
Dalton
Transactions

PAPER

Cite this: Dalton Trans., 2023, 52,
9090

Received 28th February 2023,
Accepted 30th May 2023

DOI: 10.1039/d3dt00624g

rsc.li/dalton

Catalytic activation of remote alkenes through
silyl-rhodium(III) complexes†

Unai Prieto-Pascual,a Aitor Martínez de Morentin,a Duane Choquesillo-Lazarte, b

Antonio Rodríguez-Diéguez, c Zoraida Freixa *a,d and Miguel A. Huertos *a,d

The tandem isomerization–hydrosilylation reaction is a highly valuable process able to transform mixtures

of internal olefins into linear silanes. Unsaturated and cationic hydrido-silyl-Rh(III) complexes have proven

to be effective catalysts for this reaction. Herein, three silicon-based bidentate ligands, 8-(dimethylsilyl)

quinoline (L1), 8-(dimethylsilyl)-2-methylquinoline (L2) and 4-(dimethylsilyl)-9-phenylacridine (L3), have

been used to synthesize three neutral [RhCl(H)(L)PPh3] (1-L1, 1-L2 and 1-L3) and three cationic [Rh(H)(L)

(PPh3)2][BAr
F
4] (2-L1, 2-L2 and 2-L3) Rh(III) complexes. Among the neutral compounds, 1-L2 could be

characterized in the solid state by X-ray diffraction showing a distorted trigonal bipyramidal structure.

Neutral complexes (1-L1, 1-L2 and 1-L3) failed to catalyze the hydrosilylation of olefins. On the other

hand, the cationic compound 2-L2 was also characterized by X-ray diffraction showing a square pyrami-

dal structure. The unsaturated and cationic Rh(III) complexes 2-L1, 2-L2 and 2-L3 showed significant cata-

lytic activity in the hydrosilylation of remote alkenes, with the most sterically hindered (2-L2) being the

most active one.

Introduction

Alkylsilanes are important academic and industrial feedstocks
because they are valuable precursors for silicon-based poly-
mers, lubricants and water-repellent coatings, among
others.1–3 Focusing on linear alkylsilanes, their common syn-
thesis is through the hydrosilylation of terminal alkenes using
platinum catalysts, such as Speier’s4,5 and Karstedt’s catalysts.6

During the last few decades, the hydrosilylation of carbon–
carbon multiple bonds catalyzed by first-row transition metal
compounds has been extensively studied.7–15 The problem
with such systems is that high temperatures are required,
resulting in the formation of undesirable side products.16 The
use of some iron complexes has mitigated this problem.17–19

However, the catalytic systems discussed above have a limit-
ation, which is the necessity of using terminal olefins
(α-olefins) to obtain linear alkylsilanes.20

The industrial production of α-olefins is mainly carried out
by using two processes, oligomerization of ethylene and crack-
ing/reforming of oil. In both cases, the final product is a
mixture of terminal and internal olefins. For this reason, it is
economically attractive to find methods that valorize this
mixture of internal and terminal olefins. One of these
methods is the catalytic isomerization–functionalization of
these mixtures. In recent years, promising results using
cobalt,21 nickel,22 iron23 and rhodium24–27 complexes as
homogeneous catalysts for tandem isomerization–hydrosilyl-
ation have been reported (Fig. 1).

Focusing on rhodium complexes, in 1970 Chalk reported
that Wilkinson’s catalyst was able to catalyze the tandem iso-
merization–hydrosilylation reaction to obtain dimethyl(pentyl)
(phenyl)silane (20% yield) from cis-2-pentene and dimethyl
(phenyl)silane.28 In the same work, hydrido-silyl-Rh(III) inter-
mediates29 were suggested to be involved in the isomerization
reaction. For this reason, in earlier reports, we considered
synthesizing hydrido-silyl-Rh(III) complexes and using them as
catalysts in the isomerization–hydrosilylation tandem reaction.
In 2017, we reported a rhodium silyl complex containing a Si,
S-chelating ligand, [Rh(H){SiMe2(o-C6H4SMe)}(PPh3)2][BAr

F
4],

as a very efficient catalyst for tandem isomerization–hydrosilyl-
ation from internal alkenes to linear silanes under mild reac-
tion conditions (Fig. 1).24 Most recently, in 2021, we expanded
the scope of hydrido-silyl-Rh(III) complexes through the syn-
thesis of bidentate Si,S ligands with different substituents on
the sulfur atom [SiMe2H(o-C6H4SR)] (R = iBu, pentyl, benzyl,
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neopentyl). The obtained results evidenced a clear dependence
of the activity of the process on the size of the alkyl substituent
on the sulfur atom. The best results were obtained when a
catalyst containing bulky iBu was used.25

Herein, and in order to further explore the tandem isomeri-
zation–hydrosilylation reaction, we reported the synthesis, full
characterization (including X-ray) and catalytic activities of
three new cationic and three new unsaturated hydrido-silyl-
rhodium(III) complexes using bidentate silicon-based ligands
derived from quinoline and acridine.

Results and discussion
Synthesis of ligands and complexes

Ligands employed in this work, 8-(dimethylsilyl)quinoline
(L1),30 8-(dimethylsilyl)-2-methylquinoline (L2) and 4-(di-
methylsilyl)-9-phenylacridine (L3), were synthesized by the
reaction of bromide precursors with n-buthyllithium at −78 °C
in THF, and subsequent addition of one equivalent of di-
methylchlorosilane (Scheme 1). These compounds were
characterized by 1H and 13C{1H} NMR analyses. Moreover,
bidimensional HMBC 1H–29Si experiments were performed to

obtain the 29Si chemical shift. As expected, the 1H NMR
spectra show a 1 H septuplet signal at 4.79 ppm for L1,
4.71 ppm for L2, 4.84 ppm for L3 and a relative integral 6 H
doublet (0.52 ppm for L1, 0.50 ppm for L2, 0.63 ppm for L3)
that corresponds to Si–H and Si(CH3)2, respectively.
Compound L2 exhibits a 3 H singlet signal at 2.75 ppm for the
methyl at position 2 of the quinoline. The 1H–29Si HMBC NMR
spectra of these compounds confirm the presence of a silicon
atom in their structures showing the correlation between the
signal assigned to the methyl groups and the silicon atom of
the Si(CH3)2 fragment (29Si = −18.5 ppm for L1; −17.7 ppm for
L2; −16.6 ppm for L3). Notice that the 29Si NMR chemical shift
found is characteristic of dimethyl-aryl-hydrosilanes [e.g. 29Si
(PhMe2SiH) = −17.6 ppm].31

The addition of compounds L1–L3 to [RhCl(PPh3)3] in di-
chloromethane at room temperature led to the formation of
neutral 16-electron Rh(III) complexes [RhCl(H)(L)PPh3] (1-L1, 1-
L2 and 1-L3) (Scheme 2). Complexes 1-L1, 1-L2 and 1-L3 were
characterized in solution by NMR spectroscopy and ESI-MS
(electrospray ionization mass spectrometry), and in the solid
state by elemental analysis. Complex 1-L2 was also character-
ized in the solid state by X-ray diffraction.

Fig. 1 Strategy for the rhodium-catalysed tandem isomerization–
hydrosilylation reaction. Some catalysts reported to date and those used
in this work.

Scheme 1 Synthesis of pro-ligands used in this work (L1, L2 and L3).

Scheme 2 Synthesis of neutral rhodium(III) complexes (1-L1, 1-L2 and
1-L3).
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In the 1H NMR spectrum of 1-L1 a signal at δ = −17.23 (dd,
JRh–H = 29 Hz, JP–H = 21 Hz) is assigned to the hydrido atom
resulting from Si–H activation by the metal center. This signal
is also indicative of the presence of a single phosphine co-
ordinated to the metal center. Two other integral 3H methyl
signals are observed at δ = −0.20 and δ = 0.64, which correlate
with two resonances at δ = 4.1 and δ = 7.7 in the corresponding
13C{1H} NMR spectrum. These results are indicative of two
non-equivalent SiMe2 units. The

31P{1H} NMR spectrum shows
a unique signal at δ = 50.7 (d, JRh–P = 149 Hz). A 1H–29Si HMBC
experiment was used to obtain the chemical shift of the silicon
atom (δ = 41.2), which supports Si–H activation by the metal
center and the formation of a Rh(III) complex.32–34

The NMR characterization of compounds 1-L2 and 1-L3 is
analogous to that of 1-L1 (more details are provided in the
ESI†), indicating that they are isostructural complexes.

Complex 1-L2 was also characterized by single-crystal X-ray
structural determination (Fig. 2). The coordination geometry
of the Rh(III) atom is distorted trigonal bipyramidal. The apical
positions are located at the phosphorus atom of the triphenyl-
phosphine (P1) and the nitrogen atom (N1) of the bidentate
ligand L2 and the equatorial plane is occupied by the chloride
ion (Cl1), hydrido atom (H1) and the silicon atom of the biden-
tate ligand Si1. The sum of the three angles Cl1–Rh1–H1, H1–
Rh1–Si1 and Si1–Rh1–Cl1 is 359.1° and the N1–Rh1–P1 angle
of 172.7° suggests this geometry. However, the angles of Si1–
Rh1–Cl1 (122.4°), Si1–Rh1–H (67.5°) and Cl1–Rh1–H (169.2°)
indicate a large distortion of this geometry. It is not surprising
that by adopting this geometry, the silicon atom is placed in
an equatorial position due to its trans influence.

We decided to synthesize cationic complexes similar to
those previously reported, [Rh(H){SiMe2(o-C6H4SR)}
(PPh3)2][BAr

F
4] (R = Me, iBu, Pe, Bn, neoPe),24,25 which proved

to be highly efficient as homogeneous catalysts in the isomeri-
zation–hydrosilylation tandem reaction.

As shown in Scheme 3, the treatment of [RhCl(PPh3)3] with
L1–L3 and an equimolar amount of Na[BArF4] in CH2Cl2 at
room temperature yielded Rh(III) 16-electron cationic com-
plexes [Rh(H){(L)}(PPh3)2][BAr

F
4] (2-L1, 2-L2 and 2-L3). These

complexes were characterized by conventional spectroscopic
and analytical methods, as well as by X-ray crystallography, in
the case of 2-L2.

The 1H NMR spectra of all compounds show a doublet of
triplets at around −12 ppm (2-L1, δ = −12.41, JRh–H = 17 Hz,
JP–H = 13 Hz; 2-L2, δ = −12.48, JRh–H = 16 Hz, JP–H = 13 Hz; 2-L3,
δ = −12.07, JRh–H = 17 Hz, JP–H = 12 Hz) assigned to the
rhodium hydride originating from the oxidative addition of
hydrosilanes to the metal center. Also, in the 1H NMR spectra
the 6H singlet signals at δ = 0.23 for 2-L1, δ = 0.18 for 2-L2 and
δ = 0.24 for 2-L3 are assigned to the SiMe2 unit. The 31P{1H}
NMR spectra show a unique doublet signal (2-L1, δ = 43.8,
JRh–P = 121 Hz; 2-L2, δ = 43.1, JRh–P = 123 Hz; 2-L3, δ = 45.0,
JRh–P = 123 Hz) that indicates equivalent triphenylphosphine
groups. As for neutral complexes, 1H–29Si HMBC experiments
were used to obtain the chemical shift of the silicon atom (2-
L1, δ = 56.3; 2-L2, δ = 58.9; 2-L3, δ = 58.4) and support Si–H
activation by the metal center.

The similarity of the spectroscopic data suggests that cat-
ionic complexes 2-L1, 2-L2 and 2-L3 are isostructural.
Moreover, these data also suggest a square pyramidal structure
for the cation of these complexes, with a strong σ-donor silyl
fragment trans to the vacant octahedral site, as was already
proposed for the related compounds [Rh(H){SiMe2(o-C6H4SR)}
(PPh3)2][BAr

F
4].

24,25 This structural description, based on NMR
characterization studies in solution, was confirmed by the
solid-state structure determination of compound 2-L2 (Fig. 3).
In the solid state, the formal Rh(III) center adopts a square pyr-
amidal geometry where the base of the pyramid is occupied by
the hydrido atom (H1), the two phosphines placed in a trans

Fig. 2 Molecular structure of 1-L2. Displacement of ellipsoids are
drawn at 50% of probability. Selected bond lengths [Å] and angles [°]:
Rh1–Cl1 2.4141(6), Rh1–Si1 2.2635(7), Rh1–P1 2.2393(6), Rh1–N1 2.1351
(2); N1–Rh1–P1 172.74(6), Si1–Rh1–Cl1 122.41(2).

Scheme 3 Synthesis of cationic rhodium(III) complexes (2-L1, 2-L2 and
2-L3).
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position to each other and the nitrogen atom (N1) from the
bidentate ligand L2. The trans position of the phosphines
creates a plane of symmetry, which is in good agreement with
the data observed in solution. The apical position of the
pyramid is located at the silicon atom of L2 (Si1). The coordi-
native vacancy trans to the silyl fragment is consistent with the
trans influence of the silyl fragment.

Catalytic isomerization–hydrosilylation of alkenes

As noted in the introduction, similar rhodium complexes
proved to be effective catalysts for the tandem isomerization–
hydrosilylation reaction, converting remote alkenes into term-
inal silanes.24,25 With this in mind, the new neutral (1-L) and
cationic (2-L) rhodium complexes have been tested as precata-
lysts in the aforementioned reaction.

The activity of these new rhodium(III) complexes was
initially tested in the hydrosilylation of 1-hexene with an equi-
molar amount of Et3SiH and 0.5 mol% loading of the corres-
ponding catalyst (1-L1, 1-L2, 1-L3, 2-L1, 2-L2 or 2-L3).

The catalytic reaction was carried out at room temperature,
under an N2 atmosphere, and in the absence of solvent. The
conversions were estimated by 1H NMR analysis after 16 hours
of reaction progress (Table 1). Neutral complexes (1-L1, 1-L2
and 1-L3) were found to be inactive for this reaction (Table 1,
entries 1–3), with the 1-hexene remaining unreacted. It should
be noted that 1-hexene was not isomerized.

In contrast to this, we were pleased to observe that the cat-
ionic complexes (2-L1, 2-L2 and 2-L3) were active under these
reaction conditions and based on the 1H NMR spectra of the
crude reaction products (Fig. S4–S6 in the ESI†), 1-hexene gave
selectively the linear hexyltriethylsilane (Table 1, entries 4–6).
Complexes 2-L2 and 2-L3, which have a substituent in the
ortho position of the pyridine ring, were found to be more
active catalysts than 2-L1, with 2-L2 being the most active from
the series (94% conversion, Table 1, entry 5). Analysis of the

1H NMR spectra of the reaction mixtures showed that with cat-
ionic rhodium complexes, the unreacted 1-hexene has isomer-
ized to internal hexenes.

The cationic derivatives were tested in the tandem isomeri-
zation–hydrosilylation of a more challenging substrate, trans-3-
hexene, under the standard reaction conditions (Table 2,
entries 1–3). These reactions were analyzed by 1H NMR after
16 hours, showing that the only silylated product formed was
also hexyltriethylsilane (Fig. S7–S9 in the ESI†), confirming
that the reaction occurred through a tandem isomerization–
hydrosilylation process. Also in this case, complex 2-L2 was the
most active catalyst from the series, while 2-L3 outperforms 2-
L1 (Table 2 and Fig. S7–S9 in ESI†). This reaction was also per-
formed using different solvents, CD2Cl2 and THF-d8 (Table 2,
entries 4 and 5), and the results show lower conversions. In
both cases the lower conversion could be explained by the
lower concentration of the reaction mixture. In addition, when
using THF-d8, coordination of the solvent to the metal center
should be considered.

Considering the structure of our precatalysts and the pre-
vious studies performed by the group,25 it is reasonable to con-

Fig. 3 Molecular structure of 2-L2. The anion is omitted for clarity.
Displacement of ellipsoids are drawn at 50% of probability. Selected
bond lengths [Å] and angles [°]: Rh1–Si1 2.2985(9), Rh1–P1 2.3039(19),
Rh1–P2 2.3388(10), Rh1–N1 2.171(2); N1–Rh1–P1 104.87(11), P2–Rh1–
N1 93.41(7).

Table 1 Hydrosilylation of 1-hexene with Et3SiH using rhodium(III)
catalystsa

Entry Catalyst Yieldb

1 1-L1 —
2 1-L2 —
3 1-L3 —
4 2-L1 85%
5 2-L2 94%
6 2-L3 87%

a Reaction conditions: alkene (0.25 mmol), Et3SiH (0.25 mmol), cata-
lyst 0.5 mol%, solvent-free, at room temperature. b Yields calculated
based on 1H NMR (CDCl3) analysis using dichloroethane (0.125 mmol)
as internal standard.

Table 2 Hydrosilylation of trans-3-hexene with Et3SiH using 2-L1–2-L3
catalystsa

Entry Catalyst Solvent Yieldb

1 2-L1 Neat 45%
2 2-L2 Neat 70%
3 2-L3 Neat 65%
4c 2-L2 CD2Cl2 48%
5c 2-L2 THF-d8 17%

a Reaction conditions: alkene (0.25 mmol), Et3SiH (0.25 mmol), cata-
lyst 0.5 mol%, solvent-free, at room temperature. b Yields calculated
based on 1H NMR (CDCl3) analysis using dichloroethane (0.125 mmol)
as internal standard. c 1 mL of solvent (alkene concentration 0.25 M).
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sider a hydride mechanism for the isomerization process35,36

and a σ-bond metathesis for the anti-Markovnikov
hydrosilylation37,38 (see the ESI† for more details). The trigonal
bipyramidal geometry of the neutral complexes could be con-
sidered responsible for the lack of catalytic activity of these
systems. In contrast, the cationic complexes have a coordina-
tive vacancy in the cis position of the hydride, an ideal situ-
ation for isomerization reactions (and subsequent hydrosilyl-
ation) to occur. As mentioned above, similar cationic Rh(III)
complexes [Rh(H){SiMe2(o-C6H4SR)}(PPh3)2][BAr

F
4] were

studied previously in our group as catalysts for tandem alkene
isomerization–hydrosilylation, showing that the size of the
substituent on the sulfur atom was an important factor deter-
mining the catalytic activity, with the catalyst containing bulky
iBu being the most active one.25 Moreover, we proposed that
the rate of the entire process depends on the effectiveness of
the isomerization reaction.25,39 Based on these precedents, we
have analyzed the catalytic pocket of the Rh(III) complexes to
compare the steric hindrance of the Si,N ligands L1 and L2
upon coordination to the metal center. Cationic complexes 2-
L1 and 2-L2 were studied using topographic steric maps
(Fig. 4).40 As in classical geographic physical maps, different
colors are used to show the elevation of the ligands with
respect to the zero level fixed in the rhodium atom. The tri-
phenylphosphine ligands are located on the y-axis, north and
south of the map. The western region is located at the hydrido
atom, while the nitrogen atom is on the east of the map.
Comparison of the steric maps of the complexes indicates
some slight differences in the catalytic pocket. The more
intense red area of 2-L2 and 2-L3 compared to that of 2-L1 in
the eastern region agrees with a larger steric hindrance due to
the ortho substitution at the aromatic ring. These data indicate
that, as in previously published studies, the complex with the
most bulky ligand is the most active for this catalytic reac-
tion.25 It could be proposed that isomerization of 1-hexene
would be slightly favored in the case of catalysts with bulkier

ligands. This would result in higher catalytic activity in the
tandem process.

The good activity of complex 2-L2 in trans-3-hexene isomeri-
zation and hydrosilylation prompted us to extend this study to
other internal olefins (Table 3). First, other hexene isomers
(trans-2-hexene, cis-2-hexene and cis-3-hexene) were tested
under our standard conditions. In all cases (Table 3, entries
1–3 and Fig. S10–S12 in the ESI†), the cationic Rh(III) complex
2-L2 catalyzes the tandem isomerization–hydrosilylation with
complete selectivity to the formation of hexyltriethylsilane.
The conversions obtained for different hexene isomers could
be expected considering the proposed mechanism for isomeri-
zation. Since it is an equilibrium between the different alkene
isomers, it is not strange that some of them are transformed
into 1-hexene more efficiently. The catalytic isomerization–
hydrosilylation of several internal octene isomers, including
the most remote ones trans/cis-4-octene, had also been per-
formed (Table 4, entries 4–8 and Fig. S13–S17 in the ESI†).
Complex 2-L2 catalyzes these reactions with selectivity to the
formation of triethyloctylsilane.

No reaction was observed using cyclooctene as a substrate
(Table 3, entry 9). This confirms the selectivity of our catalytic

Fig. 4 Steric maps of 2-L1 and 2-L2. The complexes are oriented
according to the schemes above.

Table 3 Hydrosilylation of internal alkenes with Et3SiH using the 2-L2
catalysta

Entry Alkene Product/yieldb

1

2

3

4

5

6

7

8

9 —

a Reaction conditions: alkene (0.25 mmol), Et3SiH (0.25 mmol), cata-
lyst 0.5 mol%, solvent-free, at room temperature. b Yields calculated
based on 1H NMR (CDCl3) analysis using dichloroethane (0.125 mmol)
as internal standard.
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system for the hydrosilylation of terminal alkenes. The results
obtained with these catalysts are distinct in terms of activity
than those previously reported by the group based on Si–S che-
lating ligands. This suggests that weaker sulfur-coordination
to the metal center has an influence on the catalytic activities
of these compounds. This has previously been observed for
hydrosilylation reactions.41 However, this catalytic system
shows quite good activity compared to others found in the lit-
erature, which require higher catalyst loadings or higher
temperatures.20–27

To complete this study, the hydrosilylation of other alkenes
with 2-L2 was studied (Table 4). First, unisomerizable terminal
alkenes, such as α-methylstyrene, 1,1-diphenylethylene and
tert-butylethylene (tbe), were tested under standard conditions.
As expected, the selectivity towards the anti-Markovnikov
product was complete (Table 4, entries 1–3 and Fig. S18–S20†).
Low conversions were observed for styrene derivatives (48%
conversion for α-methylstyrene and 23% conversion for 1,1-
diphenylthylene), presumably due to the steric hindrance
caused by the β-substitution of the terminal olefin. A good
conversion to (3,3-dimethylbutyl)triethylsilane (80%) was
achieved for tbe. Hydrosilylation of tbe was also performed
using 2-L1 as a precatalyst giving a similar conversion value
(Table 4, entry 3, Fig. S24†). This agrees with the isomerization
being the rate-limiting process. To conclude this study,

alkenes bearing additional functional groups were used
(Table 4 entries 4 and 5 and Fig. S21 and S22 in the ESI†). The
catalytic hydrosilylation of 4-bromo-2-butene under standard
reaction conditions led to the formation of the desired term-
inal alkylsilane with good conversion and complete selectivity.
Finally, when 5-hexen-2-one was used, hydrosilylation of the
alkene was achieved with 65% selectivity, showing the prefer-
ence of the system for the hydrosilylation of alkenes in prefer-
ence to carbonyls.

Conclusions

A facile oxidative addition of the Si–H bond to the Wilkinson’s
catalyst has been used to synthesize three neutral and three
cationic five-coordinate Rh(III) complexes bearing Si,N biden-
tate ligands [8-(dimethylsilyl)quinoline (L1), 8-(dimethylsilyl)-
2-methylquinoline (L2) and 4-(dimethylsilyl)-9-phenylacridine
(L3)]. The neutral complexes [RhCl(H)(L)PPh3] (1-L1, 1-L2 and
1-L3) show a distorted trigonal bipyramid structure, while the
cationic complexes [Rh(H)(L)(PPh3)2][BAr

F
4] (2-L1, 2-L2 and 2-

L3) present a square pyramidal structure. The 6 complexes
were tested as catalysts in the 1-hexene hydrosilylation reac-
tion, being active only for the cationic complexes. These cat-
ionic Rh(III) complexes, 2-L1, 2-L2 and 2-L3, are also efficient
catalysts for the more challenging tandem isomerization–
hydrosilylation reaction, forming terminal silanes from remote
alkenes. Of the three cationic complexes, the most active cata-
lyst was 2-L2. This result is in agreement with our previous
studies using analogous cationic Rh(III) complexes [Rh(H)
{SiMe2(o-C6H4SR)}(PPh3)2][BAr

F
4] (R = Me, iBu), which showed

that a larger steric hindrance in the catalytic pocket results in
a higher catalytic activity of the complex.
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