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ABSTRACT

Thermally partially reduced graphene oxide has been covalently modified with 3-methyl-
4-phenyl-1,2,3-triazolium salts making use of the epoxy functionalities on the carbon
nanomaterial. Characterization of the functionalized materials through adequate solid
characterization techniques, particularly X-ray photoelectron spectroscopy (XPS), allows to
follow the stepwise building up of the triazolium fragments on the graphene oxide attached
to the wall via covalent C-N linkage. The hydroxyl-triazolium-functionalized materials have
been used to prepare rhodium hybrid materials containing either alkoxo or triazolylidene
molecular rhodium(l) complexes depending on the protection of the hydroxyl groups present
in the material. Characterization of the heterogeneous systems, specially by means of XPS
and extended X-ray absorption fine structure (EXAFS) spectroscopy, has evidenced the
coordination sphere of the supported rhodium(l) complexes in both rhodium hybrid
materials. The graphene-oxide-supported rhodium-triazolylidene hybrid catalysts show
excellent activity, comparable to that of the homogeneous [Rhi(cod)(Triaz)] (Triaz = 1,4-
diphenyl-3-methyl-1,2,3-triazol-5-ylidene) catalyst, for the hydrosilylation of terminal and
internal alkynes. In addition, these catalysts have shown good selectivity to the B-(2)
vinylsilane isomers (for the not hindered terminal substrates) or syn-additions (for the
internal substrates). In contrast to the rhodium(l)-alkoxo-based hybrid material, the silyl-
protected rhodium(l)-triazolylidene-based hybrid catalyst can be reused in consecutive
cycles without loss of activity maintaining the selectivity. The lack of leaching of active
rhodium species demonstrate the strength of the C-N covalent bond of the triazolylidene

linker to the graphitic wall.

KEYWORDS: graphene, covalent functionalization, hydrosilylation, N-heterocyclic

carbenes, rhodium.



INTRODUCTION

Graphene materials have shown promise for heterogeneous catalysis due to their unique
electronic behavior, highly aromatic lattice, high surface area or outstanding chemical
stabilities, in both alkaline and acid conditions.>? These properties make them attractive for
designing improved hybrid catalytic systems, including covalent grafting, and non-covalent
immobilized molecular catalysts.® In addition, atomically dispersed metal catalysts on
graphene materials are also well documented.*®

To find a simple method to covalently attach the metal complex to the graphene material
is the key success factor for designing highly efficient hybrid catalysts. Most of these
methods make use of specific oxygen functional groups present on the graphene layer. In
this regard, the preparation of graphene by chemical methods produces initially graphene
oxide (GO).® The structure of this material exhibits variable amounts of carboxylic acids at
the edges/holes and alcohol and epoxy groups (among 10-30 %) at the basal planes of the
sheet, disrupting the Csp? structure of each sheet and conferring them hydrophilicity and
limiting the mass transfer resistance ” Acid groups have been widely used to support
organometallic catalysts thus creating ester or an amide bonds.®® Hydroxyl groups, as on
silica surfaces, have also been used to immobilize catalysts mainly via silylation.'%! In
contrast, epoxy groups situated at basal planes, although highly abundant in graphene oxide
layers have been much less exploited to support the catalysts.!2*® The epoxy groups in
thermally reduced GO (TRGO) materials, in which the Csp? structure is partially
reconstructed'* and the acid groups are selectively eliminated,’® should allow the
development of alternative synthetic routes to effectively immobilize organometallic
catalysts minimizing the negative effect of undesired lateral reactions due to acid groups.'®

Hydrofunctionalization of unsaturated compounds, the addition of a covalent H-Z bond

across a carbon-carbon or carbon-heteroatom multiple bond, is an essential and sustainable



process for the preparation of many useful synthetic intermediates.)’” In this context,
transition-metal-catalyzed hydrosilylation of terminal alkynes is a straightforward and atom-
economical methodology for the preparation of vinylsilanes.!® The hydrosilylation of
terminal alkynes may yield three vinylsilane isomers: o, B-(Z) and B-(E), although the
formation of silylalkyne derivatives, resulting from the competitive dehydrogenative
silylation process, is occasionally observed for some catalytic systems. Thus, the control of
the chemo-, regio- and stereoselectivity of the reaction is a key issue in transition metal
hydrosilylation catalysis.!® Interestingly, Rh(l) complexes having functionalized N-
heterocyclic carbene (NHC) ligands have shown to be efficient catalysts for the
hydrosilylation of terminal alkynes showing a marked selectivity towards the formation of
the less thermodynamically stable B-(Z) vinylsilane isomer.?® We foresee that the
development of recyclable hybrid catalysts with well-defined Rh(I)-NHC active sites
attached to the carbon surface has the potential to enhance catalytic performance and catalyst
stability not only in the hydrosilylation of alkynes but also in related hydrofunctionalization
reactions. In this context, it is worth of mention that a rather limited number of heterogenized
rhodium hydrosilylation catalysts have been described so far in the literature.?>?? To the best
of our knowledge, there are only two examples of Rh(1)-NHC catalysts covalently supported
on carbonaceous materials recently reported by Messerle and co-workers,? one of which
was applied exclusively to the hydrosilylation of the internal alkyne diphenylacetylene.?* In
addition, pyrene-tagged rhodium NHC complexes non-covalently immobilized onto reduced
graphene oxide have found to be moderately active catalyst for the hydrosilylation of
terminal alkynes also with a very limited recyclability.?®

We have recently reported the covalent linkage of Ir(I)-NHC complexes to functionalized
CNTs and graphene oxide materials via ester or acetyl and carbonate linkers, respectively,

to prepare robust active and recyclable catalysts in hydrogen transfer and water oxidation



reactions.?®2"-2 Unfortunately, these type covalent linkages are unsuitable for the design of
GO-based Rh(1)-NHC hybrid catalysts as they are reactive sites under hydrosilylation
conditions which could yield leaching of the catalysts.® Thus, our approach for the design
of robust hybrid hydrosilylation catalysts is to make use of the epoxy groups on the solid
surface of a thermally reduced graphene oxide (TRGO) obtained at 400 °C. This new
synthetic strategy has allowed the direct construction of triazolylidene covalent linkers on
the graphene oxide material following a stepwise solid phase synthesis of the corresponding
triazolium fragments. Extended X-ray absorption fine structure (EXAFS) spectroscopy,
which is sensitive to the short range order around the photoabsorbing atom,?®?° have
revealed that the successful preparation of hybrid materials comprising triazolylidene
rhodium complexes anchored to the carbon nanomaterial requires protection of the hydroxyl
groups still present in the material (Scheme 1).

We report herein on the synthesis and full characterization of these new GO-based Rh(l)-
NHC hybrid materials and their application as hydrosilylation catalysts for a range of
terminal and internal alkynes with diverse hydrosilanes. In addition, recyclability studies

including XPS and HRTEM analysis of the hybrid materials after catalysis are also reported.
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Scheme 1. Schematic synthesis, structure and chemical composition for the new hybrid
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RESULTS AND DISCUSSION

Synthesis and characterization of triazole-based graphene-NHC materials. A
partially reduced graphene oxide, TRGO-400, was used in this work to support the Rh-NHC
catalysts through triazolylidene covalent linkers. This graphene material was obtained from
a graphene oxide by thermal treatment at 400°C. TRGO-400 is almost free of acid groups
but still exhibits certain amount of keto, hydroxyl and epoxy groups at the basal planes, as
observed in the XPS C1s analysis (Table S1, Supporting Information) and FTIR’ (Figure S6,

Supporting Information).

The supporting of the rhodium complex to TRGO-400 requires the initial generation of
the triazolium functionalized graphene sheet. The procedure developed to achieve this
covalent linkage follows the three step route outlined in Scheme 2. The first step comprises
the 1,2 epoxide ring opening reaction with sodium azide to yield TRGO-1.%° As a result, the
nitrogen content in this azide-functionalized graphene material increases up to 2.9 wt.%, as
determined by elemental analysis (Table S1, Supporting Information). Additionally, the
FTIR spectra of TRGO-1 exhibit, when compared to that of TRGO-400, the appearance of
the typical azide band at 2121 cm™ together with an enhancement of the C-OH band at 3200-
3600 cm? and a decrease of the C-O-C band at 1254 cm™ (Figure S6, Supporting
Information). All these results are consistent with the introduction of the N3 moiety in the
graphene sheets.>1*2 The atomic nitrogen content in this sample, calculated by XPS analysis,
is however lower than expected (0.9 %, Table S1, Supporting Information). Moreover, the
broad XPS N1s curve (Figure la, yellow curve), despite accounting for a low amount of
nitrogen which increases uncertainty, could be consistent with a partial decomposition of the
labile azide moiety by action of the XPS irradiation beam.3® The outcome is an increase of
the C-N bonds at <399 eV (corresponding to decomposition products) with respect to that

of the characteristic azide =N*= component at ~402.8 eV that can still be distinguished.3* In



any case, the XPS Cl1s spectrum (Table S1, Supporting Information) reveals a slight
increment in intensity and broadening of the C-X band, now accounting for C-O and C-N
bonds. Additionally, although the C/O ratio is maintained after functionalization, there is a
slight change in the distribution of the oxygen functional groups at the graphene basal planes
after reaction with azide (Figure 1b, yellow curve) which is ascribed to their different

environment before and after functionalization.
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Scheme 2. Synthesis and proposed structure of triazole-based graphene-NHC rhodium
hybrid catalysts: a) unprotected —OH groups, b) silyl protected -OH groups, and c¢) hybrid

Rh(I) material lacking the triazolium pendant groups.
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Figure 1. XPS spectra of parent and/or functionalized partially reduced graphene oxides

(TRGO-x): a) N1s, and b) O1s regions.

By treating TRGO-1 with phenylacetylene in a mixture of water and 2-propanol (1:1) in
the presence of sodium ascorbate (NaAsc) and CuSOs as catalyst, the 1,2,3-triazole-
decorated material TRGO-2 was obtained through a Huisgen cycloaddition reaction (click
reaction). As a confirmation a clear change in the high-resolution XPS N1s spectra of both
materials is observed. Thus, the profile of TRGO-2 (Figure 1a, purple curve) is narrower
than that of TRGO-1 (Figure 1a, yellow curve) and can be adjusted to the two expected
components of the 1,2,3-triazole moiety, that is, -N=N- at ~ 400.0 eV and -N- at ~ 401.1 eV.
The average area ratio of both components is 1:2 which correspond to the expected azide
cycloaddition structure (see Supporting Information).®* On the other hand, the formation of
the N-heterocyclic structure seems to exert little effect on the carbonaceous graphene
skeleton since: i) alike deconvolution values of the XPS C1s spectra before and after reaction
(Table S1, Supporting Information), ii) similar Raman spectra (see Supporting Information),

and iii) similar XPS O1s spectra profiles (Figure 1b, yellow and purple curves), are observed.

Treatment of TRGO-2 with methyl iodide provokes the quaternization of the nitrogen-3
in the heterocycles providing the required 3-methyl-4-phenyl-1,2,3-triazolium iodide

functionalized material, TRGO-3. Interestingly, this step broadens the N1s spectra profiles



thus increasing the full width at half maximum (FWHM) of the whole TRGO-2 (Figure 1a,
purple curve) curve from ~1.8 eV to ~2.4 eV in TRGO-3 (Figure 1a, garnet curve). By
means of TGA, the amount of ligand introduced in the graphene sheet, corresponding to the
weight loss between 144 and 310 °C, was quantified as 5.8 wt.% (see Supporting
Information). Remarkably, the graphene basal planes in TRGO-3 sheets still exhibit certain
amount of free -OH groups, as indicated by the strong and broad absorption peak at ~3400

cmtin the FTIR spectrum (Figure S6, Supporting Information).

Synthesis and characterization of triazole-based graphene-NHC rhodium hybrid
catalysts. Direct metalation of TRGO-3. Following the general procedure to prepare NHC-
metal complexes from the corresponding azolium salts,® the triazolium-functionalized
material TRGO-3 was reacted with [Rh(u-OMe)(cod)]2 (cod = 1,5-cyclooctadiene) to give
the material TRGO-3-Rh. In principle, deprotonation of the weak acid protons of the
anchored triazolium groups by the basic methoxo ligands in the dinuclear complex [Rh(u-
OMe)(cod)]2 (cod = 1,5-cyclooctadiene) to give 1,2,3-triazol-5-ylidene linkers should be
expected. However, it should be noted that due to its acidity the hydroxyl groups on the
graphene sheets could compete with the triazolium groups for the coordination of the

rhodium center (Scheme 2, a).



Figure 2. HRTEM images of supported Rh(I) complexes: a) and b) TRGO-3-Rh, c and

d) TRGO-4-Rh, e) and f) TRGO-O-Rh.

The amount of Rh in the supported material TRGO-3-Rh, determined by means of ICP-
MS measurements, is 2.6 wt.%. Taken into account the nitrogen content in this sample (1.3
wt.% by means of elemental analysis, Table S1, Supporting Information) a theoretical
functionalization degree of ca. 82 % can be estimated by considering only the maximum
amount of rhodium that can be loaded on the basis of the nitrogen content (3/1 for a N/Rh
atomic ratio). The high-resolution Rh3d XPS spectrum (Figure S18, Supporting
Information) of TRGO-3-Rh shows, in the region between 306 and 318 eV, the typical
doublet with an average separation between maxima of 4.6 eV as well as a maximum of the

3d5/2 peak (range of ~306—311 eV) centered at ~308.7 eV. All of this is in agreement with
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the formation of Rh(l) organometallic complexes.®*3” The HR-TEM images of TRGO-3-
Rh (Figure 2a,b) and the quantitative energy dispersive X-ray spectroscopy (EDX) mapping
(see Supporting Information) confirm the homogeneous distribution of this supported Rh(I)-
NHC complexes (small size electrodense regions, 0.2—0.6 nm, black spots representative
marked with white circles) all throughout the graphenic basal planes. Medium size rhodium
particles are also detected (up to 2 nm, Figure 2 b, green circle) in a relatively high amount
in the HR-TEM images. These might be clusters®® or nanoparticles®” possibly formed during
beam irradiation,iError! Marcador no definido..;Error! Marcador no definido. th)oy0h they could also be
related to the wider structural heterogeneity of the supported complexes in TRGO-3-Rh due
to competitive metalation along the supporting process, as stated before. In this regard, an
analysis of the XPS N1s and O1s spectra of TRGO-3-Rh evidences some peculiarities in
this sample. On one hand, the XPS N1s spectra of TRGO-3-Rh (Figure 1a, red curve)
exhibit a profile quite similar to that of TRGO-3. This likeness suggests the presence of non-
deprotonated triazolium groups in the graphene material since not significant changes in
binding energies were observed after Rh support. Moreover, the support of the Rh(l)
fragment strongly modifies the profile of the XPS O1s spectra (Figure 1b). Thus, an increase
of the intensity in the signal at lower binding energies is observed in TRGO-3-Rh (~531
eV, Figure 1c, red curve), with respect to that of TRGO-3 (Figure 1b, garnet curve). This
effect accompanies also an increment of the C-X bond in the C1s spectra (Table S1,
Supporting Information) for the TRGO-3-Rh material. These facts could be in line with the
implication of hydroxyl functional groups in the supporting reaction. Therefore, the expected
Rh(l)-triazolydine supported complexes might be also accompanied by another Rh(l)
complexes linked to deprotonated hydroxyl groups on the wall of TRGO-3 (Scheme 2, a).
Thus, there could be two very different molecular rhodium(l) complexes anchored in

TRGO-3, one with coordination sphere formed by a diene, an iodido, and a 1,2,3-triazol-5-
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ylidene, and the second one formed by a diene, an alkoxo, and a hydroxyl both on the carbon

material wall.

In order to gain more insights into the local structure of Rh(l) atoms, EXAFS spectra at
the Rh K-edge were measured for both the hybrid material, TRGO-3-Rh, and the related
molecular complex [Rhl(cod)(Triaz)] (Triaz = 1,4-diphenyl-3-methyl-1,2,3-triazol-5-
ylidene) (Scheme S1). Rh foil and Rh203 were also measured as references. As expected,
the energy edge positions of Rh(l) catalysts (~23.224 keV) are at intermediate values of the
two references (see Figure S27, Supporting Information). The Fourier transform (FT) of the
weighted EXAFS signal, k?y(k), of TRGO-3-Rh is shown in Figure 3a. The first peak of
the FT modulus at R~1.67 A (without phase shift correction) agrees with Rh-C bond lengths
while the second strong peak at R~2.35 A corresponds to the longer Rh-I distance. The
occurrence of an iodine atom in the first coordination shell of Rh atom seems to point to the
direct bond of Rh to the triazolylidene group together with iodido and cod ligands. As the
resulting local structure around Rh atoms is very similar to that of complex
[RhiI(cod)(Triaz)] (see below), we tried to fit the EXAFS spectrum of TRGO-3-Rh using
the structural data of [Rhl(cod)(Triaz)]. Although the fit seemed to be reasonable, some
refined distances were at odds. In particular, an interatomic Rh-N distance between Rh and
triazolylidene group was extremely short (below Rh-I distance) whereas other Rh-C from
the same ring were exceedingly high and located beyond the fit range. These facts strongly
disagree with a Rh-triazolylidene structure for TRGO-3-Rh as initially thought (Scheme 2,
a) and consequently, the anchoring of the Rh(cod) fragment to the graphene surface through
triazolylidene linkers is discarded. In addition, the comparison of both EXAFS spectra
TRGO-3-Rh and [Rhl(cod)(Triaz)] showed additional significant differences (see

Supporting Information and later EXAFS results on this manuscript).
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The next step was considering the anchoring of the Rh(cod) fragment through the hydroxyl
groups followed by the replacing of one oxygen by an iodine atom. The fit was also
reasonable but a visual inspection of the plot clearly showed the lack of another contribution
to a smaller distance from the Rh-I path as can be inferred from the partial overlap of the
two peaks in the FT modulus (Figure 3a and Supporting Information). In the first model, this
partial overlap was solved by the above mentioned short Rh-N path. As Rh-N and Rh-O
paths have similar scattering amplitudes (similar Z), we hypothesized that an iodido ligand
has been added to the coordination sphere of the metal in addition to the proposed structure
for the rhodium complex in red trace. Accordingly, the new Rh-O path, slightly shorter than
Rh-I path, solved partial overlapping between the two peaks in the FT curves yielding a good

fit to the experimental data as can be seen in the Figure 3a.

Based on this analysis, a new structure for TRGO-3-Rh is proposed (Figure 3b). The
triazolium salt has not been deprotonated and remains anchored to TRGO as in the precursor
material TRGO-3, whereas the Rhil(cod) fragment binds to a deprotonated hydroxyl group
coming from the graphitic support thereby resulting in an anionic metal complex. In addition,
another surface-hydroxyl group remains coordinated at longer distances via an attractive Van
der Waals force. In general lines, this result also agrees with the lack of significant changes

in the XPS N1s spectrum (Figure 1a, red curve).

13



lx (R)] (A°)

b) 3
Ph o
& '\Rh—%}
—N®

/

OH

NN O OH o
e b >

WS S e
HO ‘OH

g 0
N o\
\N@Z Srh
- . I/@\ q

Figure 3. a) Best fits (lines) and experimental (points) FTs curves (asterisks for the modulus
and squares for the real part) of the k>-weighted EXAFS signal, extracted between 2.9 and
15 A using a sinus window, for TRGO-3-Rh. b) Structure of TRGO-3-Rh in accordance
with the EXAFS analysis. Refined distances (A): Rh-O = 2.037(14), Rh-C (x4) = 2.164(14),
Rh-1 = 2.649(9) and Rh-O = 2.514 (27). Rest of refined parameters can be found in

Supporting Information.

Silyl protection of the —OH groups in TRGO-3 and metalation. With the TRGO-3-Rh
structure deduced from the EXAFS analysis in hand and in order to avoid the interference
of hydroxyl groups, the protection of all -OH groups in TRGO-3 (those coming from the
reaction of the epoxide with the azide and those originally existing in the starting material
TRGO-400) was performed prior to the reaction with the dinuclear rhodium-methoxo

precursor by reaction of TRGO-3 with trimethylsilylimidazole*® (Scheme 2, b). The

14



successful silyl protection of the hydroxyl groups is observed in the XPS spectra of the
TRGO-4, giving a Si atomic content of 5.3 % (Table S1, Supporting Information).
Moreover, the C-O bonds of the C-O-Si(CH3)s moiety are clearly identified in the XPS O1s
as a signal of appreciable intensity at high binding energies (533.7 eV, Figure 4a, dark-green
curve). In addition, the FTIR spectra also show the typical C-O-Si functional groups at ~1100

cm (Figure S6, Supporting Information).

Treatment of the silyl-protected material TRGO-4 with the dinuclear complex [Rh(p-
OMe)(cod)]2 produces the deprotonation of the weak acid H5 proton of the triazolium groups
yielding TRGO-4-Rh where all the rhodium environments are supposed to be formed by
the cyclooctadiene, the 1,2,3-triazol-5-ylidene, and an iodido as ligands (Scheme 2, b). A
5.2 wt.% of Rh was determined for TRGO-4-Rh by means of ICP-MS measurements, while
the nitrogen content is 2.7 wt.% (elemental analysis, Table S1, Supporting Information).
These data allow to estimate a 79 % of functionalization for this sample assuming a N/Rh

atomic ratio of 3/1 in the supported triazolium complex.

For comparative purposes, we have also prepared a hybrid Rh(l) material lacking the
triazolium pendant groups, TRGO-O-Rh (blank material), by reacting TRGO-400 directly
with the Rh(I) precursor [Rh(u-OMe)(cod)]2. In this later case, the coordination sphere of all
the metal centres should be composed by the alkoxo group, the diene, and likely another
nearby hydroxyl group of the wall (Scheme 2, c). The amount of Rh in TRGO-O-Rh,
determined by means of ICP-MS analysis, increases up to 7.7 wt.%. This comparatively high
value makes sense based on the large number of linking sites in the graphene sheet, hydroxyl
functional groups in this case, higher than the amount of triazolium pendant groups in

TRGO-4 or even in TRGO-3.

The high resolution XPS Rh 3d spectrum of TRGO-4-Rh exhibits the typical doublet with

an average separation between maxima of 4.6 eV* with the maximum of the 3ds/, peak at
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ca. 308.7 eV (Figure 4b, green curve). In contrast the blank material TRGO-O-Rh (Figure

4b, blue-dashed curve) exhibits a shoulder at lower eV (307.5 eV) which could correspond

to a partial portion of Rh(0) species. These rhodium nanoparticles could be probably formed

in the absence of the triazolium pendant group after the addition of the precursor [Rh(u-

OMe)(cod)]> due to the reducing character of the graphene material.
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The XPS N1s band of TRGO-4-Rh (Figure 4c, green curve) confirms the presence of the
triazolium moiety (similar profile than TRGO-4, dark-green curve). Additionally, this signal
becomes narrower after supporting the metal center (FWHM varying form ~2.5eV in
TRGO-4 to ~1.9 eV in TRGO-4-Rh) what suggests the coordination of the triazolylidene
fragment to rhodium. It is important to note that this feature was not observed in the XPS
N1s profile of TRGO-3-Rh. Moreover, in contrast to what was also observed for TRGO-
3-Rh (Figure 1b, red curve), the anchoring process marginally modified the O1s XPS curve
profile (Figure 4a, dark-green and green curves). In addition, a slight shift of the C-O-Si
band towards lower binding energies was observed for TRGO-4-Rh compared to the parent
material that could be ascribed to some kind of interaction with the rhodium center in the

former (see EXAFS analysis below).

HRTEM images (Figure 2c, 2d) and STEM-EDX mapping (see Supporting Information)
of TRGO-4-Rh shows a homogeneous distribution of supported rhodium complexes with
electrodense regions of small size (black spots of 0.2—0.6 nm, Figure 2c, white circles)
throughout the graphenic basal planes. Interestingly, medium size particles (up to 2 nm,
Figure 2c, green circles), which were relatively abundant in TRGO-3-Rh, decrease in
number in TRGO-4-Rh probably as a result of a greater structural homogeneity of this later
sample. As expected, silicon also appears uniformly distributed all over the graphenic plane
(see STEM-EDX mapping, Supporting Information). On the other hand, HRTEM images of
TRGO-0O-Rh shows the presence of much larger electron-dense regions (up to 6 nm, Figure
2e, 2f, brown circles) together with small/medium size electron-dense regions (white-green
circles), making the distribution of rhodium in this sample less homogeneous. This
heterogeneous distribution in this sample could be also in agreement with the formation of
clusters of rhodium nanoparticles or clusters and rhodium single organometallic compounds

as a result of the absence of the triazolium pendant group in the parent material.
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EXAFS spectrum of TRGO-4-Rh was collected under the same conditions used to
measure that of TRGO-3-Rh. The absorption edge position also agrees with a Rh(l)
complex (Figure S27, Supporting Information). Figure 5a shows the FT (real part and
modulus) of the k?y (k) signal extracted between 2.9 and 15 A™* using a sinus window. The
first peak of the FT modulus at R~1.62 A (without phase shift correction) agrees with Rh-C
bond lengths and it is more intense than the one observed previously for TRGO-3-Rh
(compare Figure 3a and Figure 5a). However, the second peak located at R~2.54 A is
significantly smaller for TRGO-4-Rh and hard to reconcile with the presence of iodide in
the first coordination shell of rhodium atoms. These facts resemble the properties of related
iridium-hybrid catalysts where a halogen atom is replaced by an oxygen from an —OH
functional group of the TRGO surface.?® Therefore the model to analyze the EXAFS spectra
was based on the structure of [Rhl(cod)(Triaz)] but replacing the Rh-I path with a Rh-O
one. The fit is also plotted in the Figure 5a and the reliability factor is Rr = 0.005.
Accordingly, the structure of TRGO-4-Rh is in agreement with the plot of Figure 5b and

details of the refined parameters can be found in the Supporting Information.
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Figure 5. a) Best fits (lines) and experimental (points) FTs curves (asterisks for modulus
and squares for the real part) of the k?-weighted EXAFS signal for TRGO-4-Rh. b) Structure
of TRGO-4-Rh in accordance with its EXAFS analysis. Refined distances (A): Rh-O =
2.032(3), Rh-C = 2.032(3) and Rh-C (x4) = 2.151(14). Rest of refined parameters can be

found in the Supporting Information.

Synthesis and Characterization of the molecular catalyst [Rhl(cod)(Triaz)] related
to the hybrid catalysts TRGO-4-Rh. With the aim to compare the activity/structure of
related hybrid and homogeneous catalysts, we have prepared the molecular complex
[Rhi(cod)(Triaz)] (Triaz = 1,4-diphenyl-3-methyl-1,2,3-triazol-5-ylidene) following the
general procedure entailing the reaction of the corresponding triazolium salt with 0.5 equiv
of [Rh(u-OMe)(cod)]2 in THF at room temperature. The triazolium salt, 1,4-diphenyl-3-
methyl-1,2,3-triazolium iodide, precursor of the triazolylidene ligand, was prepared via the

well-known “click reaction” involving a copper-catalyzed [3+2] cycloaddition of

19



phenylazide and phenylacetylene (Scheme S1, Supporting Information).*? The related
chlorido compound [RhCI(cod)(Triaz)] was previously prepared by Albretch et al. using a
classical transmetalation procedure involving the triazolium iodide salt, Ag.O and [Rh(u-

Cl)(cod)]2.*3

Complex [RhI(cod)(Triaz)] was isolated as a yellow solid in good yield and characterized
by elemental analysis, mass spectroscopy and standard spectroscopic techniques. The neutral
character of the compound was evidenced by conductivity measurements in acetone. In
addition, the high resolution electrospray mass spectrum showed a peak at m/z ratio of
446.118, which corresponds to the molecular ion without the iodido ligand. The 'H NMR
spectrum confirms the deprotonation of the triazolium fragment, and in consequence, the
expected coordination of the NHC ligand to the rhodium center what becomes evident in the
BC{*H} NMR spectrum with the characteristic upfield doublet resonance for the carbenic
carbon atom of the 1,2,3-triazol-ylidene ring at & 174.7 ppm (Jrnc = 44.5 Hz). These
chemical shifts lie in the usual range for related Rh!-NHC complexes.*** In accordance with
the proposed structure, the *H NMR spectra showed two resonances for the =CH olefinic
protons of the cod ligand but four doublet resonances (Jrn-c = 7-14 Hz) were seen in the
B3C{*H} NMR spectra which is in agreement with the lack of an effective symmetry plane
in the molecule, probably as a result of the hindered rotation around the carbene-rhodium

bond in the unsymmetrical NHC ligand (see Supporting Information).*®

All this gathered information was in accordance with the crystal structure of
[Rhl(cod)(Triaz)]. The complex exhibits a square planar geometry at the metal centre with
a cis disposition of the iodido ligand and of the triazole moiety (Figure 6a). The bidentate
cod ligand occupies the remaining coordination sites, thus rendering an overall geometry
similar to that already observed in the chlorido derivative [RhCl(cod)(Triaz)].*” As for the
triazole ligand, the C(1)-C(2)-N(3)-N(4)-N(5) ring lays almost perpendicular to the
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coordination plane [I-Rh—C(1)-C(2) 101.2(3)°] and adopt an almost ideal arrangement with
respect to the Rh—C(1) bond [6 1.0, 1 2.3°,% cf. Figure 6a]. Remarkably different dihedral
angles are observed between the two phenyl rings and the triazole core [C(17)-C(12)-N(5)-
C(1) -24.7(5)°, C(1)-C(2)-C(6)-C(7) -46.0(4)°]. In this connection, two factors should be
decisive, namely the steric hindrance of the C(18)-methyl group and the C(17)-H(17)---Rh
anagostic interaction, H(17)---Rh, 2.4760(3), C(17)-H(17)-Rh 132.30.%%0 Relevant
intermolecular contacts in the crystal structure of [Rhi(cod)(Triaz)]-CHCIs are described

in the Supporting Information.

EXAFS spectrum of [Rhl(cod)(Triaz)] was also recorded and Figure 6b shows the FT
(real part and modulus) of the k?y (k) signal extracted between 2.9 and 15 A using a sinus
window. The FT modulus displays two strong peaks without overlapping in contrast to what
was observed in the TRGO-3-Rh material (compare Figures 3a and 6b). With the structural
data of [Rhl(cod)(Triaz)] in hand, the fit was very good with a reliability factor of Rr= 0.09
and the refined distances are in agreement with the data obtained from X-ray diffraction

measurements.
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Figure 6. a) ORTEP view of [Rhl(cod)(Triaz)] with thermal elipsoids at 50 %. Selected
bond lengths (A) and angles (°) are: Rh—I 2.6771(3), Rh—C(1) 2.036(3), Rh—Ct1 2.1090(3),
Rh—Ct 2 2.0032(2), C(1)-Rh—I 89.21(8), Ctl-Rh—Ct2 87.151(9), I-Rh—C(1)-C(2)
101.2(3), C(17)—-C(12)-N(5)-C(1) -24.7(5), C(1)—-C(2)—~C(6)-C(7) -46.0(4). Ct1, centroid
of C(19) and C(20); Ct2, centroid of C(23) and C(24). b) Best fits (lines) and experimental
(points) FTs curves (asterisks for modulus and squares for the real part) of the k?-weighted
EXAFS signal for [Rhl(cod)(Triaz)]. Refined distances (A): Rh-C(1) = 2.092(7), Rh-C(23)
= 2.098(7), Rh-C(24) = 2.098(7), Rh-C(19) = 2.19(7), Rh-C(20) = 2.19(7) and Rh-1 =
2.706(6). Rest of refined parameters can be found in the Supporting Information;

Catalytic activity in hydrosilylation of alkynes and recycling of heterogeneous
catalysts. The rhodium hybrid catalysts TRGO-3-Rh and TRGO-4-Rh and the related

homogeneous catalyst [Rhl(cod)(Triaz)] were tested as catalyst precursors for the
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hydrosilylation of alkynes under the reaction conditions previously optimized for Rh(l)-
catalyzed hydrosilylation of terminal alkynes.?® The catalytic reactions were performed in
CDCls or acetone-ds, at 25 or 60 °C, with standard catalyst loads of 1 mol% and routinely
monitored by *H NMR spectroscopy using anisole as internal standard. A range of aliphatic
and aromatic terminal alkynes, including oct-1-yne, phenylacetylene and 3,3-dimethyl-but-
1-yne, were efficiently reduced to the corresponding vinylsilane derivatives using
HSiMePh,, HSiMe2Ph, and HSiEts as hydrosilanes (Table 1). Hydrosilylation of terminal
alkynes can result in a complicate mixture of products: (Z)- or (E)-1-silyl-1-alkenes, products
from the anti-Markovnikov addition, and 2-silyl-1-alkene from the Markovnikov addition
and dehydrogenative silylation products, alkynylsilane and the corresponding alkene
(Scheme S2, Supporting Information).

The hydrosilylation of oct-1-yne with HSiMe.Ph catalyzed by [Rhl(cod)(Triaz)] in
CDCl3 does not proceed at room temperature. However, the reaction was almost completed
at 60 °C in a little more than half an hour, giving 98 % selectivity to B-(Z)-vinylsilane (entries
1 and 2). The reaction with HSiMePh: is slower but gives full conversion to the 3-(Z) isomer
in 1 hour (entry 9). The hybrid catalysts TRGO-3-Rh and TRGO-4-Rh are also efficient
catalysts for the hydrosilylation of alkynes giving full conversion in 1-1.5 h. However, a
slight decrease in the selectivity for the B-(Z)-vinylsilane isomer was observed (entries 3-4
and 10-11), particularly with the silyl-protected hybrid catalyst TRGO-4-Rh and the less
reactive hydrosilane HSiMePh;.

In general, the catalytic systems are slightly more active in acetone-ds as solvent. In fact,
[RhI(cod)(Triaz)] and TRGO-3-Rh are active at room temperature. The homogeneous
catalyst exhibited an excellent catalyst performance, both in terms of activity and selectivity,
in the hydrosilylation of oct-1-yne with both hydrosilanes (entries 5 and 12). However, in

the case of TRGO-3-Rh a significant drop in the selectivity was observed at room
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temperature (entry 6). In contrast, TRGO-4-Rh, which is inactive at room temperature,
showed an excellent performance at 60 °C giving almost full conversion in one hour with
selectivity for the B-(Z)-vinylsilane isomer of around 85 % (entries 8 and 13). Interestingly,
catalyst [Rhl(cod)(Triaz)] gave full conversion to the corresponding B-(Z)-vinylsilane
isomer in the hydrosilylation of oct-1yne with the aliphatic hydrosilane, HSiEts, both in
CDCls at 60 °C and in acetone-de at room temperature (entries 14 and 17). Under these
conditions, both hybrid catalysts showed good activities although poor selectivity (entries
15-18 and 16-19). It is worth mentioning that the catalyzed isomerization of B-(Z)-
vinylsilane to the more thermodynamically stable B-(E)-vinylsilane isomer or to the
corresponding allyl-silyl derivatives, frequently observed in the case of linear alkyl chain
alkynes once the alkyne substrate has been completely consumed, here is not observed.iError!
Marcador no definido.,51,52

A reverse selectivity toward the B-(E)-vinylsilane isomer of 48 % and 38 % for
[Rhi(cod)(Triaz)] and TRGO-4-Rh, respectively, together with significant amounts of
alkene (ca. 30 %), resulting from the competitive dehydrogenative silylation, were observed
in the hydrosilylation of a bulky aliphatic alkyne such as t-Bu-C=CH with HSiMezPh (entries
20 and 21) which is in agreement with the observed trend for rhodium(l) catalysts containing
alkylamino-functionalized NHC ligands.? Finally, the hydrosilylation of phenylacetylene
with HSiMe;Ph by the hybrid catalysts TRGO-3-Rh and TRGO-4-Rh resulted in the
massive formation of polyphenylacetylene even at room temperature, in fact a 84 %
selectivity for polyphenylacetylene was attained with TRGO-4-Rh after 30 min of reaction
in CDCls at 60 °C (entry 23).% Although the polymerization was inhibited in the case of
[Rhl(cod)(Triaz)] in CDCls, the catalyst exhibited a moderated catalytic activity and poor

selectivity (entry 22).
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Table 1. Hydrosilylation of Alkynes by Homogeneous and Hybrid Triazolylidene

Rhodium(l) Catalysts.*®

Selectivity (%)°

alkyne/ conv R>:<Si 5 i
0 pr—
entry silane solvent T (°C) Catalyst t (h) %) H ¥ RB-(E)H KW
1  n-HexC=CH CDCls; 25 [Rhl(cod)(Triaz)] 2 5 99 <0.1 <0.1
2 /HSiMe,Ph 60 [Rhl(cod)(Triaz)] 0.6 98 99 0.6 0.4
3 60 TRGO-3-Rh 0.8 99 94 5 1
4 60 TRGO-4-Rh 1 95 92 5 3
5 acetone-ds 25 [Rhl(cod)(Triaz)] 1 98 94 6 -
6 25 TRGO-3-Rh 5 60 56 34 10
7 60 TRGO-3-Rh 13 98 76 21 3
8 60 TRGO-4-Rh 0.7 96 82 13 5
9  n-HexC=CH CDCls; 60 [Rhi(cod)(Triaz)] 1 98 99 <0.1 <0.1
10  /HSiMePh; 60 TRGO-3-Rh 0.8 99 93 6 1
11 60 TRGO-4-Rh 1.4 99 82 12 6
12 acetone-ds 25 [Rhl(cod)(Triaz)] 2 98 90 8 2
13 60 TRGO-4-Rh 1 97 86 14 =
14  n-HexC=CH CDCls 60 [Rhl(cod)(Triaz)] 2.4 98 98 <1 <1
15 /HSiEts 60 TRGO-3-Rh 15 97 70 14 16
16 60 TRGO-4-Rh 1.6 98 53 27 20
17 acetone-ds 25 [Rhl(cod)(Triaz)] 2 95 99 <0.1 <0.1
18 60 TRGO-3-Rh 1 95 60 30 10
19 60 TRGO-4-Rh 3 97 89 5 6
20¢  t-BuC=CH/ acetone-ds 25 [Rhl(cod)(Triaz)] 3.5 97 25 40 20
219 HSiMe,Ph 60 TRGO-4-Rh 5 99 24 38 10
22 PhC=CH/ CDCls; 60 [Rhl(cod)(Triaz)] 7.5 97 60 26 14
23 HSiMesPh 60 TRGO-4-Rh 0.5 96 16 - -
H o Si H . Ph
Ph Ph Ph Si
24  PhC=CPHN/ CDCls 60 [Rhi(cod)(Triaz)] 1 99 96 4
25 HSiMe,Ph 60 TRGO-4-Rh 3 99 99 <0.1
26 acetone-ds 25 [Rhl(cod)(Triaz)] 0.6 98 99 <0.1
27 60 TRGO-4-Rh 15 98 99 <0.1
H S Si_ __H
PH CHj Ph CH,
28  PhC=CMe/ CDCls 60 [Rhl(cod)(Triaz)] 1.8 96 46 54
29 HSiMe,Ph 60 TRGO-4-Rh 1 98 50 50
30 acetone-ds 25 [Rhl(cod)(Triaz)] 1.5 98 80 20
31 60 TRGO-4-Rh 1 99 55 45

a) Conversions and selectivities (%) were calculated by *H NMR using anisole as internal standard. b)
Experiments were carried out in CDCI3 or acetone-ds (0.5 mL) using a HSiR3/RC=CR’/catalyst ratio of
100/100/1, [catalyst], = 2 x 10 M in homogeneous systems and 1 mol% of Rh in heterogeneous systems
calculated according to the ICP measurements. ¢) Si = SiRs. d) 15 and 28 % of +-BuCH=CH, were produced,
respectively. e) PPA, polyphenylacetylene, was produced in 84 %.
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The reaction profiles of conversion and selectivity versus time for the hydrosilylation of
oct-1-yne with HSiMeyPh catalyzed by [Rhl(cod)(Triaz)] and TRGO-4-Rh, obtained by
monitoring the reactions by *H NMR. [Rhl(cod)(Triaz)] is somewhat more active than
TRGO-4-Rh providing a 95 % of conversion in 30 min with a 95 % of selectivity for the -
(2)-vinylsilane isomer (Figure 7a). TRGO-4-Rh gave an 84 % conversion in 30 min under
the same conditions and a 75 % of selectivity for the B-(Z)-vinylsilane isomer (Figure 7b).
In general terms, both types of catalysts present very similar reaction profiles that suggest a

similar operating mechanism (see Supporting Information).
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Figure 7. Reaction profile of conversion and selectivity obtained from '"H NMR data for
the hydrosilylation of oct-1-yne with HSiMe>Ph (1:1) in CDCl3 (0.5 mL) at 60 °C catalyzed
by: a) [RhI(cod)(Triaz)], [catalyst]o =2 x 10 M, 1 mol%, and b) TRGO-4-Rh, 1 mol% of

Rh calculated according to the Rh-ICP measurement.
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The homogeneous and hybrid catalysts were also applied for the hydrosilylation of internal
alkynes (Table 1). The hydrosilylation of diphenylacetylene with HSiMe;Ph catalyzed by
[RhI(cod)(Triaz)] in CDCls does not proceed at room temperature but it was completed in
one hour at 60 °C to afford a 96 % selectivity to the E-vinylsilane isomer, the syn-addition
reaction product (entry 24). The reaction is faster in acetone-ds at room temperature showing
a slight improvement of selectivity (entry 26). The hybrid catalyst TRGO-4-Rh showed an
excellent catalytic performance affording practically full conversion to the E-vinylsilane
isomer both in CDCl3 and in acetone-de at 60 °C (entries 25 and 27). The hydrosilylation of
1-phenyl-1-propyne proceeds efficiently in both solvents to afford roughly an equimolar
mixture of the two possible syn-addition reaction products (entries 28-31).

Catalyst recycling experiments have been carried out with the heterogeneous catalysts
TRGO-3-Rh and TRGO-4-Rh using the hydrosilylation of oct-1-yne with HSiMePh; in
CDCls at 60 °C as model reaction. For comparative purposes, the catalytic activity of
TRGO-0-Rh, which is considered as a reaction blank, has been also studied (Table 2). The
recycling studies (run n) of the heterogeneous catalysts were carried out by evaporating the
solvent under vacuum washing the residue with fresh n-hexane (3 x 1 mL), and then
subjected to another catalytic cycle by addition of further HSiMePh/oct-1-yne/CDCls. In
addition, in order to control possible rhodium leaching along the catalytic runs, the catalytic
activity of the CDCls solutions obtained after removing the heterogeneous catalyst has also
been studied in some cases by addition of successive loads of reactants.

As it was expected, the catalytic activity of the material TRGO-O-Rh decreased in the
first recycling run (run 2), reaching less than half the conversion in a reaction time three
times longer (entries 1 and 2). The catalytic activity of TRGO-3-Rh gradually decreased
after successive catalytic runs as evidenced by the longer reaction times required to reach

conversions higher than 90 % (entries 3-5). Thus, in accordance with the proposed structure
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for TRGO-3-RNh, the linker of the molecular rhodium catalyst to the carbon graphene oxide
is easily broken under catalytic conditions leading to leaching. As a confirmation, the
solutions obtained after removing the heterogeneous catalyst exhibited catalytic activity
(entries 6-8, loads 2-4). Further, the catalytic activity of the solutions also dropped after
successive loads of reactants, which points to progressive catalyst deactivation in solution.

Interestingly, the recycled supported catalyst TRGO-4-Rh exhibited the same catalytic
performance as the fresh catalyst after 4 consecutive cycles. The recycling runs were
performed under an argon atmosphere except the last run that was carried out under air. The
catalytic reactions were monitored by NMR showing kinetic profiles in the successive
experiments very similar to that plotted in Figure 7b, even for the last cycle. As it can be
seen in Table 2, comparable activities and selectivities were observed in similar recycling
experiments in the hydrosilylation of oct-1-yne with HSiMePh (entries 15-19). The hybrid
catalyst TRGO-4-Rh also showed an excellent recycling performance in the hydrosilylation
of oct-1-yne using HSiMePh; (entries 9-13) or HSIiEts (entries 20-23) as hydrosilanes, and
in the hydrosilylation of the internal alkyne 1-phenyl-1-propyne (entries 24-26).

The stability of the immobilized rhodium complex on the surface of TRGO-4-Rh was
checked by analyzing by ICP/MS spectra of the filtrate and washings after each run in the
hydrosilylation of oct-1-yne with HSiMePh: (Table 2, entries 9-13) to determine their Rh
content. An initial 3% loss of Rh from the material surface was observed after the first cycle
(Figure S41, Supporting Information) which is consistent with the initial removal of the
physisorbed rhodium species, not eliminated by the standard washing of the material but

likely removed under the reaction conditions of the catalysis.
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Table 2. Catalyst recycling experiments for the hydrosilylation of alkynes catalyzed by

heterogeneous catalysts TRGO-X-Rh.*®,

Selectivity (%)

entry al_ky ne/ Catalyst t (h) conv R>:<SI H>:<SI Sl>:<H
silane (%) H[}-(Z)H RB-(E)H PR H
1 n-HexC=CH TRGO-O-Rh Runl 0.5 98 99 = =
2 [HSiMePh; Run 2 15 43 99 = =
3 TRGO-3-Rh  Runl 0.8 99 93 6 1
4 Run 2 4 97 92 7 1
5 Run 3 18 90 90 8 2
6 Load 2° 13 99 96 4 -
7 Load 3¢ 2 99 97 3 -
8 Load 4° 2.8 95 95 5 -
9 TRGO-4-Rh  Run1l 14 99 82 12 6
10 Run 2 14 99 83 11 6
11 Run 3 14 98 85 10 5
12 Run 4 14 99 85 11 4
13 Run 5¢ 14 98 85 10 5
14 Load 2° 14 0 = = =
15  n-HexC=CH Run1 1 95 93 4 3
16 /HSiMezPh Run 2 1 97 96 3 1
17 Run 3 1 94 95 4 1
18 Run 4 1 96 93 4 3
19 Run 5¢ 1 94 94 4 2
20 n-HexC=CH Run 1 1.6 98 53 27 20
21 /HSIEt; Run 2 1.6 97 51 29 20
22 Run 3 1.6 96 54 27 19
23 Run 44 1.6 95 53 27 20
H Si Si H
Ph>—<cH3 Ph>—<CH3
24 Ph-C=C-Me TRGO-4-Rh Runl 1 98 50 50
25 /HSiMe,Ph Run 2 1 99 52 48
26 Run 3 1 96 50 50

a) Conversions and selectivities (%) were calculated by *H NMR using anisole as internal standard. b)
Experiments were carried out in CDCl3 (0.5 mL) using a silane/alkyne /catalyst ratio of 100/100/1 with 1 mol%
of Rh calculated according to the ICP measurements. c) Consecutive loads of reactants over the resulting
solution after removing the heterogeneous catalyst. d) Recycling experiment carried out on air.

Structural properties of recycled catalysts. The recycled TRGO-4-Rh catalyst, hereafter
named Recycled a, recovered after three additional catalytic cycles of hydrosilylation of oct-
1-yne with HSIEts (Table 2 entry 23), was analyzed by means of XPS (Table S1, Supporting

Information). The analysis confirms the ratio nitrogen/rhodium is close to 3/1 what suggests
29



that the triazole fragment is maintained after the catalysis. The XPS N1s spectrum exhibits
the expected triazole profile (Figure 8a, brown-dashed curve) but slightly shifted at higher
binding energies with respect of that of TRGO-4-Rh (above 401.5 eV). The widening of the
signal might be indicative of some structural changes of the supported catalysts during the
catalytic cycles. In this regard, although the C/O atomic ratio is maintained after the catalytic
cycles, the carbonaceous structure becomes more disordered as the sp® hybridization of the
carbonaceous structure increases from 14.5 % to 16.2 %, and the C-X band decreases from
10.1% in TRGO-4-Rh to 8.9 % (Table S1, Supporting Information, Recycled a). Moreover,
in the XPS O1s spectrum of Recycled a, a reduction of the intensity of O-Si signal at higher
binding energies is observed (Figure 8b, brown-dashed curve) with respect to that of TRGO-
4-Rh (Figure 8b, green curve). Additionally, the silicon content decreases after catalysis
(from 5.8 % in TRGO-4-Rh to 2.5 % in Recycled a). Both results point to the elimination
of part of the TMS protective groups along the catalytic reaction probably due to the partial
lability of these groups. On the other hand, the Rh3d XPS spectra of Recycled a (Figure 8c,
brown-dashed curve) exhibits the typical bimodal shape but with two maxima in the 3d5/2
peak. Together with the ~308.7 eV, coincident with that of TRGO-4-Rh catalyst, another
prominent maximum at higher binding energies (~310.0 eV) is observed what might be
associated to partial oxidation of the metal center during the catalysis, likely during the last
catalytic cycle performed under air, or to the stabilization of rhodium(lll) catalytic
intermediate species due to a surface effect of triazolylidene functional groups on the

nanocarbon walls.

The recycled TRGO-4-Rh catalyst recovered after four additional catalytic cycles of the
hydrosilylation of oct-1-yne with HSiMePh; (Table 2 entry 13), hereafter named Recycled
b, was also analyzed by means of XPS (Table S1, Supporting Information). In contrast with

the silicon content decrease observed for the Recycled a sample, a notable increase until 6.9
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% was measured for the Recycled b material (Table S1, See Supporting Information) but
with a drastic decrease of the C-O-Si bonding at higher binding energies in the XPS O1s
spectra (Figure 8b, dark green-dotted curve). Thus, it seems that the hydroxyl groups in the
material have been deprotected but there is another source of Si apart from that of the original
TMS protective group. Furthermore, the amount of sp? hybridized carbon atoms in Recycled
b increases substantially until 83.6 % from the initial 69.3 % found in TRGO-4-Rh together
with a decrease of sp* hybridized carbon atoms (from 14.5 % in TRGO-4-Rh to 7.7 % in
Recycled b). We envisaged that the n-nt stacking of the aromatic vinyl-silane products on
the graphene sheets could modify the XPS in such a way. The significant carbon and silicon
increase observed in the XPS analysis leads to an important decrease of the nitrogen content
(from 2.2 % in TRGO-4-Rh to 0.9 % in Recycled b, Table S1, Supporting Information),
although the rhodium content remains constant. Remarkably, the high resolution XPS Rh 3d
spectra of Recycled b (Figure 8c, dark green-dotted curve) exhibit a shape in the 3d5/2
region similar to that for Recycled a (Figure 8c, brown-dashed curve) with one maximum
at 308.7 eV as in the parent catalysts, and a much less intense shoulder at 310.0 eV than that

of Recycled a.
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Figure 8. a) XPS N1s spectra, b) XPS O1s spectra and ¢) XPS Rh 3d spectra, of TRGO-4-
Rh, Recycled a = recycled TRGO-4-Rh after hydrosilylation of oct-1-yne with HSiEts, and
Recycled b = recycled TRGO-4-Rh after hydrosilylation of oct-1-yne with HSiMePho.

In both cases, according to the analysis of the HRTEM images (Figure S26, Supporting
Information) and EDX mapping (see Supporting Information), the homogeneous dispersion
of the rhodium complexes all over the basal planes of the graphene sheets is mostly
maintained after the catalytic runs what evidences the stability of the supported complex

during the recycling experiments.
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CONCLUSIONS

New alkyne hydrosilylation graphene-NHC-rhodium hybrid catalysts have been
synthetized and characterized using a bottom-up approach from thermally reduced graphene
oxides (TRGO). First, the carbon materials have been functionalized with triazolium salts
covalently attached through C-N bonds to the wall making use of the epoxy functionalities
on the solid surface. Then, deprotonation of the acid groups in the materials by [Rh(u-
OMe)(cod)]2 results in the formation of rhodium hybrid catalysts. The EXAFS spectra of the
resulting molecular anchored materials have allowed us to ascertain the rhodium
coordination sphere in the different hybrid materials. It has been found that the deprotonation
of the hydroxyl groups on the graphitic support competes with that of the triazolium groups.
In this way, the EXAFS analysis has determined that Rh(cod) moieties in the hybrid TRGO-
3-Rh catalyst are bound to alkoxo ligands from deprotonated hydroxyl groups in the TRGO
surface with non-deprotonated triazolium pendant groups. The interference exerted by the
hydroxyl groups on the wall of the graphene oxide in the synthesis of a triazolylidene
rhodium complex anchored to the carbon nanomaterial is overcome by protection of all -OH
groups in the triazolium functionalized material itself with trimethylsilyl group. Thus, the
EXAFS spectrum of the silyl-protected TRGO-4-Rh material evidenced the presence of
rhodium(l)-triazolylidene supported complexes resulting from the selective deprotonation of

the triazolium groups by the dinuclear rhodium-methoxo complex.

The graphene-oxide-supported rhodium—triazolylidene, TRGO-4-Rh, and rhodium—
alkoxo, TRGO-3-Rh, hybrid materials, together with the related molecular rhodium-
triazolylidene, [Rhl(cod)(Triaz)], compound are efficient catalyst precursors for the
hydrosilylation of alkynes. Interestingly, the hybrid rhodium(l) complexes catalyze the
hydrosilylation of a range of alkynes, both terminal and internal, with diverse silanes

exhibiting high activity and good selectivity to the B(Z) vinylsilane, without isomerization
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to the more thermodynamically stable B(E) vinylsilane isomer, both in acetone and
chloroform. Unlike TRGO-4-Rh, [Rhl(cod)(Triaz)] and TRGO-3-Rh are active in acetone
at room temperature although the later with poor selectivity. Nevertheless, both types of
catalysts present very similar reaction profiles that suggest a similar operating mechanism.
Moreover, the TRGO-3-Rh hybrid catalyst has labile coordination linkages to the
nanocarbon materials, and in consequence these materials lost their activity along successive
catalytic cycles. In contrast, the heterogeneous catalyst TRGO-4-Rh maintains the activity
through successive catalytic runs what probes the strength of the C-N covalent bond of the
triazolylidene linker to the graphitic wall. Therefore, the supported catalyst can be reused in
consecutive cycles without any loss of activity, using different hydrosilanes and alkynes,

and even under an air atmosphere.

EXPERIMENTAL

General Considerations. All reactions were carried out under strict exclusion of air using
standard Schlenk techniques. Solvents were distilled immediately prior to use from the
appropriate drying agents or obtained from a Solvent Purification System (Innovative
Technologies). 1,4-Diphenyl-3-methyl-1,2,3-triazolium iodide® and the rhodium starting
material [Rh(p-OMe)(cod)]2,> were prepared according to the literature methods. 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 were 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-Elmer 2400
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Series-11 CHNS/O micro-analyzer or 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 10”7 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 Cls 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 (531.7eV), C-O (533.5eV) 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.>” FTIR spectra were recorded in a Nicolet 8700
spectrometer (Thermo Scientific) using KBr pellets with a sample concentration of ~0.05
wt.%. The recorded spectra were the result of co-adding 64 interferograms obtained at a
resolution of 4 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 (111) double crystal monochromator and harmonic

rejection was carried out with a Rh glass strip in the vertical collimator. Estimated energy
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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 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 2.9 <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 (between 1.1 and 3.0 A) with the Artemis
program of the Demeter package.®

NMR spectra were recorded on a Bruker Advance 300 on a Bruker AV-300 spectrometer
(300.13 MHz) in D2O or acetone-ds. Chemical shifts are reported in ppm relative to
tetramethylsilane and referenced to partially deuterated solvent resonances. Coupling
constants (J) are given in Hertz. Electrospray mass spectra (ESI-MS) were recorded on a
Bruker Esquire 3000+ spectrometer using sodium formate as reference. Single crystals of
[RhI(cod)(Triaz)] for X-ray diffraction studies were grown by slow diffusion of pentane
into a concentrated solution of the compound in dichloromethane. X-ray diffraction data
were collected at 100(2) K on a Bruker APEX DUO CCD diffractometer 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 APEX2 package. The structures were solved by the Patterson
method with SHELXS-97% and refined by full matrix least-squares on F? with SHELXL-
2014,%4 under WinGX.%®

Synthesis of 1,4-diphenyl-1,2,3-triazole.®* Phenylazide (490 mg, 4.11 mmol),
CuSO45H20 (10.0 mg, 0.041 mmol) and sodium ascorbate (83.1 mg, 0.411 mmol) were

dissolved in a deoxygenated t-BuOH/H>O mixture (1:1, 2 mL). Then, phenylacetylene (0.9
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mL, 8.30 mmol) was added and the resulting mixture vigorously stirred for 16 h at room
temperature. The organic layer was washed with water and brine. Removal of the solvent
under vacuum afforded the compound as a yellow solid. Yield: 89 %. *H NMR (300 MHz,
298K, CDCl3): 6 7.30 (m, 1H), 7.39 (m, 3H), 7.48 (t, J = 7.6, 2H), 7.73 (d, J = 8.2, 2H), 7.85

(d, J=7.9, 2H), 8.12 (s, 1H, Hir).

Synthesis of 1,4-diphenyl-3-methyl-1,2,3-triazolium iodide.>* 1,4-diphenyl-1,2,3-
triazole (370 mg, 1.66 mmol) was dissolved in CH3CN (30 mL) in a teflon-sealed glass
schlenk tube. Then, CHzl (0.11 mL, 1.83 mmol) was added and the mixture stirred at 372 K
overnight. After cooling to room temperature, the yellow precipitated was decanted, washed
with CH3CN (3 x 10 mL) and dried under vacuum. Yield: 71 %. 'H NMR: (300 MHz, 298K,
CDCl3) &: 9.74 (s, 1H, Hiy), 8.16-8.14 (m, 2H, Ho, NPh), 8.96-8.94 (m, 2H, Ho, Ph), 7.59-

7.56 (m, 3H, Hm and Hp, NPh), 7.51-7.48 (m, 3H, Hm and Hy, Ph), 4.44 (s, 3H, NCHa).

Synthesis of [RhI(cod)(Triaz)]. 1,4-diphenyl-3-methyl-1,2,3-triazolium iodide (100 mg,
0.27 mmol) and [Rh(uOMe)(cod)]2 (65.40 mg, 0.135 mmol) were reacted in THF (10 ml) at
room temperature for 5 h. The resulting orange solution was concentrated to ca. 2 mL under
reduced pressure. The slow addition of diethyl ether (10 ml) gave a microcrystalline yellow
solid which was separated by decantation, washed with diethyl ether (2 x 3 mL) and dried in
vacuo. Yield: 89 %. 'H NMR (300 MHz, 298K, CeDs): & 9.24 (d, 2H, Ju-n = 8.2, Ho, NPh),
8.20 (d, 2H, Jun = 7.5, Ho, Ph), 7.40-7.15 (m, 6H, Hm and Hp, Ph and NPh), 5.77 (m, 2H,
CH, cod), 3.40-3.20 (m, 2H, CH, cod), 2.80 (s, 3H, NCH3), 2.30-1.70 (m, 8H, CH>, cod).
B3C{*H} NMR (300 MHz, 298K, C¢Ds) &: 174.7 (d, Jc-rn = 44.5, Crn-trz), 143.8 (Cq, NPh),
140.4 (Cq, Ph),130.7 (Co, Ph), 129.0 (d, Jc-rh = 5.2, Cirz), 124.1 (Co, NPh), 128.7 (Cm, Ph and
NPh) 128.3 (Cp, Ph and NPh), 94.2 (d, Jc-rn = 7.2, CH, cod), 93.9 (d, Jc-rn = 7.3, CH, cod),
72.8 (d, Jc-rn = 14.4, CH, cod), 70.4 (d, Jc-rn = 14.6, CH, cod), 36.2 (NCHzs), 32.4, (CHy,

cod), 32.2, (CH>, cod), 30.3, (CHz, cod), 30.3 (CH>, cod). Anal. Calc. for C23sH2sNsRhl: C,
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48.19; H, 4.00; N, 7.33. Found C, 48.07; H, 3.89; N, 7.53. HRMS (ESI+, CH3CN, m/z):

Calc. for CasH2sNsRh: 446.1101. Found for Ca3H2sNsRh: 446.1098, [M-1]*.

Preparation of partially reduced graphene oxide TRGO-400. Partially reduced
graphene oxide TRGO-400 was prepared by applying a modified Hummers method to
commercial graphite as described previously.” The obtained graphite oxide was thermally
treated at 300 °C in a pre-heated horizontal furnace, to allow exfoliation and partial
reduction, under a nitrogen flow of 50 mL min. The obtained graphene material was then
thermally treated in a horizontal furnace to 400°C with a residence time at the final

temperature of 60 min.

Synthesis of functionalized partially reduced graphene oxides. Synthesis of TRGO-
N3, TRGO-1. Graphene oxide TRGO-400 (100 mg) was dispersed in a H2O/CH3CN
mixture (1:1, 10 mL) in an ultrasonic bath for half an hour. Then, NaN3 (125 mg, 1.92 mmol)
was added under argon atmosphere and the black suspension stirred at reflux temperature
for one week. After that time, the resulting graphene was washed using the centrifuge with
H>O/CH3CN (1:1) (4 x 10 ml), H2O/CHsCN (1:5) (2 x 10 ml), CH3CN (2 x 10 ml), and

finally with Et20O (1 x 4 mL) and dried in vacuum.

Synthesis of TRGO-4-phenyl-1,2,3-triazole, TRGO-2. TRGO-1 (112 mg) was
dispersed in a 'PrOH/H20 mixture (1:1, 20 mL) in an ultrasonic bath for half an hour. After
that, under argon atmosphere, phenylacetylene (0.25 mL, 2.3 mmol), sodium ascorbate (120
mg, 0.61 mmol) and CuSO45H,0 (56 mg, 0.22 mmol) were sequentially added. The
suspension was stirred at room temperature for 2 days. Then, the material was washed using
the centrifuge with H2O (4 x 7 mL), acetone (2 x 5 mL), and finally Et.O (1 x 5mL) and

dried in vacuum.
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Synthesis of TRGO-3-methyl-4-phenyl-1,2,3-triazolium iodide, TRGO-3. A teflon-
sealed glass schlenk tube was charged with a suspension of TRGO-2 (150 mg) in CH3CN
(25 mL) under argon atmosphere and introduced in an ultrasonic bath for half an hour.
Subsequently methyl iodide (1 mL, 3.1 mmol) was added and the suspension was stirred at
reflux temperature for 12 h. Then, the graphene was washed using the centrifuge with

CH3CN (4 x 7 mL) and vacuum dried.

Synthesis of TRGO-(SiOMes)-3-methyl-4-phenyl-1,2,3-triazolium iodide, TRGO-4.
TRGO-3 (100 mg) was dispersed in freshly distilled anhydrous CHCIz (10 mL) in an
ultrasonic bath for half an hour and treated with trimethylsilylimidazole (0.15 mL, 0.1 mmol)
under argon atmosphere. The suspension was stirred at 60°C for 12 h. The material was

washed with CH2Cl> (3 x 6 mL) and dried under vacuum.

Synthesis of supported rhodium catalysts. Synthesis of TRGO-O-Rh. TRGO-400 (40
mg) was dispersed in THF (10 mL) in an ultrasonic bath for half an hour and treated with
[Rh(u-OMe)(cod)]2 (28.0 mg, 0.058 mmol) at reflux temperature for 24 h under argon
atmosphere. After that time, the black solid was washed with THF (5 x 10 mL) and diethyl

ether (2 x 5 mL) with the help of ultrasonic bath/centrifuge and dried under vacuum.

Synthesis of TRGO-3-Rh and TRGO-4-Rh. Suspensions of graphene materials
functionalized with 3-methyl-4-phenyl-1,2,3-triazolium iodide, TRGO-3 or TRGO-4 (100
mg), were dispersed in anhydrous THF (10 mL) in an ultrasonic bath for half an hour and
treated, under argon atmosphere, with [Rh(u-OMe)(cod)]2 (54.0 mg, 0.105 mmol). The
suspension was stirred at 80 °C for 24 h. The solids obtained were washed with THF (5 x 10
mL) and diethyl ether (2 x 5 mL) with the help of ultrasonic bath/centrifuge and dried under

vacuum.

Crystal data and structure refinement for [Rhl(cod)(Triaz)]. CasH25IN3Rh-CHCls
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692.64, 100(2) K, 0.71073 A, monoclinic, P21/c, a = 15.6121(12) A, b = 8.4405(6) A, ¢ =
20.6177(15) A, p = 109.5300(10)°, V = 2560.6(3) A3, Z = 4, Dearc = 1.797 glcm3, 1= 2.203
mm, F(000) = 1360, yellow prism, 0.260 x 0.140 X 0.050 Mm?, G/ Gnax 1.384/27.102°,
index ranges -20<h<20, -10<k<10, -26<I<26, reflections collected/independent 27718/5638
[R(int) = 0.0343], data/restraints/parameters 5638/0/290, GOF = 1.063, R1 = 0.0262 [I>2c
()], wR2 = 0.0596 (all data), largest diff. peak/hole 0.772/-0.786 e-A=3. CCDC deposit
number: 1937428

General procedure for catalytic alkyne hydrosilylation reactions. Hydrosilylation
catalytic tests were carried out in NMR tubes, under an argon atmosphere, in CDCls 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 the 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 p-(E), 13 to 16 Hz for p-(Z), and 1 to 3 Hz for a-vinylsilanes. The vinylsilane
reaction products derived from internal alkynes were identified by comparison of NMR data

with those previously reported in the literature.®’

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

the same experimental conditions.
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