of ruthenium complexes 
bearing different η6-arene, phosphane, halide co-ligands on the activation process of a series of arylalkynes have 
been examined. Under optimized conditions, a series of alkoxy(benzyl)carbene complexes of general formula 
[RuCl{C(OR’)CH2(4-C5H4R)}(PR’’3)(η6-arene)]+ were obtained. Five compounds were isolated in 82–96 % yield 
and they were characterized by spectroscopic techniques and X-ray diffraction in three cases. Notably, these 
carbene complexes are the predominant reaction products even in presence of a large molar excess of water in the 
mixture for short reaction times.

In fact, DFT calculations on a model system showed that the vinylidene intermediate, resulting from the Ru/ 
alkyne interaction, is preferentially attacked by MeOH instead of water. The subsequent formation of carbonyl 
complexes was assessed in various conditions by IR and NMR and four unprecedented and comparatively rare 
benzyl carbonyl complexes of general formula [Ru{CH2(4-C6H4R)}(CO)(PPh3)(η6-arene)]+ are reported, 
including the crystal structure of one example. Next, an unprecedented reactivity study on selected alkoxy 
(benzyl)carbene complexes was carried out. Joint experimental and computational results indicate that these 
benzyl carbonyl complexes may actually arise from the reaction of the carbene complexes with water, a reactivity 
pathway that has never been considered in previous studies on the Ru-mediated hydrolytic cleavage of alkynes.

1. Introduction

A key step in transition metal-mediated activation of alkynes 
(RC–––CR’), both from a stoichiometric and a catalytic standpoint, is 
their transformation into vinylidene (alkenylidene) ligands M = C =
CRR’. A large amount of work has been dedicated to the understanding 
of the formation, structure and reactivity of these species [1]. Ruthe
nium complexes are renewed for their ability to induce η2-alkyne to η1- 
vinylidene tautomerization upon interaction with terminal alkynes 
under mild conditions [2]. Vinylidene ligands are susceptible to 

nucleophilic addition at the Cα to give a Fischer-type carbine [1,2].
However, the electrophilicity of the vinylidene carbon is greatly 

influenced by the electronic density at the metal center. A striking 
comparison for ruthenium(II) complexes is provided by the reactivity of 
vinylidene complexes bearing isoelectronic η5-cyclopentadienyl (Cp− ) 
or η6-arene co-ligands towards alcohols [3]. For instance, the reaction of 
[RuCpCl(PPh3)2], phenylacetylene and NH4PF6 in methanol quickly 
provides the stable, isolable, vinylidene complex [RuCp(PPh3)2{C =
CHPh}]PF6 [4]. Refluxing the methanol solution for 24 h is necessary to 
obtain the methoxy(benzyl)carbene complex, by regioselective addition 
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of MeOH to the vinylidene (Scheme 1a), while the electron-richer [Ru 
(η5-C5Me5)(PMePh2)2{C = CHPh}] does not react even these conditions 
[5]. Conversely, the reaction of [RuCl2(PMe3)(η6-C6Me6)] with NaPF6 
and phenylacetylene in methanol straightforwardly provides the 
methoxy(benzyl)carbene complex after 10 min at room temperature 
(Scheme 1b). Hence, the poor π-backdonation from the {RuClL(η6-are
ne)}+ fragment renders the vinylidene ligand extremely more electro
philic than in the related {RuL2(η5-Cp)}+ derivatives, despite the 
presence of electron-donating methyl groups on the phosphane and the 
arene ligands [3,6]. As a matter of fact, the few Ru(η6-arene)(vinylidene) 
complexes known have been characterized by 1H and 13C NMR in 
anhydrous CD2Cl2 at low temperature (− 60 ◦C to − 30 ◦C), being un
stable at room temperature [3,7]. In one case, the subsequent addition of 
methanol quickly provided the corresponding methoxy(benzyl)carbene 
complex (Scheme 1c), thus providing evidence for the formation of 
vinylidene ligands in the activation of terminal alkynes with ruthenium 
(II) η6-arene systems. Elusive ruthenium(η6-arene)-vinylidene com
plexes are also presumably involved in the catalytic transformation of 1- 
alkynes into vinyl carbamates [8], vinyl esters [9], aldehydes (alkyne 
hydration) [10] enynes (alkyne dimerization) [11] or substituted ben
zenes (by alkyne cyclotrimerization [12] or intramolecular hydro
arylation [13]). All the proposed catalytic cycles have in common a 
regioselective (anti-Markovnikov) nucleophilic addition or pericyclic 
rearrangement involving the α-carbon of the vinylidene intermediate 
(Scheme 1d). Instead, propargyl alcohols give rise to more stable Ru(η6- 
arene) allenylidene complexes [14,15], one of which became a 
renowned catalytic precursor for olefin metathesis, ring-opening 
metathesis polymerization and ene-yne metathesis (Scheme 1e) [16].

To date, less than 40 ruthenium η6-arene complexes with alkoxy 

(benzyl)carbene ligands have been prepared from a series of terminal 
(non-propargyl) alkynes. The formal 16-electron species interacting 
with the alkyne is generated by the in situ removal of a chloride ligand 
from [RuCl2(L)(η6-arene)] with NaPF6 (Scheme 2a; L = monodentate 
ligand) [3,6,17] or by displacing a labile ligand (MeCN, SMe2) from a 
related cationic precursor (Scheme 2b) [18,19]. The reactions are usu
ally carried out at room temperature in alcohols as solvents, or their 
mixtures with dichloromethane, the alcohol being also the nucleophile, 
except for a few cyclic oxycarbene complexes obtained from 3-butyn-1- 
ol.

With one exception, all the isolated alkoxy(benzyl)carbene com
plexes contain a phosphane [incl. P(OMe)3] as monodentate neutral 
ligand and chlorides as anionic ligands. Besides, a large majority of these 
complexes display a tetra- or hexa- (C6Me6) alkyl substituted η6-arene, 
which is beneficial for the stabilization of the carbene ligand by steric 
effects [3,17a,c]. These are useful guidelines to prepare new compounds 
belonging to this class, however, we evaluated the effects of other co- 
ligands in the Ru(η6-arene) scaffold on this alkyne activation process. 
Furthermore, the stability of the alkoxy(benzyl)carbene complexes in 
solution, even those bearing the bulky C6Me6 ligand, has not been 
clarified. The formation reactions are usually rather fast (10 min to ca. 1 
h) and ‘decomposition’ has been mentioned to occur in the reaction 
mixture for longer times [18,19], or in ‘impure solutions’ of the carbene 
complexes [19], sometimes coupled with the formation of carbonyl 
species [19]. More in general, the reactivity of alkoxy(alkyl)carbene 
complexes of ruthenium has been scarcely investigated in previous 
works, except for a handful of reactions involving cyclopentadienyl 
derivatives with NaOMe/BuLi/tBuOK to give the corresponding vinyl
ether complexes (deprotonation on Cβ; Scheme 3a) [20], LiAlH4 to 

Scheme 1. Formation of ruthenium methoxy(benzyl)carbene complexes from phenylacetylene/methanol with cyclopentadienyl (a, via an isolable vinylidene 
complex) or arene (b) as co-ligands. Formation of a ruthenium(η6-arene)-vinylidene complex by protonation of the corresponding acetylide and subsequent addition 
of methanol to give the methoxycarbene (c; anions are omitted). General catalytic mechanism of activation of terminal alkynes via ruthenium(η6-arene)-vinylidene 
intermediates (d). Synthesis of the ruthenium(η6-p-cymene) allenylidene complex from the commercially-available dichloro(p-cymene)tricyclohexylphosphiner
uthenium(II) (CAS: 145381–23-3) and 1,1-diphenylpropargyl alcohol (e).

S. Stampatori et al.                                                                                                                                                                                                                             Inorganic Chemistry Communications 171 (2025) 113547 

2 



provide the corresponding ruthenium-alkyl (hydrogenolysis of the Cα-O 
bond; Scheme 3b) [21] and MeMgBr to give the corresponding acetylide 
(Scheme 3c) [22]. A proper assessment of the stability/speciation of 
metal complexes in solution is fundamental prior to their potential 
application.

As part of our ongoing interest in the chemistry of ruthenium(II) η6- 
arene complexes [23] and the stoichiometric activation of alkynes [24], 
we re-investigated the formation of alkoxy(benzyl)carbene complexes 
from 1-alkynes and [RuCl2(PR3)(η6-arene)] or related η6-arene 

precursors and we studied the solution stability and reactivity of the 
carbene complexes. Herein we present a joint experimental and 
computational approach that allowed to elucidate a series of unprece
dented and sometimes unexpected features on the activation of 1-al
kynes on ruthenium(II) complexes.

Scheme 2. Synthesis of ruthenium(η6-arene) alkoxy(alkyl)carbene complexes from terminal alkynes and alcohols: in situ activation of [RuCl2(L)(η6-arene)] pre
cursors with NaPF6 (a) or displacement of a labile monodentate ligand (L’ = MeCN, Me2S) on [RuCl(L)(L’)(η6-arene)]+ (b). Arene = C6Me6, L = PMe3 and R1/R2 

=

Me/H, Me/Et, Me/tBu, Me/Ph, Et/Ph, iPr/Ph, Me/P(Ph2)RuCl2(p-cymene), Me/Fc [Fc = CpFe(η5-C5H4)], CH2CH2CH2 (cyclic); Arene = C6Me6, L = PPh3, PPh2Fc, 
PPh2(η5-C5H4)Fe(η5-C5H4CO2H), R1 = Me and R2 = H, Fc, Ph; Arene/L = C6Me6/PPh2(CH = CH2), 1,2,4,5-C6H2Me4/PPh2(CH = CH2) or 1,2,4,5-C6H2Me(CH2)3PPh2 
(η6:κP-coordination), R1 = Me and R2 = H, Ph; Arene = C6Me6, L = PPh2(CH = CH2) and R1/R2 = CH2CH2CH2 (cyclic); Arene = C6Me6, L = PMe2Ph, κ2P,O-PPh2{2,6- 
C6H3O(OMe)}, R1 = Me and R2 = Ph; Arene = 1,3,5-C6H3

iPr3, 1,2,4,5-C6H2Me4, 1,3,5-C6H3Et3, L = PMe3, R1 = Me, R2 = Ph; Arene = 1,2,4,5-C6H2Me4, R1 = Me, L/ 
R2 = PMe3/nBu, P(OMe)3/Ph; Arene = 1,3,5-C6H3Me3, L = SMe2, R1 = Me and R2 = Ph (this represents the only non-phosphane complex).

Scheme 3. Reactivity of the alkoxy(alkyl)carbene ligand (in red) in ruthenium complexes which has been explored in previous works (R, R’, R’’, R’’’ represent 
generic substituents).

Scheme 4. Preparation/formation of ruthenium η6-arene alkoxy(benzyl)carbene complexes [1a-i]+ from the corresponding [RuX2(PR3)(η6-arene)] (X = Cl, I, P1- 
P7), arylacetylene and alcohol. Isolated yield in parentheses.
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2. Results and discussion

2.1. Synthesis and characterization of alkoxy(benzyl)carbene complexes

The reactions of selected ruthenium(II) arene complexes, terminal 
aryl alkynes and alcohols were carried out at room temperature in 
anhydrous conditions using a CH2Cl2/alcohol mixture (2:1 V/V) as sol
vent. The identity and the relative amount of the compounds in solution 
was checked by 1H and 31P NMR in CDCl3 (see Tables S1–S2). First, the 
reactivity of [RuCl2(PPh3)(η6-C6Me6)] (P1), phenylacetylene and 
methanol was examined (Scheme 4a). Complete conversion and 95 % 
selectivity for the methoxy(benzyl)carbene [RuCl{C(OMe)CH2Ph} 
(PPh3)(η6-C6Me6)]+, [1a]+, were obtained after 1 h in presence of excess 
PhCCH and NaPF6 as chloride scavenger (4 eq./2 eq. respectively). The 
analogous reaction with KPF6 was slower (≈ 2.5 h), probably due to the 
lower solubility of the potassium salt in the reaction medium [25], but 
still highly selective (93 %). Both results were reproducible (± 2 % yield 
over five or three reactions, respectively). Unsatisfactory results in terms 
of both conversion rate and selectivity were instead observed for the 
same reaction under stoichiometric conditions (1:1:1 ratio) and also 
when using AgNO3 or NH4PF6 in place of NaPF6. Therefore, we 
considered a Ru/alkyne/NaPF6 1:4:2 M ratio as optimal for all the 
subsequent reactions.

Next, the P1/phenylacetylene reactivity was examined with 
different alcohols. Ethanol selectively afforded the ethoxycarbene [RuCl 
{C(OEt)CH2Ph}(PPh3)(η6-C6Me6)]+, [1b]+ (96 % yield after 9 h) 
whereas only a trace amount of [RuCl{C(OiPr)CH2Ph}(PPh3)(η6- 
C6Me6)]+, [1c]+, was detected with isopropanol (3 % after ca. 22 h). The 
kinetics of conversion of P1 decreased significantly with the size of the 
alcohol (MeOH > EtOH ≫ iPrOH); a qualitatively similar but less 
marked trend was previously reported for related reactions using 
[RuCl2(PMe3)(η6-C6Me6)] as precursor.3 Subsequently, reactions of P1/ 
NaPF6 with different arylacetylenes in CH2Cl2/MeOH were carried out. 
4-Ethynylanisole provided the carbene complex [RuCl(PPh3){C(OMe) 
CH2(4-C6H4OMe)}(η6-C6Me6)]+, [1d]+, in 91–95 % yield after ca. 1 h. 
On the other hand, the reactions of 4-ethynyl-α,α,α-trifluorotoluene and 
4-ethynylaniline were slower and much less selective for the corre
sponding carbenes [1e]+ and [1f]+ (40–60 % NMR yield after 1–2.25 h). 
Overall, both the conversion of P1 and the selectivity for the methoxy 
(benzyl)carbene were influenced by the para substituent of the aryla
cetylene in the same order: OMe ≈ H ≫ CF3 > NH2.

Subsequently, [RuCl2(PPh3)(η6-arene)] (arene: mesitylene, P2; p- 
cymene, P3; benzene, P4) were tested for phenylacetylene activation in 
CH2Cl2/MeOH under the optimized conditions, in order to assess the 
effect of the varying arene ligand (Scheme 4b). The reaction of the 
mesitylene complex P2 led to the corresponding methoxy(benzyl)car
bene [RuCl{C(OMe)CH2Ph}(PPh3)(η6-1,3,5-C6H3Me3)]+, [1 g]+, in >
90 % yield after 1 h. Instead, the p-cymene analogue P3 did not reach 
complete conversion and formed several by-products, including p-cym
ene, together with the desired [RuCl{C(OMe)CH2Ph}(PPh3)(η6-p-cym
ene)]+, [1 h]+ (ca. 60 % yield). The benzene precursor P4 promoted an 
unselective activation of phenylacetylene, as attested by the multitude 
of 1H NMR resonances in the aromatic region, and no η6-C6H6 compound 
other than the unreacted precursor was detected. Note that no benzene 
ruthenium(II) precursor has been previously tested for this reaction and 
rare cases of C1 ligands generated from 1-alkyne activation on Ru(η6- 
C6H6) scaffolds have been reported [26]. Finally, hexamethylbenzene 
and p-cymene complexes carrying neutral or anionic co-ligands different 
from PPh3 or Cl− were tested in the benchmark PhCCH/NaPF6/MeOH 
conditions. The reaction of [RuCl2(PCy3)(η6-p-cymene)] (P5) was 
characterized by a massive release of p-cymene and no trace of the 
carbene. Accordingly, the activation of the related allenylidene pre- 
catalyst (Scheme 1d) involves the displacement of p-cymene [27]. In 
stark contrast, [RuI2(PPh3)(η6-p-cymene)] (P6) was practically unreac
tive in the same conditions after 24 h (Scheme 4c). No reaction was also 
observed with cationic chlorido complexes, such as [RuCl(2,2-bipy)(η6- 

p-cymene)]PF6 and [RuCl(en)(η6-p-cymene)]Cl. These results support a 
dissociative mechanism for the initial halide/η2-alkyne exchange step 
[17a], on considering that Ru–Cl bonds are strengthened by the presence 
of π-acceptor co-ligands and/or a net positive charge [28], and that Ru–I 
bonds are often more inert to substitution [29]. Compound 
[RuCl2(PPh2Me)(η6-C6Me6)], P7, straightforwardly gave the carbene 
[RuCl(PPh2Me){C(OMe)CH2Ph)}(η6-C6Me6)]+, [1i]+, after 1–2 h 
(Scheme 4d; 92–94 % yield) while the pyridine derivative [RuCl2(Py) 
(η6-C6Me6)], P8, led to a completely different outcome that was not 
investigated further.

The best results were repeated on a larger scale (50–150 mg Ru 
starting material). The crude reaction products were separated from 
sodium salts by filtration over celite with CH2Cl2 and from other im
purities by diethyl ether washings. Compounds [1a,b,d,g,i]PF6 were 
isolated as air-stable yellow powders in 82–96 % yield [30] and char
acterized by CNHS analyses, solid state IR, multinuclear (1H, 13C, 31P) 
and 2D NMR experiments (CDCl3). On the other hand, complexes [1c,e, 
f,h]+ were NMR-characterized (CDCl3) in the crude reaction mixtures. 
To the best of our knowledge, only [1a]PF6 [3,19] and [1 h]PF6 [17a]
were previously reported, while all the other complexes are unprece
dented. IR and NMR spectra are displayed in Figs. S8–S33. A single set of 
sharp signals was observed in the NMR spectra, suggesting a relatively 
free rotation around the Ru–C(carbene) bond at room temperature, as 
previously checked by VT-NMR experiments on related complexes 
[6,17e,18,19]. Diagnostic 13C NMR signals for the methoxy(benzyl) 
carbene ligand were found around 316 (2JCP ≈ 19 Hz), 68 and 55 ppm 
for the carbene, methoxy and methylene carbons, respectively. In 1H 
NMR spectra, two doublets (2JHH ≈ 13 Hz) around 2.7–3.6 and 4.6–5.3 
ppm arise from the diastereotopic methylene protons of the benzyl 
group, in accordance with the chirality of the ruthenium center. Two 
additional multiplets at 4.81 and 4.67 ppm (OCH2) are present in the 1H 
NMR spectrum of the ethoxycarbene complex [1b]+.

The crystal structures of [1a,d,i]PF6 were ascertained by X-ray 
diffraction (the crystal structure of [1a]PF6•CH2Cl2 was previously re
ported [19]). The structures of the cations [1a,d,i]+, given in Figs. 1–3, 
show geometries and bonding parameters similar to those previously 
described for related compounds (Table 1) [17c,e,19]. The Ru(1)-C(1) 
distances [1.977(2), 1.959(3) and 1.959(2) Å for [1a]+ [1d]+ and 
[1i]+, respectively] are typical for Ru-C(carbene) interactions and the C 
(1)-O(1) interactions [1.306(3), 1.306(4) and 1.304(3) Å] show some 
π-character. The angle between the C(arene centroid)-Ru-C(carbene) 
and CH2R-C(carbene)–OCH3 planes varies in a large range [56.4, 38.9 
and 84.1◦], as previously reported for related compounds, in accordance 
with the fluxional behavior in solution (see above). For simplicity and 
consistence with previous works, alkoxy(benzyl)carbene ligands are be 
depicted with a Ru––C double bond and C–O single bond throughout 

Fig. 1. Molecular structure of [1a]+ in [1a]PF6. Displacement ellipsoids are at 
the 50 % probability level. H-atoms have been omitted for clarity.
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the manuscript. However, NMR and X-ray data indicate that a better 
bonding representation should take into account the electron delocal
ization in the Ru-C-O moiety.

Overall, the results reported in this work and in the literature indi
cate that the transformation of terminal aryl alkynes into alkoxy(benzyl) 
carbene ligands in ruthenium(η6-arene) systems is very sensitive to both 
the reaction conditions and the ligands/substituents. Data on the for
mation/thermal stability of arene ruthenium(II) carbene complexes 
bearing the same {C(OMe)(CH2Ph)} ligand are compiled in Table 2. We 
hypothesize that combined steric and electronic effects of phosphane and 
η6-arene ligands – not necessarily pointing in the same direction for the 
two ligands – regulate the stability of such carbene complexes, rather 
than steric effects alone [3,17a,c]. In fact, the introduction of the bulkier 
and more-electron donating PCy3 in the p-cymene system definitely did 
not lead to a more stable or inert methoxy(benzyl)carbene complex. 
Moreover, the steric hindrance [31] and electron-donating [32] prop
erties of the employed η6-arene ligands increase in the same direction 
(C6H6 < p-cymene ≈ 1,3,5-C6H3Me3 < C6Me6).

2.2. Formation and characterization of carbonyl complexes obtained by 
alkyne cleavage

During the optimization of the synthetic procedure for [1a]+, vari
able amounts of two carbonyl by-products were detected, namely [Ru 
(CH2Ph)(CO)(PPh3)(η6-C6Me6)]+, [2a]+ and [RuCl(CO)(PPh3)(η6- 
C6Me6)]+, [3]+ (IR and NMR spectra in Figs. S34–S39). The formation of 
[2a]+ and [3]+ can be traced back to the cleavage of the C–––C bond of 
phenylacetylene by the water accidentally present in the reaction 
mixture, even if employing anhydrous solvents under a dry N2 atmo
sphere (Scheme 5).

The structure of both carbonyl complexes was ascertained by X-ray 
diffraction on yellow prismatic ([2a]PF6) and yellow plate-shaped ([3] 
PF6) crystals that were obtained from different P1/NaPF6/PhCCH/ 
MeOH reaction mixtures. Complex [2a]+ is unprecedented and repre
sents one of the very few structurally-characterized benzyl complexes of 
ruthenium [34] and the second example involving an η6-arene ligand, 
besides [Ru(CH2Ph)(κ2N-tBuNCPhNtBu)(η6-C6Me6)] [35]. A view of the 
X-ray structure of [2a]+ is given in Fig. 4. The Ru(1)-C(2) distance 
[2.184(3) Å] is in keeping with previously reported Ru-C(benzyl) 
σ-bonds [35,36]. The carbonyl ligand in [2a]+ is characterized by an 
IR band at 1966 cm− 1 (CH2Cl2) and a doublet (2JCP = 25 Hz) at 202 ppm 

Fig. 2. Molecular structure of [1d]+ in [1d]PF6. Displacement ellipsoids are at the 50 % probability level. H-atoms have been omitted for clarity.

Fig. 3. Molecular structure of [1i]+ in [1i]PF6. Displacement ellipsoids are at 
the 50 % probability level. H-atoms have been omitted for clarity.

Table 1 
Main bond distances (Å) and angles (◦) of [1a]+, [1d]+, and [1i]+.

[1a]+ [1d]+ [1i]+

Ru(1)-C(arene)av 2.305(5) 2.336(7) 2.314(7)
Ru(1)-P(1) 2.3490(6) 2.3526(9) 2.3359(7)
Ru(1)-Cl(1) 2.3845(6) 2.3914(9) 2.3976(6)
Ru(1)-C(1) 1.977(2) 1.959(3) 1.959(2)
C(1)-O(1) 1.306(3) 1.306(4) 1.304(3)
O(1)-C(2) 1.474(3) 1.462(4) 1.469(3)
C(1)-C(3) 1.516(4) 1.510(4) 1.506(4)
C(3)-C(4) 1.524(4) 1.524(5) 1.523(4)
P(1)-Ru(1)-Cl(1) 83.45(2) 85.52(3) 88.67(2)
P(1)-Ru(1)-C(1) 86.49(7) 90.16(10) 87.88(8)
C(1)-Ru(1)-Cl(1) 91.24(8) 91.57(10) 89.15(7)
Ru(1)-C(1)-O(1) 115.47(18) 115.1(2) 119.18(18)
Ru(1)-C(1)-C(3) 126.87(19) 128.0(2) 122.31(18)
O(1)-C(1)-C(3) 117.6(2) 116.7(3) 118.0(2)
C(1)-O(1)-C(2) 125.9(2) 125.9(3) 124.1(2)
C(1)-C(3)-C(4) 111.9(2) 113.9(3) 118.4(2)
Dihedral angle* 56.4 38.9 84.1

* Defined as the angle between the C(arene centroid)-Ru-C(carbene) and 
CH2R-C(carbene)-OCH3 planes.

S. Stampatori et al.                                                                                                                                                                                                                             Inorganic Chemistry Communications 171 (2025) 113547 

5 



in the 13C NMR spectrum. The Ru-CH2 group gives rise to two doublets 
of doublets (J-couplings with the geminal hydrogen and with the P 
atom) around 2.7 and 2.8 ppm in the 1H NMR spectrum and a 13C NMR 
signal at 16 ppm. This high-field shifted 13C NMR resonance for the 
methylene group is also present in other Ru-benzyl complexes 
[35,36,37].

The unselective formation of the chlorido carbonyl [3]þ was previ
ously reported for an 11-day long reaction of [RuCl(NCMe)(PPh3)(η6- 
C6Me6)]+ with PhCCH in CH2Cl2/MeOH and for a “prolonged reaction” of 
P1/PhCCH/NaPF6 in the presence of “adventitious water” in the same 
solvent mixture [19].

Furthermore, [3]PF6 was previously isolated in 47 % yield from the 
reaction of P1/PhCCH/NaPF6 with a large excess of water (86 eq.) in 
THF after 20 h [38]. The carbonyl ligand in [3]+ is characterized by an 
IR stretching band at 2012 cm− 1 (CH2Cl2 solution) and a doublet at 198 
ppm (2JCP = 25 Hz) in the 13C{1H} NMR spectrum (CDCl3). A view of the 
unprecedented X-Ray structure of [3]+ is given in Fig. 5.

Intrigued by these results, we re-examined the formation of the 

carbonyl complexes [2a]+ and [3]+ in the [RuCl2(PPh3)(η6-C6Me6)] 
(P1)/NaPF6/PhCCH reaction system under various conditions (Scheme 
6). Aliquots of the reaction mixtures were analyzed by NMR (CDCl3). 
The Ru complexes under investigation are well discriminated by their 
31P NMR resonance (δP/ppm = 52.7, [2a]+; 42.6, [3]+; 35.3, [1a]+; 
30.0, P1) and their relative amounts were calculated by 1H NMR 
(Table S1, entries 5–18).

After a comparatively short reaction time (1 h), the yield of [1a]+

decreased from 95 % with ‘anhydrous’ solvents to 55 % when a large 
molar excess of water (200 or 300 eq.) was deliberately added to the 
reaction mixture. In parallel, the relative amount of the benzyl carbonyl 
complex [2a]+ increased from 3 % (anhydrous solvent) to 34–39 % (wet 
solvent) after 1 h. In each case, the yield of [1a]+ was maximum after 1 h 
and then progressively decreased over time, accompanied by an increase 
in the relative amount of [2a]+, reaching a record 54 % yield after 72 h 
under ‘anhydrous’ conditions.

Therefore, the presence of water in the reaction mixture favors the 
formation of [2a]+ but the methoxy(benzyl)carbene [1a]+ is the 
kinetically-favored product and remains the largely prevalent species 
even in wet conditions for short reaction times. Increasing the amount of 
water and/or the reaction time also promoted the formation of other Ru 
compounds, particularly compounds derived from the release of C6Me6 
(21 % after 72 h under anhydrous conditions or 33 % with 300 eq. of 
water after 24 h).

Replacing methanol with the less nucleophilic ethanol, either 

Table 2 
Thermal stability of alkoxycarbene complexes of general formula [RuCl{C(OMe)(CH2Ph)}(η6-arene)]+ obtained by the reaction of the appropriate dichloride precursor 
with phenylacetylene and different phosphane ligands. Results refer to this work except where otherwise indicated. RT = room temperature.

PR3 Tolman electronic 
parameter [33]

Cone angle 
[33]

C6Me6 1,3,5-C6H3Me3 p-cymene C6H6

PPh3 2069 cm− 1 145◦ High-yielding and selective 
formation at RT

High-yielding and selective 
formation at RT

Unselective formation 
at RT

Not detected at 
RT

PCy3 2056 cm− 1 170◦ nt nt Not detected at RT nt
PMe3 2064 cm− 1 118◦ stable at RT [17a] not detected at − 10 ◦C [17a] stable at − 10 ◦C [17a] nt

Scheme 5. Overall formation of [2a]+ and [3]+ from P1, phenylacetylene, 
NaPF6 and water.

Fig. 4. View of the cation [Ru(CH2Ph)(CO)(PPh3)(η6-C6Me6)]+ within the 
crystal structure of [2a]PF6. Displacement ellipsoids are at the 50 % probability 
level. H-atoms have been omitted for clarity. Main bond distances (Å) and 
angles (◦): Ru(1)-C(arene)av 2.358(7), Ru(1)-P(1) 2.3223(8), Ru(1)-C(1) 1.865 
(3), Ru(1)-C(2) 2.184(3), C(1)-O(1) 1.124(4), C(2)-C(3) 1.485(4), P(1)-Ru(1)-C 
(1) 87.24(9), P(1)-Ru(1)-C(2) 84.87(8), C(1)-Ru(1)-C(2) 88.56(11), Ru(1)-C(1)- 
O(1) 174.0(2), Ru(1)-C(2)-C(3) 118.57(19).

Fig. 5. View of the cation [RuCl(CO)(PPh3)(η6-C6Me6)]+ within the crystal 
structure of [3]PF6. Displacement ellipsoids are at the 50 % probability level. H- 
atoms have been omitted for clarity. Main bond distances (Å) and angles (◦): Ru 
(1)-C(arene)av 2.315(7), Ru(1)-P(1) 2.3353(9), Ru(1)-Cl(1) 2.379(2), Ru(1)-C 
(1) 1.857(10), C(1)-O(1) 1.143(11), P(1)-Ru(1)-Cl(1) 88.31(5), P(1)-Ru(1)-C 
(1) 84.8(5), Cl(1)-Ru(1)-C(1) 92.4(5), Ru(1)-C(1)-O(1) 168(2).
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anhydrous or spiked with 20 eq. of water, did not promote the formation 
of [2a]+ (7–8 % from 6 to 24 h), despite a slower formation of the 
carbene [1b]+. Differently, [2a]+ represented the major compound of 
phenylacetylene activation in CH2Cl2/iPrOH (55 % after 22 h) wherein 
only traces of the isopropoxy(benzyl)carbene [1c]+ were detected 
throughout the experiment (0–30 h). Interestingly, the yield of the 
chlorido carbonyl [3]+ was minimal (generally 1–9 %) in all these re
actions in CH2Cl2/MeOH or CH2Cl2/EtOH, even in the presence of 
excess water, reaching 50 % in one case after 10 days. The slowest 
phenylacetylene activation processes were ascertained in THF as sol
vent, with or without the addition of water (200 eq.; Table S1, entries 
14–15). In the latter case, ca. 41 % unreacted P1 was detected after 18 h, 
together with [2a]+ (9 %), [3]+ (15 %), C6Me6 (12 %) and unidentified 
η6-C6Me6 complexes. Compound [3]PF6 was indeed previously isolated 
in similar conditions (see above) [38].

Since the formation of [2a]+ from P1/NaPF6/PhCCH should release 
HCl (Scheme 5), we added both Et3N (as Brønsted base) and H2O to the 
CH2Cl2/MeOH reaction mixture. Interestingly, these conditions did not 
maximize the yield of [2a]+. Instead, the acetylide complex [RuCl 
(CCPh)(PPh3)(η6-C6Me6)], 4a, appeared as a competitive product. The 
relative amount of 4a (62 % after 1 h) progressively decreased over time, 
with a corresponding increase in [2a]+ and other unidentified Ru 
complexes, some of which derived from hexamethylbenzene dissocia
tion. The addition of Et3N to the anhydrous reaction mixture led to the 
selective formation of 4a (76 % yield after 1 h) and the subsequent 
addition of water (75 eq.) led to the gradual decomposition of 4a as 
described above.

In general, the formation of variable amounts of carbonyl complexes 
related to [2a]+ and [3]+ was also observed in other [RuCl2(PPh3)(η6- 
arene)]+/alkyne reaction systems in MeOH/CH2Cl2 (Table S2). Specif
ically, the benzyl carbonyl complexes [Ru{CH2(4-C6H4R)}(CO)(PPh3) 
(η6-arene)]+ ([2d]+: arene = C6Me6, R = OMe; [2e]+: arene = C6Me6, R 
= CF3; [2g]+: arene = 1,3,5-C6H3Me3, R = H) were characterized by IR 
and NMR in chlorinated solvents (Figs. S20–S21, S40–S47). The 

carbonyl bands of [2d,e,g]+ were detected at 1964, 1972 and 1986 
cm− 1, respectively, in agreement with the electronic effects exerted by 
the alkyl and arene ligands. Similarly to the [1a]+/[2a]+ case previously 
described, the methoxy(benzyl)carbene complexes [1d,e,g]+ formed 
first (60–95 % after 1–2 h, corresponding to the maximum yield in each 
case) and their amount decreased in the next 20–25 h in favor of [2d,e, 
g]+. Complexes containing a benzyl group different from [1]+ and [2]+

were never detected. Instead, [3]+ and the p-cymene analogue [3cym]+

were present as minor components (1–7 %) in the reaction mixtures of 
P1 and P3 with the various 1-alkynes tested.

2.3. Alternative synthesis of carbonyl and acetylide complexes

As discussed above, the benzyl carbonyl [2a]+, chlorido carbonyl 
[3]+ and the acetylide 4a were obtained in modest yield and non- 
selectively from phenylacetylene activation processes driven by {RuCl 
(PPh3)(η6-C6Me6)}+ under different conditions. Alternative, straight
forward procedures for the preparation of these complexes would be 
valuable. We started from the chlorido carbonyl [3]+. In this regard, 
reactions of [RuCl2(CO)(η6-C6Me6)] with NaPF6 and PPh3 mostly gave 
P1 via CO/PPh3 replacement (Scheme 7a) whereas the carbonylation of 
a P1/NaPF6 mixture afforded [3]+ in a modest yield, together with other 
by-products (Scheme 7b). Hence a two-step procedure was developed, 
via PPh3/MeCN and MeCN/CO substitutions. Thus, [RuCl(NCMe)(PPh3) 
(η6-C6Me6)]+ was obtained by the reaction of P1 with NaPF6 in MeCN 
(Scheme 7c). This reaction is rather slow at room temperature, being 
completed only after a very long time (48 h) or by the assistance of water 
in the reaction mixture. Next, carbonylation of [RuCl(NCMe)(PPh3)(η6- 
C6Me6)]+ selectively produced [3]+ (Scheme 7d), which was isolated as 
a yellow PF6

− salt in 74 % yield (Figs. S48–S51).
Benzyl magnesium chloride, BnMgCl, was employed for seeking an 

alternative preparation of [2a]+. However, both P1 and [3]+ did not 
react with BnMgCl in CH2Cl2 (see ESI for details; Scheme 7e). The 
benzylation of [RuCl2(CO)(η6-C6Me6)] gave the expected [RuCl(CH2Ph) 

Scheme 6. Overview of all the products obtained from the [RuCl2(PPh3)(η6-C6Me6)]/NaPF6/PhCCH reactions in ROH/CH2Cl2 2:1 V/V (R = Me, Et, iPr) at room 
temperature in various conditions.

Scheme 7. Optimized synthesis of [3]+ and 4a from [RuCl2(PPh3)(η6-C6Me6)]/PhCCH and attempted preparations of [2a]+. All reactions were carried out at room 
temperature. Isolated yield (PF6

− salts; steps c,d,g) or NMR yield (steps b,f) are given in parentheses.
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(CO)(η6-C6Me6)] (υCO = 1963 cm− 1) in a very low yield, together with 
unidentified products (Scheme 7f). All these routes failed to give access 
to [2a]+, which remains accessible only through the phenylacetylene 
hydrolysis process (section 2.2).

Compound 4a was previously reported as a minor product of the 
reaction of [RuCl(CCPh)(CNXyl)(η6-C6Me6)] and PPh3 in refluxing 
toluene (three steps from [RuCl(η6-C6Me6)]2 with XylNC as sacrificial 
ligand; < 18 % overall yield) [39]. Instead, 4a is best prepared by the 
treatment of P1 with phenylacetylene and triethylamine (≈ 2 eq. each) 
in an anhydrous CH2Cl2/MeOH 2:1 V/V mixture for 25 h (Scheme 7g). 
The reaction is practically quantitative under these conditions (96 % 
NMR yield of 4a). Compound 4a was isolated as an orange powder in 56 
% yield due to unfavorable solubility features and a moderate air- 
sensitivity in solution.

IR/NMR spectra of 4a are given in Figs. S52–S54. A view of the X-ray 
crystal structure of 4a is displayed in Fig. 6. Only a few other crystal 
structures of Ru(η6-arene)(acetylide) complexes have been reported so 
far [17d, 40]. The Ru(1)-C(1) contact [1.952(9) Å] is indicative of a Ru- 
C(sp) single bond [17d,40,41]and the C(1)-C(2) [1.209(10) Å] distance 
agrees with a C–––C triple bond. Accordingly, both Ru(1)-C(1)-C(2) 
[174.2(7)◦] and C(1)-C(2)-C(3) [173.3(8)◦] angles are close to linearity.

2.4. Reactivity of the alkoxy(benzyl)carbene complexes and related 
compounds

We investigated the reactivity/stability of the pure, isolated alkoxy 
(benzyl)carbene complexes, something that is not present in the litera
ture for this kind of complexes. Details on the experiments are compiled 
in Table S3. First, solutions of [1a]PF6 and [1 g]PF6 in CDCl3 were kept 
for 4–5 days at room temperature. No changes occurred to the organo
metallic cations (1H NMR) while partial or complete hydrolysis of hex
afluorophosphate to difluorophosphate [42] was detected by 31P NMR 
(Scheme 8a; Figs. S55–S58). The lack of reactivity of [1a]+ towards 
Brønsted acids (i.e. HF released by PF6

− hydrolysis) was confirmed by the 
addition of a stoichiometric amount of triflic acid to a solution of [1a] 
PF6 in anhydrous CDCl3 (Scheme 8b; Fig. S59). The reaction of [1a]+

with a stoichiometric amount of AgCF3SO3 in anhydrous CH2Cl2 was 
rather sluggish (ca. 80 % conversion after 18 h) and unselective. One of 
the products formed upon chloride removal (as AgCl) was interpreted as 
the analogue of [1a]+ with a triflate ligand ([1a-TfO]+, Scheme 8c), 

judging by the 1H NMR set of signals and a 19F NMR resonance at – 74 
ppm, adjacent to that of the CF3SO3

− ion (– 78 ppm). Hence, [1a]+ it is 
rather inert once isolated as [1a]PF6 in the solid state and/or re- 
dissolved in CDCl3 in aerobic conditions and or in the presence of 
Brønsted (H+) or Lewis (Ag+) acids.

Next, a solution of [1a]PF6 in an anhydrous CH2Cl2/MeOH 2:1 V/V 
mixture under N2 (i.e. the same solvent mixture used for its synthesis) 
was treated with 10 equivalents of water. Remarkably, the benzyl 
carbonyl complex [2a]+ was detected after 1 h (Scheme 8d; 
Figs. S60–S62). The [1a]+/[2a]+ ratio decreased over time, reaching 1.4 
after 26 h while the relative amount of the chlorido carbonyl [3]+ and 
C6Me6 in solution remained rather low at all times (up to 3–5 %; 
Fig. S63). The experiment was repeated using a large excess (100 eq.) of 
water and resulted in a 1:1 mixture of [1a]+ and [2a]+ after 24 h. The 
ethoxy(benzyl)carbene complex [1b]+ was more inert as only 20 % of 
[2a]+ was obtained under the same conditions (100 eq⋅H2O, 24 h). 
These experiments proved that the benzyl carbonyl complex [2a]+ may 
be formed by the reaction of an alkoxy(benzyl)carbene complex ([1a]+

or [1b]+) and water (Scheme 8d). However, further studies indicated 
that the [1a]+ ⇄ [2a]+ interconversion is not under thermodynamic 
control and is complicated by further reactivity of both compounds. For 
instance, the amount of [2a]+ obtained from the addition of water (10 
eq.) to a solution of [1a]PF6 in CH2Cl2/iPrOH was lower than that 
observed in CH2Cl2/MeOH, after the same time (24 h). Addition of 
methanolic HCl to the [1a]+/[2a]+ mixture (either in CH2Cl2/iPrOH or 
CH2Cl2/MeOH) decomposed [1a]+ with release of C6Me6. A CDCl3 so
lution of [1a]+ and [2a]+ left at room temperature for 5 days showed 
progressive decomposition of [2a]+ with release of C6Me6. Therefore, 
we did not collect evidence for the transformation of [2a]+ back into the 
methoxy(benzyl)carbonyl complex [1a]+ or into the chlorido-carbonyl 
species [3]+.

The simultaneous addition of water and Et3N to THF solutions of 
[1a]PF6 led to a complex mixture of compounds including minor 
amounts of [2a]+. We report above that the addition of Et3N to P1/ 
NaPF6/PhCCH reaction mixtures favors the formation of the acetylide 
4a, by intercepting the η2-alkyne/η1-vinylidene before its reaction with 
methanol to give [1a]+ (section 2.2).

The hydroxide ion was conceived as a possible alternative reagent, 
with respect to H2O, for the transformation of [1a]+ into [2a]+ [43]. 
However, the treatment of [1a]PF6 with [Bu4N]OH in THF led to the 
vinyl ether complex [RuCl{C(OMe) = CHPh)}(PPh3)(η6-C6Me6)], 5a, as 
the major product (Scheme 8e; Figs. S64–S66); [2a]+ was not detected. 
The formation of 5a involves the deprotonation of the benzylic group of 
[1a]+; this reaction has been rarely reported for alkoxy(benzyl)carbene 
complexes of Ru (Scheme 1b). Compound 5a shows a diagnostic singlet 
for the vinyl proton at 5.72 ppm (1H NMR) while the vinyl carbons 
resonate at 192.5 (Cα) and 113.2 (Cβ) ppm in the 13C NMR spectrum. A 
single diastereomer of 5a was observed, displaying the methoxy group 
on the same side of the phenyl group (E stereochemistry). In the related 
reaction of [1a]PF6 with tBuOK, a minor set of signals ascribed to Z-5a 
was detected (vinyl proton at 5.45 ppm in the 1H NMR spectrum). 
Complexes E/Z-5a are not stable in solution, as shown by the progres
sive decrease of their relative amount over time with parallel increase in 
free C6Me6 and release of the corresponding (Z/E)-(2-methoxyvinyl) 
benzene (Scheme 8f; Figs. S67–S68). Conversely, the related chelating 
vinyl ether complexes [RuCl{κ2C,O-C(OR1) = CHCO2R2}(η6- 
C6H5OCH2CH2OH)] (R1, R2 = Me or Et) are ‘stable in air and in solutions 
of polar organic solvents’ [44]. Treatment of the final mixture containing 
E/Z-5a with triflic acid led to the partial regeneration of [1a]+ (Scheme 
8g). Under similar conditions, the non-selective formation of [1a]+

occurred by treating a solution of 4a in CH2Cl2 with a slight molar excess 
of MeOH and triflic acid at room temperature (Scheme 8h).

A CD3OD solution of [1a]+ showed the progressive deuteration of 
both the benzyl and the methoxy groups over 20 h at room temperature 
(Table S4). The H/D exchange on the benzyl group is more rapid and 
may occur via the intermediacy of the vinyl ether complex 5a 

Fig. 6. Molecular structure of [RuCl(CCPh)(PPh3)(C6Me6)], 4a. Displacement 
ellipsoids are at the 50 % probability level. H-atoms have been omitted for 
clarity. Main bond distances (Å) and angles (◦): Ru(1)-C(arene)av 2.261(15), Ru 
(1)-P(1) 2.3151(13), Ru(1)-Cl(1) 2.4172(15), Ru(1)-C(1) 1.952(9), C(1)-C(2) 
1.209(10), C(2)-C(3) 1.454(9), P(1)-Ru(1)-Cl(1) 85.19(5), P(1)-Ru(1)-C(1) 
87.1(2), Cl(1)-Ru(1)-C(1) 85.1(3), Ru(1)-C(1)-C(2) 174.2(7), C(1)-C(2)-C(3) 
173.3(8).

S. Stampatori et al.                                                                                                                                                                                                                             Inorganic Chemistry Communications 171 (2025) 113547 

8 



(deprotonation/protonation sequence) [20a,58]. In parallel, the slow 
formation of [2a-d2]+ and CH3OD was observed, due to traces of water 
in the solution.

2.5. Literature overview and mechanistic considerations on alkyne 
cleavage

The formation of carbonyl complexes from 1-alkynes entails the 
metal-mediated stepwise cleavage of the CC triple bond by water. 
Several ruthenium carbonyl complexes resulting from hydrolysis of 1-al
kynes [45,46] or the corresponding vinylidene [38,46,47] or acetylide 
[48] complexes have been isolated and/or spectroscopically character
ized. Peruzzini and co-workers carried out a comprehensive study on 
mer,trans-[RuCl2(PPh3){κ2N,κP-nPrN(CH2CH2PPh2)2}][46] and formu
lated a general mechanism for this reaction, which is depicted in Scheme 
9 (blue arrows). The sequence starts with η2-coordination of the alkyne 

(A), followed by tautomerization to the vinylidene (V) and nucleophilic 
addition of water to the Cα to afford a hydroxy(alkyl)carbene (H) [49]. A 
subsequent deprotonation generates a phenylacetyl (acyl) complex (Ac). 
Displacement of a labile ligand coupled with alkyl migration (de-inser
tion) delivers the alkyl carbonyl complex B. Otherwise, protonolysis of 
the M–C(acyl) bond in Ac liberates the aldehyde and the net trans
formation corresponds to the anti-Markovnikov hydration of 1-alkynes 
(Scheme 9, red arrows) [10,45d,50]. The alkyl ligand in B could be 
irreversibly protonated by the H+ (HX) present in the reaction mixture, 
giving rise to the hydrocarbon and to the final carbonyl complex C – this 
corresponds to the chlorido carbonyl in presence of HCl. It is worth 
mentioning that oxidative cleavage (by O2) of the vinylidene complex V 
provides an alternative pathway for the formation of aldehydes with one 
less carbon atom and carbonyl complex C from 1-alkynes (Scheme 9, 
violet arrows) [51,52].

Evidence in favor of the ruthenium-mediated alkyne cleavage 

Scheme 8. Reactivity of [1a]PF6 with water, triflic acid, [Bu4N]OH or tBuOK (paths a-e); hydrolysis of the vinyl complexes 5a (path f), formation of [1a]+ from 5a 
or 4a and triflic acid/MeOH (paths g-h). Only the major product formed in each condition is depicted. The key alkoxy(benzyl)carbene to benzyl-carbonyl trans
formation is highlighted in blue.

Scheme 9. Overview of mechanisms for the formation of carbonyl complexes from 1-alkynes (M = Ru or other metals). Blue arrows: generally-accepted reaction 
mechanism for the hydrolysis of 1-alkynes via hydroxycarbene intermediates leading to alkyl-carbonyl complex B (R = Ph and {M} = [RuCl2(κ2NκP-nPrN 
(CH2CH2PPh2)2)] in the work of Peruzzini et al. [46]). All reactions involving metal acetylides are carried out in the presence of a Brønsted acid, thus formally involve 
generation of the vinylidene in situ. Red arrows: catalytic cycle for the anti-Markovnikov hydration of 1-alkynes. Violet arrows: formation of aldehydes by oxidative 
cleavage of the vinylidene intermediate. Green arrows: formation of hydroxy(vinyl)carbene complexes by the H2O/allenylidene or H+/acyl(vinyl) reactions and 
subsequent Cα-Cβ cleavage affording carbonyl complexes (R = R’ = Ph, {M} = [RuCl(PR’’3)(η6-p-cymene)]+ and R’’ = Ph, Cy in the work of Dixneuf et al. [56]). 
Charges on the organometallic scaffold are omitted.
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mechanism depicted in Scheme 9 include isotopic labelling experiments 
(D2O, H2

18O, DCl) [45a,g,h,46], isolation or identification of the acyl 
complex Ac [40,45k,46,47a,d,50,53] and the hydrocarbon (RCH3) 
product [45a,46,47d,f,h]. However, to the best of our knowledge, hardly 
any data are available on the key hydroxy(alkyl)carbene species H [50], 
and very few Ru complexes containing this ligand have been indepen
dently prepared (by protonation of acyl complexes) and/or character
ized [54]. Support for the transient formation of H mainly comes from 
their hydroxy(vinyl)carbene analogues [55], including two η6-p-cymene 
derivatives,56 either obtained by addition of H2O to allenylidene com
plexes (Scheme 9, green arrows) or by alternative routes, which have 
been isolated and/or characterized by spectroscopic and X-Ray diffrac
tion techniques. Formation of ruthenium carbonyl complexes and the 
corresponding α-olefin [56,57] or vinyl carbonyl complexes [45 h] by 
cleavage of the Cα-Cβ bond of hydroxy(vinyl)carbene complexes has 
been reported in some cases.

Related (alkyl) carbonyl complexes obtained by the formal CC bond 
cleavage of 1-alkynes (or the corresponding vinylidene or acetylide 
complexes) with water have been reported for Os(II)(η6-arene) [43,58], 
Ir(III)Cp* [59], Fe(II)Cp [60] complexes, for bis-/tris-phosphane com
plexes of Pt(II) [61] and for other Os(II) [62], Ir(III) [63] and Re(I) [64]
derivatives. The same reaction mechanism (Scheme 9) has been pro
posed and only in one case [64] the key hydroxycarbene intermediate H 
has been unequivocally characterized.

This literature framework allows to make some new considerations 
on the metal-mediated activation of alkynes. Remarkably, in the system 
under investigation, the formation of alkoxy(benzyl)carbene complexes 
from aryl acetylenes, MeOH/EtOH and Ru(η6-arene) precursors is rather 
fast even in the presence of a large molar excess of water in the reaction 
mixture. Only in those cases where the formation of the alkoxycarbene 
complex is practically absent (i.e. using the bulky isopropanol or THF as 
solvents), the presence of benzyl carbonyl complexes could be explained 
by the general mechanism starting with the nucleophilic attack of water 
on the vinylidene (Scheme 9). Otherwise, the hydrolytic cleavage of the 
C–C bond leading to the formation of benzyl carbonyl complexes ap
pears to operate through a different mechanism, i.e. by a subsequent 
reaction of the alkoxycarbene complexes with water. To the best of our 
knowledge, the transformation of an alkoxy(alkyl)carbene complex to 
an alkyl carbonyl complex is unprecedented in the literature [65,66].

2.6. Computational investigations

To gain insights about the possible mechanistic pathways that could 
be operative in the investigated [RuCl2(PR3)(η6-arene)]/NaPF6/aryl 
acetylene/alcohol/water system, a DFT study was carried out. In 
particular, we addressed the reaction of [RuCl2(PPh3)(η6-C6Me6)] (P1) 
with phenylacetylene. We first considered the formation of the elusive 
vinylidene complex [RuCl{C = CHPh}(PPh3)(η6-C6Me6)]+ (V), assumed 
as the key intermediate involved in the activation of 1-alkynes. Calcu
lations have been carried out including the real hexamethylbenzene 
ligand and phenylacetylene substrate, while the triphenylphosphine 
ligand has been modelled with PH3 in order to reduce the computational 
cost, especially for the TS calculations. Although the PH3 ligand is ex
pected to have a slightly smaller σ-donation and larger π-backdonation 
compared to the PPh3, not to mention the different steric effects, 
modeling PPh3 by the computationally less expensive PH3 ligand is quite 
common in computational studies on large organometallic molecules 
and several comparative studies have shown minor changes in the ge
ometries and in the thermodynamics and kinetics of the considered 
systems [67]. We did not face the preliminary chloride scavenging 
process by NaPF6 involving NaCl precipitation, which is difficult to 
tackle with a DFT molecular approach, and we directly considered the 
η2-alkyne to η1-vinylidene isomerization on the {RuCl(PH3)(η6- 
C6Me6)}+ fragment. We analyzed both mechanisms usually assumed for 
this theoretically well investigated2 process on a d6 metal center, i.e. i) 
the direct 1,2-hydrogen shift via an initial labile η2-agostic intermediate, 

or ii) the oxidative addition to a hydrido-alkynyl intermediate followed 
by a metal to carbon 1,3 hydrogen shift, respectively paths I and II in 
Fig. 7. Our calculations indicate that the vinylidene species [RuCl{C =
CHPh}(PH3)(η6-C6Me6)]+, V, is almost isoenergetic (Gibbs free energy) 
with the starting η2-alkyne adduct A, only + 0.2 kcal•mol− 1 above, thus 
supporting it as a key intermediate, and proceeds via the direct 1,2- 
hydrogen shift, with a low barrier, 16.8 kcal•mol− 1, in broad agree
ment with previous calculations on this class of Ru arene complexes 
[2c], although no η2-agostic intermediate could be found and the TS 
connects directly to A.

We then considered the nucleophilic attack of methanol at the Cα 
atom of the vinylidene complex V to give the methoxy(benzyl) carbene 
[RuCl{C(OMe)CH2Ph}(PH3)(η6-C6Me6)]+, M. As the nucleophilic attack 
by water, accidentally present or explicitly added in the reaction 
mixture, represents the established key step for the triple bond cleavage 
of alkynes, leading to the formation of carbonyl products (section 2.5), 
we also theoretically addressed this reaction. A single pathway process 
was observed, leading directly to the methoxy (M) or hydroxy (H) 
benzyl carbene complex through a four-center transition state (Fig. 8). 
The associated energy profile shows that while the methoxy and hy
droxy benzyl carbene products are close in energy, with methoxy 
slightly lower (18.7 and 17.8 kcal•mol− 1 below the initial vinylidene +
MeOH/H2O, respectively), the transition state is 7.5 kcal•mol− 1 higher 
for water attack (38.8 vs. 31.3 kcal•mol− 1, respectively). This result is in 
agreement with the experimental evidence showing the kinetically 
favored formation of [1a]+ from phenylacetylene even in presence of an 
excess of water. The calculated barriers are quite high for reactions 
occurring at room temperature, but this could be due to the well-known 
over estimation of energy barriers by hybrid functionals or by the sta
bilization of the TS by a few solvent molecules – water or methanol – 
which are not accounted for by our continuum solvent approach. Both 
nucleophilic additions on the vinylidene complex are irreversible with a 
TS of, respectively, 50.0 and 56.6 kcal•mol− 1 for the elimination of 
MeOH or H2O from the corresponding carbene complexes.

Fig. 7. Top: established reaction pathways for alkyne to vinylidene isomeri
zation on d6 metal centers (M and R stand for a generic d6 metal and alkyne). 
Bottom: associated ΔG profile diagram (kcal•mol− 1) calculated for Ru = {RuCl 
(PH3)(η6-C6Me6)}+ via pathway I.
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Next, we theoretically addressed the possible pathways for the for
mation of carbonyl compounds. We first evaluated the thermodynamics 
for the formation of all plausible products tracing back to the cleavage of 
the phenylacetylene C–––C bond followed by benzyl group migration to 
the metal center or elimination as toluene: these include the carbonyl 
compounds [Ru(CH2Ph)(CO)(PH3)(η6-C6Me6)]+ (B) and [RuCl(CO) 
(PH3)(η6-C6Me6)]+ (C), and the hypothetical products [RuCl(CH2Ph) 
(PH3)(η6-C6Me6)] (D) and [RuCl(CH2Ph)(CO)(η6-C6Me6)] and (E) 
(Scheme 10). The results show that B is more stable with respect to other 
possible benzyl complexes (D, E), which, in fact, have never been 
observed. However, the chlorido carbonyl C and toluene represents the 
thermodynamic sink of the alkyne activation process by P1, whose 
formations is, however, kinetically hampered as shown by experimental 
evidence ([3]+ requires several days to reach more than 50 % yield). 
Test calculations on V, M, H, B and C with PPh3 instead of PH3 as ligand 
resulted in variations of their relative free energies by only 1–3 kcal/ 
mol, thus not altering the overall thermodynamic description of the 
system.

According to the general mechanism (section 2.5 and Scheme 9), the 
hydroxy carbene species H would be the keystone precursor for the 
cleavage of the phenylacetylene C–––C bond and the formation of both 
the observed final products B/[2a]+ and C/[3]+. However, when the 
reaction of P1 and phenylacetylene is carried out in the presence of 

methanol, the formation of the hydroxy carbene is kinetically unfavored 
with respect to the formation of the analogue methoxy species [1a]+. 
Besides, the hydroxy carbene cannot form via an equilibration process 
with the initially formed [1a]+ – through reverse reaction to vinylidene 
intermediate and subsequent water attack – as methoxy formation is 
irreversible (Fig. 8). We therefore investigated a possible pathway for 
the direct formation of the hydroxy carbene H from the reaction of M 
with water. Related nucleophilic additions have been reported for 
several Fischer carbene complexes of other metals [68]. A plausible 
pathway would consist of the attack of a water molecule to the elec
trophilic carbene carbon atom, with a simultaneous migration of one of 
the hydrogen atoms of water to the methoxy oxygen and elimination of 
methanol. A transition state was found, with a tetravalent carbon atom 
and a hydrogen atom partly bound to the hydroxy and alkoxy oxygen 
atoms, directly connecting M with H, 39.5 kcal•mol− 1 above H, as 
shown in Scheme 11. This energy barrier is too high for a process 
occurring slowly but still at room temperature, presumably due to the 
distortion of the water molecule required for allowing proton transfer to 
the methoxy oxygen. The TS would be significantly lowered by 
considering a stepwise process (nucleophilic addition and protonation of 
the leaving methoxy oxygen) or, alternatively, by considering an addi
tional water molecule in the local solvation shell assisting the proton 
transfer.

Fig. 8. Reaction scheme (bottom) and associated ΔG profile diagram (top; kcal•mol− 1) calculated for the nucleophilic attack of methanol (R = Me) or water (R = H) 
moieties at the Ca atom of vinylidene ligand; Ru = {RuCl(PH3)(η6-C6Me6)}+.
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The subsequent formation of the carbonyl products B and C from the 
hydroxy carbene H species, according to our calculations, is thermo
dynamically favored by 6.1 and 30.0 kcal•mol− 1, respectively (Scheme 
10). We did not consider in detail the mechanisms which have already 
been experimentally (Scheme 9) and theoretically [10,48,59b] investi
gated. In this regard, the phenyl acyl complex Ac, in principle the 
deprotonation product of H, comes out to be relatively stable, 1 
kcal•mol− 1 above H (Scheme 10), suggesting its role as a possible in
termediate in the formation of B. In alternative, the formation of B could 
occur through simultaneous migration of the benzyl group from the 
carbene ligand to the metal center and elimination of HCl (Scheme 12, 
path I). Similarly, an alternative mechanism for the formation of C in
volves an intra-ligand proton migration from oxygen to the CH2 phenyl 
moiety leading to toluene elimination (Scheme 12, path II).

3. Conclusions

The results reported in this work elucidated a series of novel aspects 
in the activation of aryl alkynes in ruthenium(II) η6-arene systems. First, 

the formation of alkoxy(benzyl)carbene ligands in alcohol as solvents is 
highly sensitive to both the reaction conditions and electronic/steric 
factors of the arene and the other co-ligands around ruthenium. 
Nevertheless, we defined optimal reaction conditions that allowed to 
isolate five alkoxycarbene complexes in high yield. The slower forma
tion of benzyl carbonyl complexes in the Ru/alkyne/alcohol mixtures 
cannot be explained by the general mechanism involving the nucleo
philic attack of water to the highly reactive Ru-vinylidene intermediate. 
DFT and experimental evidence indicates that the latter is preferentially 
attacked by methanol, even in presence of water, thus showing an un
expected selectivity. In fact, a benzyl carbonyl complex was formed by 
the reaction of isolated alkoxy(benzyl)carbene complexes and water. 
This unprecedented route begins with a nucleophilic attack of water to 
the carbene carbon, leading to the elusive hydroxycarbene complex. The 
subsequent C–C cleavage reaction is thermodynamically favored and 
probably rather fast. This reactivity should be considered when dealing 
with stoichiometric or catalytic alkyne activation processes mediated by 
other metal systems in related environments.

4. Experimental section

4.1. General experimental details

All reagents and solvents were obtained from Alfa Aesar, Merck, 
Carlo Erba or TCI Europe. PPh3 was purified by traces of O = PPh3 by 
washing the solid with MeOH (the stirred suspension was filtered, the 
solid washed with MeOH and dried under vacuum) and stored under N2. 
All the other chemicals were used as received without further purifica
tions. NaPF6 and KPF6 were stored under N2, otherwise a quantitative 
hydrolysis of NaPF6 to a hygroscopic fluorophosphate salt was observed 
(31P NMR, solid state IR) in air after ca. 5 months. Compounds [RuX2(η6- 
p-cymene)]2 (X = Cl, I), [RuCl2(η6-arene)]2 (arene = C6H6, 1,3,5- 

Scheme 10. Structures of the compounds and free energies (in blue) of the associated transformations relative to [RuCl(PH3)(η2-PhCCH)(C6Me6)]+, A. Activation 
energies are indicated in red. The letters A, V, H, B, C corresponds to those used for the same generic compounds depicted in Scheme 9.

Scheme 11. Reaction scheme calculated for the nucleophilic attack of water at 
the Ca atom of the alkoxy(benzyl)carbene ligand; Ru = {RuCl(PH3)(η6- 
C6Me6)}+. Energies in kcal•mol− 1, are relative to M.
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C6H3Me3), [RuCl(2,2-bipyridine)(η6-p-cymene)]PF6 and [RuCl(en)(η6- 
p-cymene)]Cl were prepared according to literature methods [69,70,71]
Compound [RuCl2(η6-C6Me6)]2 was prepared by a minor modification of 
the reported procedure [72] and the X-Ray structure of [RuCl2(η6- 
C6Me6)]2•CH2Cl2 is reported in the ESI (Fig. S1). Different crystal 
structures containing the same organometallic compound were previ
ously reported [73]. The preparation and characterization of 
[RuCl2(PPh3)(η6-arene)] (arene = C6Me6, P1; 1,3,5-C6H3Me3, P2; p- 
cymene, P3; C6H6, P4) [69,74], [RuCl2(PCy3)(η6-p-cymene)], P5 [75], 
[RuI2(PPh3)(η6-p-cymene)], P6 [76], [RuCl2(PPh2Me)(η6-p-cymene)] 
[74], P7 and [RuCl2(CO)(η6-C6Me6)][77] are given in the ESI, together 
with an optimized procedure for the previously-reported [RuCl(MeCN) 
(PPh3)(η6-C6Me6)]PF6 [19] as well as the synthesis of the unprecedented 
[RuCl2(Py)(η6-C6Me6)], P8.

Unless otherwise specified, all reactions were carried out under N2 
using anhydrous solvents and standard Schlenk techniques. Throughout 
the manuscript, “anhydrous” or “dry” refer to those solvents/reagents 
that have been purified as described in the following and always 
manipulated under N2: CH2Cl2 (stored over 4 Å) and THF were obtained 
from SPS 5 solvent purifier (MBraun); MeOH was distilled over CaH2 
and stored over 3 Å MS; EtOH and iPrOH were eluted on a dry neutral 
alumina column and stored over 4 Å MS; commercial anhydrous Et3N 
and CDCl3 were stored over 4 Å and 3 Å MS, respectively. The anhydrous 
HCl (0.19 mol/L) solution in MeOH was prepared by addition of (COCl)2 
to MeOH under N2; aliquots of the solutions were then added to water 
and titrated with NaHCO3 (methyl orange as indicator). All the other 
operations, including work-up procedures, were carried out in air with 
common laboratory glassware. Filtrations were carried out on G3 
sintered-glass filters, unless otherwise specified (G4); celite Standard 
Supercel® (Alfa Aesar) was used when indicated. All the isolated com
plexes are free-flowing powders relatively inert to air and moisture 
which were kept under N2 for long time storage as a precaution. In these 
cases, the yield is referred to the isolated, powdered materials. The 
relative amounts of compounds in Tables S1-S4 are calculated by 1H 
NMR on a CDCl3 solution of the crude reaction mixture (“NMR yield”). 
Carbon, hydrogen and nitrogen analyses were performed on a Vario 
MICRO cube instrument (Elementar). Infrared spectra of solid samples 
(650–4000 cm− 1 range) were recorded on a Cary 630 FT-IR spectrom
eter (Agilent) equipped with a UATR sampling accessory. IR spectra of 
solutions were recorded using a CaF2 liquid transmission cell 
(1500–2300 cm− 1) on a Perkin Elmer Spectrum 100 FT-IR spectrometer. 
IR spectra were processed with Spectragryph [78]. NMR spectra were 
recorded on YH JNM-ECZ400S or JNM-ECZ500R instruments (JEOL) 
equipped with Royal HFX Broadband probes. CDCl3 stored in the dark 

over Na2CO3 was used for NMR analysis. For 31P NMR reaction moni
toring, a sealed capillary containing C6D6 was used for locking. Chem
ical shifts are referenced to the residual solvent peaks (1H, 13C) or to 
external standard (19F to CFCl3, 31P to 85 % H3PO4) [79]. NMR reso
nances were assigned with the support of 1H NOESY (mix time 750 ms, 
relaxation time 1 sec, linewidth 25 Hz), 1H{31P}, 1H–13C gs-HSQC and 
gs-HMBC correlation experiments.

4.2. General procedure for 1-alkyne activation

A dark red suspension of NaPF6 (KPF6 for [1b]+; 2.0 eq.) and the 
selected [RuCl2(PR3)(η6-arene)] (P1-P7) or [RuCl2(Py)(η6-C6Me6)] (P8) 
precursor (15–20 mg, 1.0 eq.) in a CH2Cl2/R1OH 2:1 V/V mixture (3.0 
mL; R1 = Me, Et, iPr, except where otherwise noted) was treated with the 
desired alkyne (p-R2C6H4CCH, R2 = H, OMe, CF3, NH2; 4.0 eq.) and 
stirred at room temperature under N2. Dichloromethane, as co-solvent, 
favored the complete solubilization of the reactants and ensured quan
titative precipitation of NaCl (product). In some cases, water (10, 100 or 
200 μL corresponding to 20, 200 and 300 eq., respectively) and/or Et3N 
(1.1 eq.) were also added to the reaction mixture. Aliquots of the reac
tion mixture were taken to dryness under vacuum and analyzed via IR 
(CH2Cl2) and 1H, 31P{1H}, 1H{31P}, 1H–13C HMBC and 1H–13C HSQC 
NMR (CDCl3) at various time intervals. Reaction conditions and % 
amounts of compounds detected in solution by 1H NMR are compiled in 
Tables S1–S2. Trace amounts of aldehydes (< 1 %) were detected in 
most cases, which are not included in the percentage. Spectroscopic (IR/ 
NMR) data for alkoxy(benzyl)carbene [1a-i]+, benzyl-carbonyl [2a,d,e, 
g]+ and chlorido carbonyl ([3]+, [3cym]+) complexes are given below 
(Sections 4.3-4.5).

Isolation of [1a,b,d,g,i]PF6. Reactions were carried out as 
described above; reaction time and other details are specified below. 
Next, volatiles were removed under vacuum from the orange-yellow 
suspension. The residue was suspended in CH2Cl2 and filtered over 
Celite to remove Na+ salts. The filtrate was taken to dryness under 
vacuum and the residue was triturated in a hexane/Et2O 1:1 V/V 
mixture. The suspension was filtered (G4) and the resulting solid was 
washed with hexane/Et2O 1:1 V/V or Et2O (2x5 mL, [1d]+) then hexane 
and dried under vacuum (40 ◦C). Stored under N2.

4.3. Synthesis and characterization of alkoxy(benzyl)carbene complexes

4.3.1. [RuCl(PPh3){C(OMe)CH2Ph}(η6-C6Me6)]PF6, [1a]PF6 (Chart 1)

Previously isolated as orange microcrystals from [RuCl2(PPh3)(η6- 

Scheme 12. Proposed concerted mechanisms for the C–C bond cleavage on the hydroxy(benzyl)carbene ligand H; Ru = {RuCl(PH3)(η6-C6Me6)}+. Energies in 
kcal•mol− 1, are relative to H.
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C6Me6)](P1)/NaPF6/PhCCH (1/1.1/4.6 M ratio) in methanol (82 % 
yield) after 20 min reaction time.3 Formation of [1a]PF6 from the pro
longed reaction (11 days) of [RuCl(NCMe)(PPh3)(η6-C6Me6)]PF6 and 
PhCCH was also mentioned [19]. Prepared from P1 (151 mg, 0.253 
mmol), NaPF6 (85 mg, 0.51 mmol) and phenylacetylene (112 μL, 1.02 
mmol) in CH2Cl2/MeOH 2:1 V/V (4.5 mL); reaction time: 1.0 h. Yellow 
solid, yield: 205 mg, 96 %. Soluble in CH2Cl2, CHCl3, THF, acetone, 
DMSO, less soluble in MeOH, insoluble in Et2O, hexane, H2O and H2O/ 
DMSO 5:2 V/V. Yellow crystals of [1a]PF6 suitable for X-Ray diffraction 
were obtained in two cases from crude reaction mixtures containing 
variable amounts of [1a]PF6, [2a]PF6 and [3]PF6 (MeOH/CH2Cl2 so
lutions, see Table S1) layered with Et2O and settled aside at − 20 ◦C. 
Anal. Calcd. for C39H43ClF6OP2Ru: C, 55.75; H, 5.16. Found: C, 55.0; H, 
5.40. IR (solid state): ῦ/cm− 1 = 3066w, 3022w, 2982w, 2901w, 1482w, 
1454w, 1435 m, 1386w, 1298w, 1283 m, 1256w, 1201w, 1178w, 
1164w, 1136w, 1094w, 1053w, 1031w, 1004w, 920w, 876w, 833 s 
(PF6), 757 m, 750 m, 743 m, 697 s, 687 m-sh, 670w. 1H NMR (CDCl3): 
δ/ppm = 7.50, 7.49 (s-br, 15H, PPh3); 7.25–7.22 (m, 3H, c5-H + c6-H), 
7.18–7.14 (m, 2H, c4-H); 4.75 (d, 2JHH = 12.7 Hz, 1H, c2-H); 4.60 (s, 3H, 
c7-H); 2.74 (d, 2JHH = 12.7 Hz, 1H, c2-H’); 1.73 (s, 18H, a1-H). 13C{1H} 
NMR (CDCl3): δ/ppm = 316.3 (d, 2JCP = 19 Hz, c1); 134.6 (s-br, p2); 
131.6 (s-br, p4); 130.84 (c3); 130.77 (c4); 129.1 (c5); 128.7 (d, 3JCP =

10 Hz, p3); 127.9 (c6); 109.7 (a2); 68.3 (c7); 53.4 (c2); 16.0 (a1). 31P 
{1H} NMR (CDCl3): δ/ppm = 35.3 (PPh3), − 143.7 (hept, 1JPF = 713 Hz, 
PF6). A CDCl3 solution containing [1a]PF6 and ca. 5 % [2a]PF6 was kept 
for 5 days at room temperature: no changes in the set of signals of [1a]+

were observed while partial hydrolysis of PF6
− to PO2F2

− occurred. Be
sides, [2a]+ disappeared with formation of [3]+ and hexame
thylbenzene, possibly due to the reaction with HF released by PF6

−

hydrolysis (Table S3, entry 1). 31P{1H} NMR (CDCl3): δ/ppm = 42.6 
([3]+), − 16.3 (t, 1JPF = 965 Hz, PO2F2).

4.3.2. [RuCl(PPh3){C(OEt)CH2Ph}(η6-C6Me6)]PF6, [1b]PF6 (Chart 
2)

Prepared from P1 (71 mg, 0.12 mmol), KPF6 (45 mg, 0.24 mmol) and 
phenylacetylene (53 μL, 0.48 mmol) in CH2Cl2/EtOH 2:1 V/V (4.5 mL); 
reaction time: 9.0 h. Yellow solid, yield: 83 mg, 82 %. Soluble in CH2Cl2, 

CHCl3, insoluble Et2O, petroleum ether. Anal. Calcd. For C40H45ClF6O
P2Ru: C, 56.24; H, 5.31. Found: C, 56.08, H, 5.18. IR (solid state): ῦ/ 
cm− 1 = 3067w, 3020w, 2986w, 1496w, 1482w, 1454w, 1436 m, 
1386w, 1369w, 1298w, 1273 m, 1257w, 1194w, 1174w, 1096 m, 
1071w, 1046w, 1003w, 983w, 909w, 876w, 834 s (PF6), 755 m-sh, 750 
m, 743 m-sh, 696 s, 669 m. 1H NMR (CDCl3): δ/ppm = 7.59–7.39 (m, 
15H, PPh3); 7.23–7.17 (m, 3H, c5-H + c6-H); 7.07–7.01 (m, 2H, c4-H); 
4.81 (dq, 2JHH = 10.7 Hz, 3JHH = 7.1 Hz, 1H, c7-H); 4.67 (d, 2JHH = 13.2 
Hz, c2-H), 4.73–4.58 (m, c7-H’) (2H); 3.09 (d, 2JHH = 13.1 Hz, 1H, c2- 
H’), 1.76 (s, 18H, a1-H), 1.67 (t, 3JHH = 7.1 Hz, 3H, c8-H). 13C{1H} NMR 
(CDCl3): δ/ppm = 315.5 (d, 2JCP = 18 Hz, c1); 134.7 (d-br, 2JCP = 8 Hz, 
p2), 131.6 (s-br, p4), 131.5 (c3), 130.4 (c4), 129.0 (c5), 128.5 (d, 3JCP =

10 Hz, p3), 127.7 (c6), 109.8 (a2), 78.4 (c7), 55.0 (c2), 16.1 (a1), 14.9 
(c8). 31P{1H} NMR (CDCl3): δ/ppm = 36.5 (PPh3), − 143.8 (hept, 1JPF =

712 Hz, PF6).

4.3.3. [RuCl(PPh3){C(OEt)CH2Ph}(η6-C6Me6)]PF6, [1c]PF6 (Chart 
3)

Obtained from P1, NaPF6 and phenylacetylene in CH2Cl2/iPrOH 2:1 
V/V; reaction time > 20 h (Table S1, entry 12). 1H NMR (CDCl3): δ/ppm 
= 5.70 (hept, 3JHH = 5.9 Hz, c7-H); 4.78 (d, 2JHH = 12.7 Hz, c2-H); 2.74 
(d, 2JHH = 12.7 Hz, c2-H’); 1.73 (s, a1-H); 1.39 (d, 3JHH = 6.4 Hz, c8-H). 
31P{1H} NMR (CDCl3): δ/ppm = 35.2 (PPh3), − 143.7 (hept, 1JPF = 712 
Hz, PF6).

4.3.4. [RuCl(PPh3){C(OMe)CH2(4-C6H4OMe)}(η6-C6Me6)]PF6, [1d] 
PF6 (Chart 4)

Prepared from P1 (45 mg, 0.14 mmol), NaPF6 (45 mg, 0.27 mmol) 
and 4-ethynylanisole (70 μL, 0.54 mmol) in CH2Cl2/MeOH 2:1 V/V (3.0 
mL); reaction time: 1.2 h. Yellow-brown solid, yield: 105 mg, 90 %. 
Soluble in CHCl3, CH2Cl2, insoluble in Et2O, hexane. Yellow crystals 
suitable for X-Ray diffraction were obtained from a CH2Cl2 solution of 
[1d]PF6 layered with a Et2O/hexane mixture and settled aside at 
− 20 ◦C. Anal. calcd. for C40H45ClF6P2O2Ru: C, 55.21; H, 5.21. Found: C, 
54.3; H, 5.13. IR (solid state): ῦ/cm− 1 = 3053w, 3016w, 2960w, 2933w, 
1609w, 1510 m, 1483w, 1458w, 1436w, 1384w, 1308w, 1266w-sh, 
1252 m, 1179w, 1143w, 1108w, 1094w, 1047 m, 1035 m, 1005w, 
879w, 833 s (PF6), 811 m-sh, 770 m, 758w, 753w, 746 m, 703 m, 697 m, 
685 m-sh, 651w. 1H NMR (CDCl3): δ/ppm = 7.55–7.42 (m, 15H, PPh3); 
7.11 (d, 3JHH = 8.6 Hz, 2H, c4-H); 6.78 (d, 3JHH = 8.7 Hz, 2H, c5-H); 
4.65 (d, 2JHH = 12.8 Hz, 1H, c2-H); 4.59 (s, 3H, c7-H); 3.77 (s, 3H, 
OMe); 2.71 (d, 2JHH = 12.8 Hz, 1H, c2-H’); 1.73 (s, 18H, a1-H). 13C{1H} 
NMR (CDCl3): δ/ppm = 316.4 (d, 2JCP = 19 Hz, c1), 159.2 (c6), 134.6 
(m-br, p2), 132.1 (c4), 131.5 (s-br, p4), 128.7 (d, 3JHP = 10 Hz, p3), 
122.4 (c3), 114.4 (c5), 109.5 (a2), 68.2 (c7), 55.5 (OMe), 52.3 (c2), 16.1 
(a1). 19F NMR (CDCl3): δ/ppm = − 73.1 (d, 1JPF = 712 Hz, PF6). 31P{1H} 
NMR (CDCl3): δ/ppm = 35.4 (PPh3), − 143.7 (hept, 1JPF = 712 Hz, PF6).

Chart 1. Structure of [1a]+ (numbering refers to carbon atoms) [80].

Chart 2. Structure of [1b]+ (numbering refers to carbon atoms) [80]. Chart 3. Structure of [1c]+ (numbering refers to carbon atoms) [80].

S. Stampatori et al.                                                                                                                                                                                                                             Inorganic Chemistry Communications 171 (2025) 113547 

14 



4.3.5. [RuCl(PPh3){C(OMe)CH2(4-C6H4CF3)}(η6-C6Me6)]PF6, [1e] 
PF6 (Chart 5)

Obtained from P1, NaPF6 and (4-trifluoromethyl)phenylacetylene in 
CH2Cl2/MeOH 2:1 V/V; reaction time: 2.25 h corresponding to the 
highest yield (Table S2, entry 3). 1H NMR (CDCl3): δ/ppm = 7.55–7.45 
(m, PPh3 + c5-H); 7.22 (d, 2JHH = 8.1 Hz, c4-H); 4.67 (d, 2JHH = 13.2 Hz, 
1H, c2-H); 4.56 (s, 3H, c7-H); 3.12 (d, 2JHH = 13.1 Hz, 1H, c2-H’); 1.76 
(s, 18H, a1-H). 13C{1H} NMR δ/ppm = 314.8 (c1); 133.4 (c3); 129.5 
(c4); 126.9 (c6); 108.1 (a2), 68.6 (c7); 53.5 (c2); 15.7 (a1); resonances 
identified via 1H–13C HMBC and 1H–13C HSQC. 19F NMR (CDCl3): 
δ/ppm = − 62.5 (CF3), − 73.4 (d, 1JPF = 712 Hz, PF6). 31P{1H} NMR 
(CDCl3): δ/ppm = 35.8 (PPh3), − 144.0 (hept, 1JPF = 713 Hz, PF6).

4.3.6. [RuCl(PPh3){C(OMe)CH2(4-C6H4NH2)}(η6-C6Me6)]PF6, [1f] 
PF6 (Chart 6)

Obtained from P1, NaPF6 and (4-amino)phenylacetylene in CH2Cl2/ 
MeOH 2:1 V/V; reaction time: 2 h corresponding to the highest yield 
(Table S2, entry 5). 1H NMR (CDCl3): δ/ppm = 7.48 (m-br, PPh3, 15H); 
6.98 (d, 3JHH = 8.4 Hz, 2H, c4-H); 6.57 (d, 3JHH = 8.4 Hz, 2H, c3-H); 
4.62 (d, 2JHH = 12.8 Hz, 1H, c2-H); 4.59 (s, 3H, c7-H); 2.60 (d, 2JHH 
= 12.7 Hz, c2-H’), 1.72 (s, 18H, a1-H). 31P{1H} NMR (CDCl3): δ/ppm =
35.2 (s, PPh3), − 143.6 (hept, 1JPF = 713 Hz, PF6).

4.3.7. [RuCl(PPh3){C(OMe)CH2Ph}(η6-1,3,5-C6H3Me3)]PF6, [1g] 
PF6 (Chart 7)

Prepared from [RuCl2(PPh3)(η6-1,3,5-C6H3Me3)], P2 (54 mg, 0.097 
mmol), NaPF6 (33 mg, 0.198 mmol) and phenylacetylene (42 μL, 0.38 
mmol) in CH2Cl2/MeOH 2:1 V/V (2.0 mL); reaction time: 1.75 h. Yellow 
solid, yield: 66 mg, 85 %. Anal. Calcd. For C36H37ClF6OP2Ru: C, 54.17; 
H, 4.67. Found: C, 54.1; H, 4.60. Soluble in CH2Cl2, CHCl3, insoluble in 
Et2O, petroleum ether. 1H NMR (CDCl3): δ/ppm = 7.53 (br), 7.49–7.37 
(m, 20H, PPh3 + Ph); 5.17 (d, 2JHH = 11.7 Hz, 1H, c2-H); 4.72 (s, 3H, a3- 
H); 4.33 (s, 3H, c7-H); 3.60 (d, 2JHH = 11.7 Hz, 1H, c2-H’); 1.79 (s, 9H, 
a1-H). 13C{1H} NMR (CDCl3): δ/ppm = 325.9 (d, 2JCP = 20 Hz, c1); 
134.0 (s-br, p2); 131.7 (s-br, p4); 131.3 (c3); 131.2 (c4); 129.5 (c5); 

129.1 (d, 3JCP = 10 Hz, p3); 128.6 (c6); 118.3 (a2); 91.3 (a3); 67.8 (c7); 
53.2 (c2); 19.1 (a1). 31P{1H} NMR (CDCl3): δ/ppm = 39.9 (PPh3), −
143.6 (hept, 1JPF = 713 Hz, PF6).

Alternatively obtained as a [1g]PF6/[2g]PF6 9:1 mixture by per
forming the reaction in a more dilute conditions (63 mg P2 in 4.5 mL 
CH2Cl2/MeOH 2:1 V/V) for a longer time (2.5 h). IR (solid state, in 
admixture with ca. 10 % [2g]PF6): ῦ/cm− 1 = 3060w, 2990w, 2981w, 
2962w, 1551w, 1539w, 1495w, 1484w, 1453w, 1436w, 1381w, 1305w, 
1287w, 1257w, 1203w, 1183w, 1143w, 1096w, 1086w, 1057w, 1035w, 
1000w, 914w, 876w, 835 s (PF6), 761w-sh, 752w, 743 m, 703 m, 696 m, 
666w. The CDCl3 solution containing [1 g]PF6 and ca. 10 % [2g]PF6 was 
kept for 4 days at room temperature: no changes in the set of signals of 
[1 g]+ occurred, while complete hydrolysis of PF6

− to PO2F2
− occurred 

and [2g]+ disappeared with probable formation of [RuCl(CO)(PPh3)(η6- 
1,3,5-C6H3Me3)]+, [3mes]+. 31P{1H} NMR (CDCl3): δ/ppm = 42.4 
([3mes]+), − 16.9 (t, 1JPF = 964 Hz, PO2F2).

4.3.8. [RuCl(PPh3){C(OMe)CH2Ph}(η6-p-cymene)]PF6, [1h]PF6 
(Chart 8)

Previously isolated as orange crystals by precipitation from a 
[RuCl2(PPh3)(η6-p-cymene)](P3)/NaPF6/PhCCH (1/1.1/1.5 M ratio) 
mixture in CH2Cl2/MeOH 1:1 V/V after 45–60 min (59 % yield) [17a]. A 

Chart 4. Structure of [1d]+ (numbering refers to carbon atoms) [80].

Chart 5. Structure of [1e]+ (numbering refers to carbon atoms) [80].

Chart 6. Structure of [1f]þ (numbering refers to carbon atoms) [80].

Chart 7. Structure of [1g]þ (numbering refers to carbon atoms) [80].

Chart 8. Structure of [1h]þ (numbering refers to carbon atoms) [80].
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related reaction carried out in anhydrous MeOH, after 4 h reaction time, 
gave a mixture of products with no trace of [1 h]+. Obtained from 
[RuCl2(PPh3)(η6-p-cymene)], NaPF6 and phenylacetylene in CH2Cl2/ 
MeOH 2:1 V/V; reaction time: 0.75 h corresponding to the highest yield 
(Table S2, entry 8). 1H NMR (CDCl3): δ/ppm = 7.56–7.34 (m, PPh3 +

CPh, 20H); 5.33 (d, 2JHH = 12.4 Hz, c2-H), 5.32 (d, 3JHH = 6.3 Hz, a4-H) 
(2H); 5.18 (d, 3JHH = 6.8 Hz, 1H, a4′-H); 5.08 (d, 3JHH = 6.5 Hz, 1H), 
4.80 (d, 3JHH = 6.3 Hz, 1H) (a3-H + a3′-H); 4.30 (s, 3H, c7-H); 3.76 (d, 
2JHH = 12.0 Hz, c2-H’); 2.62 (hept, 3JHH = 6.9 Hz, 1H, c6-H); 1.73 (s, 
3H, a1-H); 1.15 (d, 3JHH = 6.9 Hz, 3H), 1.05 (d, 3JHH = 6.9 Hz, 3H) (a7-H 
+ a7′-H). 31P{1H} NMR (CDCl3): δ/ppm = 36.2 (PPh3), − 143.6 (hept, 
1JPF = 713 Hz, PF6).

4.3.9. [RuCl(PPh2Me){C(OMe)CH2Ph)}(η6-C6Me6)]PF6, [1i]PF6 
(Chart 9)

Prepared from [RuCl2(PPh2Me)(η6-C6Me6)], P7 (46 mg, 0.086 
mmol), NaPF6 (29 mg, 0.17 mmol) and phenylacetylene (38 μL, 0.35 
mmol) in CH2Cl2/MeOH 2:1 V/V (3.0 mL); reaction time: 2.0 h. Yellow- 
orange solid, yield: 60 mg, 90 %. Soluble in CH2Cl2, CHCl3, insoluble in 
Et2O, hexane. Yellow crystals suitable for X-Ray diffraction were ob
tained from a CH2Cl2 solution of [1i]PF6 layered with both Et2O and 
hexane and settled aside at − 20 ◦C. Anal. Calcd. For C34H41ClF6OP2Ru: 
C, 52.48; H, 5.31. Found: C, 52.1; H, 5.34. IR (solid state): ῦ/cm− 1 =

3056w, 3031w, 2905w, 1575w, 1559w, 1540w, 1521w, 1495w, 1488w, 
1467w, 1453w, 1437w, 1385w, 1320 m, 1288w, 1272 m, 1197w, 
1177w, 1147w, 1096w, 1076w, 1037w, 1028w, 1001w, 878 m, 860 m- 
sh, 832 s (PF6), 753 m, 746 m, 731 m, 698 m, 681 m, 665w, 653w. 1H 
NMR (CDCl3): δ/ppm = 7.75–7.66 (m, 2H), 7.54–7.41 (m, 8H) (PPh2); 
7.22–7.16 (m, 3H, c5-H + c6-H); 7.08–7.01 (m, 2H, c4-H); 4.64 (d, 2JHH 
= 13.1 Hz, 1H, c2-H); 4.58 (s, 3H, c7-H); 3.40 (d, 2JHH = 13.1 Hz, 1H, c2- 
H’); 2.26 (d, 2JHP = 9.9 Hz, 3H, p5-H); 1.84 (s, 18H, a1). 13C{1H} NMR 
(CDCl3): δ/ppm = 317.1 (d, 2JCP = 19 Hz, c1); 133.6 (d, 1JCP = 49 Hz, 
p1); 132.8 (d, 3JCP = 9 Hz, p2); 132.0 (d, 3JCP = 9 Hz, p2′); 131.9 (d, 1JCP 
= 48 Hz, p1′); 131.7 (d, 4JCP = 3 Hz, p4), 131.2 (c3); 131.1 (d, 3JCP = 3 
Hz, p4′); 130.3 (c5), 129.1 (c4), 129.0 (d, 2JCP = 10 Hz, p3); 128.8 (d, 
1JCP = 10 Hz, p3′); 127.7 (c6); 109.2 (a2); 68.3 (c7); 54.1 (c2); 16.3 (a1); 
13.4 (d, 1JCP = 36 Hz, p5). 19F NMR (CDCl3): δ/ppm = − 72.9 (d, 1JPF =

712 Hz, PF6). 31P{1H} NMR (CDCl3): δ/ppm = 18.2 (PPh2Me), − 143.7 
(hept, 1JPF = 712 Hz, PF6).

4.4. Characterization of benzyl complexes [Ru{CH2(4-C6H4R2)}(CO) 
(PPh3)(η6-arene)]PF6, [2]PF6 (Chart 10)

[Ru(CH2Ph)(CO)(PPh3)(η6-C6Me6)]þ, [2a]þ. The highest yield 
was obtained from [RuCl2(PPh3)(η6-C6Me6)] (P1), NaPF6 and phenyl
acetylene in CH2Cl2/iPrOH 2:1 V/V (reaction time: 21.5 h; Table S1, 
entry 12) or in CH2Cl2/MeOH 2:1 V/V (reaction time: 72 h; Table S1, 
entry 4). IR (CH2Cl2): ῦ/cm− 1 = 1966 s (CO). 1H NMR (CDCl3): δ/ppm =
7.39–7.31 (m, 9H, PPh3); 7.09–7.04 (m, 2H, c5-H); 7.02 (d, 3JHH = 7.0 

Hz, 1H, c6-H); 6.78 (d, 3JHH = 7.4 Hz, 2H, c4-H); 2.84 (dd, 3JHP = 11.7 
Hz, 2JHH = 10.1 Hz, 1H, c2-H); 2.66 (dd, 2JHH = 9.8 Hz, 3JHP = 1.7 Hz, 
1H, c2-H’); 1.88 (s, 18H, a1-H). 13C{1H} NMR (CDCl3): δ/ppm = 202.3 
(d, 2JCP = 25 Hz, CO); 148.0 (c3); 133.7 (d, 2JCP = 10 Hz, Ph/ortho); 
131.9 (Ph/para); 129.3 (d, 3JCP = 10 Hz, Ph/meta); 128.4 (c4); 128.2 
(c5); 125.2 (c6); 116.2 (a2); 16.3 (a1); 16.0 (c2). 31P{1H} NMR (CDCl3): 
δ/ppm = 52.7. Yellow crystals of [2a]PF6 suitable for X-Ray diffraction 
were obtained from a crude reaction mixture containing variable 
amounts of [1a]PF6, [2a]PF6 and [3]PF6 (MeOH/CH2Cl2 solutions, see 
Table S1) layered with Et2O and settled aside at − 20 ◦C.

[Ru{CH2(4-C6H4OMe)}(CO)(PPh3)(η6-C6Me6)]þ, [2d]þ. Ob
tained from P1, NaPF6 and (4-methoxy)phenylacetylene in CH2Cl2/ 
MeOH 2:1 V/V; reaction time: 25 h corresponding to the highest yield 
(Table S2, entry 1). IR (CH2Cl2): ῦ/cm− 1 = 1964 s (CO). 1H NMR 
(CDCl3): δ/ppm = 7.38–7.31 (m, 6H, PPh3); 6.69 (d, 3JHH = 8.7 Hz, 2H), 
6.61 (d, 3JHH = 8.8 Hz, 2H) (c4-H + c5-H); 3.74 (s, 3H, OMe); 2.83 (dd, 
3JHP = 12.1 Hz, 2JHH = 9.8 Hz, 1H, c2-H); 2.67 (dd, 2JHH = 10.0 Hz, 3JHP 
= 1.5 Hz, 1H c2-H’); 1.89 (s, 18H, a1-H). 13C{1H} NMR δ/ppm = 157.6 
(c6); 139.9 (c3); 129.4 (c4); 132.4, 125.3 (PPh3); 113.5 (c5); 116.1 (a2); 
55.7 (OMe); 16.4 (a1); 16.2 (c2); resonances identified via 1H–13C 
HMBC and 1H–13C HSQC. 31P{1H} NMR (CDCl3): δ/ppm = 52.7.

[Ru{CH2(4-C6H4CF3)}(CO)(PPh3)(η6-C6Me6)]þ, [2e]þ. Obtained 
from P1, NaPF6 and (4-trifluoromethyl)phenylacetylene in CH2Cl2/ 
MeOH 2:1 V/V; reaction time: 21.5 h corresponding to the highest yield 
(Table S2, entry 3). IR (CH2Cl2): ῦ/cm− 1 = 1972 s (CO). 1H NMR 
(CDCl3): δ/ppm = 7.41–7.31 (m, 6H, PPh3), 7.23 (m,* c5-H); 6.64 (d, 
3JHH = 8.0 Hz, 2H, c4-H); 2.76, 2.75 (app. s, 2H, c2-H + c2-H’); 1.94 (s, 
18H, a1-H); *superimposed with the corresponding resonance of [1e]+. 
13C{1H} NMR (CDCl3): δ/ppm = 154.3 (c3); 129.2 (c4); 127.3 (c6); 
117.0 (a2); 16.4 (a1); 15.0 (c2); resonances identified via 1H–13C HMBC 
and 1H–13C HSQC. 31P{1H} NMR (CDCl3): δ/ppm = 51.8.

[Ru{CH2(4-C6H4NH2)}(CO)(PPh3)(η6-C6Me6)]þ, [2f]þ (pre
sumed). Obtained from P1, NaPF6 and 4-ethynylaniline in CH2Cl2/ 
MeOH 2:1 V/V; reaction time: 2 h corresponding to the highest yield 
(Table S2, entry 3). IR (CH2Cl2): ῦ/cm− 1 = 1966 s (CO). 1H NMR 
(CDCl3): δ/ppm = 1.88 (s, a1-H).

[Ru(CH2Ph)(CO)(PPh3)(η6-1,3,5-C6H3Me3)]þ, [2g]þ. Obtained 
from [RuCl2(PPh3)(η6-1,3,6-C6H3Me3)] (P3), NaPF6 and phenyl
acetylene in CH2Cl2/MeOH 2:1 V/V; reaction time: 2.5 h corresponding 
to the highest yield (Table S2, entry 6). IR (solid state, in admixture with 
ca. 90 % [1 g]PF6): ῦ/cm− 1 = 1972w, 1953w (CO). IR (CH2Cl2): ῦ/cm− 1 

= 1981 s (CO). 1H NMR (CDCl3): δ/ppm = 7.18–7.12 (m), 7.05 (d, J =
7.3 Hz), 7.02–6.98 (m) (c4-H + c5-H + c6-H); 5.45 (s, 3H, a3-H); 2.89 
(dd, 2JHH = 9.6 Hz, 2JHP = 2.8 Hz, 1H, c2-H); 2.56 (t, 2JHH =

2JHP = 9.7 
Hz, 1H, c2-H’); 2.11 (s, 9H, a1-H). 13C{1H} NMR (CDCl3): δ/ppm = 151 
(c3); 128.9 (c5); 127.6 (c4); 120.2 (a2); 105.2 (a3); 19.0 (c2); reso
nances identified via 1H–13C HMBC and 1H–13C HSQC. 31P{1H} NMR 
(CDCl3): δ/ppm = 51.9.

4.5. Synthesis and/or characterization of chlorido carbonyl and acetylide 
complexes

4.5.1. [RuCl(CO)(PPh3)(η6-C6Me6)]PF6, [3]PF6 (Chart 11)

Previously isolated in 47 % yield from the reaction of [RuCl2(PPh3) 
(η6-C6Me6)] (P1)/NaPF6/PhCCH (≈ 14 eq.) and water (20 h) and 
characterized by ESI-MS, 1H and 31P NMR (acetone‑d6) [38]. A dark 
yellow solution of [RuCl(MeCN)(PPh3)(η6-C6Me6)]PF6 (130 mg, 0.218 
mmol) in CH2Cl2 (16 mL) was stirred under a carbon monoxide atmo
sphere (ca. 1 atm, via a neoprene balloon) for 1.5 h. The reaction was 
monitored by IR (CH2Cl2) and 31P NMR (CH2Cl2/C6D6). Next, the yellow 
solution was evaporated under reduced pressure and the residue was 
triturated in a Et2O/petroleum ether 1:1 V/V mixture overnight. The 
suspension was filtered (G4), the resulting yellow solid was washed with 
hexane and dried under vacuum (40 ◦C). Yield: 119 mg, 74 %. The 
carbonylation of a P1 + NaPF6 (1.4 eq.) mixture in CH2Cl2/MeOH 2:1 V/ Chart 9. Structure of [1i]þ (numbering refers to carbon atoms) [80].
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V led to [3]+ (52 %), PPh3 (19 %), an unidentified product (5 %) and 
unreacted P1 (24 %). The reaction of [RuCl2(CO)(η6-C6Me6)], triphe
nylphosphane (1.1 eq.) and NaPF6 (2.2 eq.) in CH2Cl2 led to a mixture of 
products, containing P1 as the major one (room temperature: 78 %, 
reflux: 80 % NMR yield). The same reaction in deaerated (non-anhy
drous) acetone at room temperature led to the exclusive formation of P1 
(selective CO/PPh3 replacement). Compound [3]PF6 is soluble in 
CH2Cl2, CHCl3, insoluble in Et2O, petroleum ether. Yellow crystals 
suitable for single crystal X-Ray diffraction analysis were obtained from 
a CH2Cl2/MeOH 2:1 V/V solution of [3]PF6 layered with Et2O and kept 
at − 20 ◦C. Identical crystals were obtained from a crude reaction 
mixture containing variable amounts of [1a]PF6, [2a]PF6 and [3]PF6 
(MeOH/CH2Cl2 solutions, see Table S1) layered with Et2O and settled 
aside at − 20 ◦C. IR (solid state): ῦ/cm− 1 = 3060w, 1983 s (CO), 1944w- 
sh, 1483w, 1436w, 1383w, 1314w, 1278w, 1188w, 1265w, 1189w, 
1092w, 1070w, 1020w, 998w, 875w, 850 s-sh, 832 s (PF6), 746 m, 701 
m, 695 m, 688 m. IR (CH2Cl2): ῦ/cm− 1 = 2012 s (CO), 1484w, 1437w. 
1H NMR (CDCl3): δ/ppm = 7.62–7.38 (m, 15H, PPh3); 1.99 (s, 18H, a1- 
H). 13C{1H} NMR (CDCl3): δ/ppm = 197.5 (d, 2JCP = 25 Hz, CO), 143.0 
(d, 2JCP = 23 Hz, p1); 133.8 (d, 2JCP = 10 Hz, p2), 132.2 (p4), 129.2 (d, 
3JCP = 11 Hz, p3), 114.3 (d, 2JCP = 2 Hz, a2), 16.3 (a1). 31P{1H} NMR 
(CDCl3): δ/ppm = 42.6 (PPh3), − 144.3 (hept, 1JPF = 713 Hz, PF6).

4.5.2. [RuCl(CO)(PPh3)(η6-p-cymene)]PF6, [3cym]PF6
The related triflate and tetraphenylborate salts were previously ob

tained by reaction of the allylidene complex [RuCl{C = C = CHPh} 
(PPh3)(η6-p-cymene)]+ with water and characterized by IR (Nujol), 1H, 
13C, 31P NMR (CD2Cl2).56 Obtained from [RuCl2(PPh3)(η6-p-cymene)], 
NaPF6 and phenylacetylene in CH2Cl2/MeOH 2:1 V/V; reaction time: 
0.75 h corresponding to the highest yield (Table S2, entry 7). 1H NMR 
(CDCl3): δ/ppm = 7.87–7.79 (m, 6H), 7.71–7.64 (m, 3H) (PPh3*); 6.51 
(d, 3JHH = 5.6 Hz, 1H), 6.19 (d, 3JHH = 5.6 Hz, 1H), 6.16 (d, 3JHH = 5.4 
Hz, 1H), 5.71 (d, 3JHH = 5.1 Hz, 1H) (Ru-CH); 2.77 (m, 3JHH = 7.0 Hz, 
CHMe2), 1.95 (s, 3H, CMe), 1.30 (d, 3JHH = 5.1 Hz, 3H, CHMe2); *other 
aromatic signals are hidden by [1 h]+. 31P{1H} NMR (CDCl3): δ/ppm =
38.6.

4.5.3. [RuCl(CCPh)(PPh3)(η6-C6Me6)], 4a (Chart 12)

Previously prepared by reaction of [RuCl(CCPh)(XylNC)(η6-C6Me6)] 
and PPh3 (41 % yield) and characterized by IR (CH2Cl2), UV–vis 
(CH2Cl2), 1H and 13C NMR (CDCl3).39 A red solution of P1 (34 mg, 0.057 
mmol) and phenylacetylene (11 μL, 0.10 mmol) in a CH2Cl2/MeOH 2:1 
V/V mixture (3 mL) was treated with Et3N (15 μL, 0.11 mmol) and 
stirred at room temperature for 25 h. The conversion was checked by 1H 
NMR (96 %). The resulting burgundy mixture was taken to dryness 
under vacuum. The residue was suspended in a THF/Et2O 2:1 V/V 
mixture, in order to remove the insoluble [Et3NH]Cl, and filtered over 
celite. The filtrate was taken to dryness under vacuum and the residue 
was stirred with petroleum ether overnight. The suspension was filtered 
(G4) and the resulting orange solid was washed with petroleum ether 
and dried under vacuum (40 ◦C). Yield: 21 mg, 56 %. A scaled-up re
action carried out with P1 (133 mg, 0.223 mmol), PhCCH (47 μL, 0.43 
mmol), Et3N (78 μL, 0.56 mmol) in CH2Cl2/MeOH 2:1 V/V (6 mL) at 
room temperature for 17 h gave 62 mg of 4a (ca. 42 % yield). In both 
cases, small amounts (≈ 4 %) of P1 are present in the isolated material. 
Compound 4a is soluble in MeOH, CH2Cl2, CHCl3, THF, toluene, less 
soluble in Et2O, scarcely soluble in petroleum ether. Orange crystals 
suitable for X-Ray diffraction were obtained from slow evaporation of a 
methanol solution of 4a at room temperature. IR (solid state): ῦ/cm− 1 =

3059w, 3020w, 2950-2924w, 2861w, 2087 m (C–––C), 1593w, 1482 m, 
1434 m, 1383w, 1314w, 1209w, 1192w, 1160w, 1094 m, 1068 m, 
1025w, 1008w, 998w, 905w, 755 m, 741 m, 705 m-sh, 695 s, 685 s-sh. 
IR (CH2Cl2): ῦ/cm− 1 = 2092 (C–––C). 1H NMR (CDCl3): δ/ppm =
8.01–7.71 (br, 6H), 7.49–7.16 (br, 9H) (PPh3); 7.12–7.05 (m, 2H), 
7.03–6.95 (m, 3H) (C-Ph); 1.80 (s, 18H, C6Me6). 31P{1H} NMR (CDCl3): 
δ/ppm = 42.4.

4.6. Reactivity of the alkoxy(benzyl)carbene, benzyl-carbonyl and 
acetylide complexes

4.6.1. Reactivity studies of [1a]+ and [1b]+

The reactions were carried out by treating [1a]PF6 or [1b]PF6 (ca. 
20 mg) with a selected anhydrous solvent (1–3 mL) and the desired 
reagent at room temperature under N2. These include: CF3SO3H (1.0 eq.) 
or CF3SO3Ag (1.4 eq.) added to yellow CDCl3 or CH2Cl2 solutions, 
respectively; H2O (10 or 100 eq.) added to CH2Cl2/R1OH 2:1 V/V so
lutions (R1 = Me, Et, iPr); tBuOK (1.0 mol/L in THF; 1.2 eq), [Bu4N]OH 
(1.0 mol/L in MeOH; 1.0 eq) or Et3N (1.4 or 2.5 eq.) added to THF 

Chart 10. General structure of [2]+ complexes (numbering refers to carbon atoms) [80].

Chart 11. Structure of [3]+ (numbering refers to carbon atoms) [80].

Chart 12. Structure of 4a.
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solutions. The reaction mixtures were stirred at room temperature under 
N2 and aliquots were taken to dryness under vacuum and analyzed via IR 
(CH2Cl2) and 1H, 31P{1H} and 1H–13C HMBC NMR (CDCl3) at various 
time intervals. The CF3SO3H/CDCl3 and [Bu4N]OH/THF anhydrous 
reaction mixtures were also directly transferred in NMR tubes for 1H/31P 
NMR (CDCl3) or 31P NMR (THF/C6D6) analyses, respectively. Reaction 
conditions, other experimental details and % amounts of compounds 
detected in solution are compiled in Table S3. Spectroscopic (IR/NMR) 
data for vinyl complexes [5a]+ are given below.

4.6.2. Characterization of E/Z-[RuCl{C(OMe)=CHPh)}(PPh3)(η6- 
C6Me6)], 5a (Chart 13)

Obtained from [1a]PF6, [Bu4N]OH (1.0 mol/L in MeOH; 1.0 eq) in 
THF; reaction time: 1 h corresponding to the highest yield (Table S3, 
entry 9).

E-5a. IR (CH2Cl2): ῦ/cm− 1 = 1547 m, 1542 m (C = C). 1H NMR 
(CDCl3): δ/ppm = 7.81 (t, J = 8.3 Hz, 2H), 7.57–7.45 (m, 3H), 7.43–7.30 
(m) (10H) (PPh3); 7.16–7.10 (m, c5-H, 2H*), 7.04 (d, 3JHH = 7.4 Hz, 2H, 
c4-H); 6.91 (t, 3JHH = 7.2 Hz, 1H, c6-H); 5.72 (s, 1H, c2-H); 2.72 (s, 3H, 
c7-H); 1.78 (s, 18H, a1-H); *overlapped with an aromatic by-product. 
13C{1H} NMR (CDCl3): δ/ppm = 192.5 (c1); 129.1 (c4); 123.6 (c6); 
113.2 (c2); 101.1 (a2); 63.1 (c7); identified via 1H–13C HMBC and 
1H–13C HSQC. 31P{1H} NMR (CDCl3): δ/ppm = 42.1.

Z-5a. 1H NMR (CDCl3): δ/ppm = 5.44 (d, 4JHP = 8.3 Hz, 1H, c2-H); 
3.42 (s, 3H, c7-H), 1.71 (s, 18H, a1-H). 31P{1H} NMR (CDCl3): δ/ppm =
43.0.

4.6.3. Characterization of Z/E-(2-methoxyvinyl)benzene
Obtained from the decomposition of E/Z-5a in non-anhydrous CDCl3 

solution. NMR data are in agreement with the literature [81]. (Z)-(2- 
methoxyvinyl)benzene. 1H NMR (CDCl3): δ/ppm = 7.31–7.27 (m, c6- 
H); 7.16–7.12 (m c5-H); 6.14 (d, 3JHH = 7.0 Hz, c1-H); 5.23 (d, 3JHH =

7.0 Hz, c2-H); 3.78 (c7-H). 13C{1H} NMR (CDCl3): δ/ppm = 149.1 (c1); 
137.0 (c3); 129.0 (c4); 106.4 (c2); 61.4 (c7); identified via 1H–13C 
HMBC and 1H–13C HSQC. (E)-(2-methoxyvinyl)benzene. 1H NMR 
(CDCl3): δ/ppm = 7.05 (d, 3JHH = 12.7 Hz, 1H, c1-H); 5.79 (d, 3JHH =

13.0 Hz, 1H, c2-H); 3.66 (s, 3H, c7-H). 13C{1H} NMR (CDCl3): δ/ppm =
149.9 (c1); 126.4 (c4); 56.8 (c7); identified via 1H–13C HMBC and 
1H–13C HSQC.

4.6.4. Reaction of the acetylide complex 4a with triflic acid/methanol
An orange solution of [RuCl(CCPh)(η6-C6Me6)(PPh3)], 4a (77 mg, 

0.17 mmol), in CH2Cl2 (5 mL) was treated with MeOH (20 μL, 0.50 
mmol) and triflic acid (15 μL, 0.17 mmol). The resulting dark orange 
solution was stirred at room temperature for 3 h then volatiles were 
removed under vacuum. The residue was analyzed by 1H and 31P NMR 
(CDCl3): disappearance of 4a and formation of [1a]+ (≈ 40 % NMR 
yield) were observed, together with a comparable amount of C6Me6 and 
other unidentified η6-C6Me6 complexes.

4.6.5. Deuteration studies
A suspension of P1 (15 mg, 0.025 mmol) and NaPF6 (8.4 mg, 0.109 

mmol) in CD2Cl2/CD3OD 2:1 V/V was treated with PhCCH (12 μL, 0.11 
mmol) and stirred at room temperature for 24 h. Afterwards, the mixture 
was filtered over celite and analyzed by 1H and 31P NMR. A solution 
[1a]PF6 in CD3OD was stored at room temperature and monitored by 
1H, 31P NMR and 1H–13C HMBC The % amounts of compounds detected 
in solution and NMR data are given in the Supporting Information
(Table S1, entry 7 and Table S4).

4.7. X-ray crystallography

Crystal data and collection details for [1a,d,i]PF6, [2a]PF6, [3]PF6, 
4a⋅solv and [RuCl2(η6-C6Me6)]2•2CH2Cl2 are reported in Table 3. A 
view of the X-Ray structure of the latter is given in Fig. S1. 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 [82]. Hydrogen atoms were fixed at calculated positions and refined 
using a riding model. The unit cell of 4a⋅solv contains some additional 
total potential solvent accessible voids, which are likely to be occupied 
by highly disordered solvent molecules. These voids have been treated 
using the SQUEEZE routine of PLATON [83].

4.8. Computational details

All the DFT computations were carried out by means of the software 
package Gaussian 16 [84]. DFT permits the accurate account of re
actions of transition metal complexes [85,86], in particular, those 
incorporating Ru [87]. The hybrid range-corrected functional ωB97X-D 
[88] and the basis set def2SVP basis set [89,90] were employed for all 
the optimizations in the gas phase, whereas the basis set def2TZVP 
[89,90] was utilized for the assessment of the electronic and solvation 
energies. Indeed, this functional is known to produce the accurate 
geometrical structures and meticulous calculation of the electronic and 
solvation energies [91,92]. The Polarizable Continuum Model employ
ing the integral equation formalism variant (IEFPCM) technique [93]
was adopted to compute the solvation free energy in water since this 
methodology supplies accurate free energies for neutral and charged 
complexes [94]. The correct topology of the localized minimum and the 
transition state geometries was verified by the frequency computations, 
the latter also yielding the Gibbs free energies (GFE) for each structure, 
the zero-point energies (ZPE) as well as vibrational corrections to the 
thermodynamic properties via harmonic approximation. The assessment 
of entropic contributions in solution was done via a method proposed by 
Wertz [95] which presumes that a solute dissolved in a solvent forfeits a 
fixed fraction of its entropy in vacuo. The value of this loss for water can 
be estimated as 50 % of the gas phase entropy with a changed sign. 
Indeed, this approach proved to produce to solution entropies and free 
energies in excellent agreement with experimental values [96].
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