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ABSTRACT: Rh(III) complexes [Rh(H)(X)(κ2-NSitBu2OPy)(L)] (X = Cl, L = PCy3,
2a; PHtBu2, 2b; X = OTf, L = PCy3, 3a; PHtBu2, 3b) (NSitBu2OPy = 4-methylpyridin-2-
yloxy-ditertbutylsilyl) have been prepared and characterized by means of elemental
analysis and nuclear magnetic resonance (NMR) spectroscopy. The solid-state
structures of complexes 2a, 2b, and 3a have been determined by X-ray diffraction
studies. Computational analyses of the bonding situation of these species evidence the
electron-sharing nature of the Rh−Si bond and the significant role of the electrostatic
component in the interaction between the transition metal fragment [Rh(H)(PR3)-
(X)]• and the [NSitBu2OPy]• ligand. In addition, a comparative study of the activity of
2a, 2b, 3a, 3b, and related iridium species as catalysts for the hydrogenation of olefins
has been performed. The best catalytic results have been obtained when using the
Rh(III) species 3a, with triflate and PCy3 ligands, as catalyst. Computational density
functional theory studies show that the formation of the alkane is thermodynamically
favored and that the rate-limiting step corresponds to the hydrogen activation, which takes place via a σ-complex-assisted metathesis
mechanism.

■ INTRODUCTION
The chemistry of transition metal (TM) complexes with
tetradentate κ4-L3Si, tridentate κ3-L2Si and/or bidentate κ2-LSi
ligands�where Si symbolizes a silyl group and L phosphine
ligands,1−3 N-heterocycles,4 N-heterocyclic carbenes
(NHCs),5 or thioether groups6,7�is growing in interest. The
electronic and steric properties of multidentate organosilyl
ligands are easily tunable by changing the substituents at the
silicon and donor (L) groups. Moreover, their strong σ-
donating ability and the high trans-influence of the silicon
atom facilitate the formation of coordinatively unsaturated TM
complexes.1−7 Most of the studies on TM complexes with
multidentate silyl ancillary ligands published to date are
focused on the chemistry of species with tridentate ligands of
type κ3-L2Si, which have been the subject of numerous reviews
in recent years. In this regard, it should be mentioned that the
chemistry of the TM complexes with bidentate κ2-PSi,3 κ2-
NSi,4b κ2-(NHC)Si,5 or κ2-SSi7 ligands, which by comparison
has been less explored, is gaining attention in recent years.
Among them, κ2-NSi ligands stand out for being easy to
prepare, tunable, versatile, and relatively low cost.
Our group has recently focused on studying the potential of

iridium complexes with bidentate pyridine-2-yloxy-silyl-based
ligands κ2-(NSiR2OPy) as homogeneous catalysts. The strength
and chemical inertness of the metal−silicon bond in TM
complexes with κ2-(NSiR2OPy) ligands differ from what would
be expected for a traditional metal−silyl bond.8−16 Initially, the

metal−Si bonds in TM-{κ2-(NSiR2OPy)} species were proposed
as base-stabilized metal-silylenes.9−11 However, in 2020, it was
demonstrated that their metal-silyl character could not be ruled
out.12 Indeed, recent studies have shown that the Ir−Si bonds
in Ir-{κ3-(NSiN)}13 and Ir-{κ2-(NSiR2OPy)}14 complexes can be
described as highly polarized covalent Ir−silyl bonds with a
significant electrostatic component, which can be even stronger
than the sum of the orbital interactions.
The steric hindrance of the substituents around the silicon

atom plays an important role in the reactivity and structure of
Ir-{κ2-(NSiR2OPy)} species. Thus, while in iridium(III)
complexes with 4-methylpyridin-2-yloxy-dimethylsilyl (κ2-
NSiMe2OPy)8 and 4-methylpyridin-2-yloxy-diisopropylsilyl (κ2-
NSiiPr2OPy)12 ligands, the coordination of two ligand units to
the metal center affording saturated iridium(III) species occurs
very easily when using the 4-methylpyridin-2-yloxy-ditertbu-
tylsilyl (κ2-NSitBu2OPy)14,15 ligand, with tertbutyl instead of
methyl or isopropyl substituents; only the coordination of one
ligand unit is possible (Figure 1). In addition, the presence of
the tertbutyl substituents at the silicon atom of Ir-(κ2-
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NSitBu2OPy) species provides additional steric protection to the
Ir−Si bond and allows the stabilization of unsaturated 16-
electron square planar or bipyramidal trigonal iridium(III)
species.14,15

The chemistry of rhodium with κ2-(NSiR2OPy) ligands has
been poorly studied in comparison to that of iridium. In 2019,
we reported the first examples of Rh-{κ2-(NSiMe2OPy)}2
complexes (Figure 2). These species have proven to be

efficient catalyst precursors for the formation of silylcarbamates
from the reaction of CO2 with hydrosilanes and secondary
amines.16 A few examples of rhodium(III) complexes with
other types of monoanionic κ2-Si,N ligands have been recently
described.17,18 So, Huertos et al. have reported that the ligands
8-(dimethylsilyl)quinoline (NSiMe2Q), 8-(dimethylsilyl)-2-
methylquinoline (NSiMe2QMe) and 4-(dimethylsilyl)-9-phenyl-
acridine (NSiMe2AC) can be used successfully to prepare
unsaturated Rh(III)-{κ2-(NSiAr)} (NSiAr = NSiMe2Q,
NSiMe2QMe, NSiMe2AC) species,17 and Komuro, Hashimoto et
al. have reported rhodium complexes with a κ2-(N,Si)-silyl-1,8-
naphthyridine ligand “κ2-(naphySi)” (Figure 2).18
Considering the above-commented precedents, and partic-

ularly, the scarcity of studies devoted to the chemistry of
rhodium complexes featuring κ2-N,Si ligands, in this work, we
have explored first the potential of the monoanionic bidentate
NSitBu2OPy ligand, with tertbutyl substituents at the silicon atom
to stabilize unsaturated Rh-{κ2-(NSitBu2OPy)} active species, to
then investigate the performance of these species as catalysts
for the hydrogenation of alkenes.

■ RESULTS AND DISCUSSION
Synthesis and Characterization of Rh-(κ2-NSitBu2OPy)-

(PR3) Complexes. The reaction of the functionalized silane
(4-methyl-pyridin-2-yloxy)ditertbutylsilane (1, NSitBu2OPy-H)
with [Ir(Cl)(coe)2]2 (coe = cis-cyclooctene), which quantita-
tively leads to the formation of the iridium(III) species
[Ir(H)(Cl)(κ2-NSitBu2OPy)(coe)] as shown in Figure 1,15a has
been key to developing the chemistry of Ir-{κ2-(NSitBu2OPy)}
derivatives. However, this methodology is not applicable in the
case of rhodium as the desired species [Rh(H)(Cl)(κ2-
NSitBu2OPy)(coe)] was never obtained when the analogous
reaction was performed using [Rh(Cl)(coe)2]2 as the metallic
precursor, regardless of the stoichiometry. Instead, the
formation of mixtures of unidentified rhodium complexes
and free coe was observed. Therefore, to stabilize the possible
Rh-{κ2-(NSitBu2OPy)} intermediates generated during the
reaction of 1 with [Rh(Cl)(coe)2]2, we decided to perform
the reaction in the presence of PCy3 (or PHtBu2). To our
delight, the reaction of [Rh(Cl)(coe)2]2 with 1 equiv of 1 per
rhodium and in the presence of stoichiometric amounts of
PCy3 (or PHtBu2) at 273 K quantitatively afforded the
corresponding rhodium(III) complexes [Rh(H)(Cl)(κ2-
NSitBu2OPy)(L)] (L = PCy3, 2a; PHtBu2, 2b) (Scheme 1),

which were isolated as bright yellow solids in 91 and 96% yield,
respectively. Treatment of light-protected toluene solutions of
2a (or 2b) with 1 equiv of AgOTf affords the corresponding
compounds [Rh(H)(OTf)(κ2-NSitBu2OPy)(L)] (L = PCy3, 3a;
PHtBu2, 3b). Complexes 3a and 3b were isolated as an off-
white (3a) or a light brown (3b) solid, in 84 and 79% yield,
respectively (Scheme 1).
Complexes 2a, 2b, 3a, and 3b have been characterized by

means of elemental analysis, nuclear magnetic resonance
(NMR) spectroscopy, and high-resolution mass spectrometry
(HR-MS) (Figures S1−S30). The most noticeable resonance
in the proton NMR (1H NMR) spectra of the Rh-PCy3
derivatives 2a and 3a in C6D6 is a double doublet at δ
−17.22 ppm (1JH−Rh ≈ 26 Hz, 2JH−P ≈ 20 Hz) and −21.72
ppm (1JH−Rh ≈ 33 Hz, 2JH−P ≈ 22 Hz), respectively, which
confirms the presence of a Rh−H bond in both species. The
1H NMR spectra of the Rh-PHtBu2 species 2b and 3b show the
resonance due to the Rh−H bond as a doublet of doublets of
doublets (ddd) centered at δ −18.20 ppm (1JH−Rh ≈ 28.8 Hz,
2JH−P ≈ 19.8 Hz, 3JH−H ≈ 4.6 Hz) and −22.18 ppm (1JH−Rh ≈

Figure 1. Examples of Ir-{κ2-(NSiR2OPy)} (R = Me, iPr, tBu) species
with pyridine-2-yloxy-silyl-based ligands.

Figure 2. Examples of Rh-{κ2-(NSi)} species previously reported.

Scheme 1. Preparation of Rh-{κ2-(NSitBu2OPy)} Complexes
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33.3 Hz, 2JH−P ≈ 21.5 Hz, 3JH−H ≈ 3.9 Hz). In addition, the
proton corresponding to the P−H moiety also appears as a ddd
centered at δ 4.39 ppm (1JH−P ≈ 329 Hz; 2JH−Rh ≈ 3JH−H ≈ 4.6
Hz; 2b) and 4.10 ppm (1JH−P ≈ 340 Hz; 2JH−Rh ≈6.1 Hz;
3JH−H≈ 3.9 Hz; 3b), respectively. The 29Si{1H} NMR spectra
show a double doublet resonance at δ 83.3 ppm (1JSi−Rh ≈ 35
Hz, 2JSi−P ≈ 9 Hz; 2a), 78.7 ppm (1JSi−Rh ≈ 30 Hz, 2JSi−Rh ≈ 9
Hz; 2b), 87.9 ppm (1JSi−Rh ≈ 40 Hz, 2JSi−P ≈ 9 Hz; 3a), and
85.9 ppm (1JSi−Rh ≈ 36 Hz, 2JSi−P ≈ 9 Hz; 3b). Therefore, the
29Si chemical shift observed for complexes 2a, b and 3a, b (in
the range of δ 78.7−87.9 ppm) is clearly low-field shifted in
comparison with the 29Si resonances (δ 41.2−50.7 ppm),
recently reported for neutral Rh(III)-(κ2-NSiAr) (NSiAr =
NSiMe2Q, NSiMe2QMe, NSiMe2AC) species (Figure 2),17 but
compares well with the value of 79.4 ppm found for Rh-{κ2-
(naphySi)} species (Figure 2).18 The 1JRh−Si values found for
complexes 2a (35 Hz), 2b (30 Hz), 3a (42 Hz), and 3b (41
Hz) confirm the silyl character of the Rh−Si bond19 and
compare well with those observed in the 29Si{1H} NMR
spectra of [Rh(X)(κ2-NSiMe2OPy)2] species (X = Cl, δ 85.7
ppm, 1JSi−Rh ≈ 37 Hz; X = κ2-O2CCF3, δ 86.2 ppm, 1JSi−Rh ≈
39 Hz).16 Moreover, their phosphorus-31 NMR (31P{1H}
NMR) spectra (C6D6) exhibit a doublet at δ 46.4 ppm (1JP−Rh
≈ 142.0 Hz; 2a), δ 58.7 ppm (1JP−Rh ≈ 142.5 Hz; 2b), δ 44.5
ppm (1JP−Rh ≈ 140.0 Hz; 3a), and δ 55.7 ppm (1JP−Rh ≈ 141.1
Hz; 3b).
The solid-state structures of 2a, 2b, and 3a have been

determined by single-crystal X-ray diffraction. As illustrated in
Figure 3 and pointed out in Table 1, the geometry of the metal
coordination sphere of the pentacoordinated complexes is
independent of the phosphine ligand, contrary to the situation
observed in iridium-analogous complexes.14,15a Thus, complex

2a, with PCy3, shows a distorted trigonal bipyramidal rhodium
atom with the nitrogen and phosphorus atoms at apical
positions and equatorial sites occupied by silicon, chloro, and
hydrogen atoms. As shown in the Supporting Information
(Figure S31), the relative disposition between Cl and hydride
ligands, and the orientation of a tBu group coordinated to the
silicon atom differ from those observed in the iridium complex
counterpart, which exhibits a square pyramidal geometry.
On the other hand, in complexes 2b and 3a, with PHtBu2

and PCy3 ligands, respectively, the coordination of the κ2-
NSitBu2OPy ligand through the N and Si atoms, together with
that of the phosphorus, the hydride, and chloride (2b) or an

Figure 3. Molecular structures of complexes 2a, 2b, and 3a. Hydrogen atoms (except hydrides and those of P−H fragments) have been omitted for
clarity.

Table 1. Selected Bond Lengths (Å) and Angles (deg) for
Complexes 2a, 2b, and 3a

2a 2b 3a

Rh−Xa 2.4251(5) 2.4128(3) 2.2317(8)
Rh−P(1) 2.2810(5) 2.2538(3) 2.2896(3)
Rh−Si(1) 2.2907(6) 2.2738(3) 2.2689(3)
Rh−N(1) 2.1187(17) 2.1222(9) 2.0907(8)
Rh−H 1.52 1.501(17) 1.439(19)
Xa−Rh−P(1) 90.885(18) 94.635(11) 90.76(2)
Xa−Rh−Si(1) 133.34(2) 137.656(12) 112.73(3)
Xa−Rh−N(1) 88.23(5) 91.32(3) 89.55(3)
Xa−Rh−H 128.1 158.9(6) 175.0(7)
P(1)−Rh−Si(1) 109.36(2) 103.662(11) 112.033(9)
P(1)−Rh−N(1) 167.68(5) 167.56(3) 167.07(2)
P(1)−Rh−H 87.4 82.2(7) 88.5(8)
Si(1)−Rh−N(1) 79.84(5) 78.82(3) 79.65(2)
Si(1)−Rh−H(1) 95.4 62.8(6) 72.1(7)
N(1)−Rh−H(1) 83.5 88.3(7) 90.1(8)
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oxygen atom of a triflate ligand (3a), leads to a distorted
square pyramidal geometry around the rhodium atom, with the
silicon atom in the apical position and the chloride (2a) or the
oxygen atom of the triflate ligand (3a) located trans to the
hydride [τ = 0.14 (2b), 0.17 (3a), 0.66 (2a)].20

The Rh−Si bond lengths [2.2907(6) Å, 2a; 2.2738(3) Å, 2b;
2.2689(3) 3a] in the three complexes are found to be longer
than those reported for the complex [Rh(κ2-O2CCF3)(κ2-
NSiMe2OPy)2] [2.2277(8) and 2.2388(10) Å],16 an octahedral
complex where the Si atom was located trans to oxygen atoms
of the (κ2-O) coordinated carboxylate ligand (Figure 3).
Computational Studies on the Rh−Si Bond in

Complexes 2a and 2b and 3a and 3b. We have recently
explored the nature of the Ir−Si bond in Ir-{fac-κ3-(NSiN)}13
and Ir-{κ2-(NSitBu2OPy)}14 species. These studies showed that
in both cases, the electrostatic component of the bond is
almost twice as strong as the total orbital interactions, which
indicates the occurrence of a highly polarized covalent bond.
To study the influence of the nature of the transition metal

on the bonding situation and to explain the unexpected low
field shift observed for the silicon atom in the 29Si NMR
spectra of complexes 2a, 2b, 3a, and 3b, we decided to
investigate the Rh−Si bond in these complexes by means of
computational tools. To this end, we applied state-of-art
methods based on energy decomposition analysis (EDA) in
combination with the natural orbital for chemical valence
(NOCV) approach on these complexes at the relativistic and
dispersion-corrected ZORA-BP86-D3/TZ2P//BP86-D3/def2-
SVP level (see computational details in the Supporting
Information), to enable a direct comparison with the data
reported previously by us for the related Ir−Si species.14
According to the data in Table 2, the interaction energy

(ΔEint) between the [NSitBu2OPy]• and [Rh(H)(PR3)(X)]•

fragments is relatively high (ranging from ca. −121 to −128
kcal mol−1), which indicates a strong bond between the
selected fragments. The main contribution to the total
interaction (ΔEint) comes, in all cases, from the electrostatic
attractions (ΔEelstat), which represent ca. 56% of the total
attractive interactions and are significantly stronger than the
orbital interactions (ΔEorb, contributes ca. 37% to the total
bonding). At variance, the stabilizing interactions coming from
dispersion forces (ΔEdisp) are comparatively much weaker (ca.
6.5% to the total bonding) yet not negligible. These results
compare well with those obtained for related Ir-(κ2-
(NSitBu2OPy)14 species with values of around 58, 37, and 5%
for the ΔEelstat, ΔEorb, and ΔEdisp components, respectively.14

However, it should be mentioned that the interaction between
the [NSitBu2OPy]• and [Ir(H)(PR3)(X)]• fragments is stronger
(ranging from ca. −142 to −159 kcal mol−1)14 than that found
for rhodium (from ca. −121 to −128 kcal mol−1), which
indicates that the Rh−Si bonds in these species are
comparatively weaker than the Ir−Si bonds in the Ir-(κ2-
(NSitBu2OPy) complexes, suggesting that the trans influence
exerted by the silicon atom should be slightly lower in rhodium
complexes than in iridium complexes.
According to the NOCV method, the main orbital

interactions between the [NSitBu2OPy]• and [Rh(H)(PR3)(X)]•

fragments in these Rh−Si species are composed of a covalent
(i.e., electron-sharing) Rh−Si bond together with a dative
LP(N) → Rh bond [where LP(N) refers to the nitrogen lone
pair]. From the data in Table 2, the covalent Rh−Si bond
(denoted as ρ1, Figure 4) is almost 4-fold stronger than the

dative bond involving the donation from the lone pair of the
pyridine nitrogen atom to a vacant d atomic orbital of the
transition metal (denoted as ρ2). Similar to their Ir
counterparts,14 there also exists a weak yet noticeable π-
backdonation from a doubly occupied d atomic orbital of the
rhodium center to a σ*(Si−O) molecular orbital (denoted as
ρ3, Figure 4), whose strength is markedly much lower than
that associated with the ρ1 or ρ2 orbital interactions (see
Table 2). Therefore, our calculations indicate that these novel
Rh-(κ2-NSitBu2OPy) complexes feature a significant electrostatic
attraction between the [NSitBu2OPy]• and [Rh(H)(PR3)(X)]•

Table 2. EDA-NOCV Results (in kcal mol−1) Data for
Complexes 2a, 2b, 3a, and 3b Computed at the ZORA-
BP86-D3/TZ2P//BP86-D3/def2-SVP Levela

2a 2b 3a 3b

ΔEint −123.3 −121.3 −127.9 −123.5
ΔEPauli 273.5 269.6 268.6 259.6
ΔEelstat −220.2 −222.2 −222.0 −215.7
ΔEorb −149.6 −147.7 −144.6 −141.1
ΔE(ρ1) (σ-Rh−Si) −82.3 −84.3 −79.0 −79.6
ΔE(ρ2) (LP(N) → d(Ir)) −22.4 −21.8 −23.3 −23.0
ΔE(ρ3) (d(Rh)→σ*(Si−O)) −11.1 −11.5 −10.7 −9.7
ΔEdisp −27.0 −21.0 −29.9 −26.3
aΔEint = ΔEelstat + ΔEPauli + ΔEorb + ΔEdisp (the Supporting
Information).

Figure 4. NOCV-deformation densities and associated stabilization
energies computed for complex 3a. The charge flow takes place in the
direction red → blue. All data have been computed at the ZORA-
BP86-D3/TZ2P//BP86-D3/def2-SVP level.
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fragments while the orbital component is mainly dominated by
a covalent Rh−Si bond and, albeit to a lesser extent, by a dative
LP(N) → Rh bond.
[RhH(X)(κ2-NSitBu2OPy)(L)] (X = Cl, OTf; L = PCy3 or

PHtBu2)-Catalyzed Hydrogenation of Alkenes. It has
been recently proved that rhodium and iridium complexes with
multidentate silyl ligands such as pincer-type Rh-{κ3-(PSiP)}21
species and iridium complexes with a silyl-1,8-naphthyridene-
based Si,N-ligand22 are active catalysts for the hydrogenation
of alkenes. In this regard, during our studies on the potential of
Ir-{κ2-(NSiR2OPy)}8c,15b,c derivatives as catalysts precursors for
the dehydrogenation of formic acid, we found that in the
absence of the base (NEt3 or NaOOCH), the metal−silicon
bond in these species is stable under moderate H2 pressure
(1−5 bar). 1H NMR studies of C6D6 solutions of the rhodium
complexes 2a, 2b, 3a, and 3b showed that these species are
also stable in the presence of H2 (5 bar) even at 353 K. These
results motivated us to study the potential of Ir- and Rh-{κ2-
(NSitBu2OPy)} complexes as hydrogenation catalysts.
A comparative study of the activity of the rhodium

complexes 2a, 2b, 3a, and 3b, and the iridium species
[Ir(H)(OTf)(κ2-NSitBu2OPy)(L)] (L = PCy3 4a; PHtBu2, 4b;
Figure 5)14 as catalysts (5 mol %) for the reaction of styrene

with H2 (5 bar) in C6D6 at 353 K, in the presence of
hexamethylbenzene as internal standard, shows that the
catalytic performance depends on both the metal and on the
ancillary ligand (Cl or OTf) (Table 3). In all cases, after 3 h of
reaction, the selective formation of ethylbenzene was observed.
The higher activities were obtained when using the rhodium-
triflate derivatives 3a (100%) and 3b (90%) (Table 3). It
should be mentioned that under the same reaction conditions,
the catalytic systems based on the related iridium species 4a
and 4b showed a comparatively lower catalytic performance

(Table 3, entries 5 and 6), which could be ascribed to the
higher trans influence exerted by the Ir−Si bond in comparison
with that by the Rh−Si bond.
These results show that 3a is slightly more active, under the

studied reaction conditions, than 2a, 2b, 3b, 4a, and 4b.
Therefore, we decided to perform Operando 1H NMR studies
of the 3a-catalyzed reaction of styrene with H2 at different
hydrogen pressures and temperatures. Thus, we studied the
effect of reducing the H2 pressure from 5 to 2.5 bar. The 3a-
catalyzed (5 mol %) reaction of styrene with H2 (5 bar) at 353
K requires 25 min to achieve the full conversion of styrene into
ethylbenzene; however, under 2.5 bar of H2, 35 min was
required. Therefore, at 353 K, a reduction of the H2 pressure
from 5 to 2.5 bar produces a slight decrease in activity, which is
not significant (Figure S33). At this point, we decided to study
the effect of temperature on the 3a-catalyzed (5 mol %)
reactions of styrene with H2 (5 bar). Thus, the catalytic
reactions were monitored by 1H NMR at different temper-
atures. The results of these studies show that there is a clear
effect of the temperature, with a gradual increase in activity
from 333 to 353 K (Figures S34−S36). The Arrhenius plot for
these data yields an apparent activation energy of 25.7 ± 0.4
kcal mol−1 (Figure S37).

1H NMR studies of the 3a-catalyzed (1.0 mol %) reaction of
styrene with H2 (5 bar) at 353 K show after 3 h a 65%
conversion to ethylbenzene, a value clearly lower than that
observed when using a 5 mol % of catalyst loading (100%,
Table 3). Therefore, within the conditions studied, the optimal
reaction conditions are 5 mol % of catalyst loading, 353 K, and
5 bar of H2.
These results encouraged us to expand the scope of our

study. To this end, we decided to limit the study to complexes
3a and 3b which proved to be the most active catalysts for the
hydrogenation of styrene as compared to 2a, 2b, 4a, and 4b.
Moreover, we have chosen different olefins such as 2-methyl-
styrene, 3-methyl-styrene, cis-cyclooctene (coe), 1-pentene, cis-
2-pentene, and functionalized alkenes such as methyl acrylate
and 4-pentenoic acid. The results from these studies, which are
gathered in Table 4, evidenced that both species are active in
all the studied cases. The catalytic system based on 3a allows
the quantitative conversion to the corresponding hydro-
genation product in most cases, apart from coe, which after 3
h was hydrogenated in only 87% to cyclooctane (Table 4, entry
5), which could be due to the high steric requirement of the Ir-
cyclooctyl fragment.23 Conversely, the system based on 3b
showed a poorer catalytic activity in the hydrogenation of 2-
methylstyrene (47%, Table 4, entry 2) and cis-2-pentene (63%,
Table 4, entry 10). In all the cases shown in Table 4, the
selective hydrogenation of the olefin was observed, and neither
alkene isomerization nor hydrogenation of aromatic rings or
carboxylic groups were observed.

1H NMR studies of the 3a-catalyzed (5 mol %) reaction of
(Z)-stilbene with H2 (5 bar) in C6D6 at 353 K show the full
conversion of the starting (Z)-stilbene into a mixture of the
hydrogenation product Ph(CH2)2Ph (≈65%) and (E)-stilbene
(≈35%) after 3 h. Interestingly, when a similar reaction was
performed using (E)-stilbene instead of (Z)-stilbene, the same
result was obtained after 3 h of reaction. These results pointed
to a 3a-catalyzed (Z)-stilbene/(E)-stilbene isomerization prior
to the hydrogenation. Furthermore, these results show that the
hydrogenation of (Z)-stilbene is faster than the hydrogenation
of (E)-stilbene. In agreement with that, it has been
demonstrated that complex 3a (5 mol %) catalyzes the

Figure 5. Complexes 4a and 4b.

Table 3. Results from the Rh- and Ir-NSitBu2OPy-Catalyzed
Hydrogenation of Styrenea

entry catalyst metal ethylbenzene (%)b

1 2a Rh 86
2 2b Rh 81
3 3a Rh >99
4 3b Rh 90
5 4a Ir 44
6 4b Ir 16

aThe reactions were performed in C6D6 at 353 K using 5 mol % of
catalyst and in the presence of hexamethylbenzene as internal
standard. bBased on the 1H NMR integral, after 3 h, all the reactions
are selective to ethylbenzene.
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isomerization of (Z)-stilbene to (E)-stilbene at 353 K to afford
a mixture (Z)/(E) in a 3/97 ratio after 24 h (Figure S38),
which can only be explained by a classical insertion/β-
hydrogen elimination equilibrium. These results evidenced that
the coordination of the olefin to 3a and its subsequent
reversible insertion into the Rh−H bond are very likely under
the reaction conditions.
It should be mentioned that the Operando 1H NMR studies

of the 3a-catalyzed reactions show that 3a is the only rhodium
species observed in the 1H NMR spectra along the catalytic
process. Moreover, solutions of 3a at 353 K have proven to be
stable in the presence of H2 (5 bar), which confirms that under
the reaction conditions, the possible oxidative addition of H2
to 3a to give a hypothetical rhodium(V) species does not take
place.
In the search for evidence on the nature of the possible

reaction intermediates, we performed 1H NMR studies of the

reaction of 3a with 4 equiv of styrene in C6D6. These studies
revealed that heating above 60 °C is necessary to observe a
reaction. Under these conditions, the slow decomposition of
3a into a mixture of unidentified complexes was observed.
Remarkably, no new Rh−H resonances were observed, which
suggests that the insertion of the styrene into the Rh−H bond
of 3a could take place during the reaction. However, the
resulting Rh−CH2CHPh

24 intermediate could not be identi-
fied under the reaction conditions.
Therefore, it can be concluded that 3a is a versatile catalyst

that promotes the hydrogenation of different types of olefins,
such as linear olefins with aromatic and aliphatic substituents,
cyclic olefins, and functionalized olefins. Despite that, its
activity is lower than that published for related Ir-{κ2-
(naphySi)} species.22

Considering the above-commented experimental evidence, a
plausible reaction mechanism for the 3a-catalyzed hydro-
genation of α-olefins is proposed in Scheme 2. It is reasonable

to assume that the insertion of the α-olefin into the Rh−H
bond constitutes the first step of the process affording a Rh-
alkyl intermediate,24 which is then stabilized by the
coordination of a hydrogen molecule. We propose that the
H2 bond activation occurs via a σ-complex-assisted metathesis
(σ-CAM) process,25 which produces the corresponding alkane
and regenerates 3a.
Further support for the above-proposed mechanism is given

by the exploration of the transformation by computational
tools. Figure 6 shows the computed reaction profile for the
model reaction involving the hydrogenation of propene to
propane mediated by the model catalyst 3M (where the bulky
tBu and cyclohexyl groups in 3a were replaced by methyl
groups). As depicted in Figure 6, the process begins with the
slightly endergonic (ΔG = 5.5 kcal mol−1) coordination of the
alkene to the coordination vacancy of the catalyst. Then, the
insertion of the olefin into the Rh−H bond through the
transition state TS1 takes place, leading to the formation of the

Table 4. Results from the 3a- and 3b-Catalyzed (5 mol %)
Selective Hydrogenation (5 bar H2) of Akenes in C6D6 at
353 K after 3 ha

aThe reactions were done in the presence of hexamethylbenzene as
internal standard.

Scheme 2. Proposed Mechanism for the 3a-Catalyzed
Hydrogenation of α-Alkenes

Organometallics pubs.acs.org/Organometallics Article

https://doi.org/10.1021/acs.organomet.3c00498
Organometallics 2024, 43, 402−413

407

https://pubs.acs.org/doi/suppl/10.1021/acs.organomet.3c00498/suppl_file/om3c00498_si_001.pdf
https://pubs.acs.org/doi/10.1021/acs.organomet.3c00498?fig=tbl4&ref=pdf
https://pubs.acs.org/doi/10.1021/acs.organomet.3c00498?fig=tbl4&ref=pdf
https://pubs.acs.org/doi/10.1021/acs.organomet.3c00498?fig=sch2&ref=pdf
https://pubs.acs.org/doi/10.1021/acs.organomet.3c00498?fig=sch2&ref=pdf
pubs.acs.org/Organometallics?ref=pdf
https://doi.org/10.1021/acs.organomet.3c00498?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as


Rh-alkyl intermediate INT2. The computed barrier of ca. 28
kcal mol−1 and exergonicity (ΔG = −5.9 kcal mol−1) of this
step are compatible with the relatively high temperature used
in the experiments (353 K) and with the value of 25.7 kcal
mol−1 found for the apparent activation energy. Then, the new
coordination vacancy in INT2 is saturated by a molecule of H2
forming the σ-complex INT3, again in an endergonic
transformation, which finally evolves into the observed alkane
with concomitant regeneration of the catalyst. The barrier
associated with this final step (via TS2) compares to that
computed for the initial insertion step and therefore is also
compatible with the experimental conditions. The formation of
the final alkane is highly exergonic (ΔG = −23.1 kcal mol−1),
which compensates for the previous endergonic steps and
drives the entire transformation forward. A rather similar
reaction profile has been computed for the chloride analog 2M.
Therefore, activation of the Rh−Si bond does not occur during
the catalytic process, which is in accordance with the strength
of the Rh−Si bond described above.
Therefore, Rh-(κ2-NSitBu2OPy) species 3a is an efficient

alkene hydrogenation catalyst. The rate-limiting step of the
overall catalytic process is the H2 activation via a σ-CAM (TS2
in Figure 6). That contrasts with related, recently published
Rh-[κ3-P2Si] species where the silyl-phosphine-based ligands
stabilize low oxidation states, facilitating the H2 activation by
oxidative addition to Rh(I) species.21 However, for rhodium or
iridium species with κ2-NSi-based ligands, low oxidation states,
Rh(I) or Ir(I), are not favored, and therefore, Rh(I)/Rh(III)
mechanisms are not favorable. Thus, the related Ir(III)-{κ2-
(naphySi)} species in which the Ir(I) oxidation state is not

favorable either, the hydrogen activation process is reported to
be assisted by the adjacent nitrogen lone pair.22

■ CONCLUSIONS
The one-pot reaction of the rhodium(I) complex [Rh(Cl)-
(coe)2]2 with the ligand precursor NSitBu2OPy-H (1) and the
corresponding phosphine quantitatively affords the corre-
sponding unsaturated species [Rh(H)(Cl)(κ2-NSitBu2OPy)(L)]
(L = PCy3, 2a; PHtBu2, 2b), which reacts with 1 equiv of silver
triflate to afford [Rh(H)(OTf)(κ2-NSitBu2OPy)(L)] (L = PCy3,
3a and PHtBu2, 3b). The solid-state structures of complexes
2a, 2b, and 3a have been determined by X-ray diffraction
studies. Computational analyses of the interaction between
neutral [NSitBu2OPy]• and [Rh(H)L(X)]• fragments in 2a, 2b,
3a, and 3b confirm the electron-sharing nature of the covalent
Rh−Si bond and the significant role of electrostatic attractions
in the interaction between the transition metal fragment and
the κ2-NSitBu2OPy ligand. In addition, these studies indicate that
the Rh−Si bonds in these species are comparatively weaker
than the Ir−Si bonds in the related Ir-(κ2-(NSitBu2OPy)
complexes.
The activity of Rh- and Ir-{κ2-(NSitBu2OPy)} species as

catalysts for the hydrogenation of α-olefins depends on both
the metal and the ancillary ligand. The best catalytic
performance has been obtained when using the rhodium−
triflate complex 3a, with PCy3 ligand, as the catalyst at 353 K,
which allows the quantitative and selective formation of the
corresponding alkane in all the studied cases. It is notable that
the metal−silicon bond in this type of complexes is stable
under hydrogenation conditions, which opens the door to
research on NSi ligand design in search of improved activity.

Figure 6. Computed reaction profile for the hydrogenation of propene catalyzed by 3M (or 2M). Relative free energies (ΔG, at 298 K) are given in
kcal mol−1. All data have been computed at the PCM (benzene)-BP86-D3/def2-SVP level.
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Computational studies show that the 2a- and 3a-catalyzed
hydrogenation of alkenes can be viewed as a two-step process
consisting of an initial insertion of the olefin in the Rh-hydride
bond followed by a dihydrogen activation and release of the
corresponding alkane by means of a σ-CAM reaction. After the
olefin insertion into the Rh-hydride bond, the activation
barriers for the reverse β-hydrogen elimination step and the
forward hydrogenation processes are similar, but the 2a- and
3a-catalyzed hydrogenation of alkenes is thermodynamically
driven.
Therefore, from the study of the nature of the bond, we can

conclude that the Rh−Si bond is slightly weaker than the Ir−Si
bond in the analogous iridium complexes. This implies that the
silicon atom exerts a lower trans effect in rhodium species than
that in iridium species and corresponds to the activity trend
found when they are used as catalysts in olefin hydrogenation
processes, where rhodium complexes with a lower trans effect
have greater activity. On the other hand, the influence of the
auxiliary ligands, chloride, triflate, and phosphine, on the
catalytic activity is less relevant than the nature of the metal.

■ EXPERIMENTAL SECTION
General Information. All manipulations were performed with

rigorous exclusion of air at an argon/vacuo manifold using standard
Schlenk-tube or glovebox techniques. Solvents were dried by the usual
procedures and distilled under argon prior to use. 1H, 13C{1H},
31P{1H}, 29Si{1H}, and 19F{1H} NMR spectra were recorded on a
Bruker ARX, or Bruker Avance 300 MHz instrument. Chemical shifts
(expressed in parts per million) are referenced to residual solvent
peaks (1H, 13C{1H}) and 85% H3PO4 (31P{1H}). Coupling constants
J are given in hertz (Hz). Infrared spectra were recorded on a JASCO
FT-IR 6600 spectrometer . (4-Methylpyr id in-2-y loxy)-
ditertbutylsilane15a and [{Rh(coe)2}2(μ-Cl)2]26 were prepared
following the reported methodology. The hydrogenation products
were characterized by comparing their 1H NMR spectra with the
reported data (see Figures S39−S47).
Preparation of [Rh(H)(Cl)(κ2-NSitBu2OPy)(PCy3)] (2a). Com-

pound 1 (0.105 mL, 0.416 mmol) was added to a toluene suspension
of [RhCl(coe)2]2 (0.15 g, 0.208 mmol) at 273 K. The resulting
mixture was stirred at 273 K for 30 min. After that, a toluene solution
(3.0 mL) of PCy3 (0.117 g, 0.417 mmol) at 273 K was added, and the
reaction mixture was warmed at room temperature and stirred
overnight. The solvent was removed in vacuo, and the residue was
washed with pentane (2 × 5 mL) and dried in vacuo to give a yellow
powder of 2a (253 mg, 91%). Anal. Calcd for C32H58ClNOPRhSi: C,
57.35; H, 8.72; N, 2.09. Found: C, 57.48; H, 8.78; N, 2.19. 1H NMR
plus HSQC 1H−13C, COSY 1H−1H and NOESY 1H−1H (300 MHz,
298 K, C6D6): δ 9.05 (dd, 3JH−H ≈ 6.0 Hz, 4JH−P ≈ 2.7 Hz, 1H, py-
H6), 6.32 (s, 1H, py-H3), 6.09 (pseudo-d, 3JH−H ≈ 6.0 Hz, 1H, py-H5),
2.45 (m, 3H, CH-PCy3), 2.23 (m, 6H, CH2-PCy3), 1.77 (m, 12H,
CH2-PCy3), 1.64 (m, 2H, CH2-PCy3), 1.60 (s, 3H, CH3-py), 1.43 (s,
18H, CH3-tBu), 1.26 (m, 16H, CH2-PCy3), −17.22 (dd, 1JRh−H ≈ 26
Hz, 2JH−P ≈ 20 Hz, 1H, Rh−H). 13C{1H} APT plus HSQC 1H−13C
(75 MHz, 298 K, C6D6): δ 165.5 (d, 2JRh−C ≈ 1.9 Hz, py-C2), 151.9
(s, py-C4), 149.0 (s, py-C6), 117.6 (s, py-C5), 110.4 (s, py-C3), 37.1
(d, 1JP−C = 21.6 Hz, CH-PCy3), 32.0 (s, 2C, Si−C(CH3)3), 31.0 (s,
6C, CH3-tBu), 30.7 (s, 6C, CH2−PCy3), 28.0 (d, 2JP−C ≈ 10.0 Hz, 6C,
CH2−PCy3), 26.9 (s, 3C, CH2−PCy3), 20.5 (s, CH3-py). 31P{1H}
NMR (121 MHz, 298 K, C6D6): δ 46.4 (d, 1JRh−P ≈ 142 Hz, Rh−P).
29Si{1H} NMR (60 MHz, 298 K, C6D6) plus HMBC 1H−29Si: δ 83.3
(dd, 1JRh−Si = 35.0 Hz, 2JP−Si = 9.0 Hz, Rh−Si). High-resolution mass
spectrometry (HR-MS) (ESI+, m/z): calcd for C32H58NOPRhSi, [M
− Cl]+ 634.3080; found, 634.3105.
Preparation of [Rh(H)(Cl)(κ2-NSitBu2OPy)(PHtBu2)] (2b). Com-

pound 1 (0.244 mL, 0.972 mmol) was added to a toluene suspension
of [RhCl(coe)2]2 (350 mg, 0.486 mmol) at 273 K. The resulting
mixture was stirred at 273 K for 30 min. After that, a toluene solution

(3.0 mL) of PHtBu2 (142 g, 0.972 mmol) at 273 K was added, and the
reaction mixture was warmed at room temperature and stirred
overnight. The solvent was removed in vacuo, and the residue was
washed with pentane (2 × 5 mL) and dried in vacuo to give a yellow
powder of 2b (500 mg, 96%). Anal. Calcd for C22H44ClNOPRhSi:
calcd: C, 49.30; H, 8.27; N, 2.61. Found: C, 49.50; H, 8.23; N, 2.99.
1H NMR (300 MHz, 298 K, C6D6): δ 9.22 (dd, 3JH−H = 6.2 Hz, 4JH−P
= 2.7 Hz, 1H, py-H6), 6.33 (s, 1H, py-H3), 6.09 (pseudo-d, 3JH−H =
6.2 Hz, 1H, py-H5), 4.39 (dt, 1JH−P = 329 Hz, 2JH−Rh ≈ 3JH−H ≈ 4.6
Hz, 1H, PH), 1.56 (s, 3H, CH3-py), 1.47 (d, 3JH−P = 14.0 Hz, 18H,
P−C(CH3)3), 1.36 (s, 18H, Si−C(CH3)3), −18.20 (ddd, 1JRh−H =
28.8 Hz, 2JP−H = 19.8 Hz, 3JH−H = 4.6 Hz, 1H, Rh−H). 13C{1H} APT
plus HSQC 1H−13C (75 MHz, 298 K, C6D6): δ 165.8 (m, py-C2),
152.3 (s, py-C4), 148.5 (m, py-C6), 117.8 (dq, JP−C = 2.6 Hz, py-C5),
110.8 (m, py-C3), 34.3 (d, 1JP−C = 20.7 Hz, P−C(CH3)3), 34.2 (m,
P−C(CH3)3), 30.5 (s, Si−C(CH3)3), 26.8 (s, Si−C(CH3)3), 20.6 (s,
CH3- py). 31P{1H} NMR (121 MHz, 298 K, C6D6): δ 58.7 (d, 1JP−Rh
= 142.5 Hz, Rh−P). 29Si{1H} NMR (60 MHz, 298 K, C6D6) plus
HMBC 1H−29Si: δ 78.7 ppm (dd, 1JSi−Rh ≈ 30 Hz, 2JSi−P ≈ 9 Hz, Rh−
Si). HR-MS (ESI+, m/z): calcd for C22H44NOPRhSi, [M − Cl]+
500.1985; found, 500.1839.
Preparation of [Rh(H)(OTf)(κ2-NSitBu2OPy)(PCy3)] (3a). Toluene

(8 mL) was added to a mixture of complex 2a (0.112 g, 0.163 mmol)
and silver triflate (0.042 g, 0.163 mmol) in the dark. The resulting
suspension was stirred overnight at room temperature. The yellow
solution was filtered through celite, and the solvent was removed in
vacuo and washed with pentane (2 × 5 mL). The residue was dried in
vacuo to give an off-white powder of 3a (107 mg, 84%). Anal. Calcd
for C33H58F3NO4PRhSSi: C, 50.57; H, 7.46; N, 1.79. Found: C,
50.73; H, 7.70; N, 1.85. 1H NMR plus HSQC 1H−13C, COSY
1H−1H and NOESY 1H−1H (300 MHz, 298 K, C6D6): δ 8.71 (dd,
3JH−H = 6.0 Hz, 4JH−P = 3.0 Hz, 1H, py-H6), 6.26 (s, 1H, py-H3), 6.18
(pseudo-d, 3JH−H = 6.0 Hz, 1H, py-H5), 2.32 (m, 3H, CH-PCy3), 2.14
(m, 3H, CH2-PCy3), 2.11 (s, 3H, CH3-py), 1.76 (m, 6H, CH2-PCy3),
1.61 (m, 6H, CH2-PCy3), 1.56 (s, 9H, CH3-tBu), 1.54 (s, 9H,
CH3-tBu), 1.34 (m, 16H, CH2-PCy3), −21.72 (dd, 1JRh−H ≈ 33.0 Hz,
2JH−P ≈ 22.0 Hz, 1H, Rh−H). 13C{1H} APT plus HSQC 1H−13C (75
MHz, 298 K, C6D6): δ 164.5 (br, py-C2), 153.5 (s, py-C4), 148.1 (s,
py-C6), 118.5 (s, py-C5), 110.9 (s, py-C3), 35.8 (d, 1JP−C = 21.5 Hz,
CH-PCy3), 29.9 (s, 6C, CH2−PCy3), 29.7 (s, 2C, Si−C(CH3)3), 31.0
(s, 6C, CH3-tBu), 27.7 (d, 2JP−C ≈ 10.4 Hz, 6C, CH2−PCy3), 26.6 (s,
3C, CH2−PCy3), 20.6 (s, CH3-py). 31P{1H} NMR (121 MHz, 298 K,
C6D6): δ 44.5 (d, 1JRh−P ≈ 140 Hz, Rh−P). 29Si{1H} NMR (79 MHz,
298 K, C6D6) plus HMBC 1H−29Si: δ 87.9 (dd, 1JRh−Si = 40.0 Hz,
2JP−Si ≈ 9.0 Hz, Rh−Si). 19F{1H} NMR (282 MHz, 298 K, C6D6): δ
−77.82 (s, OTf). HR-MS (ESI+, m/z): calcd for C32H58NOPRhSi,
[M-OTf]+ 634.3080; found, 634.3155.
Preparation of [Rh(H)(OTf)(κ2-NSitBu2OPy)(PHtBu2)] (3b). Tol-

uene (8 mL) was added to a mixture of complex 2b (100 mg, 0.186
mmol) and silver triflate (48 mg, 0.186 mmol) in the dark. The
resulting suspension was stirred overnight at room temperature. A
yellow solution was filtered through celite, and the solvent was
removed in vacuo. The residue was washed with pentane (2 × 5 mL)
and dried in vacuo, at room temperature for 1 h, to give an off-white
powder of 3b (95 mg, 79%). Anal. Calcd for C23H44F3NO4PRhSSi: C,
42.42; H, 6.83; N, 2.16. Found: C, 42.06; H, 6.76; N, 2.18. 1H NMR
(300 MHz, 298 K, C6D6): δ 8.72 (dd, 3JH−H = 6.1 Hz, 4JH−P = 2.9 Hz
1H, py-H6), 6.25 (s, 1H, py-H3), 6.18 (d, 3JH−H = 6.1 Hz, 1H, py-H5),
4.10 (dt, 1JP−H = 340 Hz; 2JH−Rh = 6.1 Hz, 3JH−H = 3.9 Hz, 1H, P−H),
1.55 (s, 3H, CH3-py), 1.31 (d, 3JH−P = 14.5 Hz, 18H, P−C(CH3)3),
1.25 (s, 18H, CH3-tBu), −22.18 (ddd, 1JRh−H = 33.3 Hz, 2JP−H = 21.5
Hz, 3JH−H = 3.9 Hz, 1H, Rh−H). 13C{1H} APT plus HSQC 1H−13C
(75 MHz, 298 K, C6D6): δ 164.6 (m, py -C2), 153.7 (s, py-C4), 148.1
(d, 3JP−H = 56 Hz, py-C6), 118.8 (m, py-C5), 111.0 (m, py-C3), 36.4
(m, P−C(CH3)3), 31.8 (m, P−C(CH3)3), 30.6 (s, Si−C(CH3)3), 27.3
(m, P−C(CH3)3), 25.8 (s, Si−C(CH3)3), 20.6 (s, CH3-py). 31P{1H}
NMR (121 MHz, 298 K, C6D6): δ 55.7 (d, 1JP−Rh = 141.1 Hz, Rh−P).
29Si{1H} NMR (60 MHz, 298 K, C6D6) plus HMBC 1H−29Si: δ 85.9
(dd, 1JRh−Si = 36.1 Hz, 2JP−Si ≈ 9.0 Hz, Rh−Si). 19F{1H} NMR (282
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MHz, 298 K, C6D6): δ −77.6 (s, OTf). HR-MS (ESI+, m/z): calcd for
C22H44NOPRhSi, [M − OTf]+ 500.1985; found, 500.2089.
Protocol for the Pressurization of Young’s NMR Tubes. To

pressurize all the samples with hydrogen, the following protocol has
been followed: (a) the C6D6 solution of the catalyst, the
corresponding olefin, and hexamethylbenzene is frozen by carefully
introducing the Young’s tube in liquid nitrogen; (b) once frozen, the
tube is removed from the liquid nitrogen, the argon atmosphere is
removed under vacuum, and the desired pressure of hydrogen was
introduced; (c) the solution is warmed to room temperature by
keeping the tube connected to the hydrogen source at the desired
pressure and shaking the tube carefully by hand during the warming
up process; (d) the tube is closed, and the solution is frozen again,
and the vacuum/H2 refill process is repeated two more times, so that
it is ensured that not only the desired hydrogen pressure is attained
but also there are no traces of argon, and the solution is saturated with
hydrogen. Below, when it is written “pressurized with”, we refer to this
protocol.
2a-Catalyzed Reactions of Styrene with 5 bar of H2 at NMR

Scale. 0.089 mmol of styrene (0.010 mL) was added to a Young’s
NMR tube containing a solution of 2a (3 mg, 0.0045 mmol) and
hexamethylbenzene (7.20 mg, 0.045 mmol) in C6D6 (0.5 mL). The
resulting solution was pressurized with H2 (5 bar) and heated at 353
K and monitored by 1H NMR.
3a-Catalyzed Reactions of Alkenes with 5 bar of H2 at NMR

Scale. 0.076 mmol of the corresponding alkene (styrene, 0.009 mL;
2-methylstyrene, 0.010 mL; 3-methylstyrene, 0.010 mL; cis-cyclo-
octene, 0.010 mL; 1 pentene, 0.008 mL; cis-2-pentene, 0.008 mL;
methyl acrylate, 0.007 mL; 4-pentenoic acid, 0.008 mL) was added to
a Young’s NMR tube containing a solution of 3a (3 mg, 0.0038
mmol) and hexamethylbenzene (6.20 mg, 0.038 mmol) in C6D6 (0.5
mL). The resulting solution was pressurized with H2 (5 bar) and
heated at 353 K and monitored by 1H NMR.
2b-Catalyzed Reactions of Styrene with 5 bar of H2 at NMR

Scale. 0.11 mmol of the styrene (0.013 mL) was added to a Young’s
NMR tube containing a solution of 2b (3 mg, 0.0056 mmol) and
hexamethylbenzene (9.00 mg, 0.056 mmol) C6D6 (0.5 mL). The
resulting solution was pressurized with H2 (5 bar) and heated at 353
K and monitored by 1H NMR.
3b-Catalyzed Reactions of Alkenes with 5 bar of H2 at NMR

Scale. 0.092 mmol of the corresponding alkene (styrene, 0.011 mL;
2-methylstyrene, 0.012 mL; 3-methylstyrene, 0.012 mL; cis-cyclo-
octene, 0.012 mL; 1 pentene, 0.010 mL; cis-2-pentene, 0.010 mL;
methyl acrylate, 0.0095 mL; 4-pentenoic acid, 0.008 mL) was added
to a Young’s NMR tube containing a solution of 3b (3 mg, 0.0046
mmol) and hexamethylbenzene (7.50 mg, 0.046 mmol) in C6D6 (0.5
mL). The resulting solution was pressurized with H2 (5 bar) and
heated at 353 K and monitored by 1H NMR.
4a-Catalyzed Reactions of Styrene with 5 bar of H2 at NMR

Scale. 0.069 mmol of the styrene (0.008 mL) was added to a Young’s
NMR tube containing a solution of 4a (3 mg, 0.0034 mmol) and
hexamethylbenzene (5.60 mg, 0.034 mmol) in C6D6 (0.5 mL). The
resulting solution was pressurized with H2 (5 bar) and heated at 353
K and monitored by 1H NMR.
4b-Catalyzed Reactions of Styrene with 5 bar of H2 at NMR

Scale. 0.081 mmol of the styrene (0.009 mL) was added to a Young’s
NMR tube containing a solution of 4b (3 mg, 0.0041 mmol) and
hexamethylbenzene (6.60 mg, 0.041 mmol) in C6D6 (0.5 mL). The
resulting solution was pressurized with H2 (5 bar) and heated at 353
K and monitored by 1H NMR.
Single-Crystal Structure Determination. Single crystals suit-

able for X-ray diffraction were obtained by slow cooling (5 °C) of
pentane (5 mL) saturated solutions of the corresponding complex.
X-ray diffraction data of compound 2a were collected in the

XALOC beamline at ALBA synchrotron (Spain),27 at 100 K with
0.729740 Å wavelength, using a Dectris Pilatus 6 M detector placed at
122.1 mm from the crystal. Intensity transmission was attenuated to
50%. A complete φ scan was recorded with a 0.3° and 0.1 s per frame
rotation step. To ensure better redundancy, another complete φ scan
was recorded with the same crystal mounted in a different orientation.

Both data sets were integrated and corrected from absorption effects
with XIA2 program28−30 and subsequently scaled with SORTAV
program.31 X-ray diffraction data of compounds 2b and 3a were
collected on a VENTURE Bruker diffractometer, using Mo κα (λ =
0.71073 Å). Single crystals were mounted on a MiTeGen support and
cooled to 100(2) K with open-flow nitrogen gas. Data were collected
using ω and φ scans with narrow frames strategies. Diffracted
intensities of 2b and 3a were integrated and corrected from
absorption effects with APEX4 package.32 Crystal structures were
solved and refined using SHELXS33 and SHELXL34 included in Olex2
program.35 Special refinement details have been reported below.
CCDC 2280466−2280468 contain the supplementary crystallo-

graphic data for this paper. These data can be obtained free of charge
from the Cambridge Crystallographic Data Center via www.ccdc.cam.
ac.uk/data_request/cif.

Crystal Data of 2a. C32H58ClNOPRhSi; Mr = 670.21; yellow
prism 0.005 × 0.005 × 0.120 mm3; monoclinic P21/c; a =
14.27470(10) Å, b = 11.38320(10) Å; c = 21.0193(2) Å, b =
92.1060(10)°; V = 3413.16(5) Å3; Z = 4; Dc = 1.304 g/cm3; μ =
0.725 mm−1; min and max absorption correction factors: 0.9759 and
1.0; 2θmax = 67.102°; 115,994 reflections measured, 11,267 unique;
Rint = 0.1348; number of data/restraint/parameters: 11,267/0/351;
R1 = 0.0690 [10,825 reflections, I > 2σ(I)], wR(F2) = 0.1721 (all
data); largest difference peak: 2.436 e Å−3. The highest residual
density peaks are found close to the metal atom. Hydride ligand
position was calculated with the HYDEX program.36 Its isotropic
atomic displacement parameter has been constrained to be 1.5 times
the equivalent isotropic adp of the metal atom.

Crystal Data of 2b. C22H44ClNOPRhSi; Mr = 536.00; yellow
prism 0.100 × 0.118 × 0.190 mm3; monoclinic P21/n; a = 8.8119(3)
Å, b = 10.5412(7) Å; c = 28.8510(19) Å, b = 98.570(2)°; V =
2650.0(3) Å3; Z = 4; Dc = 1.343 g/cm3; μ = 0.863 mm−1; min and
max absorption correction factors: 0.6947 and 0.7467; 2θmax =
56.554°; 110,389 reflections measured, 6533 unique; Rint = 0.0309;
number of data/restraint/parameters: 6533/0/273; R1 = 0.0180
[6403 reflections, I > 2σ(I)], wR(F2) = 0.0476 (all data); largest
difference peak: 0.589 e Å−3. Hydride and hydrogen atoms of the P−
H fragment have been included in the model in observed positions
and as freely refined.

Crystal Data of 3a. C33H58F3NO4PRhSSi; Mr = 783.83; yellow
prism 0.100 × 0.170 × 0.200 mm3; monoclinic C2/c; a = 19.6141(13)
Å, b = 15.2804(10) Å; c = 26.080(2) Å, b = 110.343(2)°; V =
7329.0(9) Å3; Z = 8; Dc = 1.421 g/cm3; μ = 0.651 mm−1; min and
max. absorption correction factors: 0.8624 and 0.9282; 2θmax =
72.774°; 161,885 reflections measured, 17,751 unique; Rint = 0.0295;
number of data/restraint/parameters: 17,751/0/417; R1 = 0.0258
[16,521 reflections, I > 2σ(I)], wR(F2) = 0.0609 (all data); largest
difference peak: 1.164 e Å−3. Hydride ligand has been included in the
model in observed position and as freely refined.
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