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ABSTRACT

The cyclometalated Rh(I11)-NHC compounds [Cp*RhI(C,C’)-Triaz] (Triaz = 1,4-diphenyl-3-
methyl-1,2,3-triazol-5-ylidene) and [Cp*RhI(C,C’)-Im] (Im = 1-phenyl-3-methyl-imidazol-2-
ylidene) are efficient catalysts for the hydrosilylation of terminal alkynes with complete regio- and
stereoselectivity towards the thermodynamically less stable B-(Z)-vinylsilane isomer at room
temperature in chloroform or acetone. Catalyst [Cp*RhI(C,C’)-Triaz] shows a superior catalytic
performance in terms of activity and has been applied to the hydrosilylation of a range of linear 1-
alkynes and phenylacetylene derivatives with diverse hydrosilanes, including HSiMePhy,
HSiMe;Ph, HSiEts and the bulkier heptamethylhydrotrisiloxane (HMTS), to afford the
corresponding B-(Z)-vinylsilanes in quantitative yields. The graphene-based hybrid material
TRGO-Triaz-Rh(Ill), featuring cyclometalated [Cp*RhI(C,C’)-Triaz] (Triaz = 1,4-diphenyl-3-
methyl-1,2,3-triazol-5-ylidene) rhodium(l11) complexes covalently immobilized through the
triazolylidene linker, has been prepared by metalation of the trimethylsilyl-protected 3-methyl-4-
phenyl-1,2,3-triazolium iodide functionalized graphene oxide material, TRGO-Triaz, with
[Cp*RhCI2]2 using sodium tert-butoxide as base. The coordination sphere of the supported
rhodium(111) complexes has been determined by means of XPS and extended X-ray absorption fine
structure (EXAFS) spectroscopy, showing the replacement of the iodido ligand by O-
functionalities on the carbon wall. In sharp contrast with the homogeneous catalyst, the
heterogeneous hybrid catalyst TRGO-Triaz-Rh(I11) is not active at room temperature although it
shows an excellent catalytic performance at 60 °C. In addition, the hybrid catalyst TRGO-Triaz-
Rh(Ill) has shown an excellent recyclability allowing at least six catalytic runs in the
hydrosilylation of oct-1-yne with HSiMePh2 in acetone with complete selectivity to the B-(2)-
vinylsilane product. The reaction mechanism for the molecular catalyst [Cp*RhI(C,C’)-Triaz] has
been explored by means of DFT calculations, pointing to a metal-ligand bifunctional mechanism

involving reversible cyclometalation that is competitive with a non-cooperative pathway. The



proposed mechanism entails the Rh—Car assisted hydrosilane activation to afford a reactive Rh-
silyl intermediate that leads to a (E)-silylvinylene intermediate after alkyne insertion and a
metallacyclopropene-driven isomerization. The release of the -(Z)-vinylsilane product can occur
by a reversible cyclometalation mechanism involving o-CAM with the Ca—H bond or,
alternatively, the Si—H bond of an external hydrosilane. The energy barrier for the latter is 1.2
kcal-mol™ lower than that of the Ca—H bond, which results in a small energy span difference that

makes both pathways competitive under catalytic conditions.

INTRODUCTION

Catalysis is a key enabling technology for developing feasible solutions towards a sustainable
chemical production.! In this context, the hydrosilylation of carbon-carbon multiple bonds is one
of the most remarkable methods for the construction of Si—C bonds. In particular, the
hydrosilylation of alkynes provides a straightforward and atom-economical access to vinylsilanes,
which are useful intermediates in organic synthesis,” such as coupling partners in Hiyama cross
coupling reactions,® or industrial reagents to synthesize cross-linked silicone polymers.* Despite
major advances over the last years, the developing of transition-metal hydrosilylation catalysts for
the control of the regio- and stereo-selectivity along the H-Si addition process is still a major
challenge.

The hydrosilylation of terminal alkynes can afford three possible vinylsilane isomers, namely,
the linear B-(Z) and B-(E) isomers resulting from the syn- and trans-anti-Markovnikov addition,
respectively; and the branched o-vinylsilanes from the Markovnikov addition. Besides, the
formation of silylalkyne derivatives, resulting from the competitive dehydrogenative silylation
process, is occasionally observed for some catalytic systems (Scheme 1).° Although the B-(E)-
vinylsilane formation generally occurs with high selectivity,® the selective synthesis of a-’ and B-

(Z)-isomers® is more challenging. Furthermore, the isomerization of B-(Z)-vinylsilanes to



thermodynamically more stable B-(E)-vinylsilanes under the typical conditions of transition-metal-
catalyzed reactions constitutes an additional difficulty that hinders the development of B-(2)-
selective catalysts.>® So far, a number of B-(Z)-selective noble-metal-based catalysts bearing Rh,*°
Ir't and Ru,!? have been developed. However, many of them show either low reactivity or substrate-
dependent selectivity, and usually produce a mixture of vinylsilane isomers. In addition, a few
earth-abundant transition-metal based catalytic systems, such as Co,*® Fe'* and Mn,*® have been
recently reported to afford similar outcomes. A selection of ((Z)-stereoselective catalysts for
terminal alkyne hydrosilylation is shown in Chart 1. However, these examples are still scarce, and
therefore, the development of much more efficient catalysts to access the less thermodynamic

stable B-(Z)-vinylsilane derivatives with wider applicability remains necessary.
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Ligand design and mechanistic understanding are pivotal for the rational development of more
efficient hydrosilylation catalysts. N-heterocyclic carbenes (NHCs) have been consolidated as
powerful ligands for boosting catalytic activity owing to their strong coordination ability and
tunable character, which enables the control of the steric and electronic properties at the metal
center.’® In this regard, considerable attention has been paid to the development of alkyne
hydrosilylation rhodium catalysts based on functionalized NHC®%17 and bis-NHC7%11018 [igands
exhibiting different degrees of selectivity and efficiency. In particular, 1,2,3-triazolylidene (Triaz)
ligands have emerged as a versatile subclass of NHCs with increased c-donor properties, compared
to classical Arduengo-type imidazol-2-ylidene ligands, and an electronic flexibility because of their
mesoionic character derived from 1,3-disubstitution of the heterocyclic ring.1>2° These properties
make them powerful tools for catalyst design, and have found application in a range of catalytic
transformations including cross coupling, olefin metathesis, water oxidation and the
hydrosilylation of carbonyl compounds.?X We have recently reported the efficiency of
[Rhi(cod)(Triaz)] (Triaz = 1,4-diphenyl-3-methyl-1,2,3-triazol-5-ylidene) as a catalyst for the
hydrosilylation of a range of terminal and internal alkynes with good [-(Z) and syn selectivities,
respectively, which constitutes the first example of a triazolylidene-based catalyst for this
transformation.?? Furthermore, we have set up a strategy for the immobilization of Rh(l)-
triazolylidene complexes by making use of a bottom-up approach involving a stepwise solid phase
synthesis of the corresponding triazolium fragments through the epoxy functionalities on thermally
reduced graphene oxides (TRGO). This hybrid catalyst efficiently catalyzed the hydrosilylation of
alkynes, showing the same good selectivity as the related [Rhl(cod)(Triaz)] homogeneous catalyst.
Noticeably, the good recyclability of the hybrid catalyst demonstrates the strength of the C-N
covalent bond of the triazolylidene linker to the graphitic wall under hydrosilylation conditions. In
this context, it is worth mentioning that a rather limited number of heterogenized rhodium

hydrosilylation catalysts have been previously described in the literature.?®?* To the best of our



knowledge, there are only two examples of Rh(I)-NHC catalysts covalently supported on
carbonaceous materials, one of which showed moderate catalytic activity in the hydrosilylation of
internal alkynes.?> On the other hand, pyrene-tagged rhodium NHC complexes anchored onto
reduced graphene oxide were found to be only moderately active for the hydrosilylation of terminal

alkynes, and exhibited very limited recyclability.?®

Keeping in mind the above results, we foresee the potential of cyclometalated rhodium(lll)
complexes, such as [Cp*RhI(C,C’)-Triaz] or [Cp*RhI(C,C’)-Im)] (Im = 1-phenyl-3-methyl-
imidazolylide), as alkyne hydrosilylation catalysts. The combination of a supporting Cp* ligand
with a strong donor NHC moiety engaged in a five-membered metalacycle, resulting from the ortho
metalation of the phenyl substituent, provide a stable structural framework with possible
application in hydrofunctionalization reactions. In particular, the Rh-Car bond is a reactive site that
could participate in the pre-catalyst activation by reaction with the hydrosilane?’ or the alkyne,*?
thus affording reactive hydrosilylation intermediates?® Interestingly, reversible cyclometalation
has been proposed as a possible metal-ligand bifunctional mechanism in catalysis.?® In fact,
computational studies have shown that the cooperativity of a cyclometalated metal-ligand fragment
could be operative in the catalytic dehydrogenation of ammonia-borane and formic acid,* as well

as in dehydrogenative silylation or transfer hydrogenation catalytic reactions.®

Herein, we report on the synthesis and characterization of a graphene-based hybrid catalyst
featuring [Cp*RhI(C,C’)-Triaz] complexes covalently immobilized through the triazolylidene
linker as well as its application as heterogeneous catalyst for the hydrosilylation of a range of
terminal alkynes with diverse hydrosilanes. In addition, we have carried out recyclability studies
and a comparative study of its catalytic activity with that of related [Cp*RhI(C,C’)-NHC]
homogeneous catalysts. Moreover, the reaction mechanism for the molecular catalyst has been

investigated by theoretical calculations at the Density Functional Theory (DFT) level. On the basis



of such calculations a metal-ligand bifunctional mechanism involving reversible cyclometalation

could be feasible.

RESULTS AND DISCUSSION

Synthesis and Characterization of N-heterocyclic carbene Rhodium(lll) complexes
[Cp*RhI(C,C*)-Triaz] (1) and [Cp*RhI(C,C’)-Im] (2). Cyclometalated Rh(III)-NHC
compounds 1 and 2 were prepared by reaction of the corresponding azolium salts, 1,4-diphenyl-3-
methyl-1,2,3-triazolium iodide and 1-phenyl-3-methyl-imidazolium iodide, with half equivalent of

the dimer compound [Cp*RhCl2]2 in the presence of sodium tert-butoxide (Scheme 2).
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Scheme 2. Synthesis of cyclometalated complexes [Cp*RhI(C,C’)-NHC] (NHC = Triaz, 1; Im, 2).

The formation of 1 proceeds through the mixed-halogen intermediate species [Cp*RhICI(Triaz)],
which was observed when the reaction was conducted in the presence of 1 equivalent of NaOtBu
(see Supporting Information). It is worth noting that the related chlorido compound
[Cp*RhCI(C,C)-Triaz] had previously been prepared by transmetalation of the triazolylidene silver
compound to [Cp*RhCl.]2 without any base.*? However, regarding the covalent immobilization of
this type of complexes on solid supports, the use of NaOtBu is much more convenient as it avoids

the use of a silver salt as well as the problems associated to the removal of the insoluble AgCI
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byproduct. Compound 1 was obtained as an orange solid in 73% yield and fully characterized by

elemental analysis, HRMS and NMR spectroscopy (see the Supporting Information).

The selective C-H activation of the N-bound phenyl group proposed for 1 was unambiguously
confirmed by an X-ray diffraction analysis on a single crystal of the complex. The crystal structure
of 1 shows a pseudo-tetrahedral environment at the metal centre (Figure 1a) similar to that already
reported for the iridium-chlorido analogues.® The reduced bite angle of the cyclometalated
triazolylidene ligand [C(1)-Rh-C(7) 78.6(3)°] distorts the coordination of both the C(1)-N(2)-N(3)-
N(4)-C(5) and C(6)-C(7)-C(8)-C(9)-C(10)-C(11) rings, bringing about notable yaw angles 1,
namely 13.7° and 5.5°, respectively. On the other hand, reduced pitch angles are observed [C(6)-
C(7)-C(8)-C(9)-C(10)-C(11), pitch, 6 1.8° C(1)-N(2)-N(3)-N(4)-C(5) pitch, 8 0.1°]. Furthermore,
the steric release as well as the C(17)-H(17)---I contact (Figure 1a, C(17)-H(17) 0.95 A, H(17)---1
3.04 A, C(17)---1 3.954(6) A, C(17)-H(17)-1 162°) should be responsible for the dihedral angle

C(1)-C(5)-C(12)-C(17) of 41.6(1.1)°.

The cyclometalated iodido complex [Cp*RhI(C,C’)-Im] (2) had already been prepared by
Choudhury et al.** using NaOAc as base instead of NaOtBu. Although the crystal structure of 2
was also reported, the poor quality of that determination, carried out at 293 K, e.g. Ry = 0.1211
[1>25(1)], wR2 = 0.4370 (all data), prompted us to perform a significantly more accurate study at
100 K. Both at 100 K and 293 K, the space group was P21/c, with slightly different unit cells. The
ORTEP view of the crystal structure of 2 and a selection of bond lengths and angles are given in
Figure 1b. It is worth mentioning that, due to the small bite angle of the phenyl-imidazolylidene
metalated ligand [C(1)-Rh-C(12) 77.96(12)°], both the imidazolylidene moiety and the metalated
phenyl ring deviate from the ideal arrangement at Rh-C(1) and Rh-C(12) bonds, respectively. In
particular, they render the following pitch and yaw angles: C(7)-C(8)-C(9)-C(10)-C(11)-C(12),

pitch, 6 7.4, yaw, 1 6.8; C(1)-N(2)-C(3)-C(4)-N(5), pitch, 8 0.7°, yaw, y 10.5°.%
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Figure 1. ORTEP views of [Cp*RhI(C,C’)-NHC] with the thermal ellipsoids at 50 % probability.
Most hydrogen atoms are omitted for clarity. Selected bond lengths (A) and angles (°): a) 1: C(1)-
Rh 2.005(6), C(7)-Rh 2.048(7), Rh-1 2.6630(7), Rh-Ct 1.8577(5), C(1)-Rh-C(7) 78.6(3), C(1)-Rh-
| 89.65(16), C(7)-Rh-1 88.89(17), Ct-Rh-C(7) 130.06(18), Ct-Rh-l1 123.38(2), Ct-Rh-C(1)
131.47(18). b) 2: C(1)-Rh 2.000(3), C(12)-Rh 2.049(3), Rh-1 2.6847(3), Rh-Ct 1.8702(2), C(1)-
Rh-C(12) 77.96(12), C(1)-Rh-I 91.82(8), C(12)-Rh-I 95.47(8), Ct-Rh-C(1) 130.26(8), Ct-Rh-I
123.121(12), Ct-Rh-C(12) 125.56(8), C(1)-Rh-C(12) 77.96(12). Ct, centroid of the Cs ring of the

Cp* moiety.

Hydrosilylation of 1-alkynes catalyzed by [Cp*RhI(C,C’)-NHC]. Compounds [Cp*RhI(C,C’)-
Triaz] (1) and [Cp*RhI(C,C*)-Im] (2) were tested as catalyst precursors for the hydrosilylation of
a range of aliphatic and aromatic terminal alkynes, including oct-1-yne, phenylacetylene
derivatives and 3,3-dimethyl-but-1-yne; using HSiMePh,, HSiMePh, and HSiEtz as hydrosilanes

(see Table 1). The reactions were performed in CDCl3 or acetone-ds, at 25 or 60 °C, with standard
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catalyst loads of 1 mol % and were routinely monitored by *H NMR spectroscopy using anisole as
internal standard.

Noteworthy, both catalysts are effective for the hydrosilylation of oct-1-yne with HSiMe2Ph,
affording full conversion and complete selectivity for the less thermodynamically stable B-(Z)-
vinylsilane isomer using either acetone-ds or CDCls as solvent. However, catalyst 1, bearing the
cyclometalated triazolylidene ligand, is more active than 2. In fact, 1 catalyzes the hydrosilylation
of oct-1-yne at room temperature either in chloroform or acetone, and significantly longer reaction
times are needed for 2 (Table 1, entries 1-4). To our delight, the frequently observed catalyzed
isomerization of B-(Z)-vinylsilane to the more thermodynamically stable B-(E)-vinylsilane isomer
once the alkyne substrate has been completely exhausted is not observed here.??35 Further, the
hydrosilylation reactions of oct-1-yne with less reactive hydrosilanes such as HSiMePh, or even
HSiEts proceed efficiently with both catalysts, affording complete selectivity for the B-(2)-
vinylsilane isomer (Table 1, entries 5-11). In general, hydrosilylation reactions with catalyst 1 are
faster in acetone-ds than in CDCIs at room temperature, although the reaction speeds up

significantly in CDClz at 60 °C (entries 5 and 6).

The excellent catalytic performance of 1 in acetone-ds prompted us to study the substrate scope
with this catalyst. Full conversion to the B-(Z)-vinylsilane product was attained in the
hydrosilylation of phenylacetylene with HSiMe2Ph or HSiEtz in acetone-ds in about 20 min (entries
13 and 14). In contrast, the related Rh(l) catalyst [Rhl(cod)Triaz] exhibited moderate catalytic
activity and poor selectivity for the hydrosilylation of phenylacetylene.?? The hydrosilylation of
phenylacetylene derivatives having either an electron-donating (-OMe) or electron-withdrawing
(-CFs) substituent at the para position with HSiMe2zPh is slightly slower, especially for the latter,
although complete selectivity to the B-(Z)-vinylsilane products was achieved with both substrates

(entries 15 and 16).
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The hydrosilylation of cyclohexylacetylene, a secondary alkyl substituted alkyne, with

HSiMe.Ph and HSiEtz in CDCIls or acetone-ds also proceeds efficiently at 25 °C to give the

corresponding B-(Z)-vinylsilane products (entries 17 and 19). On the other hand, the hydrosilylation

of a bulky aliphatic alkyne such as t-Bu-C=CH is much slower, even at 60 °C, and pretty

unselective, affording 68% of the B-(E)-vinylsilane (Table 1, entry 20), which is in agreement with

the observed trend for related Rh(1)-NHC catalysts.”*8 Gratifyingly, the hydrosilylation of oct-1-

yne with the least reactive and bulkier heptamethylhydrotrisiloxane (HMTS) takes place slowly at

60 °C with complete selectivity to the B-(Z)-vinylsilane product (Table 1, entry 21).

To our delight, the hydrosilylation reaction can be carried out on a preparative scale as has been

demonstrated for the synthesis of (Z)-dimethyl(oct-1-en-1-yl)(phenyl)silane by three consecutive

catalytic cycles using catalyst 1 (see Experimental Section).

Table 1. Hydrosilylation of 1-alkynes catalyzed by [Cp*RhI(C,C’)-NHC] (NHC = Triaz, 1; Im,

2).2P
hydrosilylation H)\ H)\/ R'3Si
R—==—H + HSIR' R B + - SiR'3 +
’ Rh'-catalyst R SiR'3 R " R>=
B-(2) B-(E) o
entry  alkyne/ solvent T (°C) catalyst t(min) conv (%) B-(Z) (%) B-(E) (%) o (%)

hydrosilane
n-HexC=CH/

1 HSiMe,Ph CDCl; 25 1 20 98 99

2 25 2 360 99 99

3 acetone-ds 25 1 15 98 99

4 25 2 110 99 99
n-HexC=CH/

5 HSiMePh, CDCl3 25 1 300 99 99

6 60 1 20 99 99

7 60 2 120 99 99

8 acetone-ds 25 1 54 99 99

9 60 2 150 99 99
n-HexC=CH/

10 HSIEts CDCl; 25 1 70 98 99

11 acetone-ds 25 1 48 97 99
PhC=CH/

11



13 acetone-ds 25 1 18 98 99 - -
14  PhC=CH/HSIEt; acetone-ds 25 1 22 99 99 - -
MeOC¢H;-C=CH/

15 HSiMe,Ph acetone-ds 25 1 50 97 99 - -
16 Cngr,\jéf,hCH/ acetone-ds 25 1 85 96 99 - -
17 ﬁgﬁ;ﬁ(] cocl, 25 1 45 99 99 i i
18 acetone-ds 25 1 40 99 99 - -
19 CyC=CH/HSIiEt; acetone-ds 25 1 20 99 99 - -
20 tﬁ%‘ifﬂichw acetone-ds 60 1 240 98 24 68 8
21 ”'F/'I‘:XI\'/ICTESCH acetone-ds 60 1 1000 98 99 . i

a) Conversions and selectivities (%) were calculated by *H NMR using anisole as internal standard. b) Experiments
were carried out in CDCl3 or acetone-ds (0.5 mL) using a HSiRs/alkyne/catalyst ratio of 100/100/1, [catalyst]o = 1 X
103 M.

We have studied the hydrosilylation of phenylacetylene with the hydrosilanes Ph,SiH; and
PhSiH3 catalyzed by 1 at 60 °C in CDClIs. Both reactions are unselective due to the formation of
multi-addition products,® which is consistent with the high activity exhibited by catalyst 1.
Hydrosilylation of phenylacetylene with PhSiHz or Ph,SiH> (1:1) afforded a mixture of mono- and
di-alkenylsilane products with complete regioselectivity for the B-styryl derivatives, although the
Z stereoselectivity is lost. Phenylacetylene reacted with PhSiHz (3:1 molar ratio, 4 h) to the give
the tris-styrylsilane product (87%) as the ZEE (53%) and EEE (34%) stereoisomers. In contrast,
the hydrosilylation of phenylacetylene with Ph2SiH2 (2:1) gave diphenyl((Z)-styryl)silane (47%)
and diphenyl((2)-styryl)((E)-styryl)silane (53%) in 40 min thereby suggesting that under these
experimental conditions the first hydrosilylation proceeds with [B-(Z) stereoselectivity (see
Supporting Information).

Mechanistic insights on the hydrosilylation of 1-alkynes catalyzed by 1. In order to shed light
on the mechanism of the hydrosilylation of terminal alkynes catalyzed by 1, and understand its

outstanding activity and selectivity, we performed a complete theoretical study. In particular, we
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applied DFT at the B3LYP-D3BJ/def2-TZVP//def2-SVP (PCM, acetone) level of theory (see the
Experimental Section for more details). We selected HSiMe2Ph and phenylacetylene as hydrosilane
and alkyne models, respectively. The active catalyst (complex 1) was considered in its totality,
without including geometrical simplifications, as it bears reactive and bulky ligands that are likely
to have a relevant effect in the reaction pathways.3"*® For the sake of a clear understanding, the
reaction intermediates and transition states are referred to by capital letters starting by A (which
corresponds to the catalyst, 1). Notice that we have set the energy reference at D, as this species
is the most likely starting point for successive catalytic cycles. The lowest-in-energy reaction

pathway is shown in Figure 2, while other discarded alternatives are provided in Figure 3.
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Figure 2. DFT calculated Gibbs energy reaction profile (in kcal-mol™* relative to D’ and isolated
molecules) for the hydrosilylation of phenylacetylene with HSiMe,Ph catalyzed by
[Cp*RhI(C,C’)-Triaz] (1).

The first step consists on the ligand exchange between the iodido ligand and a hydrosilane
molecule. This happens through intermediate B, which is 14.3 kcal-mol™ less stable than A, and
yields intermediate C, which is 7.4 kcal-mol higher in energy than A. Notice that the

aforementioned process is facilitated by the coordination flexibility of the Cp* ligand, which
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changes its coordination mode form n° to n*,394° as we previously reported for structurally related
catalysts.®” Then, the hydrosilane H-Si bond is activated by means of a c-complex assisted
metathesis (c-CAM) mechanism involving the H-Si and Rh—Car bond, thus forming new Rh-Si
and C—H bons.*>*2 This step proceeds via TS-CD (see Figure S34 in the Supporting Information),
and requires to surmount an energy barrier of 14.5 kcal-mol™ (with respect to A, feasible under the
working conditions), leading to the silyl intermediate D, whose relative energy is 1.2 kcal-mol*
higher than that of C. We note that we also explored the classical inner-sphere mechanisms that
involve the hydrosilane oxidative addition to the metal center,*® but we could not find any stable
intermediate. In fact, the oxidative addition on Rh(lll) species A (and C) would lead to a Rh(V)

intermediate, which, with very few exceptions,* has been extensively reported to be unstable.

As D bears a coordination vacancy, both the hydrosilane and the alkyne could occupy it. The
coordination of the hydrosilane would lead to D’, 2.3 kcal-mol™ more stable that D; however, this
pathway could not further evolve as the oxidative addition of the hydrosilane into the Rh(I11) center
would lead to a Rh(V) intermediate. Also notice that the significant steric repulsions within the
complex hinder the hydrosilane coordination, thereby resulting in a stabilization energy of only 2.3
kcal-mol™. The ligand exchange between the hydrosilane and the alkyne leads to D**, 2.4 kcal-mol™*
less stable than D’, which has not been included in Figure 2 for simplicity. Nonetheless, this step
is necessary for the alkyne insertion into the Rh—Si bond, which takes place via TS-DE (see Figure
S34 in the Supporting Information) and yields the (2)-silylvinylene intermediate E, with a relative
energy of -15.9 kcal-mol™* with respect to D’. The process requires to overcome an energy barrier
of 20.6 kcal-mol™ (with respect to A) for the first catalytic cycle, and 14.3 kcal-mol™ (with respect

to D), for successive cycles (see below).

Intermediate E may undertake three different processes, which are summarized in Figure 3. One

possibility is a direct c-CAM between the Ca—H and Rh-C bonds to directly yield the
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B-(E)-vinylsilane product (via TS-EC, Figure 4a) and C (blue pathway). This process would
require to overcome an energy barrier of 16.1 kcal-mol™, determined by the energy difference
between E and the transition structure TS-EC. The second possibility would be c-CAM with a
newly coordinated hydrosilane, i.e. between the H-Si and the Rh—C bonds, to yield the B-(E)-
vinylsilane product and D, by means of TS-ED (Figure 4b), as shown in the red pathway. This
pathway would require to overcome an energy barrier of 23.8 kcal-mol™ (the energy difference
between TS-ED and E). Alternatively, E can isomerize to intermediate G, with a relative energy
of -23.0 kcal-mol™, 7.0 kcal-mol™ more stable than E (black pathway). This process may take place
via a metallacyclopropene intermediate F, also named m?-vinylsilane metal species,* with a
relative energy of -6.2 kcal-mol™? (9.7 kcal-mol™ higher than E). Notice that the energetic profile
of this process is significantly lower than that involving the direct B-(E)-vinylsilane formation (9.7
kcal-mol? vs 23.8 kcal-mol™ and 16.1 kcal-mol™?), and thus the isomerization pathway will be the
preferred one. On balance, intermediate F leads to the isomerization of the (Z)-silylvinylene into
the more stable (E)-silylvinylene intermediate. We associate the feasibility of the formation of the
three-membered metallacycle intermediate to the presence of a coordination vacancy in the 16e
intermediate E, which facilitates the coordination of a second carbon atom to the metal center, thus

forming intermediate F.

3 \
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HD C+p-(E)

-41.8
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Figure 3. Possible reaction pathways to be undertaken for intermediate E (in kcal-mol™ relative to

D’ and isolated molecules).

a) TS-EC b) TS-ED

1.786 A

d) TS-GD

e N

Figure 4. DFT-optimized structures and selected distances of: a) TS-EC, b) TS-ED, c¢) TS-GC

and d) TS-GD. Notice that non-relevant hydrogen atoms have been omitted for clarity.

Finally, there would be two different possibilities for the generation of the B-(Z)-vinylsilane
product from G by means of o-CAM processes, which are analogous to those reported for the
formation of the B-(E)-vinylsilane isomer (see Figure 2). The first one consists on the
cyclometalation via 6-CAM between H-Car and Rh—C bonds through TS-GC (Figure 4c), with an
energy barrier of 13.2 kcal-mol™ (dictated by the energy difference between TS-GC and G), which
would regenerate intermediate C and yield the B-(2)-vinylsilane (blue pathway in Figure 2). The
second alternative (red pathway) involves the coordination of another hydrosilane molecule and
the o-CAM between the H-Si and the Rh—C bonds (via TS-GD, Figure 4d), with an energy barrier
of 12.0 kcal-mol™? (determined by the difference between TS-GD and G). This pathway leads to
the B-(Z)-vinylsilane and intermediate D’ (upon coordination of a hydrosilane in the coordination

vacancy of D).
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Remarkably, TS-GD is 1.2 kcal-mol™* more stable than TS-GC, pointing towards the c-CAM
between the H-Si and the Rh—C bonds is preferred to the reversible cyclometalation; however, the
very small energy difference between both pathways indicates that both will contribute to the
overall reaction ensemble. It is also noticeable that the transition state for cyclometalation was 7.7
kcal-mol™ more stable than the 5-CAM with the hydrosilane for the (E)-silylvinylene intermediate
(E), while it is 1.2 kcal-mol™ less favorable for the (Z)-silylvinylene intermediate (G). We attribute
this feature to the higher steric hindrance in E, which disfavors the hydrosilane coordination (see
Figure 4).

Overall, the process is very favorable from a thermodynamic point of view, with a AG of -39.2
kcal-mol™* with respect to D’ (and -32.9 kcal-mol™ with respect to A) for the B-(Z)-vinylsilane
product. We calculated the effective energy span (AG#) for the cycle by means of the method
proposed by Kozuch et al.*® According to this framework, the first catalytic cycle features AG* of
20.6 kcal-mol?, which is determined by the energy difference between TS-DE (the alkyne insertion
into the Rh—Si bond) and A. However, since the lowest-in-energy pathway leads to D’, we set the
zero of energies in this point as it is the starting point for subsequent cycles. Thus, the energy span
for the subsequent reaction cycles would be AG* = 12.0 kcal-mol™, which corresponds to the final
o-CAM between the H-Si hydrosilane bond and the Rh—C bond of the (Z)-silylvinylene (G).*’

The proposed mechanism for the hydrosilylation of phenylacetylene with HSiMe2Ph catalyzed
by [Cp*RhlI(C,C’)-Triaz] (1) on the basis of theoretical calculations is summarized in Scheme 3.
The release of the B-(Z)-vinylsilane product from the (E)-silylvinylene intermediate can occur by
a reversible cyclometalation mechanism involving o-CAM with the Ca—H bond (outer catalytic
cycle),?® or the Si—H bond of an external hydrosilane (inner catalytic cycle). Since the energy
barrier for the 5-CAM pathway involving the Si—H bond is 1.2 kcal-mol™ lower than that of the

C—H bond, both pathways could be operative under the experimental reaction conditions.
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Scheme 3. Mechanistic proposal for the hydrosilylation of phenylacetylene with HSiMe2Ph

catalyzed by [Cp*RhI(C,C’)-Triaz] (1) made on the basis of DFT calculations.

In order to analyze in depth, the role of steric effects in the reaction mechanism, we recomputed
the aforementioned reaction pathways for an alky-substituted NHC-Rh complex in which we have
replaced the phenyl moiety in the NHC scaffold by a methyl group. For analogy with catalyst 1,
we called this one 1-Me, which corresponds to intermediate A-Me in the theoretically-computed
reaction pathways (see Figures S35 and S36 in the Supporting Information). The results showed
that a similar reaction mechanism takes place when the bulkier phenyl group is substituted by a
methyl one (Figures S35 and S36), with minor changes in the energy barriers, as a consequence of
the lower steric hindrance of the Me group. Namely, the energy span for the alkyne insertion in the
Rh-Si bond (determined by TS-CD-Me and D’-Me for the second catalytic cycle on) is 9.6

kcal-mol’!, i.e. 4.7 kcal-mol ™! lower than that derived from the original catalyst (1). On the contrary,
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the energy difference between the 77-vinylsilane metal intermediate (F-Me) and the
B(E)-vinylsilane formation by 6-CAM-driven orthometalation (TS-EC-Me) is 6.8 kcal-mol™!, only
0.4 kcal-mol™! higher than that of 1 (Figures 3 and S36); thus indicating that both catalysts will
undertake the same isomerization process to yield the B(Z)-vinylsilane isomer. Probably, the most
remarkable difference is that the energy splitting between the two possibilities for the release of
the final product (energy difference between TS-GD-Me and TS-GC-Me, Figure S35) is
significantly higher for 1-Me, the 6-CAM between the H-Si hydrosilane bond and the Rh—C bond
of G-Me being 5.6 kcal'mol! more favorable than the orthometalation, while it is only 1.2
kcal-mol™! for 1. As a consequence, we only expect the former process to take place. We attribute
this difference to the lower steric hindrance in 1-Me. As TS-GD(-Me) is more sterically impeded,
the substitution of the phenyl moiety by a methyl one, relieves the steric repulsion, making this
transition structure significantly lower in energy than that of TS-GC(-Me), in which the steric
repulsion effect is less important as its coordination sphere is less crowded (it misses the extra

silane present in TS-GD(-Me))

Synthesis and Characterization of Graphene-Based Rhodium(lIl)-Triazolylidene Hybrid
Catalyst. The remarkable alkyne hydrosilylation performance of the cyclometalated
[Cp*RhI(C,C")-Triaz] (1) compound prompted us to prepare a related graphene-oxide-supported
Rh(l11)-triazolylidene hybrid material. A 3-methyl-4-phenyl-1,2,3-triazolium iodide functionalized
graphene oxide material having trimethylsilyl-protected hydroxy groups recently reported by us,
TRGO-Triaz, has been used for this purpose (Scheme 4). According to our previous experience,
the protection of all -OH groups in the triazolium functionalized material is required for the
successful metalation that leads to triazolylidene rhodium complexes anchored to the carbon
nanomaterial. In fact, the TMS-protected Rh(l)-triazolylidene (TMS = trimethylsilyl) hybrid
material has shown excellent stability and good recyclability for alkyne hydrosilylation, thereby

confirming the strength of the C—N covalent bond of the triazolylidene to the graphitic wall.??
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Scheme 4. Stepwise synthesis and structure of the graphene-based Rh(lll)-triazolylidene hybrid

catalyst TRGO-Triaz-Rh(l11) (see the Supporting Information for details).

The graphene supported Rh(lll)-triazolylidene hybrid material, TRGO-Triaz-Rh(I11), was
prepared by reaction of TRGO-Triaz with [Cp*RhCl;]2 in the presence of sodium tert-butoxide.
The rhodium content of the new hybrid material, 5.7 wt.%, was determined by means of ICP-MS.
HRTEM images (Figure 5a) and STEM-EDX mapping (Figures 5b, I-1V) of TRGO-Triaz-Rh(I11)
establish the homogeneous distribution of the rhodium atoms (black spots of size between 0.7-1.2
nm, Figure 5a) all along the graphene basal planes (Figure 5b, 11).224¢ Similarly, nitrogen and
oxygen are also homogeneously distributed in the graphene material (Figure 5b, IlI-1V,
respectively) although silicon was almost undetectable. A similar result was obtained by the
analysis of this sample by XPS (see Supporting information, Table S1) confirming that the silicon
content observed in the parent TRGO-Triaz material (5.3 %) have disappeared after rhodium
anchoring. The presence of Rh(Ill) in TRGO-Triaz-Rh(I11) was evidenced by the doublet signal
in the high-resolution XPS Rh3d spectrum with an average separation between the maxima of ~4.6
eV and with the maximum of the 3d5/2 peak centered at ~310.1 eV (Figure S9, see Supporting

Information).*°
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Figure 5. a) HRTEM, b) STEM (1) and EDX mapping images of Rh (1), N (111) and O (IV) for
TRGO-Triaz-Rh(Il1), and high resolution XPS spectra of ¢) N1s and d) Ol1s for TRGO-Triaz

(blue curves) and TRGO-Triaz-Rh(I11) (red curves).

On the other hand, the anchorage of rhodium to the triazolylidene moieties was evidenced by a
change in the XPS N1s spectra (Figure 5¢). Not only the maximum of the signal is shifted to lower
binding energies (from 400.2 to 399.5 eV), but also a narrowing of the signal is observed with full
widths at half maximum, FWHM, of 1.6 and 3.3 eV for TRGO-Triaz-Rh(I11) and TRGO-Triaz,
respectively. These effects were also observed in the in the XPS N1s spectra of the previously
reported TRGO-Triaz-Rh(I) compared to that of TRGO-Triaz.?? Surprisingly, when analyzing
the high resolution XPS Ol1s spectra (Figure 5d), a shift in the maximum towards lower binding
energies is also seen after rhodium anchoring. This significant fact is consistent with the elimination
of the C-O-Si bonds involving the protective TMS groups, which is in accordance with the
observed absence of Si in the hybrid material. Besides, the higher intensity at lower binding
energies in that spectrum does not discard the formation of Rh-O bonds. Moreover, the
deconvolution of the high resolution XPS C1s spectra confirms a substantial increase in the Csp®
content after rhodium anchoring (from 15.5 % to 34.5% for TRGO-Triaz and TRGO-Triaz-
Rh(I11), respectively; see Table S1 in the Supporting Information). All in all, the significant
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increment in the Csp® content after rhodium anchoring seems to be related to the release of the
TMS protecting groups from TRGO-Triaz as MesSiOH due to the protonation with the
tert-butanol generated in the formation of the triazolylidene rhodium complex. As a consequence,
tert-butoxy moieties are linked to the graphitic wall of TRGO-Triaz-Rh(l11) as ether groups. The
elimination of the TMS protective groups was also indirectly confirmed by XPS analysis of the
TRGO-Triaz’ material. Such system was obtained by treatment of TRGO-Triaz at the same
experimental conditions as those used to prepare TRGO-Triaz-Rh(l1l) but in the absence of
[Cp*RNCI2]2, that is, with NaOtBu in THF and additional washing with methanol. The resulting
material TRGO-Triaz’, exhibits a negligible XPS Si content. Moreover, the same effect was
observed when the material TRGO-Triaz was treated directly with t-BuOH. The XPS of this
washed material TRGO-Triaz’’> confirms the lability of the protective groups under the

experimental conditions.

In order to shed more light on the local structure of the Rh(Ill) atoms in the hybrid material
TRGO-Triaz-Rh(l11), Extended X-ray Absorption Fine Structure (EXAFS) spectra at the Rh K
edge were measured. EXAFS analysis was also related with that of the molecular complex
[Cp*RhI(C,C’)-Triaz] (1) and compared with those of the known [Rhi(cod)Triaz] (cod = 1,5-
cyclooctadiene) rhodium(l) molecular compound and the TMS-protected TRGO-Triaz-Rh(l)
hybrid material.?? Focusing on the properties of TRGO-Triaz-Rh(111) and 1, their EXAFS spectra
(EXAFS signals and the Fourier transforms (FT), see Figure S12, Supporting Information) clearly
indicate different environments for the Rh(lll) atoms in both samples. The FT allows us to
determine a strong peak at a distance of about 1.65 A (without phase shift correction) for TRGO-
Triaz-Rh(I11) that agrees with Rh—C or Rh—O interatomic distances. Contributions beyond this
first coordination shell are weak, suggesting the lack of heavier atoms close to the Rh centers. On
the other hand, the FTs of 1 show two peaks of similar intensity at distances of 1.65 and 2.40 A.

The first peak is less intense with respect to the previous samples, indicating either a smaller
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coordination number or a greater disorder in the Rh—C (or O) coordination shell. The second
distance is in agreement with a Rh-I interatomic distance, suggesting that the iodido ligand is in
the first coordination shell for the molecular complexes, but not for the hybrid material. This
behavior is similar to that previously observed for [Rhl(cod)Triaz] and the TMS-protected TRGO-

Triaz-Rh(l) hybrid material.?

The EXAFS fit was performed in the R-space between 1.1 and 3.1 A for TRGO-Triaz-Rh(l11)
and between 1.1 and 3.9 A for 1. In order to have an appropriate model to analyse the spectrum of
1, we have made use of the crystallographic data for this compound to calculate phases and
amplitudes of the different paths, as indicated in the Experimental Section. Figure 6a shows the
experimental spectrum and the best fit obtained for this sample. The analysis is in accordance with
the crystallographic data and the Rh presents a piano stool geometry formed by the Cp* ligand,
two shorter Rh—C distances which belong to the orthometalated N-phenyl group and to the carbene
of the triazolylidene ligand, and a iodine atom for the last coordination position. Regarding the
analysis of TRGO-Triaz-Rh(lll), it is clear that the previous model fails to account for the local
environment of the Rh center, as no iodido is found in the first coordination shell. Following
previous results on rhodium and iridium carbon supported materials,?>* we have replaced the |
atom by an O in the Rh neighborhood. To our delight, the fit quickly converges, reaching the
outcome shown in the Figure 6b. This result reveals that the iodine has been replaced by an oxygen
in the Rh coordination sphere. The most likely possibility is that the oxygen belongs to one of the
-OH or -O-tBu groups on the carbon wall to complete the rhodium coordination, instead of the
iodido, which is clearly not present in the immediate vicinity of Rh atoms in this hybrid material
(see Figure 6¢). The refined parameters of both fits are summarized in Table S3 in the Supporting

Information.
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Figure 6. Best fits (lines) and experimental (circles) FTs curves (open for moduli and dark for
the real parts) for: a) [Cp*RhI(C,C’)-Triaz] (1) and b) TRGO-Triaz-Rh(I11), c) structural model

for the hybrid TRGO-Triaz-Rh(I11) material.
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Catalytic activity in hydrosilylation of 1-alkynes and recycling of the hybrid catalyst
TRGO-Triaz-Rh(Ill). The catalytic activity of the heterogeneous graphene-based catalyst
TRGO-Triaz-Rh(I11) in the hydrosilylation of terminal alkynes has been studied and compared
with that of the molecular homogeneous catalyst [Cp*RhI(C,C’)-Triaz] (1) (Table 2). The reactions
were carried out in CDCl3 or acetone-ds using a catalyst load of 1 mol% of Rh (calculated according
to the rhodium content of 5.7 wt.% from ICP-MS) and monitored by *H NMR spectroscopy.

In contrast to 1, TRGO-Triaz-Rh(I11) showed no catalytic activity at room temperature neither
in acetone-ds nor in CDClz. However, at 60 °C, the hybrid catalyst is an effective catalyst for the
hydrosilylation of oct-1-yne with hydrosilanes such as HSiMe;Ph or HSiMePh; affording full
conversion and complete selectivity for the B-(Z2)-vinylsilane isomer in less than 40 min in both
solvents (entries 1-8). Remarkably, although the hydrosilylation of oct-1-yne with HSiEts requires
around 100 min it proceeds with excellent selectivity in both solvents (entries 9 and 10).

TRGO-Triaz-Rh(I1l) efficiently catalyzed the hydrosilylation of aromatic alkynes.
Phenylacetylene was selectively transformed into the corresponding B-(Z)-vinylsilane product in
acetone-ds at 60 °C using HSiMe2Ph or HSiEtz in 30 and 240 min, respectively (entries 11 and 12).
Interestingly, complete B-(Z) selectivity was attained in the hydrosilylation of phenylacetylene
derivatives having electronically dissimilar substituents at the para position in acetone-ds at 60 °C
(entries 13 and 14). These results contrast with the performance of the related Rh(l) hybrid catalyst
TRGO-Triaz-Rh(1), for which extensive phenylacetylene polymerization was observed.*® As can
be observed in the reaction profiles for the hydrosilylation of 4-R-Ce¢Hs-C=CH derivatives (R = H,
MeO and CFz) with HSiMe2Ph (Figure 7), the presence of a -OMe electron-donating group resulted
in a slightly increase in the catalytic activity compared to phenylacetylene. However, the
hydrosilylation of the phenylacetylene derivative with an electron-withdrawing substituent such as
CFzis much slower. According to the negative slope of the Hammett plot (p = -0.63 for TOFso) a

buildup of positive charge in the transition state of the reaction is occurring and consequently a rate
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increase by electron-donor groups is observed due to resonance stabilization (see Figure S29 in the

Supporting Information).?t®

Table 2. Hydrosilylation of 1-alkynes catalyzed by the hybrid catalyst TRGO-Triaz-Rh(111).2P

1-alkyne / .
entry hy droZiIane solvent T (°C) t (min) conv (%) B-(2) (%) B-(E) (%) o (%)
n-HexC=CH/
1 HSiMe,Ph CDCls 25 30 0 0 - -
2 60 30 99 99 - -
3 acetone-ds 25 30 0 0 - -
4 60 30 99 99 - -
n-HexC=CH/
5 HSiMePh, CDCl3 25 30 0 0 - -
6 60 40 98 99 - -
7 acetone-dg 25 30 0 0 - -
8 60 36 99 99 - -
n-HexC=CH/
9 HSIEts CDCl3 60 100 97 99 - -
10 acetone-ds 60 90 98 99 - -
PhC=CH/
11 HSiMe.Ph acetone-ds 60 30 98 99 - -
2
12 PhC=CH/HSIiEt;  acetone-dg 60 240 98 99 - -
MEOC5H4-CECH/ ~ _ _
13 HSiMe,Ph acetone-dg 60 30 99 99
CF3C¢H4-C=CH/ ) . .
14 HSiMe,Ph acetone-ds 60 76 98 99
t-BuC=CH/
15 HSiMe,Ph acetone-ds 60 300 97 25 66 9
n-HexC=CH
16 THMTS acetone-dg 60 1100 99 99 - -

a) Conversions and selectivities (%) were calculated by *H NMR spectroscopy using anisole as internal
standard. b) Experiments were carried out in CDCls or acetone-ds (0.5 mL) using a HSiRs/alkyne/catalyst
ratio of 100/100/1, 1 mol% of Rh calculated according to ICP-MS measurements.

As observed for the homogeneous catalyst 1, the hydrosilylation of the bulky t-Bu-C=CH with
HSiMe2Ph by TRGO-Triaz-Rh(I11) was unselective, affording a similar product distribution with
B-(E)-vinylsilane as the major reaction outcome (entry 15). Notice that the hydrosilylation of
oct-1-yne with heptamethylhydrotrisiloxane (HMTS) is B-(Z)-selective although, as for catalyst 1,

a much longer reaction time (18 h) is required (entry 16). Importantly, no -(Z) to B-(E) vinylsilane
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isomerization was observed in the catalyzed hydrosilylation of oct-1-yne with HSiMe2Ph neither

with TRGO-Triaz-Rh(I11) nor with 1, even when heating during long reaction times.

1001
80 A

60 A

% mmol

407 =%= B-(Z) for phenylacetylene
=*= B-(Z) for 4-ethynylanisole

204 —*— B-(Z) for 4-ethynyltrifluorotoluene

0 10 20 30
Time (min)
Figure 7. Reaction profile obtained from *H NMR data for the hydrosilylation of arylacetylenes
derivatives 4-R-C¢H4-C=CH (R = H, purple; MeO, salmon; and CF3, brown) with HSiMe2Ph (1:1),
catalyzed by TRGO-Triaz-Rh(lll) in acetone-ds (0.5 mL) at 60 °C with 1 mol% of Rh calculated

according to ICP-MS measurements.

Catalyst recycling experiments with TRGO-Triaz-Rh(l11) for the hydrosilylation of oct-1-yne
with both HSiMePh, and HSiMe2Ph have been carried out in acetone-ds at 60 °C using a catalyst
load of 1 mol% of Rh. The recycling experiments (run n) were carried out by evaporating the
solvent under vacuum, washing the residue with fresh n-hexane (3 x 1 mL) and then, adding a new
load of hydrosilane/oct-1-yne/acetone-ds (Table 3). Remarkably, the recovered heterogeneous
catalyst after the catalysis runs exhibited identical performance as the fresh catalyst after 5
consecutive cycles for both hydrosilanes. The recycling runs were performed under an argon
atmosphere, except for the last run that was carried out on air (entries 6 and 12). The catalytic
reactions were monitored by *H NMR, and showed very similar kinetic profiles in the successive
recycling experiments, even for the last cycle. The recycled heterogeneous catalyst recovered after

the successive catalysis runs, TRGO-Triaz-Rh(l11)-R, was characterized by means of XPS.
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Interestingly, the N1s and Rh3d spectra, accounting only for the supported organometallic moiety,
are similar to that of the parent TRGO-Triaz-Rh(111). This analysis confirms structural similarities
for the metal centre before and after the catalytic cycles, which points towards similar oxidation
states and the maintenance of the C—N moieties (see the Supporting Information). Finally, in order
to control the stability of the immobilized rhodium(lll) complex in the TRGO-Triaz-Rh(Ill)
hybrid catalyst, the possible rhodium leaching along the catalytic runs was investigated. We did so
by means of ICP-MS analysis of the filtrate and washings after each run in the hydrosilylation of
oct-1-yne with HSiMePh; (Table 3, entries 1-6) to determine their Rh content. A 0.5 % loss of the
initial Rh content was observed after the first run. This is consistent with the removal of
physisorbed rhodium species, not eliminated by the standard material washing, but likely removed
under the catalytic reaction conditions. Remarkably, no rhodium leaching was detected in the
following runs (Figure 8) thereby confirming the stability of the graphene-based rhodium(llI)-
triazolylidene hybrid catalyst.

Table 3. Catalyst recycling experiments for the hydrosilylation of oct-1-yne catalyzed by the
hybrid catalyst TRGO-Triaz-Rh(111).2P

entry ';‘hljgr’;gflacnf t(min)  conv%  B-(2) (%)

1 HSiMePh,  Runl 40 99 >99
2 Run 2 40 99 >99
3 Run 3 40 99 >99
4 Run 4 40 98 >99
5 Run 5 40 99 >99
6 Run 6° 40 98 >99

HSiMe:Ph  Runl 30 99 >99
8 Run 2 30 99 >99
9 Run 3 30 98 >99
10 Run 4 30 98 >99
11 Run 5 30 98 >99
12 Run 6¢ 30 08 >99

a) Conversions and selectivities (%) were calculated by *H NMR using anisole as internal standard. b) Experiments
were carried out in acetone-dg (0.5 mL) at 60 °C, using a HSiRs/oct-1-yne/catalyst ratio of 100/100/1, 1 mol% of Rh
calculated according to the ICP measurements. ¢) Recycling experiment carried out on air.
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in acetone-ds for six catalytic runs (reaction time of 40 min). Oct-1-yne conversion and Rh
percentage in the recycled material in base of the Rh content, analyzed by ICP-MS, of the filtrate

and washings after each run.

CONCLUSIONS

The cyclometalated Rh(I11)-NHC compound [Cp*RhI(C,C’)-Triaz] (Triaz = 1,4-diphenyl-3-
methyl-1,2,3-triazol-5-ylidene) is an efficient catalyst for the hydrosilylation of terminal alkynes
with complete regio- and stereoselectivity towards the thermodynamically less stable B-(Z)-
vinylsilane isomer at room temperature both in chloroform and acetone. Linear 1-alkynes, such as
oct-1-yne, tert-butylacetylene and phenylacetylene derivatives undergo hydrosilylation with
diverse hydrosilanes, including HSiMePh,, HSiMe,Ph, HSiEts and the bulkier
heptamethylhydrotrisiloxane (HMTS), to afford the corresponding [-(Z)-vinylsilanes in
quantitative yields.

We have applied our strategy for the immobilization of Rh(l)-triazolylidene compounds on
carbonaceous materials, which has demonstrated the strength of the C—N covalent bond of the
triazolylidene linker to the graphitic wall under hydrosilylation conditions, to prepare a
Rh(I11)-triazolylidene hybrid catalyst. The graphene-based hybrid material featuring covalently

immobilized cyclometalated [Cp*RhI(C,C’)-Triaz] complexes through the triazolylidene linker,
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TRGO-Triaz-Rh(l11), has been prepared by metalation of the trimethylsilyl-protected 3-methyl-
4-phenyl-1,2,3-triazolium iodide functionalized graphene oxide material, TRGO-Triaz, with
[Cp*RhCI2]2 using sodium tert-butoxide as base. The coordination sphere of the supported
rhodium(111) complexes has been determined by means of XPS and extended X-ray absorption fine
structure (EXAFS) spectroscopy showing the replacement of the iodido ligand by O-functionalities
on the carbon wall. Furthermore, experimental studies in combination with XPS measurements
evidence the elimination of the trimethylsilyl protective groups which are replaced by tert-butoxy
moieties linked to the graphitic wall as ether groups. The heterogeneous TRGO-Triaz-Rh(l11)
hybrid catalyst is not active at room temperature although it shows an excellent catalytic
performance in acetone at 60 °C, comparable to that of the homogeneous catalyst [Cp*RhI(C,C’)-
Triaz], and excellent recyclability, as it has been reused in six consecutive cycles without loss of
activity while maintaining the selectivity.

DFT studies on the reaction mechanism in the process involving the molecular catalyst
[Cp*RhI(C,C’)-Triaz] have shown two feasible (and competitive) mechanistic scenarios: i) a
metal-ligand bifunctional mechanism involving reversible cyclometalation and, ii) a non-
cooperative pathway. The proposed cooperative pathway entails the Rh—Car assisted hydrosilane
activation to afford a reactive Rh-silyl intermediate. Regioselective 2,1-alkyne insertion into the
Rh-Si bond affords a (Z)-silylvinylene intermediate which is isomerized to the (£)-silylvinylene
through a metallacyclopropene intermediate with the relief of steric strain between the Cp*Rh
metal fragment and the adjacent silyl as the driving force of the process. Finally, the H-transfer
from the flanking phenyl ring to the (£)-silylvinylene by means of a 6-CAM with the Ca—H bond
leads to the B-(Z)-vinylsilane product restoring the Rh-C bond. However, the release of the B-(2)-
vinylsilane product from the (E)-silylvinylene intermediate can also occur by a mechanism

involving o-CAM with the Si—H bond of an external hydrosilane. It has been found that the energy

barrier for the c-CAM pathway involving the Si-H bond is only 1.2 kcal-mol™ lower than that of

30



the C—H bond. As the turnover-determining transition state is determined by the energy barrier of
the o-CAM processes, the energy span difference between both mechanisms is also small and thus,
both pathways are likely to be competent under catalytic conditions. For comparison, we also
computed the reaction pathways for the catalysis resulting of the substitution of the phenyl
substituent in 1 by a methyl group (1-Me). The calculations point towards the same reaction
mechanism taking place with 1-Me. However, in this case the energy barrier for the c-CAM
pathway involving the Si—H bond is 5.6 kcal-mol™ lower than that of the C—H bond, so we expect

that only the former alternative would take place.

EXPERIMENTAL

General Considerations. All reactions were carried out under under argon using Schlenk
techniques. Solvents were distilled immediately prior to use from the appropriate drying agents or
obtained from a Solvent Purification System (Innovative Technologies). The azolium salts, 1,4-
diphenyl-3-methyl-1,2,3-triazolium iodide®! and 1-phenyl-3-methyl-1,3-imidazolium iodide,> and
the rhodium starting material [Cp*RhCl,]2>® were prepared according to the literature methods. The
trimethylsilyl-protected, 3-methyl-4-phenyl-1,2,3-triazolium iodide functionalized graphene oxide
material, TRGO-Triaz, was prepared from a thermally partially reduced graphene oxide by a three
steps solid-phase procedure followed by the protection of the -OH groups by reaction with
trimethylsilylimidazole (see Supporting Information).?? All other reagents were commercially
available and used as received.

Specific Equipment. Thermogravimetric analyses (TGA) were performed on a TA SDT 2960
analyzer. The procedure was as follows: 3 mg of sample was heated in the thermobalance to 1000
°C at 10 °C min using a nitrogen:air flow (1:1) of 200 mL min. High-resolution transmission
electron microscopy (HRTEM) images were obtained using a JEOL JEM-2100F transmission
electron microscope, equipped with a field-emission-gun (FEG) and operating at 200 kV.
Elemental analyses were carried out on a Perkin-Ekmer 2400 Series-11 CHNS/O micro-analyzer or

31



a LECO-CHNS-932 micro-analyser equipped with a LECO-VTF-900 furnace coupled to the
micro-analyser.

X-ray photoemission spectroscopy (XPS) spectra were performed on a SPECS system operating
under a pressure of 107 Pa with a Mg Ka X-ray source. The functional groups in the graphene-
based materials were quantified by deconvolution of the corresponding high resolution XPS peaks
using a peak analysis procedure that employs a combination of Gaussian and Lorentzian functions
and a Shirley baseline.>* The spectra did not require charge neutralization and were subsequently
calibrated to the C1s line at 284.5 eV. The binding energy profiles for the C1s spectra were
deconvoluted as follows: undamaged structures of Csp?-hybridized carbons (284.5 eV), damaged
structures or Csp3-hybridized carbons (285.5 eV), C-OH groups (286.5 eV), O-C-O functional
groups (287.7 eV) and C(O)OH groups at 288.7 eV. The O1s spectra were deconvoluted using the
components C=0/COO0 (531.7 eV), C-O (533.5 eV) and C-O-Si (533.6 eV). For the N1s spectra,
different components were used depending on the nature of the material analyzed and includes -
N=N- (400.0 eV), -N- (401.1 eV) and =N"= (402.8 eV). The amount of rhodium in the hybrid
catalysts was determined by means of Inductively Coupled Plasma Mass Spectrometry (ICP-MS)
in an Agilent 7700x instrument.>® Raman spectroscopy was performed on a Renishaw 2000
Confocal Raman Microprobe using a 514.5 nm argon ion laser. Spectra were recorded from 750 to
3500 cm™,

X-ray absorption spectroscopy (XAS) measurements at the Rh K edge were recorded at room
temperature on the CLAESS beamline®® at the ALBA synchrotron (Cerdanyola del Vallés, Spain).
The storage ring was operating at 3 GeV with a current of 120 mA. The EXAFS spectra were
measured with a Si (311) double crystal monochromator and harmonic rejection was carried out
with a Pt strip in the vertical collimator. Estimated energy resolution, AE/E, at the Rh K edge was
better than 10™*. The XAS spectra were measured in the transmission mode using pellets diluted

with cellulose, if necessary, in order to optimize the absorption jump. The XAS spectra were
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normalized to unity edge jump and the k weighted EXAFS signals, k?y (k), were obtained using the
Athena software from the Demeter package.>” The FT curves of the k?y(K) signals were obtained
for the 2.8 <k < 15 A" range, using a sinus window. The EXAFS structural analysis was performed
using theoretical phases and amplitudes calculated by the FEFF-6 code,*® and fits to the
experimental data were carried out in R-space with the Artemis program of the Demeter package.®’
'H and 3C{*H} NMR spectra were recorded on a Bruker Advance 300 (300.1276 MHz and
75.4792 MHz) at room temperature in CDCl3 or acetone-ds. NMR chemical shifts are reported in
ppm relative to tetramethylsilane and referenced to partially deuterated solvent resonances.
Coupling constants (J) are given in Hertz. NMR assignments are based on homo- and heteronuclear
shift correlation spectroscopy. The adopted atom numbering in the cyclometalated compounds
starts at the metal-bound carbon (C1), circles toward the nitrogen-bound carbon (C2), and finishes
at C6, the carbon ortho to the metal-bound carbon. Electrospray mass spectra (ESI-MS) were
recorded on a Bruker Esquire 3000+ spectrometer using sodium formiate as reference.
Single crystals of [Cp*RhI(C,C’)-Triaz] (1) and [Cp*RhI(C,C’)-Im] (2)*° for the X-ray diffraction
studies were grown by slow diffusion of n-hexane into a chloroform (1) or dichloromethane (2)
solution of the complex. X-ray diffraction data were collected at 100(2) K on the diffractometers
Bruker Bruker APEX DUO CCD (1) and SMART APEX CCD (2) with graphite-monochromated
Mo—Ka radiation (A = 0.71073 A) using o rotations. Intensities were integrated and corrected for
absorption effects with SAINT-PLUS® and SADABS®! programs, both included in the APEX2
package. The structures were solved by the Patterson method with SHELXS-97%2 and refined by
full matrix least-squares on F2 with SHELXL-2014,% under WinGX.%*

Crystal data and structure refinement for 1. CasH27INsRh-CHCIl;, M = 718.67 g mol™,
monoclinic, P21/c, a = 17.6520(18) A, b =12.0217(12) A, ¢ = 14.0368(14) A, p = 113.1940(10)°,
V =2738.0(5) A3, Z =4, Deac = 1.743 g cm™3, 1= 2.064 mm™*, F(000) = 1416, prism, orange, 0.180

X 0.120 x 0.030 mMm?3, Gmin/ Gmax 2.108/26.372°, index ranges: —22<h<22, —15<k<15, —17<I<17,
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reflections collected/independent 27926/5598 [R(int) = 0.0821], data/restraints/parameters
5598/0/313, GOF = 1.065, R1 = 0.0554 [I>2c(1)], wR2 = 0.1110 (all data), largest diff. peak/hole
1.256/-1.225 e-A~2. CCDC deposit number 1982114,

Crystal data and structure refinement for 2. CaH24IN2Rh, M = 522.22 g mol™*, monoclinic,
P2i/c, a = 14.0181(11) A, b = 8.4600(7) A, ¢ = 16.4369(13) A, B = 102.7530(10)°, V = 1901.2(3)
A3 Z =4, Deac =1.824 g cm 3, u = 2.526 mm™*, F(000) = 1024, prism, orange, 0.170 x 0.120 x
0.020 mMm3, 6hin/ Bnax 1.489/27.097°, index ranges —17<h<17, —10<k<10, —21<I<20, reflections
collected/independent 22270/4189 [R(int) = 0.0457], data/restraints/parameters 4189/0/223, GOF
=1.018, Ry = 0.0251[1>25(1)], wR2 = 0.0522 (all data), largest diff. peak/hole 0.689/-0.514 e A~
CCDC deposit number 1982113.

Synthesis of [Cp*RhI(C,C’)-Triaz] (1). 1,4-Diphenyl-3-methyl-1,2,3-triazolium iodide (100
mg, 0.270 mmol), [Cp*RhCl]2 (83.4 mg, 0.135 mmol) and NaOtBu (51.9 mg, 0.540 mmol) were
reacted in THF (25 mL) at room temperature for 12 hours. After that time, the solution was filtered
and then evaporated to dryness under vacuum. The organometallic compound was extracted with
CHCI (15 mL) and the resulting dark orange solution was filtered and concentrated to ca. 2 mL
under reduced pressure. Slow addition of pentane (12 mL) afforded an orange solid which was
separated by decantation, washed with pentane (2 x 3 mL) and dried in vacuum. Recrystallization
from dichloromethane/pentane gave the compound as a microcrystalline orange solid. Yield: 60.5
mg, 0.101 mmol, 73%. *H NMR (300 MHz, 298K, CDCls): & 7.92 (d, 2H, Ju+ = 8.1, Ho Ph), 7.82
(d, 1H, Jun = 7.4, H® NPh), 7.64-7.52 (m, 5H, H3NPh, and Hm, Hp Ph), 7.15 (t, 1H, Ju.+ = 7.3, H°
NPh), 7.05 (t, 1H, Ju.+ = 7.3, H* NPh), 4.12 (s, 3H, NCHa), 1.55 (s, 15H, CH3 Cp*). 3C{"H} NMR
(75 MHz, 298K, CDCls) &: 165.9 (d, Jc-rn = 55.5, Crriaz), 159.7 (d, Je-rn = 35.8, CLNPh), 145.1 (d,
Jc-rn = 3.4, C2NPh), 144.9 (Crriazen), 140.2 (C® NPh), 131.0 (Co, Ph), 129.8 (Cy, Ph), 129.0 (Cm,
Ph), 128.2 (Cipso Ph), 127.9 (C5 NPh), 122.5 (C* NPh), 113.9 (C3 NPh), 97.5 (d, Jc.rn = 4.9, C Cp*),

37.3 (NCHzs), 10.2, (CHs Cp*). Anal. Calc. for C2sH27NsRhl: C, 50.10; H, 4.54; N, 7.01. Found C,
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50.20; H, 4.73; N, 7.20. HRMS (ESI+, CH3sCN, m/z): Calc. for CasHa7NsRhl: 599.3129, [M]*.

Found for CasH27N3Rh: 472.1247, [M-1]*. Found for C15H13Ns: 236.1172, [Triaz]".

Synthesis of [Cp*RhI(C,C’)-Im] (2). 1-phenyl-3-methyl-1,3-imidazolium iodide (100 mg,
0.350 mmol), [Cp*RhCI2]2 (108 mg, 0.175 mmol) and NaOtBu (67.3 mg, 0.700 mmol) were
reacted in a mixture of THF/MeOH (1:1, 25 mL) at room temperature for 12 hours. After that time,
the solution was brought to dryness under vacuum and the resulting solid extracted with CH>Cl> (2
x 15 mL). The resulting brown solution was filtered and concentrated to ca. 2 mL under reduced
pressure. Slow addition of pentane (8 ml) gave a microcrystalline orange solid which was separated
by decantation, washed with pentane (2 x 3 mL) and dried in vacuum. Yield: 84.3 mg, 0.148 mmol,
85%. *H NMR (300 MHz, 298K, CDCls): § 7.69 (dd, 1H, Ju-n = 7.3, 1.3, H® Ph), 7.34 (d, 1H, Jx-H
= 2.1, CH, Im), 7.13 (dd, Jn-1 = 7.3, 1.3, H3 Ph),6.97 (d, 1H, Jn-s = 2.1, CH Im), 6.96-6.87(m, 2H,
H®, H* Ph), 3.87 (s, 3H, NCH3), 1.91 (s, 15H, CHs, Cp*). HRMS (ESI+, CH3CN, m/z): Calc. for

C20H24N2RhI: 522.23, [M]*. Found for C20H24N2Rh: 395.1018, [M-I]".

Synthesis of TRGO-Triaz-Rh(Ill). TRGO-Triaz (60 mg) was dispersed in anhydrous THF
(20 mL) in an ultrasonic bath for 30 min. Then, [Cp*RhClI2]2 (25 mg, 0.040 mmol) and NaOt-Bu
(15.36 mg, 0.16 mmol) were sequentially added and the suspension stirred at room temperature for
24 hours. The black solid was washed with MeOH (2 x 15 mL), THF (2 x 10 mL) and Et2O (1 x5

mL), with the help of an ultrasonic bath/centrifuge, and dried under vacuum.

TRGO-Triaz treatments: a) TRGO-Triaz (51.5 mg) was dispersed in anhydrous THF (10 mL)
in an ultrasonic bath for 30 min. Then, NaOt-Bu (20.34 mg, 0.218 mmol) was added and the
suspension stirred at room temperature for 12 hours. The black solid was filtered, washed with
MeOH (3 x 7 mL) and Et.O (1 x 5 ml), with the help of an ultrasonic bath/centrifuge, and dried
under vacuum to afford the material TRGO-Triaz’. b) TRGO-Triaz (40 mg) was dispersed in a
mixture of t-BuOH/H20 (1:1, 10 mL) in an ultrasonic bath for 30 min. The suspension was stirred
at room temperature for 12 hours, washed with MeOH (3 x 7 mL) and Et2O (1 x 5 ml), with the
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help of an ultrasonic bath/centrifuge, and dried under vacuum to afford the material TRGO-

Triaz”’.

General procedure for catalytic alkyne hydrosilylation reactions. Hydrosilylation catalytic
tests were carried out in NMR tubes, under an argon atmosphere, in CDCIz or acetone-ds. In a
typical procedure, a NMR tube was charged under argon with the catalyst (1x10= mmol, 1 mol %),
deuterated solvent (0.5 mL), the corresponding alkyne (0.1 mmol), hydrosilane (0.1 mmol) and
anisole (0.01 mmol) as internal standard. The solution was kept at room temperature or in a
thermostated bath at 60 °C and monitored by *H NMR spectroscopy. The weight of the supported
catalysts used in each experiment was calculated according to ICP measurements assuming that all

the rhodium in the hybrid materials corresponds to active catalyst sites.

The vinylsilane reaction products derived from 1-alkynes were unambiguously characterized on
the basis of the coupling patterns and constants of vinylic protons in the *H NMR spectra and
subsequent comparison to literature values.®® Values for J ranged from 17 to 19 Hz for B-(E), 13 to

16 Hz for B-(Z), and 1 to 3 Hz for a-vinylsilanes.

The recycling of the heterogeneous catalyst was carried out by evaporating the deuterated solvent
under vacuum. The residue was washed with hexane (3 x 1 mL) using the centrifuge to remove the
organic products and dried in vacuum. Then, another load of reactants and deuterated solvent were

added in order to perform a new catalytic cycle under the same experimental conditions.

Synthesis of (Z)-dimethyl(oct-1-en-1-yl)(phenyl)silane. A Schlenk tube with a screw cap was
charged with catalyst 1 (9.5 mg, 0.0158 mmol), acetone (5 mL), oct-1-yne (1.58 mmol, 241 ulL)
and HSiMe2Ph (1.58 mmol, 248 uL). The solution was stirred at room temperature for 30 min until
complete consumption of the reactants (NMR) and then a new load of reactants was added. After

three consecutive catalytic cycles, the yellow solution was passed through a silica gel column to
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give (Z)-dimethyl(oct-1-en-1-yl)(phenyl)silane as a colourless liquid (1.13 g, 97%) with only trace

amounts of the B-(E) vinylisomer after elimination of the solvent.

Computational Details. DFT calculations were performed with the Gaussian09 suite,
D.01revision.®® We selected the B3LYP exchange-correlation functional,®” with D3BJ dispersion
corrections®® and the “ultrafine” grid. Geometry optimizations were carried out using the df2-SVP
basis set, with further energy refinements by means of single point calculations with def2-TZVP.%°
We also applied a PCM implicit model for the solvent (acetone), which we included in both
gradients and energy calculations.”® The nature of the stationary points has been confirmed by
analytical frequency analysis. Moreover, we removed the translational entropy contribution to the
Gibbs energy as by Morokuma and co-workers.”* The motivation for the method selection lies on
the basis of our previous studies on hydrosilylation reactions catalyzed by Rh- and Ir-based
complexes, in which the aforementioned methodology has demonstrated to perform well and
provide results in agreement with experimental observations.3”’2 Structure graphical

representations were made by means of CylView software.”
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