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A B S T R A C T

In-depth studies on the residual hydrosilylation catalytic activity of samples of compound [Cp*RhI 
{(MeIm)2CH2}]+, bearing an unfunctionalized bis-NHC ligand, lead to the discovery of the excellent catalytic 
performance of the simple complex [Cp*RhI2(IMe)] (IMe = 1,3-dimethylimidozol-2-ylidene). This compound 
efficiently catalyzes the hydrosilylation of wide a range of terminal alkynes, with complete regio- and stereo
selectivity toward the thermodynamically less stable β-(Z)-vinylsilane isomer. The reaction mechanism has been 
explored by DFT calculations. The reaction seems to proceed through an ionic outer-sphere mechanism, 
involving heterolytic activation of the hydrosilane assisted by the rhodium center and a solvent molecule 
(acetone). In the absence of acetone, a metal–ligand cooperation reaction pathway is proposed, in which the Cp* 
ligand acts as a proton-relay within the coordination sphere of the Rh(III) center. The cooperative activation of 
the hydrosilane by the metallocene moiety of the catalyst precursor generates a reactive Rh(I)–silyl intermediate 
bearing a pentamethylcyclopenta-1,3-diene ligand, [η4-Cp*H], formed through protonation of the Cp* moiety.

1. Introduction

Organosilicon compounds play a pivotal role in diverse fields such as 
materials science, medicinal chemistry, and synthetic organic chemistry. 
[1] Although numerous methods have been developed for the synthesis 
of organosilicon compounds with potentially useful properties, the 
hydrosilylation of unsaturated bonds, such as alkenes and alkynes, has 
become a major atom-economic transformation to prepare silicon- 
containing organic compounds. [2] In particular, vinylsilanes are valu
able building blocks to access value-added functional hydrocarbons due 
to their versatility to transform into other functional groups, excellent 
stability, low toxicity, and simplicity of handling relative to other vinyl- 
metal species. [3].

Among the available synthetic approaches, the transition metal- 
catalyzed hydrosilylation of alkynes stands out as one of the most 
straightforward and atom-economical method for the preparation of 
vinylsilanes. [4] However, the hydrosilylation of terminal alkynes can 
afford three vinylsilanes isomers, namely α, β-(Z) and β-(E), and thus, 

precise control over the regioselectivity (α- or β-selectivity), and ster
eoselectivity (syn- or anti-selectivity) of the reaction remains a signifi
cant challenge (Scheme 1). [5] Moreover, alkyne dehydrosilylation, 
reduction, or dihydrosilylation, and isomerization processes are also 
competitive side reactions. [6].

Significant progress has been made in the development of transition 
metal catalysts to address challenges associated with selectivity. In 
particular, there has been growing interest in the design of NHC-based 
alkyne hydrosilylation catalysts based on both noble metals [7] and 
earth-abundant metals [8] to control both regioselectivity and stereo
selectivity. NHC–Pt(0) catalysts developed by Markó preferentially 
afford the β-(E)-vinylsilane isomer in the hydrosilylation of terminal 
alkynes. [9] In contrast, a preference for the thermodynamically unfa
vorable β-(Z)-vinylsilane isomer was found for some NHC–Rh(I) and Ir(I) 
catalysts, [10] although in some cases β-(Z) → β-(E) vinylsilane isom
erization resulted in a decrease of stereoselectivity. [11] Interestingly, 
rhodium(I) complexes bearing N-functionalized NHC ligands have been 
shown to be excellent catalyst precursors for selectively accessing both 
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β-(E)-vinylsilanes [12] and β-(Z)-vinylsilanes. [13] Additionally, NHC- 
based bimetallic and multinuclear hydrosilylation catalysts have been 
reported, albeit with only modest control over reaction selectivity. [14]
In this context, a deeper understanding of the reaction mechanisms is 
pivotal for the rational design of more active and selective catalytic 
systems with wider applicability.

The hydrosilylation of terminal alkynes usually proceeds with anti- 
Markovnikov regiochemistry and predominantly syn-addition stereo
chemistry through the well stablished classic inner-sphere Chalk-Harrod 
mechanism that leads to the β-(E)-vinylsilane product. [15] However, 
the formation of the β-(Z)-vinylsilane, the trans addition product, is 
consistent with a modified Chalk-Harrod mechanism which entails the 
silylmetalation of the alkyne followed of the metal-assisted isomeriza
tion of the resulting (Z)-silylvinylene intermediate to the thermody
namically more favorable (E)-silylvinylene complex. The isomerization 
proceeds via a η2-vinylsilane or metallacyclopropene intermediate, as 
proposed in the widely recognized Crabtree–Ojima mechanism. [16] In 
any case, both mechanisms involve the oxidative addition of the 
hydrosilane, which is consistent with catalytic cycle proceeding through 
Pt0/PtII or MI/MIII (M = Rh, Ir) intermediates. However, for rhodium(III) 
and iridium(III) precatalysts, the potential participation of MIII/MV (M =
Rh, Ir) intermediates remains a subject of debate. Although experi
mental evidence has so far proved elusive, [17] several mechanistic 
proposals have suggested the participation of high-valent Rh(V) and Ir 
(V) complexes as intermediates in catalytic hydrosilylation reactions of 
carbonyl compounds and alkenes. [18] Accordingly, the number of re
ported Rh(III) and Ir(III) catalysts remains limited [19] and alternative 
mechanistic pathways have been proposed to account for their activity. 
A representative selection of NHC-Rh(III) catalyst for the hydrosilylation 
of alkynes is shown in Chart 1 [20].

In this regard, an ionic outer-sphere mechanism for the hydro
silylation of terminal alkynes catalyzed by [MIII(bis-NHC)I2]+ (M = Ir 
and Rh) has been proposed. This pathway involves the heterolytic 
activation of the hydrosilane assisted by the metal center and a molecule 
of solvent (acetone) that acts as a silane-shuttle. [21] On the other hand, 
the potential of cyclometalated Rh(III) compounds as precatalyst for 
hydrosilation reactions has been recognized. In particular, we have 
shown that the Rh− CAr bond in the Rh(III)-triazolylidene complex 
[Cp*RhI(C,C′)-Triaz] is a reactive site involved in the precatalyst acti
vation through reaction with the hydrosilane, leading to the formation 
of reactive silyl species. [22].

Besides, we have recently reported a zwitterionic compound 
[Cp*RhCl{(MeIm)2CHCOO}] that proved to be an efficient catalyst for 
the hydrosilylation of terminal alkynes with excellent regio- and ster
eoselectivity toward the β-(Z)-vinylsilane isomer under mild reaction 
conditions. Mechanistic investigations suggested an ionic outer-sphere 
mechanism pathway, in which the carboxylate fragment, which is 
involved in the activation of the hydrosilane, acts as a silyl carrier. [23]
The catalytic inactivity of [Cp*RhI{(MeIm)2CH2}]+, a related cationic 
compound with an unfunctionalized bis-NHC ligand, under the same 
conditions provided experimental evidence for the key role of the 
carboxylate function. However, we have observed that compound 
[Cp*RhI{(MeIm)2CH2}]+ has residual alkyne hydrosilylation activity in 
acetone, showing also excellent β-(Z) selectivity.

In this context, the aim of this work is to conduct an in-deep study of 
the catalytic system based on [Cp*RhI{(MeIm)2CH2}]+ to identify the 
true active species responsible for its catalytic activity in acetone. 
Experimental studies have led to the characterization of the active 

species, which has enabled the rational redesign of the catalyst as 
[Cp*RhI2(IMe)] (IMe = 1,3-dimethylimidozol-2-ylidene). Intriguingly, 
this catalyst has shown remarkable alkyne hydrosilylation activity in 
both acetone and chloroform. Mechanistic investigations, supported by 
DFT calculations, indicate that the reaction proceeds through distinct 
pathways in the two solvents. In acetone, the solvent promotes hydro
silane activation via an outer-sphere mechanism. [21] In contrast, this 
pathway is not operative in chloroform, where a higher-energy yet 
feasible novel alternative mechanism based on metal–ligand coopera
tion becomes active. In this case, the pentamethylcyclopentadienyl 
ligand plays a key role in facilitating hydrosilane activation.

2. Results and discussion

2.1. Alkyne hydrosilylation catalyzed by [Cp*RhI{(MeIm)2CH2}]+: 
Searching for the active species

The performance of [Cp*RhI{(MeIm)2CH2}]PF6 (1) as hydro
silylation catalyst has been investigated using the hydrosilylation of 
phenylacetylene with HSiMe2Ph as the model reaction. The catalytic 
reactions were performed under an argon atmosphere in CDCl3 or ace
tone‑d6 (0.5 mL) at 298 K with 1 mol% catalyst loading, [1] = 1.54 mM, 
and monitored by 1H NMR with anisole as internal standard. Compound 
1 showed no activity in CDCl3, but a first catalytic test in acetone‑d6 
gave a 27 % conversion of phenylacetylene in 3 h at 60 ◦C with complete 
selectivity to the β-(Z)-vinylsilane isomer. However, the activity data 
were poorly reproducible and variable conversions, typically 10–15 % in 
12 h at room temperature, were achieved using catalyst samples from 
different preparations, although always with β-(Z) selectivity > 99 %. 
Surprisingly, a recrystallized sample of 1 in acetone/diethyl ether 
showed no catalytic activity at all, suggesting that the species respon
sible for the catalytic activity is a minor species present in the precatalyst 
sample. The observed constant β-(Z) selectivity, which is always > 99 %, 
suggests that the lack of reproducibility of the activity data is probably 

Scheme 1. Possible vinylsilane products in the hydrosilylation of terminal alkynes.

Chart 1. Selected NHC-Rh(III) catalysts for the hydrosilylation of alkynes.
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related to the concentration of this species in the different precatalyst 
samples.

Compound [Cp*RhI{(MeIm)2CH2}]PF6 (1) was synthesized by re
action of the solvato species [Cp*Rh(CH3CN)3]2+, prepared in situ by 
reaction of [Cp*RhCl2]2 with AgPF6 in acetonitrile, with the bis- 
imidazolium salt [(MeImH)2CH2]I2 in the presence of NEt3 (Scheme 
2). [23] The 1H NMR of crude 1 in acetone‑d6 and that of a recrystallized 
sample are virtually identical except for the presence of traces of the by- 
product [HNEt3]PF6 and a small residual Cp* resonance at δ 1.92 ppm. 
However, no catalytic activity was observed when the hydrosilylation of 
phenylacetylene in acetone‑d6 was carried out in the presence of varying 
amounts of [HNEt3]PF6 using a recrystallized sample of 1. Similarly, 
recrystallized 1 was not activated in the presence of different co- 
catalysts, such as NaF, KI or [NH4]PF6 (in a 1:1 ratio), or in the pres
ence of water (10 μl).

The excellent selectivity observed in the catalytic tests mentioned 
above prompted us to investigate the nature of the unknown species 
responsible for the catalytic activity. We hypothesized that the inertness 
of the Rh-I bond, which may prevent the formation of the necessary 
coordination vacancy, may explain the lack of activity of compound 1. 
On the other hand, the synthetic method used to prepare 1 suggests that 
the active species may still have a labile acetonitrile ligand. For this 
reason, compound [Cp*Rh(NCCH3){(MeIm)2CH2}](PF6)2 (2) was pre
pared by reaction of 1 with AgPF6 in acetonitrile and isolated as a yellow 
microcrystalline solid in good yield after recrystallisation from aceto
nitrile/diethyl ether (Scheme 3). However, compound 2 also showed no 
catalytic activity in the hydrosilylation of phenylacetylene.

2.2. Identification of the active species

The formation of bis-NHC complexes from bis-imidazolium salts is 
usually a stepwise process through mono-NHC intermediates. However, 
only a few imidazol-2-ylidene/imidazolium species have been identified 
by NMR spectroscopy and/or structurally characterized. [24] Therefore, 
we speculated that traces of [Cp*RhI2{(MeIm)CH2(MeImH)}]+, with a 
coordinated NHC ligand and a dangling imidazolium cation, might ac
count for the observed catalytic activity of 1. The synthesis of this spe
cies was attempted by reacting [Cp*RhI2]2 with the bis-imidazolium salt 
[(MeImH)2CH2]I2 (1:2) in methanol at room temperature, adjusting the 
amount of NEt3 (1 equiv). However, monitoring of the reaction by 1H 
NMR showed the direct formation of the bis-NHC compound [Cp*RhI 
{(MeIm)2CH2}]I, [25] but not the expected intermediate. This result 
suggests that the deprotonation of the imidazolium fragment in meth
anol is very fast. Interestingly, when the reaction was performed in 
acetonitrile under the same conditions, a new set of resonances attrib
uted to an intermediate species was observed after 2 h. This species, 
which was isolated as dark red crystals by layering a dichloromethane 
solution of the reaction crude with pentane, was characterized as the 

ion-pair compound [Cp*RhI2{(MeIm)CH2(MeImH)}][Cp*RhI3] (3).
The crystal structure of 3 contains the cation [Cp*RhI2{(MeIm) 

CH2(MeImH)}]+ and the anion [Cp*RhI3]–, both exhibiting a semi- 
sandwich structure, in which each η5-Cp* ligand formally occupies 
three coordination sites [Ct1-Rh1 1.832(8), Ct2-Rh2 1.785(8) Å, Fig. 1]. 
The coordination sphere of the metal centers is completed by three 
iodido ligands in [Cp*RhI3]– (Rh-I 2.721 Å, av.) and by two iodido li
gands (Rh-I 2.724 Å, av.) and the κC-NHC moiety of [(MeIm) 
CH2(MeImH)]+ [C1-Rh1 2.052(6) Å]. Notably, short intermolecular 
contacts CH⋅⋅⋅I were observed between the cation [Cp*RhI2{(MeIm) 
CH2(MeImH)}]+ and the anion [Cp*RhI3]–, namely C9-H9⋅⋅⋅I4 and C7- 
H7A⋅⋅⋅I4 (Fig. 1). As for the coordination of the NHC ligand to Rh1, an 
almost ideal arrangement of the C1-N2-C3-C4-N5 ring with respect to 
the Rh1-C1 bond was observed (pitch angle, ϑ 8.2◦, yaw angle, ψ 0.4◦).

To the best of our knowledge, even though the related anion 
[Cp*RhCl3]– has been already structurally characterized, [26] this is the 
first time the crystal structure of the iodo derivative [Cp*RhI3]– is re
ported. Also, it is worth mentioning that the crystal structure of the 
cation [Cp*RhI2{(MeIm)CH2(MeImH)}]+ is similar to that described for 
the related NHC derivatives [Cp*RhCl2{(RIm’)CH2(RIm’H}]+. [27]

Using the appropriate stoichiometric ratio of [Cp*RhI2]2, 
[(MeImH)2CH2]I2 and NEt3 (1:1:1) in acetonitrile it was possible to 

Scheme 2. Synthesis of [Cp*RhI{(MeIm)2CH2}]PF6 (1).

Scheme 3. Synthesis of [Cp*Rh(NCCH3){(MeIm)2CH2}](PF6)2 (2).

Fig. 1. ORTEP view of [Cp*RhI2{(MeIm)CH2(MeImH)}][Cp*RhI3] in 3. Ther
mal ellipsoids are at 50 % probability. Selected bond lengths (Å) and angles (◦) 
are: Ct1-Rh1 1.832(8), Ct2-Rh2 1.785(8), C(1)-Rh(1) 2.052(6), Rh(1)-I(1) 
2.7213(6), Rh(1)-I(2) 2.7270(6), Rh(2)-I(3) 2.7213(7), Rh(2)-I(4) 2.7347(6), 
Rh(2)-I(5) 2.7074(7), C(1)-Rh(1)-I(1) 95.88(17), C(1)-Rh(1)-I(2) 95.57(16), I 
(1)-Rh(1)-I(2) 87.673(18), I(5)-Rh(2)-I(4) 91.924(19), I(3)-Rh(2)-I(4) 96.112 
(19), I(5)-Rh(2)-I(3) 88.90(2), Ct1-Rh1-I1 123.2(2), Ct1-Rh1-I2 121.4(2), Ct1- 
Rh1-C1 124.2(3), Ct2-Rh2-I3 123.1(2), Ct2-Rh2-I4 122.3(2), Ct2-Rh1-I5 
125.5(2), C9-H9⋅⋅⋅I4: C9-H9 0.90(6), H9-I4 3.14(7), C9-I4 3.906(7), C9-H9-I4 
143(5); C7-H7A⋅⋅⋅I4: C7-H7A 1.05(6), H7A-I4 2.74(6), C7-I4 3.688(7), C7- 
H7A-I4 151(4). Ct1, centroid of C14, C15, C16, C17, and C18; Ct2, centroid 
of C23, C24, C25, C26, and C27.

I. Poves-Ruiz et al.                                                                                                                                                                                                                              Journal of Catalysis 456 (2026) 116721 

3 



prepare compound 3 as a microcrystalline dark red solid in 92 % yield 
(Scheme 4). The spectroscopic data in solution are in agreement with the 
ion-pair structure found in the solid state. In fact, both ions were 
observed in the HRMS in acetonitrile. The 1H NMR spectrum in CDCl3 
showed a singlet resonance at δ 10.20 ppm corresponding to the NCHN 
of the imidazolium fragment, and two singlets at δ 1.91 and 2.06 ppm 
corresponding to the Cp* ligands of the cation and the anion, respec
tively. In addition, consistent with the unsymmetrical structure of the 
cation, the =CH protons of the NHC and the imidazolium fragments 
were observed as four resonances between δ 8.10–7.00 ppm. Finally, the 
diastereotopic protons of the > CH2 fragment were observed as a broad 
AB system at δ 7.49 ppm.

Compound 3 has been shown to be a very efficient hydrosilylation 
catalyst. In fact, under standard conditions described above, the 
hydrosilylation of phenylacetylene with HSiMe2Ph in acetone‑d6 gave 
full conversion to the β-(Z)-vinylsilane product (> 99 %) in 5 min. 
Therefore, it can be inferred that the species responsible for the catalytic 
activity of non-recrystallized samples of 1 is most likely [Cp*RhI2{(
MeIm)CH2(MeImH)}]+, the cation of compound 3. Indeed, in the 1H 
NMR spectrum of 3 in acetone‑d6, the Cp* resonance of the cation was 
observed at δ 1.92 ppm. This chemical shift is identical to that of the 
residual Cp* resonance observed in the NMR spectrum of 1 in the same 
solvent.

2.3. Redesign of the catalyst

The excellent hydrosilylation catalytic activity of the ion-pair com
pound 3 strongly suggests a catalyst redesign. Predictably, neither the 
anion [Cp*RhI3]– nor the imidazolium fragment in the cationic 
[Cp*RhI2{(MeIm)CH2(MeImH)}]+ species should play a significant role 
in the hydrosilylation reaction. In fact, the 1,3-dimethylimidazolium 
iodide salt, [IMeH]I, does not catalyze the hydrosilylation of phenyl
acetylene. Therefore, [Cp*RhI2(IMe)] (IMe = 1,3-dimethylimidozol-2- 
ylidene) could be considered as a simplified version of the catalytic 
active species.

Compound [Cp*RhI2(IMe)] (4) was prepared according to a well- 
established procedure reported in the literature for related chloro 
complexes. [28] This two-step procedure entails the formation of the Ag- 
IMe species, prepared by reaction of the imidazolium salt [IMeH]I with 
Ag2O in dichloromethane, followed by reaction with [Cp*RhI2]2. 
However, following this procedure, compound 4 was obtained impuri
fied with the bis-NHC cationic species [Cp*RhI(IMe)2]I. [29] As a result, 
purification by chromatography (silica gel, dichloromethane/methanol 
1:1) is required thereby resulting in very low yields of 4 (< 30 %).

The formation of [Cp*RhI(IMe)2]I in the synthesis of 4 suggests the 
lability of the iodide ligands. Accordingly, we attempted the synthesis of 
4 from [Cp*RhCl2]2 via the intermediate [Cp*RhCl2(IMe)], followed by 
anion metathesis with NaI. Using this approach, compound 4 was ob
tained in a single step with 81 % yield (Scheme 5).

The 1H NMR spectrum of 4 in CDCl3 showed three resonances at δ 
7.02 (=CH), 4.04 (NCH3) and 1.90 (Cp*), in agreement with the ex
pected Cs symmetry. The formation of the Rh− NHC bond was confirmed 
by the absence of the characteristic low-field 1H signal of the H2 proton 
of the imidazolium salt precursor and the presence of a 13C doublet at δ 
166.7 ppm (JC-Rh = 47.4) which was assigned to the carbenic carbon 

atom. Recrystallization from dichloromethane/pentane afforded the 
compound as dark red microcrystals suitable for X-ray diffraction.

The crystal structure of 4 shows a rhodium(III) center with a slightly 
distorted three-legged piano-stool geometry as a consequence of the η5- 
coordination of the Cp* ligand [Ct-Rh 1.838(6) Å]. The IMe and two 
iodido ligands complete the coordination sphere of the rhodium center 
[I1-Rh 2.7184(7), I2-Rh 2.7260(8), C1-Rh 2.058(8) Å]. Similar to 3, an 
almost ideal arrangement of the C1-N2-C3-C4-N5 ring of the NHC ligand 
with respect to the Rh-C1 bond is observed (pitch angle, ϑ 8.0◦, yaw 
angle, ψ 0.4◦). It is worth mention that, despite the fact that related [(η5- 
C5Me4R)RhCl2(R2Im)] derivatives have been structurally characterized, 
[28b] to the best of our knowledge, 4 is the first iodo derivative whose 
structure has been determined, so far (Fig. 2).

Compound 4 efficiently catalyzed the hydrosilylation of phenyl
acetylene with HSiMe2Ph in acetone‑d6 with 99 % conversion in less 
than 5 min, and complete selectivity to the β-(Z)-vinylsilane product. 
Interestingly, compound 4 also showed good catalytic activity in CDCl3, 
although significantly lower than in acetone‑d6. Under the same con
ditions, 43 % conversion to the β-(Z)-vinylsilane product was achieved 
in 5 min, reaching full conversion, >99 %, in 55 min.

The lability of the iodido ligands in 4 prompted the synthesis of 
related cationic solvated species. The bis-acetonitrile compound [Cp*Rh 
(NCCH3)2(IMe)][BF4]2 (5) was obtained by reacting 4 with two equiv
alents of AgBF4 in acetonitrile, and isolated as a yellow solid in 78 % 
yield (Scheme 6). The acetonitrile ligands in 5 were observed at δ 2.14 
ppm and 0.4 ppm in the 1H and 13C{1H} NMR spectra in CD3CN, 
respectively, suggesting slow exchange with the deuterated acetonitrile 
solvent. As expected, reaction of 4 with one equiv of AgBF4 in 

Scheme 4. Synthesis of [Cp*RhI2{(MeIm)CH2(MeImH)}][Cp*RhI3] (3).

Scheme 5. Synthesis of [Cp*RhI2(IMe)] (4).

Fig. 2. ORTEP view of [Cp*RhI2(IMe)] (4). Thermal ellipsoids are at 50 % 
probability. Only one component of the positionally disordered Cp* ligand is 
shown for clarity. Selected bond lengths (Å) and angles (◦) are: I1-Rh 2.7184(7), 
I2-Rh 2.7260(8), C1-Rh 2.058(8), Ct-Rh 1.838(6), Ct-Rh-C1 126.77(20), Ct-Rh- 
I1 123.53(8), Ct-Rh-I2 118.17(8), I1-Rh-I2 87.33(2), C1-Rh-I1 92.56(18), C1- 
Rh-I2 99.24(20). Ct, centroid of C8B, C9B, C10B, C11B, and C12B.
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acetonitrile resulted a mixture containing the solvate compound [Cp*Rh 
(NCCH3)I(IMe)][BF4] along with 4 and 5.

Similar to 4, the rhodium(III) center of 5 exhibits a slightly distorted 
three-legged piano-stool geometry with η5-coordination of the Cp* 
ligand [Ct-Rh 1.808(6) Å, N18-Rh-N21 83.38(18), C1-Rh-N21 88.92 
(19), C1-Rh-N18 92.7(2)] (Fig. 3). The IMe and two acetonitrile ligands 
complete the coordination sphere of the rhodium center [Rh-C1 2.075 
(6), Rh-N21 2.091(4), Rh-N18 2.105(5) Å]. Also, an almost ideal 
arrangement of the C1-N2-C3-C4-N5 ring of the NHC ligand with respect 
to the Rh-C1 bond is observed (pitch angle, ϑ 0.9◦; yaw angle, ψ 2.3◦).

Compound 5 has also been shown to be an active catalyst for 
hydrosilylation of phenylacetylene with HSiMe2Ph, exhibiting complete 
selectivity to the β-(Z)-vinylsilane product. Catalyst 5 is less active than 
4 in acetone‑d6, affording 87 % conversion in 30 min. Notably, the 
catalytic activity of 5 in CDCl3 is slightly higher than that of 4, achieving 
96 % conversion in just 20 min.

2.4. Hydrosilylation of 1-alkynes catalyzed by 4: Substrate scope

The performance of catalyst 4 in the hydrosilylation of a series of 
terminal alkynes in acetone‑d6 at room temperature was explored using 
a catalyst loading of 1 mol% and HSiMe2Ph as hydrosilane. As shown in 
Chart 2, compound 4 was found to be effective in the selective formation 
of β-(Z)-vinylsilanes from aryl- or alkyl-substituted terminal alkynes 
with excellent conversions in short reaction times.

The hydrosilylation of ring-substituted phenylacetylene derivatives 
proceeded efficiently to selectively afford the corresponding β-(Z)- 
vinylsilane derivatives quantitatively. The catalytic activity increased 
slightly (with respect to phenylacetylene) with an electron-donating 
group in the para position (− Me or − OMe) while decreased slightly 
with an electron-withdrawing substituent (− CF3). The hydrosilylation 
of meta- and ortho-substituted phenylacetylene derivatives required 

slightly longer reaction times, especially the hydrosilylation of 1-chloro- 
2-ethynylbenzene which required 270 min to achieve 85 % conversion. 
The hydrosilylation of the bulky 2-ethynyl-1,3,5-trimethylbenzene was 
only somewhat slower than that of 1-ethynyl-2-methylbenzene, giving 
97 % conversion to the β-(Z)-vinylsilane product in 90 min. Cyclo
hexylacetylene was quantitatively transformed in the β-(Z)-vinylsilane 
derivative in 30 min, whereas 1-ethynylcyclohex-1-ene required 5 h.

The hydrosilylation of a linear aliphatic 1-alkyne, such as 1-octyne, 
was complete in only 2 min with full selectivity to the β-(Z)-vinyl
silane derivative. As expected, the hydrosilylation of the bulky prop-2- 
yn-1-ylbenzene was much slower reaching, 95 % conversion to the 
β-(Z)-vinylsilane product in 80 min. In contrast, the hydrosilylation of a 
branched aliphatic alkyne, such as the bulky 3,3-dimethyl-1-butyne, was 
much slower and unselective, yielding a mixture of vinylsilane isomers 
and 3,3-dimethylbut-1-ene, one of the dehydrogenative silylation 
products after 12 h. Similarly, the hydrosilylation of trimetylsilylace
tylene was unselective (Table 1).

The hydrosilylation of functionalized aliphatic 1-alkynes such as but- 
3-yn-1-ol, or methyl propargyl ether was completely selective towards 
the β-(Z)-vinylsilane derivatives (Chart 2). However, the hydrosilylation 
of phenyl propargyl sulfide was unselective with a 62 % conversion in 
12 h (Table 1). In contrast, no conversion was observed after 60 min in 
the hydrosilylation of 2-ethynylpyridine or N,N-dimethylbut-3-yn-1- 
amine, probably due to the catalyst deactivation by coordination of the 
N-donor function of the substrates. Finally, the hydrosilylation of 
aliphatic and aromatic diynes, such as octa-1,7-diyne, 1,3-diethynylben
zene and 1,4-diethynylbenzene, selectively gave the corresponding 
β-(Z)-β-(Z)-divinylsilane derivatives in 50–90 min (Chart 2).

Compound 4 also catalyzed the hydrosilylation of both symmetric (3- 
hexyne) and asymmetric (1-phenyl-1-propyne) internal alkynes under 
the same conditions. In acetone‑d6, the hydrosilylation of 3-hexyne with 
HSiMe2Ph proceeds slowly at room temperature, selectively affording 
the syn-addition (E) product and reaching full conversion after 12 h. 1- 
Phenyl-1-propyne reacted more slowly, reaching 98 % conversion after 
18 h, yielding a mixture of the two possible syn-addition products, syn- 
(E) and syn-(Z), in a 76:24 ratio, respectively (see the Supporting 
Information).

As can be observed in the reaction profile for the hydrosilylation of 
1,3-diethynylbenzene with HSiMe2Ph (1:2 ratio) in acetone‑d6, the 
hydrosilylation of the first ethynyl group is faster than that of the second 
one. The maximum concentration of the β-(Z)-vinylsilane-alkynyl in
termediate in the reaction mixture reaches 50 % after 11 min, after 
which it decreases steadily as it transforms into the β-(Z)-β-(Z)-divinyl
silane derivative (Fig. 4).

The performance of catalyst 4 in the hydrosilylation of phenyl
acetylene was evaluated using different hydrosilanes. As expected, the 
hydrosilylation with the bulkiest hydrosilanes HSiMePh2 and HSiPh3 
was slower, especially with the latter. However, it proceeded with 
complete selectivity to the β-(Z)-vinylsilane product. Interestingly, a 70 
% hydrosilane conversion to the β-(Z)-vinylsilane product was achieved 
with HSiEt3 in 2 h. Finally, the hydrosilylation with the bulky HSiMe 
(OSiMe3)2 was also slow, with a selectivity of 94 % for the β-(Z)-vinyl
silane product and 6 % for the β-(E)-vinylsilane isomer (Chart 3). On the 
other hand, the hydrosilylation of phenylacetylene with the reactive 
hydrosilane H2SiPh2 (2:1) catalyzed by 4 in CDCl3 at room temperature 
is unselective, yielding a mixture of mono- and di-alkenylsilanes with 
complete β-regioselectivity but no Z-stereocontrol (see the Supporting 
Information).

The hydrosilylation of phenylacetylene with HSiMe2Ph catalyzed by 
4 proceeds efficiently in acetone‑d6 to afford the β-(Z)-vinylsilane 
product with 99 % conversion in less than 5 min. Under the same con
ditions, in the absence of phenylacetylene, hydrosilylation of acetone‑d6 
took place with 40 % conversion of hydrosilane in 4 h. The 1H NMR of 
the reaction mixture showed a singlet resonance at δ 0.40 ppm for the 
hydrosilylation reaction product, PhMe2Si-O-CH(CD3)2, and a smaller 
resonance at δ 0.34 ppm corresponding to PhMe2Si-OH, the hydrolysis 

Scheme 6. Synthesis of [Cp*Rh(NCCH3)2(IMe)][BF4]2 (5).

Fig. 3. ORTEP view of [Cp*Rh(NCCH3)2(IMe)]2+ in [Cp*Rh(NCCH3)2(IMe)] 
[BF4]2 (5). Thermal ellipsoids are at 30 % probability. Selected bond lengths 
(Å) and angles (◦) are: Rh-C1 2.075(6), Rh-N21 2.091(4), Rh-N18 2.105(5), Rh- 
Ct 1.808(6), N18-Rh-N21 83.38(18), C1-Rh-N21 88.92(19), C1-Rh-N18 92.7 
(2), Ct-Rh-C1 128.4(2), Ct-Rh-N21 126.3(2), Ct-Rh-N18 124.1(2). Ct, centroid 
of C8, C9, C10, C11, and C12.
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product of the hydrosilane (see the Supporting Information). In general, 
the hydrosilylation of acetone was not observed in the alkyne hydro
silylation experiments, except for bulky branched aliphatic alkynes or 
phenyl propargyl, where trace amounts formed after the extended re
action time required (Table 1). As can be observed in the reaction profile 

for the hydrosilylation of cyclohexylacetylene with HSiMePh2 in a 1:2 
ratio, the hydrosilylation of cyclohexylacetylene is much faster than that 
of the acetone‑d6 (Fig. 5).

Catalyst [Cp*RhI2(IMe)] (4) has shown excellent stability with the 
activity being maintained in successive additions of reactants. The 

Chart 2. Scope of the hydrosilylation of terminal alkynes with HSiMe2Ph catalyzed by [Cp*RhI2(IMe)] (4). Reactions were carried out in acetone‑d6 at 298 K using a 
HSiMe2Ph/RC≡CH/4 ratio of 100/100/1, [4] = 2.75 mM. # HSiMe2Ph/RC≡CH/4 ratio of 200/100/1. Conversion and selectivities determined by 1H NMR spec
troscopy using anisole as internal standard.

Table 1 
Hydrosilylation of terminal alkynes with HSiMe2Ph catalyzed by [Cp*RhI2(IMe)] (4).a,b.

entry alkyne time (h) conv. (%) β-(Z) (%) β-(E) (%) α (%) alkene (%)

1 12 >99 24 48 5 23

2 12 >99 − 33 62 5

3 12 62 43 5 14 −

a) Reactions were carried out in acetone‑d6 at 298 K using a HSiMe2Ph/RC≡CH/4 ratio of 100/100/1, [4] = 2.20 mM. b) Conversion and selectivities determined by 
1H NMR spectroscopy using anisole as internal standard.
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hydrosilylation of phenylacetylene with HSiMe2Ph catalysed by 4 (1 mol 
%) proceeded to full conversion in less than 5 min at room temperature. 
Adding new reactants (phenylacetylene and HSiMe2Ph) after the reac
tion completion resulted in the consumption of the reactants. Moni
toring of the reaction by 1H NMR spectroscopy showed that, after eight 
consecutive experiments, the only product obtained was the β-(Z)- 
vinylsilane isomer (see the Supporting Information). Thus, the catalyst 
precursor was able to perform at least eight consecutive catalytic cycles 
(TON = 800) without losing activity or selectivity towards the β–(Z)- 
vinylsilane product. Additionally, the hydrosilylation can be performed 
on a preparative scale retaining high conversions and complete β-(Z) 
selectivity, as demonstrated by the synthesis of dimethyl(phenyl)(Z- 
styryl)silane (see the Experimental section).

The influence of the catalyst loading in the hydrosilylation of phe
nylacetylene with HSiMe2Ph was also studied. A series of experiments 
were carried out in which the catalyst loading was reduced from 1 to 
0.025 mol% (Fig. 6). Using a catalyst load as low as 0.025 mol% (250 
ppm), 85 % hydrosilane conversion to the β-(Z)-vinylsilane product was 
achieved in only 5 h, with a TOF50 of 1500 h− 1. However, the highest 

activity was obtained using 0.05 mol% (500 ppm) with a TOF50 = 2300 
h− 1. Notably, the attained average TOFs of 620 and 360 h− 1 are higher 
than those reported for the hydrosilylation of phenylacetylene by 
cationic Rh(I) complexes bearing picolyl-functionalized NHC ligands 
[12b] (see the Supporting Information).

2.5. Mechanistic studies on the hydrosilylation of 1-alkynes catalyzed by 
4

To gain detailed insight into the reaction mechanism of β-(Z)-selec
tive alkyne hydrosilylation catalyzed by complex 4, we carried out a DFT 
computational study using the hydrosilylation of phenylacetylene with 
HSiMe2Ph as model reaction (see Computational Details for methodo
logical information).

Given the very good activities reported in acetone under mild con
ditions, we envisaged a non-classical reaction mechanism in which the 
hydrosilane is activated in an heterolytic manner by assistance of solvent 
acetone molecules. [21] Notably, complex 4 contains two iodide li
gands, which have been experimentally shown to be labile. Since the 
substitution of an anionic ligand by neutral substrates (alkyne, hydro
silane or acetone) would introduce considerable error in gas-phase cal
culations with implicit solvent corrections, we initially replaced a iodido 

Fig. 4. Reaction profile for the hydrosilylation of 1,3-diethynylbenzene with 
HSiMe2Ph (1:2) catalyzed by 4 (1 mol%) in acetone‑d6 (0.4 mL) at 298 K.

Chart 3. Scope of the hydrosilylation of phenylacetylene with different 
hydrosilanes (HSiR3) catalyzed by [Cp*RhI2(IMe)] (4). Reactions were carried 
out in acetone‑d6 (0.4 mL) at 298 K using a HSiR3/PhC≡CH/4 ratio of 100/ 
100/1, [4] = 2.75 mM. Conversion and selectivities determined by 1H NMR 
spectroscopy using anisole as internal standard.

Fig. 5. Reaction profile for the competitive hydrosilylation of cyclo
hexylacetylene and acetone‑d6 with HSiMe2Ph (1:2) catalyzed by 4 (1 mol%) in 
acetone‑d6 (0.4 mL) at 298 K.

Fig. 6. Reaction profile of conversion vs time for the hydrosilylation of phe
nylacetylene with HSiMe2Ph (1:1) catalyzed by 4 in acetone‑d6 (0.4 mL) at 298 
K at different catalyst loadings.
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ligand by HSiMe2Ph. This process has a Gibbs free energy cost of 8.4 
kcal⋅mol− 1 and is entropically favored, given the much lower concen
tration of the catalyst relative to the reactants. These results suggest 
that, once the iodide ligand dissociates, it is unlikely to re-coordinate to 
the metal center. The resulting complex, considered the catalytically 
active species in our study, is designated as species A. The proposed 
catalytic cycle is provided in Fig. 7.

The η1-H(Si) coordination of the hydrosilane in A increases the 
electrophilicity of the silicon atom, thereby facilitating the interaction of 
an acetone molecule at the backside of the hydrosilane. This affords 
species B, which is 4.2 kcal⋅mol− 1 more stable in Gibbs energy. Subse
quently, the silyl group of the hydrosilane is transferred to the oxygen 
atom of acetone, leading to the heterolytic cleavage of the H–Si bond. 
This process occurs via TSBC, which has a relative Gibbs energy of 4.0 
kcal⋅mol− 1, corresponding to an energy barrier of 8.2 kcal⋅mol− 1. As a 
result, a neutral hydrido complex is formed together with a oxocarbe
nium ion, corresponding to a cationic silylated acetone species. To avoid 
splitting the system into two fragments with different charges—which, 
as previously noted, could introduce errors associated with long-range 
Coulomb interactions—both fragments were included in the same 
calculation. The resulting species, C, has a relative Gibbs energy of –3.2 
kcal⋅mol− 1, making it 1.0 kcal⋅mol− 1 more stable than B. Species C is 
further stabilized through interaction with a phenylacetylene molecule, 
forming intermediate D with a relative Gibbs energy of –12.3 
kcal⋅mol− 1. The silyl group is then transferred from acetone to the 
β-carbon of phenylacetylene via TSDE. This step presents a Gibbs energy 
barrier of 15.7 kcal⋅mol− 1 (the Gibbs energy difference between TSDE 
and D) and yields a carbocationic species bearing a newly formed C–Si 
bond, denoted as E, with a relative Gibbs energy of –1.8 kcal⋅mol− 1.

In the final step, the hydride ligand bound to the Rh atom is trans
ferred to the α-carbon atom of the silylated carbocation, regenerating 
the active species A. This transformation determines the reaction 
selectivity, leading to either the β-(Z)- or β-(E)-vinylsilane product. 
Notably, the transition state leading to β-(Z)-vinylsilane, TSEA, is 19.5 
kcal⋅mol− 1 more stable than that leading to β-(E)-vinylsilane, TSEA’, a 
difference attributed to the greater steric hindrance in the latter, which 
fully accounts for the exclusive formation of the β-(Z)-vinylsilane. 

[21,23].
The effective Gibbs energy barrier of this process is 15.7 kcal⋅mol− 1 

(the Gibbs energy difference between TSEA and D). Accordingly, the 
energy span of the catalytic cycle is also 15.7 kcal⋅mol− 1, governed by 
TSDE and TSEA, both having a relative Gibbs energy of 3.4 kcal⋅mol− 1. 
This relatively low energy barrier agrees with the experimentally 
observed fast reaction rate at room temperature in acetone‑d6.

At this point, it is worth noting that the reaction—though slow
er—still proceeds rapidly in the absence of acetone (in CDCl3). This 
observation suggests the operation of an alternative reaction pathway 
with a higher energy profile under such conditions. Experimentally, the 
iodido ligands in complex 4 have been found to be labile. Moreover, 
complex [Cp*Rh(IMe)(CH3CN)2]2+ (5) is also reported herein to be 
catalytically active in the hydrosilylation of phenylacetylene in CDCl3. 
Consequently, this species was considered in further mechanistic 
investigations.

Given the lability of the acetonitrile ligands and the significantly 
higher concentrations of hydrosilane and alkyne under catalytic condi
tions, mechanistic studies were initiated with the complex analogous to 
5, in which an acetonitrile ligand had been replaced by a HSiMe2Ph 
ligand η1-H(Si) coordinated to the metal center. This complex is referred 
to as F to maintain consistency with the preceding nomenclature. The 
proposed reaction mechanism in the absence of acetone is provided in 
Fig. 8.

Probably the main issue when addressing this reaction mechanism 
derives from hydrosilane (or alkyne) activation. In this respect, we 
propose a mechanism in which hydrosilane activation involves the 
active participation of the Cp* ligand. Although Cp* is traditionally 
regarded as an innocent ligand, recent studies have highlighted its po
tential for non-innocent behavior. [30] Interestingly, reductive coupling 
involving Rh − H and Rh − C5Me5 functionalities in Rh(III) complexes 
results in the formation of [η4-Cp*H] species with concomitant metal 
reduction to Rh(I). [31] Related [η4-Cp*H]-Ir(I) species have been pro
posed as intermediates in the hydrogenation of ketones through a 
bifunctional reaction mechanism. [32] Remarkably, reversible 
hydrogen migration from the metal center to the Cp* ring, which acts as 
a proton relay, has been observed in several stoichiometric and catalytic 

Fig. 7. DFT calculated Gibbs free energy profile (in kcal⋅mol− 1, relative to A and the isolated molecules) for the hydrosilylation of phenylacetylene in acetone.
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reactions. [33] In addition, protonated metallocene species have been 
shown to behave as strong proton donors with application in proton- 
coupled electron transfer reactions. [34].

Based on these findings, we propose that the hydrosilane is activated 
through a cooperative interaction with the Cp* ligand via transition 
state TSFG (Fig. 9a). This step results in the formation of a Rh–Si bond 
and protonation of the Cp* moiety, with an associated Gibbs energy 
barrier of 23.4 kcal⋅mol− 1. The reaction yields silyl intermediate G, 
which lies 19.4 kcal⋅mol− 1 above the reference Gibbs energy, in which 
the newly formed Cp*H binds to the metal center through an η4 coor
dination mode.

The subsequent step involves the alkyne’s C≡C bond coordination to 
the metal center, yielding intermediate H, 8.1 kcal⋅mol− 1 more stable 
than G. Note that, to accommodate the alkyne, the coordination mode of 
the Cp*H ligand switches from η4 to η2. We also considered the possi
bility of retaining the η4 coordination mode of the Cp*H ligand in H 
while allowing decoordination of the acetonitrile ligand. However, this 
structure was higher in Gibbs free energy by 13.0 kcal⋅mol− 1 and was 
therefore discarded.

Then, the silyl fragment migrates from the metal center to the 
β-carbon of the alkyne, affording the metallacyclopropene (or η2-vinyl
silane) intermediate I. Such an intermediate has a relative Gibbs energy 
of –3.9 kcal⋅mol− 1, being 15.2 kcal⋅mol− 1 more stable than H. This re
action step proceeds via TSHI, with a relative Gibbs energy of 16.8 

kcal⋅mol− 1. The opening of the metallacyle in I might lead to two 
different silylvinylene isomers, J and J’, which would evolve, respec
tively, to β-(Z)- and β-(E)-vinylsilane products. Notably, the J isomer lies 
11.0 kcal⋅mol− 1 lower in Gibbs energy, evidencing a complete prefer
ence for the β-(Z)-vinylsilane product, in agreement with the experi
mental findings. In general terms, we attribute such a Gibbs energy 
difference to lower steric hindrance in J, in line with our previous 
studies in the β-(Z)-hydrosililation of alkynes by Rh(III)–triazolylidene 
catalysts. [22].

Finally, the β-(Z)-vinylsilane product would be generated via TSJF 
(Fig. 9b), which is only 6.8 kcal⋅mol− 1 higher in Gibbs energy than J (it 
has a relative energy of 3.6 kcal⋅mol− 1). This steps also regenerates the 
original catalytic species (F) upon coordination of a new hydrosilane 
molecule. Note that TSJF’, which would lead to the β-(E)-vinylsilane 
product has a relative Gibbs energy of 11.8 kcal⋅mol− 1, that is, it is 8.2 
kcal⋅mol− 1 less stable than TSJF.

Overall, the catalytic cycle is highly endergonic, with ΔG = –38.4 
kcal⋅mol− 1. The effective energy span for the whole cycle is 23.4 
kcal⋅mol− 1, and is dictated by the Gibbs energy difference between F and 
TSFG, [35] thus corresponding to the Cp*-assisted hydrosilane activa
tion. Noteworthy, the proposed reaction mechanism is also consistent 
with the fact that no reaction of the catalyst with either alkyne or 
hydrosilane alone was observed. Namely, the reaction of F with HSi
Me2Ph yields a relatively unstable reaction intermediate (H, which is 
11.3 kcal⋅mol− 1 higher in Gibbs energy). In this way, only the reaction 
with the alkyne displaces the reaction towards the products, allowing it 
to proceed.

We note that the energy span associated with this reaction mecha
nism is higher than that of the pathway operative in the presence of 
acetone, consistent with the experimentally observed faster reaction rate 
under the latter conditions. Accordingly, in the absence of acetone as 
solvent, the reaction is predicted to proceed through a 
pentamethylcyclopentadienyl-assisted mechanism, which, to the best of 
our knowledge, is unprecedented in this type of catalytic process.

A 1H NMR kinetic study of the hydrosilylation of phenylacetylene 
with HSiMe2Ph and DSiMe2Ph was also carried out. Experiments per
formed in CDCl3 revealed a kinetic isotope effect (KIE) of 2.29, indi
cating that hydrosilane activation is involved in the rate-determining 
step in the absence of acetone, in agreement with the proposed mech
anism. In contrast, no KIE was observed when the reaction was 

Fig. 8. DFT calculated Gibbs free energy profile (in kcal⋅mol− 1, relative to F and the isolated molecules) for the hydrosilylation of phenylacetylene in the absence 
of acetone.

Fig. 9. DFT-optimized structures and selected distances of a) TSFG, b) TSJF. 
Non-essential hydrogen atoms have been omitted for clarity.
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conducted in acetone‑d6 (see the Supporting Information); consistent 
with an outer-sphere ionic mechanism in which hydrosilane activation is 
not rate-determining.

At this point, it is worth noting that the calculated relative Gibbs 
energies of TSDE and TSEA, both identified as potentially rate- 
determining transition states, are essentially identical. On this basis, 
some degree of KIE might be expected, since TSEA involves a hydrogen 
transfer from Rh, which proceeds from the hydrosilane. However, the 
computational methodology cannot distinguish between two transition 
states that are likely very close in Gibbs energy. To further assess this 
issue, a single-point calculation using the M06L functional—previously 
shown by some of us to accurately predict KIE effects in related systems 
[36]—was performed. The calculations indicate that TSDE is slightly 
higher in Gibbs energy than TSEA (by 0.3 kcal⋅mol− 1), in line with our 
previous analysis. Accordingly, the experimental KIE supports TSDE as 
the turnover-limiting transition state.

Overall, the KIE experiments are consistent with the proposed 
mechanistic picture and clearly demonstrate that distinct reaction 
mechanisms operate in CDCl3 and acetone‑d6.

3. Experimental

3.1. General considerations

All reactions were carried out with rigorous exclusion of air using 
Schlenk-tube techniques or glovebox. Organic solvents were dried by 
standard methods and distilled under argon prior to use or obtained 
oxygen- and water-free from a Solvent Purification System (Innovative 
Technologies). The starting materials [Cp*RhI2]2 [37] and [Cp*RhCl2]2, 
[38] the imidazolium salts [(MeImH)2CH2]I2 [39] and [IMeH]I, [40]
and the salt [HNEt3]PF6 [41] were prepared as previously described in 
the literature. Compound [Cp*RhI{(MeIm)2CH2}]PF6 (1) was prepared 
following the procedure recently reported by us [23]. Deuterated sol
vents (Euriso-top) CDCl3 and acetone‑d6 were dried using activated 
molecular sieves. The alkynes and hydrosilanes were obtained from 
commercial sources and used as received without further purification.

3.2. Scientific Equipment

C, H, and N analyses were carried out in a PerkinElmer 2400 Series II 
CHNS/O analyzer. 1H and 13C{1H} NMR spectra were recorded on a 
Bruker Avance 300 (300.1278 MHz) or Bruker ARX-300 (300.130 MHz). 
Chemical shifts are reported in ppm relative to tetramethylsilane and 
coupling constants (J) are given in Hertz (Hz). High-resolution electro
spray ionization mass spectra (HRMS-ESI) were recorded using a Bruker 
MicroToF-Q equipped with an API-ESI source and a Q-ToF mass 
analyzer, which leads a maximum error in the measurement of 5 ppm, 
using sodium formate as reference.

3.3. Synthesis of [Cp*Rh(NCCH3){(MeIm)2CH2}](PF6)2 (2)

AgPF6 (36.8 mg, 0.146 mmol) was added to a solution of [Cp*RhI 
{(MeIm)2CH2}]PF6 (1) (100 mg, 0.146 mmol) in acetonitrile (10 mL). 
The suspension was stirred at room temperature in the absence of light 
for 3 h, filtered through celite to remove the silver iodide formed, and 
washed with acetonitrile (2 x 2 mL). The solution was brought to dryness 
under vacuum to give an oily residue which was disaggregated by stir
ring with cold diethyl ether. The yellow solid was filtered, washed with 
diethyl ether (2 x 3 mL) and dried under vacuum. The solid was dis
solved in acetonitrile (5 mL) and layered with diethyl ether (20 mL) to 
give a microcrystalline yellow solid which was filtered, washed with 
diethyl ether (3 x 2 mL) and dried in vacuo. Yield: 92 mg, 85 %. Anal. 
Calcd. for C21H30F12N5P2Rh: C, 33.84; H, 4.06; N, 9.40. Found: C, 34.05; 
H, 4.23; N, 9.31. HRMS (ESI+, MeOH, m/z): calcd for C19H26N4Rh 
413.1207 [M− NCCH3− H]+; found, 413.1244. 1H NMR (300 MHz, 
acetone‑d6, 298 K): δ 7.72 (d, JH-H = 2.0, 2H, =CH Im), 7.63 (d, JH-H =

2.0, 2H, =CH Im), 6.61 (d, JH-H = 13.8, 1H, NCH2N), 5.96 (d, JH-H =

13.8, 1H, NCH2N), 4.04 (s, 6H, NCH3), 2.58 (s, 3H, NCCH3), 1.97 (s, 
15H, Cp*). 13C{1H} NMR (75 MHz, acetone‑d6, 298 K): δ 164.9 (d, JC-Rh 
= 49.0, CNCN), 125.8, 124.7 (=CH Im), 102.9 (d, JC-Rh = 5.5, CCH3 Cp*), 
66.1 (NCH2N), 38.1 (NCH3), 9.8 (CH3 Cp*), 3.8 (NCCH3).

3.4. Synthesis of [Cp*RhI2{(MeIm)CH2(MeImH}][Cp*RhI3] (3)

NEt3 (9.65 µl, 0.069 mmol) was added to a suspension of [Cp*RhI2]2 
(67.9 mg, 0.069 mmol) and [(MeImH)2CH2]I2 (30 mg, 0.069 mmol) in 
acetonitrile (5 ml). The mixture was stirred for 48 h go give a dark red 
suspension. The suspension was filtered and the resulting solution was 
brought to dryness under vacuum. The solid was dissolved in dichloro
methane (1 mL) and precipitated with pentane (10 mL) to give a 
microcrystalline dark red solid which was filtered, washed with pentane 
(3 x 2 mL) and dried in vacuo. Yield: 82 mg, 92 %. Anal. Calcd. for 
C29H43I5N4Rh2: C, 27.04; H, 3.36; N, 4.35. Found: C, 27.94; H, 2.90; N, 
4.50. HRMS (ESI+, CH3CN, m/z): calcd for C19H28I2N4Rh, 668.9453 
[M]+; found, 668.9454; calcd for C19H27IN4Rh, 541.0335 [M− I− H]+; 
found, 541.0340. HRMS (ESI-, CH3CN, m/z): calcd for C10H15I3Rh, 
618.7357 [M]-; found, 618.7364. 1H NMR (300 MHz, CDCl3, 298 K): δ 
10.20 (s, 1H, NCHN), 8.08 (ft, JH-H = 1.7, 1H, =CH Im), 7.78 (t, JH-H =

2.0, 1H, =CH Im), 7.49 (AB system, JAB = 13.5, 2H, >CH2), 7.12 (ft, JH-H 
= 1.7, 1H, =CH Im), 7.09 (d, JH-H = 2.1, 1H, =CH Im), 4.08 (s, 3H, 
NCH3), 4.06 (s, 3H, NCH3), 2.06 (s, 15H, Cp* anion) 1.91 (s, 15H, Cp* 
cation). 13C{1H} NMR (75 MHz, CDCl3, 298 K): δ 170.0 (d, JC-Rh = 58.6, 
CNCN), (137.3 s, CNCHN), 126.1, 123.9, 122.5, 123.4 (=CH Im), 98.1, 
94.9 (CCH3 Cp*), 63.0 (NCH2N), 44.4, 37.2 (NCH3), 11.8, 8.9 (Cp*).

3.5. Synthesis of [Cp*RhI2(IMe)] (4)

Ag2O (37.5 mg, 0.162 mmol) was added to a solution of [IMeH]I 
(72.5 mg, 0.323 mmol) in dichloromethane (15 mL) and the suspension 
stirred for 5 h in the absence of light. Then, [Cp*RhCl2]2 (100 mg, 0.162 
mmol) was added and the mixture stirred for a further 15 h. The 
resulting suspension was filtered through celite and washed with 
dichloromethane (2 x 3 mL). The red solution was brought to dryness 
under vacuum to give an orange solid, which was dissolved in methanol 
(5 mL). The solution was treated with KI in excess (124.5 mg, 0.75 
mmol) and stirred for 5 h. Then, the darkened solution was brought to 
dryness to give a dark red solid which was extracted with CH2Cl2 (2 x 3 
mL). The resulting solution was brought to dryness and the residue 
washed with diethyl ether (3 x 3 mL) and dried under vacuum. Yield: 
154 mg, 81 %. Anal. Calcd. for C15H23I2N2Rh: C, 30.64; H, 3.94; N, 4.76. 
Found: C, 30.28; H, 3.51; N, 4.68. HRMS (ESI+, MeOH, m/z): calcd for 
C15H23IN2Rh, 460.9956 [M− I]+; found, 460.9918. 1H NMR (300 MHz, 
CDCl3, 298 K): δ 7.02 (s, 2H, =CH Im), 4.04 (s, 6H, NCH3), 1.90 (s, 15H, 
Cp*). 13C{1H} NMR (298 K, CDCl3): δ 166.7 (d, JC-Rh = 47.4, CNCN), 
124.4 (=CH Im), 96.9 (CCH3 Cp*), 44.3 (NCH3), 11.1 (Cp*).

3.6. Synthesis of [Cp*Rh(NCCH3)2(IMe)][BF4]2 (5)

AgBF4 (66.2 mg, 0.340 mmol) was added to a solution of 4 (100 mg, 
0.170 mmol) in acetonitrile (10 mL) and the suspension stirred for 5 h in 
the absence of light. The clearest resulting suspension was filtered 
through celite and washed with acetonitrile (2 x 3 mL). The yellow so
lution was brought to dryness under vacuum to give a yellow oil which 
was disaggregated by stirring vigorously with pentane. The resulting 
yellow solid was washed with pentane (3 x 3 mL) and dried under 
vacuum. Yield: 78 mg, 78 %. Anal. Calcd. for C19H29B2F8N4Rh, 
590.1505: C, 38.68; H, 4.95; N, 9.50. Found: C, 38.19; H, 4.92; N, 9.17. 
HRMS (ESI+, NCCH3, m/z): calcd for C19H29N4Rh, 416.1447 [M]+; 
calcd for C17H26N3Rh, 375.1182 [M− NCCH3]+; found 375.2534; calcd 
for C15H24N2Rh, 334.0916 [M− 2NCCH3 + H]+; found, 335.0984. 1H 
NMR (300 MHz, CD3CN, 298 K): δ 7.36 (s, 2H, =CH Im), 3.70 (s, 6H, 
NCH3), 2.14 (s, 6H, NCCH3),1.69 (s, 15H, Cp*). 13C{1H} NMR (298 K, 
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CD3CN): δ 180.2 (d, JC-Rh = 42.3, CNCN), 125.7 (=CH Im), 134.2 
(NCCH3), 101.6 (d, JC-Rh = 6.7, CCH3 Cp*), 38.0 (NCH3), 8.9 (Cp*), 0.4 
(NCCH3).

3.7. General procedure for catalytic alkyne hydrosilylation reactions

Hydrosilylation catalytic tests were carried out in NMR tubes under 
an argon atmosphere in acetone‑d6. In a typical procedure, an NMR tube 
was charged with the catalyst (1.1 x 10-3 mmol, 1 mol%), acetone‑d6 
(0.4 mL), anisole (9.0 10-3 mmol) as internal standard and the corre
sponding alkyne (0.110 mmol) and hydrosilane (0.110 mmol). The so
lution was kept at room temperature (298 K) and monitored by 1H NMR 
spectroscopy. Yields and selectivities were calculated by 1H NMR 
spectroscopy. The reaction products were unambiguously characterized 
on the basis of the 3JH-H coupling constants of the vinylic protons in the 
1H NMR spectra and subsequent comparison to literature values (see the 
Supporting Information). Values for J ranged from 17 to 19 Hz for β-(E), 
13 to 16 Hz for β-(Z), and 1 to 3 Hz for α-vinylsilanes.

3.8. Procedure for gram-scale experiment

A Schlenk tube was charged with catalyst 4 (8.9 mg, 0.015 mmol, 
0.25 mol%), acetone (5 mL), phenylacetylene (6.0 mmol, 672 μL), and 
HSiMe2Ph (6.0 mmol, 939 μL). The reaction mixture was stirred at room 
temperature for 4 h. The resulting yellow solution was passed through a 
short silica gel column, and removal of hexane (eluent) afforded 
dimethyl(phenyl)(Z-styryl)silane as a colourless liquid (1.22 g, 91 %).

3.9. Crystal structure determination

X-ray diffraction data of 3 and 4 were collected at 100(2) K on an 
APEX Bruker diffractometer with graphite-monochromated Mo − Kα 
radiation (λ = 0.71073 Å) using ω-scans. X-ray diffraction data of 5 were 
collected at 301(2) K on a D8 VENTURE diffractometer with graphite- 
monochromated Mo − Kα radiation (λ = 0.71073 Å) using ω-and 
ϕ-scans. Intensities were integrated and corrected for absorption effects 
with SAINT–PLUS [42] and SADABS [43] programs, both included in 
APEX4 package. The structures were solved by the Patterson method 
with SHELXS-9 [44] and refined by full matrix least-squares on F2 with 
SHELXL-2014 [45] under WinGX. [46] Pitch and yaw angles have been 
calculated according to the literature. [47].

3.10. Computational details

DFT calculations were performed with the Gaussian16 software 
package. [48] We selected the B3LYP exchange–correlation functional, 
[49] with D3BJ dispersion corrections. [50] Geometry optimizations 
were carried out using Ahlrichs def2-SVP double-zeta basis set, elec
tronic energy results being further refined by means of single point 
calculations with triple-zeta def2- TZVP basis sets. [51] In all cases, an 
“ultrafine” integration grid was considered. Besides, we applied a PCM 
implicit solvation model (acetone), which we included in both gradients 
and energy calculations. [52] The nature of the stationary points was 
confirmed by analytical frequency analysis. We removed the trans
lational entropy contribution to the Gibbs energy as proposed by 
Morokuma and co-workers. [53] Structure graphical representations 
were made by means of CylView software. [54].

4. Conclusions

Experimental studies on the residual hydrosilylation catalytic ac
tivity of compound [Cp*RhI{(MeIm)2CH2}]+ have led to the identifi
cation and characterization of the cationic species [Cp*RhI2{(MeIm) 
CH2(MeImH}]+ as the active species, which is present at trace levels in 
uncrystallized samples. This study provided the basis for the rational 
redesign of the catalyst as [Cp*RhI2(IMe)] (IMe = 1,3- 

dimethylimidozol-2-ylidene) and its application in the hydrosilylation 
of a series of terminal alkynes in acetone‑d6 at room temperature using 
HSiMe2Ph as hydrosilane. The hydrosilylation of ring-substituted phe
nylacetylene derivatives, linear aliphatic 1-alkynes and aliphatic and 
aromatic diynes proceeded efficiently to selectively afford the corre
sponding β-(Z)-vinylsilane derivatives in short reaction times. O-func
tionalized aliphatic terminal alkynes were well tolerated by the catalyst, 
whereas N-functionalized alkynes were not.

The mechanism of the hydrosilylation of phenylacetylene with HSi
MePh2 catalyzed by [Cp*RhI2(IMe)] has been studied by DFT calcula
tions. In acetone, the reaction is expected to proceed through an ionic 
outer-sphere mechanism, involving heterolytic activation of the hydro
silane assisted by the rhodium center and a molecule of solvent that acts 
as a silane-shuttle. However, in the absence of acetone, a novel reaction 
pathway based on metal–ligand cooperation is proposed. Within this 
mechanism, the metallocene moiety of [Cp*RhI2(IMe)] is involved in 
the activation of the H–Si bond of the hydrosilane. The hydrosilane 
might be activated through a cooperative interaction with the Cp* 
ligand leading to the formation of a reactive Rh(I)–silyl intermediate 
with a pentamethylcyclopenta-1,3-diene ligand, [η4-Cp*H], resulting 
from the protonation of the Cp* moiety. The observed β-(Z) selectivity 
arises from a metal-assisted isomerization of the initially formed (Z)- 
silylvinylene intermediate into the thermodynamically more stable (E)- 
silylvinylene species, via a metallacyclopropene intermediate, followed 
by proton transfer from the [η4-Cp*H] ligand. The proposed mechanisms 
are consistent with the activity and selectivity exhibited by the catalyst 
in both solvents, as well as with KIE experiments. Moreover, we high
light the versatility and non-innocent nature of the Cp* ligand, which 
could inspire the design of new catalysts featuring this functionality.
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R. Castarlenas, Iridium(I) complexes bearing hemilabile coumarin-functionalised 
N-heterocyclic carbene ligands with application as alkyne hydrosilylation catalysts, 
Dalton Trans. 50 (2021) 11206–11215; 
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A. Oro, Rhodium(I) complexes with hemilabile N-heterocyclic carbenes: efficient 
alkyne hydrosilylation catalysts, Organometallics 27 (2008) 224–234.

[12] (a) A. Tyagi, S. Yadav, P. Daw, C. Ravi, J.K. Bera, A Rh(I) complex with an 
annulated N-heterocyclic carbene ligand for E-selective alkyne hydrosilylation, 
Polyhedron 172 (2019) 167–174; 
(b) J.P. Morales-Cerón, P. Lara, J. López-Serrano, L.L. Santos, V. Salazar, 
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G. Subias, V. Passarelli, A. Álvarez, β-(Z) selectivity control by cyclometalated 
rhodium(III)− triazolylidene homogeneous and heterogeneous terminal alkyne 
hydrosilylation catalysts, ACS Catal. 10 (2020) 13334–13351.

[23] R. Puerta-Oteo, J. Munarriz, V. Polo, M.V. Jiménez, J.J. Pérez-Torrente, 
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