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ABSTRACT: Multidentate carbene ligands are valuable frameworks for the
preparation of carbene complexes displaying higher nuclearity. In the present work,
we report the synthesis of a series of mono- to tetra-[Rh(COD)I] complexes (3a−
d) supported by mesoionic triazol-5-ylidenes. The general synthetic procedure
involves the one step reaction of the appropriate triazolium (2a−d) salt in the
presence of KHMDS and stoiquiometric amounts of the rhodium(I) precursor.
Treatment of complexes 3a−d with an excess of carbon monoxide allows for the
quantitative preparation of complexes 4a−d featuring a [Rh(CO)2I] fragment used
for the detemination of the donor properties of the new triazolylidene ligands. All
complexes have been fully characterized by means of 1H and 13C NMR
spectroscopy, melting point, elemental analysis, and in the case of complex 3a, by
X-ray crystallography. Comparison of the catalytic activity of the new rhodium
complexes in C−C and C−Si bond forming processes demonstrate the enhanced
performance of the tetranuclear species suggesting the possibility of strong
cooperative effects in these multinuclear complexes.

■ INTRODUCTION

Ever since the isolation of the first stable crystalline 1,2,3-
triazol-5-ylidene,1 and later the bis(1,2,3-triazol-5-ylidene)2

reported by Bertrand, the studies of the chemistry related to
mesoionic carbenes (MICs) has growth exponentially.
Mesoionic 1,2,3-triazolylidene ligands have received consid-
erable attention owing to their intrinsic mesoionic character
and to the fact that they have been postulated as better sigma
donors compared to their classical N-heterocyclic carbene
(NHC) counterparts.3 It is well-known that the copper(I)-
catalyzed 1,3-dipolar cycloaddition reaction of an azide to an
alkyne, known as the “click” reaction, typically leads to the
formation of 1,2,3-triazoles.4 This procedure is highly flexible
and allows numerous functionalities to be introduced in the
ligand backbone.5 Further N-alkylation results in the formation
of the substituted 1,2,3-triazolium salts, which can act as
precursors for the preparation of MICs.6

Owing to this synthetic versatility, a vast family of metal
complexes bearing 1,2,3-triazol-5-ylidenes has been reported in
the literature with the main target of testing the performance of
these complexes in various homogeneous catalytic processes.7

Recently, we have reported on such types of complexes as
catalysts for various organic transformations including Suzuki−
Miyaura cross coupling reactions, alpha arylations of ketones,
alkyne cyclizations, C−N bond forming processes, and
hydroaminations.8 Surprisingly, despite the easy access to
various triazolium frameworks, to date most of the reported

complexes possessing 1,2,3-triazol-5-ylidene ligands are of
mononuclear type. In fact, only a few dinuclear and trinuclear
complexes possessing a MIC donor at each metal center have
been reported in the literature,9 and the presence of tetra-
triazolylidene ligands has only recently been described.8d,10

The increasing interest in developing cleaner chemical
processes has risen particular attention in multifunctional
complexes owing to its superiority in terms of enhanced
reactivity and selectivity over their monometallic counter-
parts.11 A number of these multinuclear complexes have
demonstrated to be highly efficient as catalysts for a variety of
chemical reactions including C−C and C−N bond forming
processes, hydroaminations, and olefin polymerizations, among
others.12 The improvement in the catalytic activity and
selectivity achieved by these catalysts is attributed mainly to
cooperative interactions between proximal metal centers where
features such as intermetallic distances, three-dimensional
structures, and the enhanced probability of interaction with the
substrates play a key role.13
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In line with our interest in multimetallic complexes for
catalytic applications, we report herein the preparation and full
characterization of a series of mono- to tetra-triazolylidene-
[Rh(COD)I] complexes (3a-3d) which are obtained by the
one-step treatment of triazolium precursors (2a-d) with
KHMDS in the presence of the [Rh(COD)Cl]dimer. Reaction
of 3a-d with an excess of carbon monoxide permitted the
preparation of complexes 4a-d displaying a [Rh(CO)2I]
fragment that allowed the quantification of the sigma-donor
properties of the new ligands. Complexes 3a-d were tested in
the cross-coupling of 2-cyclohexenone with boronic acid and in
the hydrosilylation of terminal alkynes. In both catalytic
processes, the tetranuclear complex 3d displayed the best
performance and selectivity of the series, suggesting cooper-
ative effects in the multinuclear complexes. Details of the full
characterization of the new complexes and their catalytic
comparison will be discussed.

■ RESULTS AND DISCUSSION
Mono- to tris-triazolium salts 2a−c were prepared according to
the procedure described in Scheme 1. The triazole precursors

(1a−d) are readily obtained in moderate to good yields (65−
98%) by the reaction of mesityl azide with the proper alkyne
through the click process. Further N-alkylation with methyl
iodide affords the corresponding triazolium salts, 2a−c, in
good yields (70−98%) after column chromatography purifica-
tion. The synthesis of triazolium salt 2d was carried out in a
similar procedure starting from tetrakis(2-propynyloxymethyl)-
methane and mesityl azide following the literature procedure
(Scheme 1).8d

Formation of triazolium salts 2a−c was easily confirmed in
1H NMR spectroscopy by the presence of the characteristic
chemical shift values of the triazolyl hydrogens (singlets)
located between 9.03 and 9.38 ppm, and the N-bound methyl

groups displayed single peaks in the range of 4.55 and 4.72
ppm. In solution, the 1H and 13C NMR patterns of triazolium
salts 2b and 2c display C2 and C3 fold axis owing to the high
symmetry in the molecules. All the NMR characterization data
for prepared triazolium 2d is consistent with the reported
literature.8d

In order to get access to the desired rhodium triazolylidene
complexes, we initially tested the reaction of triazolium salt 2a
with equimolar amounts of hexamethyldisilazane (KHMDS)
and a half equivalent of the [Rh(COD)Cl] dimer in THF at
−78 °C. After work up and purification by column
chromatography, complex 3a was isolated in 63% yield as an
air-stable yellow solid (Scheme 2).

NMR spectroscopy studies confirmed the formation of
complex 3a by the disappearance of the acidic CH+ proton in
the 1H NMR spectra, and the observation of a low field signal
at 172.8 ppm (doublet, J = 45.7 Hz) in 13C NMR which
corresponds to the carbenic carbon bound to rhodium. With
respect to the ligands, the hydrogens of the methylene bridge
in the MIC are observed now as a pair of doublets (geminal
coupling due to nonequivalent methylene protons), while fully
asymmetric patterns for the olefinic cyclooctadiene protons are
observed. The full set of NMR patterns are consistent with
neutral square planar NHC−Rh(COD)X type complexes
where the cyclooctadiene ligand occupies two coordination
sites and the carbene and iodine centers complete the metal
coordination sphere.14 To gain further insight into the
structural features of complexes 2a and 3a, single crystals
were grown from a mixture of acetonitrile and hexanes at room
temperature (Figure 1).

Scheme 1. Synthesis of Triazoliums 2a−d

Scheme 2. Synthesis of Complex 3a

Figure 1. Molecular structures of triazolium 2a (top) and rhodium
complex 3a (bottom). Ellipsoids are shown at 40% of probability.
Coordinated solvents are omitted for clarity.
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Complex 3a crystallizes in the monoclinic system with the
P21/c space group (Table 1), and the monomeric structure

displays a carbene−rhodium bond distance of 2.048(3) Å and
a Rh−I bond distance of 2.646(10) Å, which are in the range
of recently reported MIC−Rh analogues.15

The rhodium center is bound to the triazolylidene ligand,
the cyclooctadiene fragment (η2), and the iodine atom in a
slightly distorted square planar geometry, and no short contact
with the phenoxy moiety is observed. The carbene bond angle
in complex 3a [101.8(3)°] is slightly more acute than the
corresponding angle of triazolium salt 2a [105.5(3)°]. This
feature is consistent with the increased σ-character of the σ
lone pair orbital on the carbene atom in 3a as compared with
the C−H+ bond orbital in cationic precursor 2a (Figure 1).
With the successful metalation of monotriazolium salt 2a, we

followed a similar strategy for the preparation of the bis-, tris-,
and tetra-rhodium triazolylidene complexes. Thus, as depicted
in Scheme 3, the one-pot reaction of triazolium salts 2b−d
with excess of KHMDS and the required amounts of the
[Rh(COD)Cl] dimer (according to the MIC centers available)
produces complexes 3b−d in adequate yields (65−72%).
Purification of the complexes was achieved by chromatography
column using a mixture of hexanes/ethyl acetate as eluent and
interestingly, despite of the high degree of metalation in
complexes 3b−d, all of them display excellent solubility in
benzene, toluene, and a variety of chlorinated solvents.
Characterization of complexes was achieved by NMR

spectroscopy, melting point, and elemental analysis. In the
case of multinuclear complexes 3b and 3c, asymmetric 1H
NMR patterns for N-methyl, methylene, and cyclooctadiene
protons are observed. Interestingly, two (172.3 and 172.2 ppm,
J = 45.7 Hz) and three (173.5, 173.4, and 173.3 ppm, J = 45.5
Hz) set of doublets for the carbenic carbon bond to rhodium

in the 13C NMR spectra are displayed for 2 and 3, respectively.
In the case of complex 3d, along with the asymmetry observed
for the N-methyl hydrogens and the two core OCH2− protons,
four overlapping (171.7, 171.7, 171.5, and 171.5 ppm, J = 46.0
Hz) set of doublets for the carbenic carbon bound to rhodium
are observed. The asymmetric NMR patterns observed in
complexes 3b−d are similar to previously reported multi-
nuclear analogues8a and is related to the bulkiness associated
with the cyclooctadiene ligands and the mesityl moieties which
deter the N-methyl and methylene free rotation in these
complexes. Surprisingly, we observed that in complex 3d by
simply changing the NMR solvent from CDCl3 to CD3CN at
25 °C the N-methyl group protons were resolved as a single
peak (4.20 ppm), while the peaks for the COD hydrogens
broaden considerably. The symmetrical patterns are also
observed in the 13C NMR spectra, as only one doublet for
the carbenic carbon bound to rhodium is observed (171.73
ppm, J = 46.8 Hz). This solution behavior could be explained
by the rapid exchange of the COD ligands with CD3CN, which
allows for the Rh-carbene free rotation in complexes 3b−d.
In order to assess the donor properties of the new

triazolylidene ligands, corresponding rhodium(I) carbonyl
complexes 4a−d were prepared from the reaction of precursors
3a−d with excess of carbon monoxide in dichloromethane
(Scheme 4). Each of rhodium complexes 4a−d present only
two Rh−CO bands in agreement with the symmetric patterns
observed in NMR spectroscopy. The average CO vibration
frequency for complexes 4a (νav = 2018 cm−1), 4b (νav = 2029
cm−1), 4c (νav = 2031 cm−1), and 4d (νav = 2028 cm−1) and
the calculated TEP values15a for 4a (2034 cm−1), 4b (2043
cm−1), 4c (2045 cm−1), and 4d (2034 cm−1) indicate that the
new triazolylidenes are stronger donors compared to conven-
tional NHCs (νav = 2039−2041 cm−1)16 and cyclic(alkyl)-
(amino) carbenes (νav = 2036 cm−1)17 but slightly lower than
other imidazol- and triazole-based mesoionic carbenes (νav =
2016−2025 cm−1).18

Additional to the electron-donor properties of the new
ligands, the NMR data after the carbonylation process
indicates that complexes 4a−d recover symmetry in solution.

Table 1. Crystallographic Data and Summary of Data
Collection and Structure Refinement

2a 3a

formula C38H46I2N6O4 C27H33IN3ORh
fw 904.61 645.37
cryst syst monoclinic monoclinic
space group P21/c P21/c
T, K 293(2) 293(2)
a, Å 15.4985(4) 14.4357(4)
b, Å 14.8445(3) 12.2861(3)
c, Å 18.7010(4) 16.4385(4)
α, deg 90 90
β, deg 112.096(3) 109.202(3)
γ, deg 90 90
V, Å3 3986.50(18) 2753.30(14)
Z 4 4
dcalc (g·cm−3) 1.507 1.557
μ, mm−1 12.753 1.764
refl collected 41616 193149
Tmin/Tmax 0.922 0.898
Nmeasd 8421 7645
[Rint] 0.1004 0.0441
R[I > 2σ(I)] 0.0595 0.0380
R (all data) 0.0678 0.0654
Rw[I > 2σ(I)] 0.1632 0.0861
Rw (all data) 0.1735 0.1059
GOF 1.057 1.098

Scheme 3. Synthesis of Complexes 3b−d
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For instance, all the N-methyl groups and the methylene
fragments are resolved as single sharp peaks in the 1H NMR
spectra. In 13C NMR, the removal of the cyclooctadiene
fragment is confirmed by the appearance of two new doublets
between 187.2 and 182.1 ppm, which are consistent with the
cis-arrangement of the carbonyl groups around the metal
center. Owing to the equivalence in solution, complexes 4a−d
display only one doublet for the MIC−Rh bonds (165.8−
164.2 ppm) which shift upfield when compared to the
precursors 3a−d (173.5−171.5 ppm) due to the more
electron-poor nature of the carbonylated rhodium center.
Despite our numerous efforts to crystallize the multimetallic

rhodium complexes, we were unsuccessful in obtaining X-ray
quality samples. Thus, in order to get more insight into the
structural features of the new rhodium complexes, we carried
out density functional theory (DFT) calculations, at the
B3LYP/6-31G(d,p)/LANL2DZ level of theory with Grimme’s
D3 correction and using the LANL2DZ pseudopotentials only
for transition metal atoms. As illustrated in Figure 2, the
rhodium centers in the tri- and tetranuclear complexes are
close to the expected square planar geometries which is
common for Rh(CO)2X and Rh(COD)X fragments coordi-
nated to a triazolylidene ligand. The calculated bond distances
for the Rh−MIC (2.036−2.80 Å) and Rh−I (2.767−2.838 Å)

moieties also fall in the normal parameters for monodentate
MIC−rhodium complexes reported in the literature15 and
close to the values reported in the crystal structure of complex
1 (Figure 2).
Some interesting trends are discovered by the calculated

structures of 3c, 3d, 4c, and 4d. In the case of the carbonyl
complexes (3c and 3d), rhodium atoms were coordinated in a
square-planar geometry with the two carbonyls always
occupying adjacent positions in the vertices of the square.
Moreover, these complexes showed an overall extended
conformation where iodine atoms are separated from nearby
atoms by distances larger than the sum of their van der Waals
radii. In contrast, complexes 4c and 4d resulted in compact
geometries with the cyclooctadiene and mesitylene groups
arranged as close as possible around the iodine atoms. The
higher proximity between the COD ligands with the vicinal
mesityl fragments in complexes 3c and 3d result in fully
asymmetric structures that are consistent with the asymmetric
patterns observed in 1H and 13C NMR spectroscopy.
Rhodium catalysts have shown great impact across a broad

range of organic transformations.19 Their versatility is related
to their high reactivity for both polar and nonpolar chemical
bonds such as dihydrogen, Si−H, B−H, and C−H bonds.
Additionally, in situ generated organometallic rhodium species
are highly prone to transmetalations, migratory insertions, and
reductive eliminations which increase their catalytic activity.
Owing to the high cost of rhodium(I) precursors, its use in
small amounts in catalytic processes is imperative, and a great
deal of research is focused on improving this important task. In
this context, the use of multinuclear complexes as catalysts to
enhance the rate and selectivity of catalyzed reactions is of
significant interest. A multimetallic catalyst is often substan-
tially more efficient than a monometallic catalyst of similar
structure owing to cooperative interactions among the several
metal centers and the reaction substrate.20 Motivated by the
hitherto documented enhanced performance of carbene-based
multinuclear precatalysts,12 and to evaluate the possible
cooperative effects of the multinuclear species, we decided to
test the efficiency of complexes (3a−d) in the 1,4-conjugated
addition of phenyl boronic acid to 2-cyclohexenone which has
been successfully achieved with NHC-Rh based precatalysts.21

Initial reaction conditions employed mononuclear complex 3a
in 3 mol % loading at 110 °C for 24 h of reaction in toluene. As
observed in Table 2, the conversion under these conditions is
quantitative (entry 1) and challenging the catalyst performance
by decreasing the loading to 0.1 mol % presents no change in
the conversions (entries 2−5). Changing the reaction temper-
ature to 80 °C affects the catalytic performance with a decrease
in the conversion to 82% (entry 6). The best conditions
regarding the temperature are observed with catalyst loadings
of 0.5 mol % and using benzene as solvent (entries 8−11).
With the optimized reaction conditions, we then compared

the efficiency of complexes 3a−d in the cross-coupling process
using the conditions described in the entry 10 of Table 2.
Monitoring of the conversions was carried out via 1H NMR
spectroscopy analyzing the product formation every 15 min for
a period of 2 h. We observed that conversions after the first 15
min increases gradually as the number of metal centers
increases (Table S1). Remarkably, the performance of the
tetranuclear complex (3d) is by far the most effective with
conversions of 93% after 15 min and presenting full
conversions after 45 min. After 2 h, complex 3a reaches 84%

Scheme 4. Synthesis of Complexes 4a−d

Figure 2. Calculated geometries of complexes 3c (top right), 3d (top
left), 4c (bottom right), and 4d (bottom left) optimized at the
B3LYP/6-31G(d,p)/LANL2DZ level of theory. Mesityl groups and
hydrogen atoms omitted for clarity.
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yield, while the conversions for the dinuclear (3b) and
trinuclear (3c) complexes are 91 and 93%, respectively.
With complex 3d as the best of the series, we then examined

the scope of the conjugated addition of a variety of boronic
acids to cyclohexenone. As depicted in Table 3, complex 3d
produces the respective addition products in high yields (91−

99%) using boronic acids bearing electron-donor and -with-
drawing groups. The more challenging trifluoromethylated
boronic acid (entry 6) needs heating at 110 °C to reach a
maximum conversion of 83%.
Vinyl silanes are highly important reactants in organic

synthesis that can be successfully produced by means of the
metal-catalyzed hydrosilylation of alkynes.22 Despite the
relevance of this process, the quest for active and selective
catalyst still represents an important challenge as the
hydrosilylation of alkynes usually produces up to three isomers
namely, b-(Z), b-(E). and a isomers.23 With the positive results
observed in the cross-coupling reaction, we decided to further
test the activities of complexes 3a−d in the hydrosilylation of
alkynes to produce vinylsilanes. As initial screening test for the
hydrosilylation process, we carried out the reaction of
phenylacetylene with triethylsilane at 80 °C, in benzene-d6
and catalyst loadings of 0.5 mol % (based in the metal).
Monitoring of the conversions was performed by 1H NMR
spectroscopy analyzing the products formation at different
times over 1 h.
The performance of tetranuclear complex 3d is once again

the best of the series, reaching conversions of 97% after only
20 min of reaction (Table S2). The overall yields after 1 h of
reaction reach completion for complexes 3b−d, while
mononuclear complex 3a achieves a maximum of 73% yield.
Regarding the selectivity, all four complexes are highly E-
selective with the tetranuclear complex displaying the highest
selectivity value (93%). Monitoring of the reaction using
complex 3d by 1H NMR spectroscopy in C6D6 (Supporting
Information) demonstrated that the E/α ratio remained
constant during the reaction course, suggesting that the Z-
vinylsilane is not an intermediate in the formation of the E-
isomer or that there is not an appreciable accumulation of this
isomer.
Once tetranuclear complex 3d was established as the best

catalyst of the series, we then explored the scope of the
hydrosylation of a variety of alkynes with triethylsilane. As
observed in Table 4, the catalytic system is compatible with a
variety of substituted phenylacetylenes featuring electron-
donor and -withdrawing groups (entries 1−10), reaching
conversions over 98% and displaying a good selectivity for the
E-isomer in all examples. The presence of potential oxygen
coordination atoms did not interfere in the hydrosilylation
although the selectivity is highly affected (entry 11). Finally,
the challenging hydrosilane addition to propargyl alcohol and
ethynyltrimethylsilane present good conversions with a high
preference to the E-isomer.
Owing to the high temperature used in the hydrosilylation

process and in order to rule out the formation of colloidal
rhodium particles as the active catalyst, the reaction of
phenylacetylene and triethylsilane using complex 3d was
disturbed by the addition of elemental mercury at different
reaction times (t = 0, 15, 30, and 60 min). We observed that
regardless of the mercury addition time the conversions are not
affected significantly. For instance, addition of mercury at t = 0
and 30 min decreases the conversions by only 7 and 3%,
respectively (Scheme S1). The small change in conversions
strongly suggest that at 80 °C the catalytic conversions of
tetranuclear complex 3d are essentially performed by
molecular species.
Among the various catalysts employed for alkyne hydro-

silylation, those based in NHC-rhodium architectures have
attracted great attention owing to their high performance

Table 2. Optimization of the 1,4-Addition of Boronic Acid
to 2-Cyclohexenone Using Complex 3aa

entry 3a (mol %) temp (°C) time solvent yield (%)

1 3 110 24 h toluene 99
2 1 110 24 h toluene 99
3 0.1 110 24 h toluene 99
4 0.1 110 5 h toluene 99
5 0.1 110 2 h toluene 99
6 0.1 80 2 h toluene 82
7 0.1 80 1 h toluene 74
8 0.5 80 8 h benzene 99
9 0.5 80 4 h benzene 99
10 0.5 80 2 h benzene 98
11 0.5 80 1 h benzene 90

aReaction conditions: Phenylboronic acid (0.11 mmol), 2-cyclo-
hexenone (0.10 mmol), solvent (0.6 mL).

Table 3. Scope of the 1,4-Addition of a Variety of Boronic
Acids to 2-Cyclohexenone Catalyzed by 3da

aReaction conditions: Phenylboronic acid (0.11 mmol), 2-cyclo-
hexenone (0.10 mmol), complex 3d (0.5 mol %, based in the metal),
C6D6 (0.6 mL), 2 h. bIsolated yields as the average of two runs.
cReaction carried out at 110 °C.
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under mild reaction conditions. Table 5 show a comparison of
the catalytic performance of complex 3d with recently reported
NHC-rhodium-based catalysts. In general, complex 3d
compares well with the few reported multinuclear NHC-
rhodium catalysts in terms of catalyst loading, conversions,
time, and reaction temperatures.24 Interestingly, complex 3d
displays a better selectivity toward the (b)-E vinylsilane isomer
compared to these dinuclear complexes; however, its selectivity
is still behind the pyridyl functionalized NHC-Rh complex
reported by Suarez and co-workers.25 Even though complex 3d
is not as active as the known Crabtree (Triso)Ir(C2H4)2

complex,26 it performs better than the other catalysts presented
in Table 5.
To gain deeper insight into the catalytic performance of new

complexes 3a−d, we sought on investigating the reaction order
with respect to the catalyst. Thus, we have performed a
comparative study on the hydrosilylation of phenylacetylene
with triethylsilane using different concentrations (1.0 mol %,
0.5 mol % and 0.25 mol %) of catalysts 3a−d and with a
starting concentration of phenylacetylene of 1.63 mmol.
Following the normalized time scale method t[cat]T

n reported
by Bures and co-workers,27 we found that mononuclear
complex 3a fit for a first-order reaction, while the order in
dinuclear complex 3b is not very clear under the conditions
used (Figures S62 and S63). In contrast, a second-order
reaction with respect to the catalyst is easily observed in
complexes 3c and 3d (Figures S64 and S65). Although
catalytic cooperativity in multinuclear complexes is very
difficult to prove and more formal mechanistic studies are
necessary, the results of catalyst order in 3a−d suggest that the
presence of various metals in the same ligand exert a positive
effect in the catalytic performance, suggesting an increased
local concentration of active catalytic sites under homogeneous
conditions.

■ CONCLUSIONS

In summary, we have reported the synthesis of a series of
mono- to tetra-[Rh(COD)I] complexes (3a−d) supported by
mesoionic triazol-5-ylidenes. The treatment of complexes 3a−
d with an excess of carbon monoxide allows for the
quantitative preparation of complexes 4a−d featuring a
[Rh(CO)2I] fragment which were used for the determination
of the donor properties of the new triazolylidene ligands. All
complexes have been fully characterized by means of 1H and
13C NMR spectroscopy, melting point, elemental analysis, and
in the case of complex 3a, by X-ray crystallography.
Comparison of the catalytic activity of the new rhodium
complexes in C−C and C−Si bond forming processes
demonstrate the enhanced performance of the tetranuclear
species suggesting the possibility of cooperative effects in these
multinuclear species. Interestingly, the hydrosilylation process
is highly selective toward the E-isomer in a variety of alkyne
substrates. Mercury poisoning tests indicate that at 80 °C the
hydrosilylation process catalyzed by complex 3d is essentially
performed by molecular species. Further exploration of the
catalytic potential of complexes of type 3a−d is currently being
explored in our laboratory.

■ EXPERIMENTAL SECTION
Synthesis of Triazolium Salts 2a−c. Triazolium Salt 2a.

Methyl iodide (2.04 mL, 32.8 mmol) was added to 15 mL of an
acetonitrile solution of triazole 1a (640 mg, 2.18 mmol), and the
resulting clear solution was refluxed for 18 h. After reaching room
temperature, the solvent was reduced to 2/3 of the original volume,
and diethyl ether was added until a precipitate was formed. The solid
was collected by filtration and washed thoroughly with cold diethyl
ether. Pure product is obtained as yellow solid in 79% yield (749 mg,
1.72 mmol) after removing the solvent under reduced pressure. 1H
NMR (CDCl3, 400 MHz) δ = 9.03 (s, 1H, CHtz), 7.22 (dd, J = 8.6,
7.8 Hz, 2H, CHar), 7.04 (d, J = 7.9 Hz, 2H, CHar), 6.98−6.93 (m, 3H,
CHar + CHmes), 5.80 (s, 2H, CH2), 4.55 (s, 3H, NCH3), 2.29 (s, 3H,
CH3), 2.02 (s, 6H, CH3).

13C NMR (100 MHz, CDCl3) δ: 156.7
(Car), 142.7 (Ctz), 141.1 (Cmes), 134.4 (Cmes), 132.7 (Cmes), 131.0
(CHtz), 129.9 (CHar), 129.9 (CHmes), 122.7 (CHar), 115.3 (CHar),

Table 4. Scope of the Hydrosilylation of Various Alkynes
with Triethylsilane Catalyzed by Complex 3da

aReaction conditions: Alkyne (0.10 mmol), triethylsilane (0.12
mmol), catalyst (0.5 mol %, based in the metal), C6D6 (0.6 mL).
Yield and E/Z/α ratios were determined by 1H NMR spectroscopy
using mesitylene as internal standard.
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59.6 (CH2), 40.9 (NCH3), 21.2 (CH3), 18.1 (CH3). Found: C, 52.51;
H, 5.33; N, 9.28. Calcd for C19H22IN3O: C, 52.42; H, 5.09; N, 9.65.
Triazolium Salt 2b.Methyl iodide (1.3 mL, 20.7 mmol) was added

to 7 mL of an acetonitrile solution of bistriazole 1b (350 mg, 0.68
mmol), and the resulting clear solution was refluxed for 18 h. After
reaching room temperature, the solvent was reduced to 2/3 of the
original volume and diethyl ether was added until a precipitate was
formed. The solid was collected by filtration and washed thoroughly
with cold diethyl ether. Pure product is obtained as white solid in 68%
yield (367 mg, 0.462 mmol) after column chromatography
purification using a mixture of dichloromethane/petroleum ether
(1:1) as eluent. 1H NMR (CDCl3, 400 MHz) δ = 9.15 (s, 2H, CHtz),
7.22 (t, J = 2.3 Hz, 1H, CHar), 7.11 (t, J = 8.2 Hz, 1H, CHar), 6.96 (s,
4H, CHmes), 6.73 (dd, J = 8.2, 2.3 Hz, 2H, CHar), 5.93 (s, 4H, CH2),
4.64 (s, 6H, NCH3), 2.30 (s, 6H, CH3), 2.03 (s, 12H, CH3).

13C
NMR (100 MHz, CDCl3) δ = 158.0 (Car), 142.5 (Ctz), 141.1 (Cmes),
134.3 (Cmes), 132.3 (Cmes), 131.0 (CHar), 130.6 (CHtz), 129.8
(CHmes), 110.2 (CHar), 102.8 (CHar), 60.3 (CH2), 41.5 (NCH3),
21.2 (CH3), 18.0 (CH3). Found: C, 48.21; H, 5.01; N, 10.77. Calcd
for C32H38I2N6O2: C, 48.50; H, 4.83; N, 10.60.
Triazolium Salt 2c. Methyl iodide (1.6 mL, 24.8 mmol) was added

to 10 mL of an acetonitrile solution of tristriazole 1c (400 mg, 0.55
mmol), and the resulting clear solution was refluxed for 18 h. After
reaching room temperature, the solvent was reduced to 2/3 of the
original volume, and diethyl ether was added until a precipitate was
formed. The solid was collected by filtration and washed thoroughly
with cold diethyl ether. Pure product is obtained as yellow solid in
98% yield (620 mg, 0.54 mmol) after removing the solvent under
reduced pressure. 1H NMR (CDCl3, 400 MHz) δ = 9.38 (s, 3H,
CHtz), 7.09 (s, 3H, CHar), 6.93 (s, 6H, CHmes), 5.97 (s, 6H, CH2),
4.72 (s, 9H, NCH3), 2.29 (s, 9H, CH3), 2.06 (s, 18H, CH3).

13C

NMR (100 MHz, CDCl3) δ = 158.8 (Car), 142.2 (Cmes + Ctz), 134.5
(Cmes), 132.1 (CHtz), 131.3 (Cmes), 129.9 (CHmes), 98.1 (CHar), 62.0
(CH2), 42.4 (NCH3), 21.2 (CH3), 18.4 (CH3). Found: C, 47.33; H,
4.52; N, 11.12. Calcd for C45H54I3N9O3: C, 47.01; H, 4.73; N, 10.96.

Synthesis of Complexes 3a−c. Complex 3a. Rhodium(I)
cyclooctadiene chloride dimer (28.0 mg, 0.057 mmol), potassium
hexamethyl disilazide (30.0 mg, 0.149 mmol), and triazolium salt 2a
(50.0 mg, 0.115 mmol) were combined in a Schlenk flask and
dissolved in THF (9 mL) at −78 °C. The resulting mixture was
stirred for 16 h while reaching room temperature. The final clear
suspension was dried under vacuum, and the residue was extracted
with dichloromethane (10 mL). After cannula filtration and removal
of the solvent, the crude product is purified by column
chromatography using a mixture of hexanes/ethyl acetate (8:2) as
eluent providing the title product as yellow solid in 63% yield (63 mg,
0.073 mmol). Single crystals were obtained by the slow evaporation of
a concentrated THF/acetronitrile (1:1) solution. Mp = 198−202 °C.
1H NMR (CDCl3, 400 MHz) δ = 7.41−7.34 (m, 2H, CHar), 7.21−
7.16 (m, 2H, CHar), 7.10−7.02 (m, 2H, CHmes + CHar), 6.93 (s, 1H,
CHmes), 6.30 (d, J = 12.8 Hz, 1H, CH2), 5.21 (d, J = 12.8 Hz, 1H,
CH2), 5.15−5.08 (m, 1H, CHCOD), 5.02−4.95 (m, 1H, CHCOD), 4.17
(s, 3H, NCH3), 3.69−3.63 (m, 1H, CHCOD), 3.15−3.07 (m, 1H,
CHCOD), 2.46 (s, 3H, CH3), 2.38 (s, 3H, CH3), 2.16−1.95 (m, 3H,
CH2−COD), 1.82−1.74 (m, 4H, CH3 + CHCOD), 1.72−1.58 (m, 2H,
CH2−COD), 1.54−1.46 (m, 1H, CH2−COD), 1.44−1.34 (m, 1H,
CH2−COD).

13C NMR (CDCl3, 100 MHz) δ = 172.8 (d, J = 45.7
Hz, CRh), 157.9 (Car), 141.3 (Ctz), 140.0 (Cmes), 136.2 (Cmes),
135.8 (Cmes), 134.5 (Cmes), 129.7 (CHmes), 129.7 (CHar), 128.2
(CHmes), 122.0 (CHar), 115.3 (CHar), 94.4 (d, J = 7.2 Hz, CHCOD),
93.8 (d, J = 6.9 Hz, CHCOD), 72.8 (d, J = 13.9 Hz, CHCOD), 71.0 (d, J
= 13.8 Hz, CHCOD), 63.3 (CH2), 37.2 (NCH3), 33.5 (CH2−COD),

Table 5. Comparison of Complex 4 with Recently Reported NHC-Rh-Based Hydrosylation Catalyst

aRef 24a. bRef 24b. cThis work. dRef 25. eRef 26.
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31.1 (CH2−COD), 30.1 (CH2−COD), 28.7 (CH2−COD), 21.2 (CH3),
21.2 (CH3), 17.6 (CH3). FT-IR in KBr (cm−1): 3432, 2926, 2873,
2830, 2348, 1601, 1495, 1453, 1236, 1177, 1152, 1074, 1032, 856,
753. Found: C, 50.13; H, 5.25; N, 6.77. Calcd for C27H32IN3ORh: C,
50.33; H, 5.01; N, 6.52.
Complex 3b. Following the procedure for the synthesis of complex

3a and using rhodium(I) cyclooctadiene chloride dimer (31.0 mg,
0.063 mmol), potassium hexamethyl disilazide (32.0 mg, 0.164
mmol), and bistriazolium salt 2b (50.0 mg, 0.063 mmol), the title
product is purified by column chromatography using a mixture of
hexanes/ethyl acetate (8:2) as eluent. Yellow solid, 72% yield (55 mg,
0.045 mmol). Mp = 163−166 °C. 1H NMR (CDCl3, 400 MHz) δ =
7.39 (t, J = 8.16, 1H, CHar), 7.08 (s, 2H, CHmes), 6.94 (s, 2H, CHmes),
6.93−6.88 (m, 3H, CHar), 6.34−6.28 (m, 2H, CH2), 5.25−5.17 (m,
2H, CH2), 5.13−5.05 (m, 2H, CHCOD), 5.02−4.95 (m, 2H, CHCOD),
4.22−4.17 (m, 6H, NCH3), 4.76−4.68 (m, 2H, CHCOD), 3.18−3.10
(m, 2H, CHCOD), 2.46 (s, 6H, 2CH3), 2.39 (s, 6H, 2CH3), 2.19−2.09
(m, 2H, CH2−COD), 2.07−1.95 (m, 4H, CH2−COD), 1.88−1.74 (m,
8H, CH3 + CH2−COD), 1.69−1.55 (m, 4H, CH2−COD), 1.54−1.45 (m,
2H, CH2−COD), 1.43−1.33 (m, 2H, CH2−COD).

13C NMR (CDCl3,
100 MHz) δ = 172.3 (d, J = 45.7 Hz, CRh), 172.2 (d, J = 45.7 Hz,
CRh), 158.3 (Car), 139.9 (Ctrz), 130.0 (Cmes), 135.2 (Cmes), 134.8
(Cmes), 133.5 (Cmes), 129.5 (CHar), 128.7 (CHmes), 127.2 (CHmes),
107.1 (CHar), 101.9 (CHar), 101.8 (CHar), 93.3 (CHCOD),93.3
(CHCOD), 93.2 (CHCOD), 93.2 (CHCOD), 93.0 (CHCOD), 93.0
(CHCOD), 92.9 (CHCOD), 92.9 (CHCOD), 71.9 (CHCOD), 71.8
(CHCOD), 69.9 (CHCOD), 69.8 (CHCOD), 62.1 (s, CH2), 36.1
(NCH3), 32.6 (CH2−COD), 29.9 (CH2−COD), 29.2 (CH2−COD), 27.6
(CH2−COD), 20.1 (CH3), 16.7 (CH3). FT-IR in KBr (cm−1): 3446,
2923, 2364, 2059, 1606, 1446, 1382, 1330, 1283, 1236, 1156, 1132,
1035, 908, 850, 760. Found: C, 47.41; H, 4.66; N, 6.69. Calcd for
C48H59I2N6O2Rh2: C, 47.58; H, 4.91; N, 6.94.
Complex 3c. Following the procedure for the synthesis of complex

3a and using rhodium(I) cyclooctadiene chloride dimer (32.0 mg,
0.065 mmol), potassium hexamethyl disilazide (34.0 mg, 0.169
mmol), and tristriazolium salt 2c (50.0 mg, 0.043 mmol), the title
product is purified by column chromatography using a mixture of
dichloromethane/ethanol (95:5) as eluent. Yellow solid, 65% yield
(50 mg, 0.028 mmol). Mp = 250−252 °C. 1H NMR (CDCl3, 400
MHz) δ = 7.02 (s, 3H, CHmes), 6.89 (s, 3H, CHmes), 6.62−6.55 (m,
3H, CHar) 6.32−6.22 (m, 3H, CH2), 5.15−5.08 (m, 3H, CH2), 5.03−
4.96 (m, 3H, CHCOD), 4.95−4.89 (m, 3H, CHCOD), 4.16 (s, 9H,
NCH3), 3.75−3.68 (m, 3H, CH2−COD), 3.13−3.05 (m, 3H,
CH2−COD), 2.40 (s, 9H, CH3), 2.33 (s, 9H, CH3), 2.15−2.05 (m,
3H, CH2−COD), 1.98−1.88 (m, 6H0, CH2−COD), 1.83−1.68 (m, 12H,
CH3 + CH2−COD), 1.60−1.50 (m, 6H, CH2−COD), 1.47−1.38 (m, 3H,
CH2−COD), 1.37−1.28 (m, 3H, CH2−COD).

13C NMR (CDCl3, 100
MHz) δ = 173.5 (d, J = 45.5 Hz, CRh), 173.4 (d, J = 45.6 Hz, C
Rh), 173.3 (d, J = 45.5 Hz, CRh), 160.4 (Car), 140.8 (Ctz), 140.1
(Cmes), 136.2 (Cmes), 135.9 (Cmes), 134.7 (Cmes), 129.8 (CHmes),
128.4 (CHmes), 95.4 (CHar), 95.3 (CHar), 94.3 (CHCOD), 94.2
(CHCOD), 73.3 (CHCOD), 73.2 (CHCOD), 63.0 (CH2), 37.3 (NCH3),
33.9 (CH2−COD), 30.9 (CH2−COD), 30.4 (CH2−COD), 28.6
(CH2−COD), 21.3 (CH3), 18.1 (CH3), 18.0 (CH3). Found: C,
46.51; H, 5.12; N, 7.24. Calcd for C70H90I3N9O3Rh3: C, 46.84; H,
5.05; N, 7.02. FT-IR in KBr (cm−1): 3433, 2916, 2372, 2172, 1605,
1439, 1377, 1329, 1245, 1159, 1042, 854. [ESI-MS, positive mode]:
M+ = 1794.9 m/z; [M+ − I]+ 1669.9 m/z.
Complex 3d. Following the procedure for the synthesis of complex

3a and using rhodium(I) cyclooctadiene chloride dimer (33.0 mg,
0.066 mmol), potassium hexamethyl disilazide (34.0 mg, 0.173
mmol), and tetratriazolium salt 2d (50.0 mg, 0.033 mmol), the title
product is purified by precipitation with petroleum ether. Yellow
solid, 69% yield (54 mg, 0.023 mmol). Mp = 260−261 °C. 1H NMR
(CDCl3, 400 MHz) δ = 6.99 (s, 4H, CHmes), 6.86 (s, 4H, CHmes),
5.08−5.37 (m, 8H, CH2), 4.92 (s, 8H, CHCOD), 4.25−4.10 (m, 12H,
NCH3), 3.95−3.80 (m, 8H, CH2), 3.54 (s, 4H, CHCOD), 3.02 (s, 4H,
CHCOD), 2.37 (s, 12H, CH3), 2.31 (s, 12H, CH3), 2.27−2.15 (m, 4H,
CH2−COD), 2.05−1.90 (m, 8H, CH2−COD), 1.77−1−67 (m, 16H, CH3
+ CH2−COD), 1.66−1.57 (m, 4H, CH2−COD), 1.42−1.25 (m, 8H,

CH2−COD).
13C NMR (CDCl3, 100 MHz) δ = 171.7 (d, J = 44.1 Hz,

CRh), 171.7 (d, J = 45.4 Hz, CRh), 171.5 (d, J = 45.9 Hz, C
Rh), 171.5 (d, J = 46.0 Hz, CRh), 141.9 (Ctz), 141.9 (Ctz), 139.9
(Cmes), 136.2 (Cmes), 136.0 (Cmes), 134.6 (Cmes), 134.5 (Cmes), 129.8
(CHmes), 128.8 (Cmes), 128.4 (CHmes), 94.2 (CHCOD), 93.5
(CHCOD), 93.4 (CHCOD), 72.6 (CHCOD), 72.5 (CHCOD), 70.8
(CH2−Cpent

), 70.6 (CH2−Cpent), 66.1 (CH2), 66.0 (CH2), 46.9
(Cpent), 38.2 (NCH3), 38.1 (NCH3), 34.3 (CH2−COD), 30.7
(CH2−COD), 30.5 (CH2−COD), 28.7 (CH2−COD), 28.6 (CH2−COD),
28.1 (CH2−COD), 21.3 (CH3), 21.2 (CH3), 18.0 (CH3), 18.0 (CH3).
Found: C, 45.32; H, 5.37; N, 7.02. Calcd for C89H120I4N12O4Rh4: C,
45.70; H, 5.08; N, 7.19. FT-IR in KBr (cm−1): 3446, 2916, 2872,
2823, 1614, 1447, 1326, 1262, 1153, 1072, 1030, 956, 853, 799. [ESI-
MS, positive mode]: M+ = 2340.6 m/z; [M+ − I]+ 2213.6 m/z.

General Synthesis of Carbonylated Complexes 4a−c.
Carbon monoxide was bubbled for 15 min to a solution of the
appropriate [Rh(COD)Cl]-triazolylidene (0.05 mmol) in 10 mL of
CH2Cl2. The light-orange solution turned slightly yellow. The solvent
was removed under vacuum, and the residue was washed thrice with 5
mL of petroleum ether to produce the pure carbonylated complex.

Complex 4a. Yellow solid, 89% yield (0.0445 mmol). Mp = 238−
240 °C. 1H NMR (CDCl3, 400 MHz) δ = 7.36−7.31 (m, 2H, CHar),
7.14−7.10 (m, 2H, CHar), 7.05−7.01 (m, 1H, CHar), 6.99 (s, 2H,
CHmes), 5.54 (s, 2H, CH2), 4.27 (s, 3H, NCH3), 2.37 (s, 3H, CH3),
2.03 (s, 6H, CH3).

13C NMR (CDCl3, 100 MHz) δ = 187.1 (d, J =
52.7 Hz, Rh−CO), 182.2 (d, J = 77.3 Hz, Rh−CO), 165.8 (d, J = 38.8
Hz, CRh), 157.0 (Car), 143.2 (Ctz), 143.2 (Ctz), 140.8 (Cmes),
135.7 (Cmes), 134.7 (Cmes), 129.8 (CHar), 129.4 (CHmes), 122.2
(CHar), 115.3 (CHar), 62.0 (CH2), 37.8 (NCH3), 21.3 (CH3), 18.6
(CH3). FT-IR in KBr (cm−1): 3444,2919, 2850, 2052 (CO), 1983
(CO), 1598, 1586, 1487, 1462, 1231, 1169, 1078, 1034, 1016,
1014, 861, 845. Found: C, 42.77; H, 3.89; N, 7.51. Calcd for
C21H21IN3O3Rh: C, 42.52; H, 3.57; N, 7.08.

Complex 4b. Yellow solid, 99% yield (0.0498 mmol). Mp = 236−
238 °C. 1H NMR (CDCl3, 400 MHz) δ = 7.27 (t, J = 8.3 Hz, 1H,
CHar), 6.99 (s, 4H, CHmes), 6.88 (t, J = 2.3 Hz, 1H, CHar), 6.80 (dd, J
= 8.3, 2.4 Hz, 2H, CHar), 5.51 (s, 4H, CH2), 4.29 (s, 6H, NCH3),
2.37 (s, 6H, CH3), 2.03 (s, 12H, CH3).

13C NMR (CDCl3, 100 MHz)
δ = 187.1 (d, J = 52.7 Hz, Rh−CO), 182.2 (d, J = 77.4 Hz, Rh−CO),
165.8 (d, J = 38.9 Hz, CRh), 158.5 (Car), 143.0 (Ctz), 143.0 (Ctz),
140.9 (Cmes), 135.7 (Cmes), 134.8 (Cmes), 130.6 (CHar), 129.5
(CHmes), 108.5 (CHar), 103.2 (CHar), 62.1 (CH2), 37.8 (NCH3),
21.4 (CH3), 18.7 (CH3). FT-IR in KBr (cm−1): 3450, 2924, 2850,
2066 (CO), 1992 (CO), 1599, 1489, 1450,1328, 1248, 1180,
1147, 1031, 850. Found: C, 39.31; H, 3.52; N, 7.30. Calcd for
C36H36I2N6O6Rh2: C, 39.01; H, 3.27; N, 7.58.

Complex 4c. Yellow solid, 80% yield (0.040 mmol). Mp = 233−
234 °C. 1H NMR (CDCl3, 400 MHz) δ = 6.99 (s, 6H, CHmes), 6.57
(s, 3H, CHar), 5.49 (s, 6H, CH2), 4.30 (s, 9H, NCH3), 2.37 (s, 9H,
CH3), 2.04 (s, 18H, CH3).

13C NMR (CDCl3, 100 MHz) δ = 187.2
(d, J = 52.6 Hz, Rh−CO), 182.1 (d, J = 77.2 Hz, Rh−CO), 165.6 (d, J
= 38.9 Hz, CRh), 159.4 (Car), 142.8 (Ctz), 142.8 (Ctz), 140.9
(Cmes), 135.7 (Cmes), 134.7 (Cmes), 129.4 (CHmes), 96.2 (CHar), 62.1
(CH2), 37.9 (NCH3), 21.3 (CH3), 18.7 (CH3). Found: C, 38.56; H,
3.42; N, 7.88. Calcd for C52H54I3N9O9Rh3: C, 38.12; H, 3.32; N, 7.69.
FT-IR in KBr (cm−1): 3450, 2924, 2855, 2176, 2067 (CO), 1995
(CO), 1951, 1605, 1453, 1378, 1330, 1252, 1155, 1036, 851.
[MALDI-TOF MS, positive mode], M+ = 1623.4529 m/z; [M+ −
5CO]+ = 1479.977 m/z.

Complex 4d. Yellow solid, 99% yield (0.0498 mmol). Mp = 218−
220 °C. 1H NMR (CDCl3, 400 MHz) δ = 6.98 (s, 8H, CHmes), 5.58
(s, 8H, CH2), 4.31 (s, 12H, NCH3), 3.76 (s, 8H, CH2), 2.36 (s, 12H,
CH3), 2.07 (s, 24H, CH3).

13C NMR (CDCl3, 100 MHz) δ = 187.1
(d, J = 52.5 Hz, Rh−CO), 182.3 (d, J = 77.4 Hz, Rh−CO), 164.2 (d, J
= 38.7 Hz, CRh), 143.6 (d, J = 2.0 Hz, Ctz), 140.8 (Cmes), 135.7
(Cmes), 134.7 (Cmes), 129.5 (CHmes), 70.3 (CH2), 64.6 (CH2), 38.3
(NCH3), 21.3 (CH3), 18.8 (CH3). Found: C, 36.05; H, 3.64; N, 8.02.
Calcd for C65H72I4N12O12Rh4: C, 36.61; H, 3.41; N, 7.88. FT-IR in
KBr (cm−1): 3453, 2922, 2855, 2064 (CO), 1992 (CO), 1607,
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1449, 1327, 1259, 1166, 1075, 1030, 853, 802. [MALDI-TOF MS,
positive mode] M+ = 2132.6029 m/z [M+ + H − I+] 2003.964 m/z.
Catalytic 1,4-Addition of Boronic Acids to 2-Cyclohexe-

none. A scintillation vial was charged with the proper phenyl boronic
acid (0.11 mmol), KOH (42 mg, 0.75 mmol), 2-cyclohexenone (10
mg, 0.10 mmol), and catalyst 3d (0.5 mol %, based in the metal).
Benzene (5 mL) was added, and the mixture heated at 80 °C. Product
formation was monitored by TLC. The solvent was removed under
vacuum, and the products were purified by column chromatography
using proper hexanes/ethyl acetate mixtures as eluent.
General Procedure for the Catalytic Hydrosilylation

Reactions. An NMR tube was charged with the tiethylsylane (1.2
equiv), the proper alkyne (1.0 equiv), and the catalyst (0.5 mol %,
based in the metal). Deuterated benzene was added (0.7 mL), and the
mixture heated at 80 °C. Product formation and selectivity were
determined by 1H NMR spectroscopy using mesitylene as internal
standard.
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Suarez-Castillo, O. R.; Mendoza-Espinosa, D. Expedient Synthesis of
Highly Functionalized Abnormal Carbenegold(I) Complexes. Inorg.
Chem. 2018, 57, 28−31. (f) Rendoń-Nava, D.; Alvarez-Hernandez, A.;
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