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ABSTRACT 

A range of unique Rh-based bidentate NHC complexes that are formed in a base-free tandem 
isomerization/cyclometalation process were synthesized (1–4) from a range of imidazolium 
salts with an N-alkenyl tether. Cyclometalation occurred with complex 1, leading to an 
unprecedented complex, which is the first and only example in the literature of a nonaromatic 
C(sp2)–H activation leading to a C(sp3)–Rh cyclometalated product with a concomitant 
intramolecular/isomerization process. Dealkylation of the N-alkenyl substituent occurred to 
form byproducts that showed metal N-coordination (1b and 2b). These byproducts, 1b and 
2b, were further reacted with the anion exchange reagent NH4PF6 to form the dimeric 
complexes 1bd and 2bd. All of the complexes were applied as precatalysts in the 
hydrosilylation of internal alkynes with excellent performance (conversions of 66–100%) 
after only 1 h at 80 °C without the use of an additive. Anticancer studies showed that 
complexes presented half-maximum inhibitory concentrations ranging from 3.71 to 25.85 
μM. Depending on the cell line, complex 4 was the most cytotoxic complex, especially in the 
BT-20 triple-negative breast carcinoma, MCF-12A nontumorigenic mammary gland cell, 
MDA-MB-231 triple-negative breast carcinoma, and MCF-7/TAMR-1 tamoxifen-resistant 
subtype of the MCF-7 estrogen- and progesterone-positive luminal breast carcinoma cell 
lines. 
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INTRODUCTION  

Transition-metal complexes containing N-heterocyclic carbenes (NHCs) have been powerful 
tools in catalysis for the past 20 years, (1−4) with a wide variety of applications illustrating 
the general versatility of the metal NHC complexes. Even though rhodium is currently the 
most expensive member of the group IX transition metals, it is one of the most studied due to 
its high activity and stability. (5) Of the group IX metals, rhodium has proven to be the most 
active for C–H activation (6−13) in addition to being active for C–O, (14−16) C–C, (17) and 
C–N (18,19) activation reactions. (5,20) This was also observed in the work we describe 
herein, where a tandem isomerization/cyclometalation occurred via C–H bond activation of 
the N-tethered β-methyl allyl group on the NHC ligand. Inspired by these results, we decided 
to apply these complexes to one of the lesser studied hydrogenation reactions: namely, the 
hydrosilylation of internal alkynes. Hydrosilylation is considered as one of the most 
significant Si–C bond formation reactions in organosilicon chemistry due to its high atom 
economy and versatility to provide access to a plethora of functionalized silanes, important 
building blocks for organic molecules. (21,22) Rhodium complexes have previously been 
applied as highly active catalysts in these hydrosilylation processes; (21−24) however, the 
hydrosilylation of internal alkynes generally yields β-(E), β-(Z), α-(E), and α-(Z) isomers. 
Therefore, a regio- and stereoselective synthesis is desired, and in this study a range of 
rhodium-based NHC complexes have been developed for this application. 

The rhodium complexes in this study were initially synthesized as analogues of previously 
studied ruthenium NHC complexes, (25,26) whereby the alkene-functionalized NHCs bonded 
in a bidentate fashion through C2 of the imidazolylidene ring and in a η2 fashion through the 
alkene tether (Landman, Figure 1). 

 

Figure 1. Cyclometalation and isomerization of Rh-based NHC complexes. 

In contrast to what was observed with these ruthenium complexes, a tandem cyclometalation 
with subsequent isomerization of the alkene bond occurred to form the bidentate rhodium 
complexes. This cyclometalated tether of the NHC ligand could confer extra activity through 
hemilability. (27) Dissociation of the cyclometalated arm from the metal center as a 
corresponding alkene allows for reversible substrate coordination, followed by rapid 
recoordination of the alkyl group via isomerization to stabilize the metal complex. 
Previously, a group led by Choudhury (10) synthesized cyclometalated Rh-NHC complexes 
(Choudhury, Figure 1), where cyclometalation was effected through a vinyl carbon in the 
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absence of functionality for isomerization, unlike in our work. Choudhury et al. (10) tested 
the reversibility of the C–H activation reaction by performing a H/D exchange experiment 
monitored by 1H NMR spectroscopy. They observed incorporation of deuterium into the 
styryl C–H bond, which suggested a high degree of reversibility for the activation of that 
bond, indicating that their complex confers hemilability. The cyclometalated complexes 
reported here (1–4) are the first and only examples in the literature, to our knowledge, of a 
nonaromatic C(sp2)–H activation leading to a C(sp3)–Rh cyclometalated product with a 
concomitant intramolecular/isomerization process. Complexes featuring C,C-chelating 
ligands of NHCs with a coordinated C(sp3) remain rare, where selected examples of C–H 
activation of alkylnitrile (28) and phosphonium ylides (29,30) have been reported previously. 
 
Herein we report the synthesis and characterization of eight novel rhodium(III) complexes, 
the evaluation of the catalytic activity of the complexes in the hydrosilylation of internal 
alkenes, and their cytotoxicity toward selected cancerous and noncancerous cell lines. 

RESULTS AND DISCUSSION 

Synthesis of the NHC Preligands 

The NHC ligand precursors were synthesized by following a previously reported method. 
(25,26) The corresponding N-functionalized imidazoles were reacted with 3-chloro-2-methyl-
1-propene in CH3CN under reflux conditions, affording the corresponding alkene-tethered 
imidazolium chloride salts in good yields (L1, 94%; L2, 88%; L3, 91%; L4, 53%). (25,26) 
Washing of the salts with Et2O or hexane removed any unreacted alkyl halide reagent to 
afford hygroscopic white to yellow compounds that varied in physical appearance (L1, L2, 
and L4 as microcrystalline solids and L3 as a yellow oil). Single crystals of L1 suitable for 
single-crystal X-ray diffraction (SCXRD) were obtained by slow diffusion of a saturated 
CH3CN/Et2O (1/1) solution (Figure 2). Characterization by means of 1H and 13C NMR 
spectroscopy corresponds to previously reported literature data. (25,26) 
 

 

Figure 2. Crystallographic representation of L1 with thermal ellipsoids drawn at 50% probability. 
One H2O molecule (solvent of crystallization) has been omitted for clarity. 
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Scheme 1. General Scheme for the Synthesis of Rh(III) Complexes 1–4, 1b, 2b, 1bd, and 2bd 

 

Synthesis of the Rhodium Complexes 1–4, 1b, 2b, 1bd, and 2bd 

Rhodium NHC complexes were synthesized by using the well-known transmetalation method 
with Ag2O (Scheme 1). The ligand precursor (L1) was added to excess Ag2O in CH2Cl2 and 
the mixture stirred at 30 °C for 1 h to form the silver bis(carbene) intermediate. Preliminary 
reactions of the imidazolium salt with Ag2O revealed full conversion within 1 h, as evidenced 
by 1H NMR spectroscopy: i.e., the complete disappearance of the acidic proton on the C2 
position, with all of the remaining signals corresponding to the formation of a single silver 
carbene species (Figure S21 in the Supporting Information). Without isolation of the silver 
carbene, [Cp*RhCl2]2 was added to yield a dark red solution. Purification by means of 
column chromatography afforded the desired product as a yellow compound (1) in addition to 
a light red byproduct (1b). Complex 1 was recovered with a relatively low yield (35%) due to 
byproduct formation (1b, 45%). Initially it was suspected that the formation of the byproduct 
took place during the transmetalation step with Ag2O due to previously observed dealkylation 
of abnormal carbenes. (25,31,32) Therefore, the Ag-NHC formation step was shortened 
(from an initial 12 h to 1 h). The addition of an Ag carbene intermediate to the rhodium 
precursor complex hence leads to a possible rhodium-catalyzed N-dealkylation (33) of the 
imidazolylidene ligand. This occurs during the carbene transfer step to form the N-
coordinated Rh byproduct complex as the major product. To further probe whether the N-
dealkylation occurs via the Ag intermediate or by the Rh metal reagent, a standard direct 
metalation of L1 to Rh with KOtBu was attempted. Subsequently the same outcome was 
achieved: a crude 1H NMR spectrum revealed the formation of 1 (30%), 1b (50%), and 
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[Cp*RhCl2]2 (20%), as well as additional unidentified products, thus supporting possible 
rhodium-catalyzed N-dealkylation. Overall, the silver transmetalation strategy provided the 
best yield for 1 and was therefore used as the standard method of synthesis for the carbene 
formation reactions. 
 
Spectroscopic evidence of NHC coordination in 1 was observed in the 1H NMR spectrum, 
with the disappearance of the C2–H signal at 9.40 ppm along with the appearance of the 
carbene signal in the 13C NMR spectrum between 175.2 and 175.8 ppm. A confirmation of 
cyclometalation was shown in the 1H NMR spectrum, where a pair of doublets was observed 
at 1.95 (dd, J = 10.3, 3.5 Hz, 1H) and 3.41 ppm (d, J = 10.2 Hz, 1H), respectively, correlating 
with similar signals observed in the literature. (34) These peaks indicate coupling between the 
two unique geminal hydrogens located on the cyclometalated carbon, as well as with the 
NMR-active rhodium center. Additional 2D HSQC NMR data show the coupling between the 
1H and 13C nuclei of the relevant hydrogen and carbon atoms of the σ-alkyl-tethered NHC 
moiety ligated to the rhodium center (Figure S3 in the Supporting Information). The 
isomerization of the alkene bond in 1 was confirmed by a far-downfield peak at 6.17 (s, 1H) 
ppm, suggesting a vinylic hydrogen. Other minor changes in the 1H NMR spectrum of 1 (in 
comparison to that of L1) included the upfield shift of the imidazolylidene backbone protons 
(6.92 and 6.96 ppm in 1 vs 7.51 and 7.78 ppm in L1), as well as the slight downfield shift of 
the signal corresponding to the methyl group of the β-methylpropene tether in 1 (1.94 ppm in 
1 vs 1.61 ppm in L1). The carbene carbon signal in the 13C NMR spectrum appeared at 
175.43 ppm as a doublet (JC–Rh = 58.7 Hz), whereas the signal of the cyclometalated carbon 
appeared at 21.0 ppm as a doublet (JC–Rh = 23.3 Hz). Both resonances are comparable to 
literature values of related complexes. (35) The byproduct 1b was formed via probable Rh-
mediated dealkylation of the N-substituted β-methylpropene group on the NHC ligand with 
subsequent coordination to the Rh center through this nitrogen atom of the imidazole ring. 
This dealkylation in 1b was confirmed by its 1H NMR spectrum in the disappearance of the 
allyl proton peaks as well as the appearance of the downfield C2–H proton signal at 7.86 
ppm. The two backbone protons of the imidazole ring appeared at 6.88 and 7.13 ppm. Air-
stable yellow-orange crystals of 1 as well as red crystals of 1b, suitable for SCXRD, were 
grown from DCM/hexane mixtures, which allowed for confirmation of the molecular 
structures of 1 and 1b (Figure 3), respectively. The structures of both half-sandwich Rh(III) 
complexes 1 and 1b assumed a typical three-legged piano-stool geometry. Selected bond 
lengths and angles are summarized in the caption of Figure 3. For additional crystallographic 
parameters and information, see Tables S1 and S3 in the Supporting Information. 
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Figure 3. Crystallographic representations of (a) 1 and (b) 1b with thermal ellipsoids drawn at 50% 
probability. Hydrogen atoms of the Cp* groups in both structures have been omitted for clarity. One 
H2O molecule (solvent of crystallization) in the structure of 1b is omitted for clarity. Important bond 
lengths (Å) and angles (deg): 1, Rh(1)–Cl(1) = 2.4219(14), Rh(1)–C(2) = 1.990(5), Rh(1)–C(7) = 
2.095(6), C(5)–C(6) = 1.302(8), C(6)–C(7) = 1.476(8), Rh(1)–C(7)–C(6) = 115.0(4), C(5)–C(6)–C(7) 
= 121.8(6), C(2)–Rh(1)–C(7) = 81.6(2); 1b, Rh(1)–Cl(1) = 2.4401(9), Rh(1)–N(2) = 2.107(3), Cl(1)–
Rh(1)–Cl(2) = 89.96(4), Cl(1)–Rh(1)–N(2) = 88.32(8). 

The Rh–CNHC bond length in 1 was found to be 1.990(5) Å, which is shorter than similar 
bonds found in the literature (2.008–2.081 Å). (36−38) As expected, the Rh–Ccyclometalated 
bond in 1 (2.095(6) Å) was longer than the Rh–Ccarbene bond; the bond length, however, 
compared well to Rh–Ccyclometalated bonds in similar complexes found in the literature (2.032–
2.123 Å). (37) The isomerization in 1 is reflected in the shorter C5–C6 bond (double-bond 
character) of 1.302(8) Å (1.5042(18) Å in L1, single-bond character), as well as the longer 
C6–C7 bond (single bond) of 1.476(8) Å (1.3190(19) Å in L1, double bond). The six-
membered metallacycle in 1 is pseudoplanar to the NHC ligand plane (torsion angles C2–
N2–C5–C6 = −20.4(9)° and N2–C5–C6–C7 = −3.24(10)°). 
 
The NHC ligand in 1 binds in a chelating fashion with a bite angle of 81.6(2)°, slightly larger 
than what was reported in related examples in the literature (79.0–81.06°). (37) The Rh(1)–
N(2) distance in 1b was found to be 2.107(3) Å, similar to Rh–N bond lengths found in the 
literature (2.085(5)–2.136(3) Å). (39) 
 
An attempt was made to observe the formation of an Rh–H species, an intermediate proposed 
in the literature for cyclometalation mechanisms, (40) through sampling of the reaction 
mixture during synthesis of the NHC complex. However, no characteristic hydride peak was 
observed, which does not preclude this as a reaction route but may suggest that this 
intermediate is merely short lived. In addition, a chloride deprotonation method was proposed 
(Scheme 2) as an alternative mechanism, proceeding through an allyl-coordinating 
intermediate. The NMR sample that was taken during the synthesis of the NHC complex did 
show an HCl peak at 8.04 ppm (broad singlet; see Figure S22 in the Supporting Information). 
HCl is formed as a byproduct in both proposed mechanisms. 
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Scheme 2. Proposed Mechanism for Isomerization-Cyclometalation via an Allyl-Coordinating Rh(III) 
NHC Complex 
 
In the related silver transmetalation reaction of [Cp*RhCl2]2 with L2, an imidazolium 
chloride salt containing two N-alkenyl tether groups, a similar outcome was achieved: a 
yellow complex, 2 (yield 48%), and the red byproduct 2b were again isolated from this 
reaction. Proof of cyclometalation in 2 was once again confirmed by the 1H NMR spectrum, 
where a vinylic proton signal was observed far downfield (s, 6.18 ppm, 1H) while the 
splitting of the hydrogens on the cyclometalated carbon at δ 2.00–1.97 (m, 1H) and 3.39–3.43 
ppm (m, 1H) was seen as a doublet. Supporting 2D HSQC NMR data furthermore agree with 
the structure assigned to 2 (Figure S11 in the Supporting Information). 1H NMR signals 
corresponding to the free alkenyl tether appeared at 1.81 (methyl group), 4.83, 5.25 
(methylene protons), and 4.96, 5.06 ppm (terminal alkene), which does not suggest that any 
alkene isomerization has taken place in the free alkenyl arm. The 1H NMR spectrum of 2b 
revealed signals pertaining to a free N-alkenyl group as well: 1.65 (methyl group), 4.84, 4.77 
(terminal alkene protons), and 4.40 ppm (methylene protons). The imidazole ring backbone 
protons appeared at 6.86 and 6.95 ppm, with its downfield-shifted C2–H signal being found 
at 7.91 ppm, an overall good comparison with the corresponding 1H NMR signals of 1b. As 
part of a further investigation into the tendency of the rhodium center to cyclometalate NHC-
based ligands in forming six-membered metallacycles, L3 was employed, which contained 
both an N-alkenyl tether and an N-benzyl tether. Either of these functional groups are able to 
cyclometalate to Rh to form six-membered rhodacycles. (41) In contrast to previous 
observations (co-formation of 1 and 1b, as well as of 2 and 2b), the synthesis of 3 did not 
yield any side products and in fact was isolated with the highest yield of all the complexes 
(70% yield). Exclusive cyclometalation–isomerization of the alkenyl arm was deduced from 
the 1H NMR spectrum, whereby the set of doublet signals of the protons on the 
cyclometalated carbon was observed at 2.05 (ddd, J = 10.3, 3.6, 1.3, 1H) and 3.49 ppm (dt, J 
= 10.5, 3.2 Hz, 1H). Peaks corresponding to a free benzyl tether was observed at 5.25, 6.11 
(methylene protons) and 7.34–7.53 ppm (phenyl protons). Signals pertaining to the 
inequivalent imidazolylidene backbone protons appeared at 6.73 and 6.91 ppm, which is in 
good correlation with related signals in 1 and 2. The carbene carbon signals in the 13C NMR 
spectra of 2 and 3 appeared slightly downfield at 176.0 ppm as a doublet (JC–Rh = 59.2 Hz) 
and at 175.9 ppm as a doublet (JC–Rh = 58.8 Hz) in comparison to related signals in 1 (175.4 
ppm). The 13C NMR signals of the cyclometalated carbon atoms in 2 and 3 appeared at 21.2 
(d, JC–Rh = 23.2 Hz) and 21.3 ppm (d, JC–Rh = 23.1 Hz), which compare well with the 
corresponding signal in the 13C NMR spectrum of 1. 
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Orange-yellow crystals of 2 and yellow crystals of 3 suitable for SCXRD analysis were 
grown from saturated CH2Cl2 solutions. The molecular structures of 2 and 3 each reveal a 
six-coordinate three-legged piano-stool geometry around the central Rh atom, similar to the 
case for 1. Selected bond lengths and angles are summarized in the caption of Figure 4. 
Additional crystallographic parameters and information are contained in Table S2 in the 
Supporting Information. The Rh–CNHC bonds of 2 and 3 were found to be longer than that of 
1 at 2.0045(16) Å (2) and 2.010(4) Å (3), comparable to those found in the literature for 
similar complexes (2.010–2.081 Å). (36−38) The cyclometalated NHC ligands in 2 and 3 
bonded to the rhodium center with bite angles of 82.69(7) (2) and 82.70(16)° (3), which in 
both cases are larger than that of 1, and deviated further from the values reported in the 
literature of ca. 79.0–81.06°. (37) It can be concluded from our observations that 
cyclometalation through the allyl arm is preferred; this could be further explored in the future 
by functionalizing the NHC ligand framework with additional groups that are susceptible to 
cyclometalation: for example, mesityl, (35) phenyl, (42) pyridyl, (43) and bis(carbene) (44) 
groups. As with 1, the six-membered metallacycles in 2 and 3 are both pseudoplanar to the 
NHC ligand plane (torsion angles C2–N2–C5–C6 = 23.8(3)° (2), −21.5(7)° (3) and N2–C5–
C6–C7 = 3.55(5)° (2), −2.80(4)° (3)), with the rhodium center pointing upward (torsion 
angles Rh1–C2–N2–C5 = 0.7(2)° (2), −6.1(6)° (3) and Rh1–C7–C6–C5 = −48.4(2)° (2), 
47.0(5)° (3)). 
 

 

Figure 4. Crystallographic representation of cyclometalated complexes (a) 2 and (b) 3 with thermal 
ellipsoids drawn at 50% probability. Hydrogen atoms of the Cp* groups in both structures have been 
omitted for clarity. Important bond lengths (Å) and angles (deg): 2, Rh(1)–Cl(1) = 2.4260(4), Rh(1)–
C(2) = 2.0045(16), Rh(1)–C(7) = 2.0898(16) , Rh(1)–C(7)–C(6) = 115.57(11), C(5)–C(6)–C(7) = 
122.21(16), C(2)–Rh(1)–C(7) = 82.69(7); 3, Rh(1)–Cl(1) = 2.4239(10), Rh(1)–C(2) = 2.010(4), 
Rh(1)–C(7) = 2.098(4), Rh(1)–C(7)–C(6) = 114.9(3), C(5)–C(6)–C(7) = 122.3(4), C(2)–Rh(1)–C(7) = 
88.70(12). 

In an attempt to improve the catalytic performance of 2b (vide infra), it was reacted with 
NH4PF6 in acetone, resulting in the formation of the dimeric complex 2bd. The aim in the 
design of 2bd was 2-fold: (i) in recent studies (25,26) the performance of cationic complexes 
showed higher reactivity in comparison to the corresponding neutral analogues and (ii) by 
using a dimeric catalyst, a vacant coordination site is readily created by cleavage of the 
complex with addition of the incoming substrate (in our case an alkyne). On the basis of the 
results in the formation of 2bd, the reaction with NH4PF6 in acetone was repeated for 1b to 
form the complex 1bd. The 1H NMR spectra of each of these complexes appeared simplistic, 
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with signals corresponding to the Cp* and imidazole ligands in a 1:1 ratio: complex 1bd 
exhibited signals at 8.11 (C2–H of imidazole), 7.33, 7.34 (backbone protons of imidazole) 
and 1.63 and 1.76 ppm (Cp*), whereas complex 2bd displayed signals at 8.17 (C2–H of 
imidazole), 7.39, 7.33 (backbone protons of imidazole), and 1.66, 1.67 ppm (Cp*). 
Additional signals related to the unique N-alkyl groups of each of the complexes correspond 
closely to those of the mononuclear derivatives 1b and 2b, respectively. Single crystals for 
both complexes 1bd and 2bd, suitable for SCXRD, were obtained from the slow evaporation 
of saturated acetone solutions. The molecular structures of 1bd and 2bd each reveal the 
typical six-coordinate geometry around each of the rhodium centers, similar to the structure 
of the mononuclear complex 1b. Selected bond lengths and angles are summarized in the 
caption of Figure 5, while other crystallographic parameters and information are contained in 
Table S1 in the Supporting Information. Comparable bond lengths and angles have been 
observed among the structures of 1b, 1bd, and 2bd. The synthetic versatility of 1bd and 2bd 
might render them interesting and easily accessible precursors to mononuclear 
Cp*RhCl(L)(imidazole) complexes through simple, single bond-cleaving reactions with 2 
equiv of a neutral L ligand. 
 

 

Figure 5. Crystallographic representation of cyclometalated complexes (a) 1bd and (b) 2bd with 
thermal ellipsoids drawn at 50% probability. Hydrogen atoms of the Cp* groups in both structures 
have been omitted for clarity. Important bond lengths (Å) and angles (deg): 1bd, Rh(1)–Cl(1) = 
2.4622(9), Rh(1)–N(2) = 2.099(3), Cl(1)–Rh(1)–Cl(2) = 83.90(3), Cl(1)–Rh(1)–N(2) = 88.66(10); 
2bd, Rh(1)–Cl(1) = 2.4430(10), Rh(1)–N(2) = 2.102(3), Cl(1)–Rh(1)–Cl(2) = 85.16(3), Cl(1)–Rh(1)–
N(2) = 88.28(10). 

As an interesting addition to the rhodium complex series, it was decided to investigate the 
mode of NHC coordination (normal vs abnormal) on the reaction outcome in light of the 
(side) reactions discussed above, as well as changes in the general stability and reactivity of 
the resultant Rh NHC complexes. Initially a different imidazolium salt (L5, Figure 6), with a 
isopropyl blocking group on C2 of the imidazole ring, was reacted with the Rh precursors; 
however, no isolable products were obtained, and therefore L4 was used in the hope of 
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obtaining a mixture of normally bound and abnormally bound products as observed before by 
our group. (25) 

 

Figure 6. Imidazolium salt with an isopropyl blocking group. 

This reaction, unlike those with the NHC precursors leading to normal (C2-coordinated) 
NHC metal complexes, for formation of the abnormal (C4-coordinated) silver carbene 
complex from the reaction of imidazolium salt L4 and Ag2O required an overnight reaction 
(>12 h). (25) Subsequent filtration, addition of [Cp*RhCl2]2, and stirring for 18 h resulted in 
the formation of a dark red solution. Purification by column chromatography afforded the 
yellow main product 4 in a modest yield (30%) in addition to unreacted starting material. 
Interestingly, it was observed via 1H NMR and 13C NMR spectroscopy that complex 4 does 
not contain a methyl group on position C2, which means dealkylation occurred at the C2 
position, resulting in the formation of a normal carbene bond rather than the expected 
abnormal carbene bond. This is in line with what has previously been observed by both our 
group (25) and others. (31,32,45,46) Cyclometalation is confirmed as before with a set of 
signals observed in the 1H NMR spectrum at 3.44 (dd, J = 6.9, 3.3 Hz, 1H, Rh-CH2) and 
1.99–2.03 ppm (m, 1H, Rh-CH2) for the protons of the cyclometalated carbon atom. 
Isomerization was also confirmed by the presence of the signal corresponding to a vinylic 
proton at 6.13 (s, 1H, NCH═C) ppm. The carbene carbon signal in the 13C NMR spectrum of 
4 appeared at 173.6 ppm (d, JC–Rh = 58.7 Hz), similar to that of complexes 1–3, which 
confirms the normal coordination mode, since abnormal carbene signals show a distinct 
upfield shift from the normal carbene carbon signal. (25) The 13C NMR signals of the 
cyclometalated carbon atom of 4 appeared at an expected position of 20.2 ppm (d, JC–Rh = 
23.3 Hz). A crystal suitable for SCXRD spectroscopy was obtained from slow diffusion of a 
saturated DCM/hexane solution, allowing the molecular structure of 4 to be determined 
(Figure 7). The structural data of 4 are very similar to those of 1, with the only difference 
being the addition of a methyl group on the backbone of the imidazole. This electron-
donating group possibly conferred some additional electron density on the imidazolium ring, 
resulting in a relatively short Rh–Ccarbene bond (Rh1–C2 = 2.015(6) Å). The six-membered 
metallacycle in 4 is pseudoplanar to the NHC ligand plane (torsion angles C2–N2–C5–C6 = 
18.0(10)° and N2–C5–C6–C7 = 3.6(10)°), with the rhodium center pointing upward, 
resembling a half-boat conformation (torsion angles Rh1–C2–N2–C5 = 8.7(9)° and Rh1–C7–
C6–C5 = −45.1(8)°). The NHC ligand in 4 binds in a chelating fashion with a bite angle of 
83.2(3)°. 
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Figure 7. Crystallographic representation of cyclometalated complex 4 with thermal ellipsoids drawn 
at 50% probability. Hydrogen atoms of the Cp* groups and H2O molecule have been omitted for 
clarity. Important bond lengths (Å) and angles(deg): Rh(1)–Cl(1) = 2.4206(18), Rh(1)–C(2) = 
2.015(6), Rh(1)–C(7) = 2.100(6), C(5)–C(6) = 1.311(10), Cl(1)–Rh(1)–C(2) = 92.69(19), Cl(1)–
Rh(1)–C(7) = 89.31(19), C(2)–Rh(1)–C(7) = 83.2(3). 

Catalytic Hydrosilylation 

Due to the known activity of Rh for the activation of C–H bonds, as observed in the 
formation of the Rh complexes described herein, we anticipated our complexes to be highly 
active toward the hydrosilylation of internal alkynes. Internal alkynes are generally 
considered to be fairly inert toward a variety of transformation reactions in comparison to 
their terminal alkyne counterparts, (47−49) and therefore a catalyst that can effectively and 
selectively hydrosilylate internal alkynes would be very useful. Previous studies on Rh-NHC 
catalysts with N-donor-functionalized ligands exhibited good activity (50) toward the 
hydrosilylation of terminal alkynes, where the majority of these catalysts, however, produced 
low selectivities. (51−53) The hydrosilylation of internal alkynes provides four possible 
products, the α-(E), α-(Z), β-(E), and β-(Z) alkene isomers (Scheme 3). 
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Scheme 3. General Reaction of Internal Alkyne with Diphenylsilane Yielding the Four Possible 
Isomers α-(E), α-(Z), β-(E), and β-(Z) 
 
The catalytic activity of the synthesized rhodium complexes as precatalysts in the 
hydrosilylation reaction of internal alkynes was studied using an adjusted literature method. 
(22) Diphenylacetylene was used as the substrate and 2 as the precatalyst to determine the 
optimal conditions (Table 1). A catalyst screening was conducted under optimal conditions to 
determine the most active catalyst among the novel rhodium complexes. Coincidentally, 
complex 2 exhibited the highest activity and second highest selectivity in the conversion of 
diphenylacetylene to its respective E product. It was found that after 40 min 2 showed a 
conversion of 99% (Graph S1 in the Supporting Information), while after 60 min a full 
conversion of 100% was obtained. The reaction gave a TOF of 92.9 h–1 after 10 min. On 
comparison of the activities of the N-Me (1) and N-Bn (3) catalysts with that of 2, both 1 and 
3 exhibited slightly lower activities (93% conversion, entries 8 and 9 versus entry 3), with 
comparable product selectivities. The reasons for this lowered activity are unclear at this 
stage, where steric arguments cannot be made, as both a less steric substituent (N-Me) and a 
bulkier substituent (N-Bn) gave rise to similar results. However, having an additional flexible 
alkenyl tether present in 2, as opposed to 1 and 3, might confer additional stability on the 
catalytic intermediates via rapid coordination and dissociation. This is also believed to be true 
in the cases of 1 and 2 (each exhibiting a bidentate NHC), as opposed to 1b and 2b (each 
featuring a monodentate N-bound imidazole ligand); additional stability to sensitive 
intermediates is provided via the metallacycle in 1 and 2, which exhibited higher activities in 
comparison to 1b and 2b. Using 2 at 4 mol % catalyst loading, the conversion was found to 
be the highest (100%, entry 2), at the cost of selectivity (73% toward the E product). At lower 
catalyst concentrations the selectivity toward E increased to values as high as 84% when 1 
mol % catalyst was used, associated with a marginal decrease in conversion (76%, entry 6). 
Expectedly, it can be noted that higher TOFs are observed at lower catalyst loadings; 
however, the decision to continue with 4 mol % loading as the optimal catalyst concentration 
was made to maximize conversion─especially for reactions where more inert substrates are 
employed. Higher temperatures (80 °C) seemed to favor the formation of the E isomer, while 
at a temperature of 50 °C the Z isomer was formed (entry 7). Similarly, shorter reaction times 
(1 h) promoted formation of the E isomer, while after a longer reaction time (>3 h), the Z 
isomer was dominant (entries 4 and 7). Addition of a base to 2b in order to create a vacant 
coordination site on the metal resulted in 96% conversion (entry 12), improving the 
conversion without affecting the selectivity. An alternative method of creating a vacant 
coordination site was to employ 2bd as a precatalyst, where cleavage of the complex with the 
substrate formed an active site in situ. The conversions were similar (entry 13 vs entry 12) 
but the selectivity for the E isomer increased to 90%. 
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Table 1. Method Optimization and Catalyst Screening for Hydrosilylation of Diphenylacetylenea 

 

 

 

In comparison to the catalysis of diphenylacetylene by Hollis et al., (22) their homobimetallic 
rhodium NHC complex (catalyst loading of 2–3.5 mol %) achieved 100% conversion after 2 
h at 80 °C with a selectivity of 80% E and 20% Z, whereas our cyclometalated complex 2 had 
a conversion of 100% after only 1 h with slightly lower selectivity for the E isomer (entry 3). 
Young and co-workers (54) tested their PCcarbeneP pincer complex for the hydrosilylation of 
phenylacetylene among other alkynes. They conducted their reactions at room temperature 
with a reaction time of 24 h; however, they only achieved 35% conversion but with good E 
isomer selectivity (E:Z = 98:2), whereas our complex 2 had an almost quantitative conversion 
after 24 h at room temperature but high selectivity for the Z isomer (80%). Even at a catalyst 
loading of 1 mol %, 2 performed admirably with a conversion of 76% after only 1 h 
(selectivity of 79% E and 21% Z), in comparison to the triazolium-based Rh(I) complex of 
Álvarez and co-workers, (55) where they achieved higher conversion and selectivity (99% 
with 96% E vs 4% Z) after 1 h with a catalyst loading of 1 mol %. 
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Table 2. Substrate Screening Using 2 as a Precatalyst for the Hydrosilylation of Internal Alkynesa 

 

 
 
Complex 2 was again employed as a precatalyst for the substrate screening study (Table 2), 
since it was found to be highly active for the range of substrates selected, with high 
conversions observed (75–100%), therefore suggesting a good functional group tolerance. 
Both symmetrical and asymmetrical alkynes were screened which included selected alcohol 
containing alkynes. The alcohol functional groups could coordinate to the metal center during 
catalysis, thereby reducing activity of the active catalyst as found by Hollis, (22) where in 
their study the substrates 1-hexyn-3-ol and 1-ethynyl-1-cyclohexanol required longer reaction 
times to give a final conversion of 100% for both after ∼7 h (in comparison to 2 h with 
diphenylacetylene) using 2–3.5 mol % of Rh catalyst. This was not found to be the case in 
our study, however, where the alcohol-containing alkynes were nearly completely converted 
after only 1 h (93–100%). Interestingly, for the internal alkyne series, 1,4-dimethoxy-2-
butyne (entry 9) was the least successfully converted (83%), which could not be ascribed to 
direct steric or electronic reasons in comparison to the other substrates such as 
diphenylacetylene, 1-phenyl-4-methyl-1-pentyn-3-ol, 2-methyl-6-hepten-3-yn-2-ol, and 1-
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phenyl-1-hexyn-3-ol (entries 14, 4, 6, and 7, respectively), where high conversions (93–
100%) and good yields (53–67%) were achieved. Expanding the substrate scope to include 
terminal alkynes and internal/terminal alkenes yielded similar results of high conversions 
(75–95%) and good yields (50–94%) except for the case of 1-hexyne, which had a yield of 
33%. Hydrosilylation of terminal alkynes allows for the formation of three products: the β-
(E), β-(Z), and α products. In the case of terminal alkynes complex 2 was not as active (see 
entries 10 and 11, Table 2) in comparison to literature reports (conversions of 98–99% at 
lower temperatures for 20 min). (56) For the hydrosilylation of alkenes (see entries 12 and 
13, Table 2), complex 2 performed comparably to the results (conversions of 95–97% at RT 
after 12 h) obtained by Huertos et al. (57) All of the substrates (entries 1–14) had similar 
TONs (20.4–25.2) due to the similarly high conversions obtained throughout the substrate 
scope. 
 
The standard Chalk–Harrod mechanism of the group IX metal catalyzed hydrosilylation 
reaction of alkynes typically involves the formation of the MIIIH(SiHR2) or MIIIH(SiR3) 
species, depending on the organosilicon substrate employed. (58−61) An alkyne then 
coordinates in a side-on fashion to the metal hydrido species, which subsequently inserts into 
the metal–hydride bond. This is followed by reductive elimination to form the silicon-
containing alkenyl products, along with the formation of an MI species. (58) Depending on 
the ancillary ligands employed, facile cycling between MI and MIII is often hindered, which 
may hamper the catalytic activity for such a reaction. (62) It was therefore necessary to 
consider alternative pathways and mechanisms in the case of highly active Cp*MCl species 
(M = Rh, Ir) to adequately describe pathways that catalytically active intermediates follow in 
order to account for their (high) activity. One such proposal was reported by Jiménez and 
Pérez-Torrente (56) and was used in order to propose a mechanism (Scheme 4). 
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Scheme 4. Proposed Catalytic Cycle for the Cp*Rh-Catalyzed Hydrosilylation of Internal Alkynes 
 
In this mechanism, the precatalysts (1–4) are activated by chlorido ligand substitution with 
H2SiPh2 to provide the [Rh]-H species (A) and HSiPh2Cl. Hydride transfer occurs from the 
silyl ligand to the alkyl tether to form a formally bonded SiHPh2 ligand as well as the 
corresponding free alkenyl tether (species B). A vacant coordination site in B is available for 
incoming alkyne coordination (species C). Insertion of the alkyne ligand into the Rh–Si bond 
forms the Rh vinylsilane adduct (species D). At this point isomerization from the β-(E) to the 
β-(Z) isomer is possible (not shown), as has been described in detail in the literature. (56,63) 
Hydrogen transfer from the free tether onto the vinylsilane fragment then occurs to form the 
β-(E) alkenyl organic product (dissociated) and re-forms the active catalyst species A via the 
coordination of another molecule of H2SiPh2. Confirmation of an agostic hydrogen 
interaction was observed in the 1H NMR spectrum when 2 was reacted with H2SiPh2 and 
diphenylacetylene in a 1:1:1 ratio (Figure S24 in the Supporting Information). A 
characteristic hydride doublet was observed at −11.25 ppm (d, JRhH = 37.3 Hz, 1H) due to 
hydrogen–rhodium coupling. For the N-bound congeners (1b, 2b) the standard Chalk–Harrod 
mechanism may be applied (included in Scheme S1 in the Supporting Information). 

Biological Application 

All complexes displayed a cytotoxicity of <30 μM (Table 3); however, at present it is unclear 
whether this effect is due to the inhibition of growth or induction of cell death processes. 
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Cytotoxicity was especially prevalent in the BT-20 triple-negative breast carcinoma (3.71–
8.82 μM) and MCF-12A nontumorigenic mammary gland (4.30–12.32 μM) cell lines. 
Complex 4 tended to be more cytotoxic, especially in the BT-20 triple-negative breast 
carcinoma (3.71 μM), MCF-12A nontumorigenic mammary gland cell (4.30 μM), MDA-
MB-231 triple-negative breast carcinoma (5.73 μM), and MCF-7/TAMR-1 tamoxifen-
resistant subtype of the MCF-7 estrogen- and progesterone-positive luminal breast carcinoma 
cell lines (5.23 μM) in comparison to the rest of the complexes. Cancer selectivity indices 
(relative to MCF-12A) suggest that none of the complexes were ideally selective toward any 
specific cancerous cell line, with values varying between 0.30 and 1.40 (Table 4). Although a 
selectivity index ≥3 has been suggested as a potential indicator of good anticancer selectivity, 
others suggest ≥10. (64) The complexes only displayed a greater preference toward the BT-
20 cell line (1.11–1.40), although this would still be considered too low for selective action. 
The structure of the complexes affects the cytotoxicity and selectivity of the complex, (65,66) 
as can be seen from Table 4. In general, the complex containing more hydrophobic moieties 
(3, selectivity indices of 0.48–1.40) had better selectivity toward the selected cancer cell lines 
in comparison to the analogue with only a methyl group (1, selectivity indices of 0.36–1.16). 
It can also be seen that the NHC complex with a modified backbone (4, 3.71–12.74 μM) had 
a higher cytotoxicity in comparison to that of the analogue without backbone modification (1, 
IC50 values of 3.79–14.68 μM). All of the complexes thus appear to be nonselective in 
decreasing the cell density of the selected cell lines and will not serve as good candidates for 
anticancer assessment. 
 
Table 3. Cytotoxicity of Complexes in the Various Cell Lines 
 

 
 
Table 4. Cancer Selectivity Indices of Complexes Relative to the MCF-12A Cell Line 
 

 

CONCLUSIONS 

A series of novel self-isomerized–cyclometalated Rh-NHC complexes were synthesized, 
characterized, and successfully applied to the catalytic hydrosilylation of internal alkynes. 
The unique base-free intramolecular isomerization–cyclometalation process observed in the 
complexes was explored through NMR spectroscopy and SCXRD. The selectivity of rhodium 
cyclometalation was investigated by incorporation of a ligand system that included two 
possible linker systems (complex 3), whereby the rhodium metal center showed an exclusive 
preference for cyclometalation via the alkenyl arm with the subsequent isomerization. These 
alkenyl systems proved to be interesting, undergoing cyclometalation/isomerization in 
addition to N-dealkylation, providing a range of unique bench-stable complexes. 
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For the hydrosilylation of the relatively inert internal alkynes these novel rhodium complexes 
showed notable catalytic activity as well as good functional group tolerance for the range of 
alkyne substrates studied. Even at a catalyst loading of 1 mol % complex 2 showed high 
activity and selectivity. The results therefore indicate that NHC complexes designed to 
contain carbon-based tethers are viable options to stabilize the metal center and provide a 
degree of hemilability (through self-isomerization) to increase the activity of the overall 
complex. The biological results showed some promise. Complex 4 was the most effective 
against the tested cancer cell lines. However, poor cancer selectivity (0.30–1.40) relative to 
the MCF-12A cell line was observed, suggesting that these compounds do not possess ideal 
antineoplastic characteristics in their present design. Future work will entail a modification of 
the design of the complexes to allow better selectivity against cancer cells by including 
biologically relevant moieties into the ligand design. 

EXPERIMENTAL SECTION  

General Considerations 

All experiments were performed under an argon atmosphere using standard Schlenk 
techniques. Solvents were dried and distilled from appropriate drying agents prior to use. The 
imidazolium chloride salts (L1–L5) were synthesized according to previously reported 
methods. (25,26) [Cp*RhCl2]2 was synthesized via a previously reported method. (67) Other 
chemicals used were purchased from commercial suppliers and utilized without further 
purification. 1H (300/400 MHz) and 13C{1H} (76 MHz) NMR spectra were recorded on either 
a Bruker Avance-400 or a Bruker Gemini 300 MHz spectrometer using CDCl3 unless 
otherwise stated. All measurements were performed at ambient temperature (298 K), unless 
otherwise stated. Chemical shifts were referenced to the internal residual solvent resonances. 
Electrospray mass spectra (ESI-MS) were recorded on a Micromass Quatro LC instrument. 
EA analyses were conducted at UKZN and the University of Pretoria using a 
ThermoScientific Flash2000 Elemental Analyzer. 

General Synthesis of Cyclometalated Rh-NHC Complexes 

A suspension of the corresponding imidazolium chloride salt (1 mmol) in CH2Cl2 (20 mL) 
containing Ag2O (0.262 g, 1.2 mmol) was stirred at 30 °C for 1 h (12 h in the case of 4) in the 
absence of light. The resulting mixture was filtered, after which time [Cp*RhCl2]2 (0.25 g, 
0.4 mmol) was added and the resulting mixture was stirred at 30 °C for 24 h. The subsequent 
crude reaction mixture was filtered, concentrated in vacuo, and purified via silica gel column 
chromatography using gradient elution with Et2O/CHCl3/acetone. In some cases where 
byproducts were obtained, the byproducts were separated from [Cp*RhCl2]2 using aluminum 
oxide column chromatography with gradient elution (CHCl3/MeOH). A range of yellow to 
red solids were obtained. 
 
Data for 1 are as follows. Yield: 35%. 1H NMR (CDCl3): δH 1.58 (s, 15H, C10H15), 1.94 (s, 
3H, CCH3), 1.95 (dd, J = 10.3, 3.5 Hz, 1H, Rh-CH), 3.41 (d, J = 10.2 Hz, 1H, Rh-CH), 4.03 
(s, 3H, NCH3), 6.17 (s, 1H, C═CH), 6.92 (d, J = 1.7 Hz, 1H, CimiH), 6.96 (d, J = 1.7 Hz, 1H, 
CimiH). 13C{1H} NMR (CDCl3): δC 9.1 (s, C10H15), 21.0 (d, J = 23.3 Hz, Rh-Ccyclometalated), 
23.2 (s, CCH3), 37.7 (s, NCH3), 95.3 (d, JC–Rh = 5.2 Hz, CCp*-Rh), 117.0 (s, NCH═C), 118.4 
(s, Cimi), 123.1 (s, Cimi), 138.7 (s, CCH3), 175.4 (d, J = 58.7 Hz, Rh–Ccarbene). HR-MS (ESI) 
m/z found (calcd): (M+ – Cl – CH3) 359.0992 (359.0995) calcd for C17H24N2Rh. Anal. Found 
(calcd) for [C18H26ClN2Rh]: C, 52.49 (52.89); H, 6.49 (6.41); N, 6.49 (6.85). 
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Data for 2 are as follows. Yield: 50%. 1H NMR (CDCl3): δH 1.58 (s, 15H, C10H15), 1.81 (s, 
3H, CCH3), 1.95 (s, 3H, CCH3), 1.97–2.00 (m, 1H, Rh-CH2), 3.39–3.43 (m, 1H, Rh-CH2), 
4.83 (d, J = 15.2 Hz, 1H, NCH2C), 4.96 (s, 1H, C═CH2), 5.06 (s, 1H, C═CH2), 5.25 (d, J = 
15.2 Hz, 1H, NCH2C), 6.18 (s, 1H, NCH═C), 6.95 (s, 1H, CimiH), 6.99 (s, 1H, CimiH). 
13C{1H} NMR (CDCl3): δC 9.2 (s, C10H15), 20.4 (s, CCH3), 21.2 (d, J = 23.2 Hz, Rh-
Ccyclometalated), 23.2 (s, CCH3), 56.5 (s, C═CH2), 95.4 (d, JC–Rh = 5.2 Hz, CCp*-Rh), 114.5 (s, 
NCH2C), 116.9 (s, NCH═C), 118.3 (s, NC═C), 121.4 (s, NCN), 139.1 (s, Cimi), 141.5 (s, 
Cimi) 176.0 (d, J = 59.2 Hz, Rh–Ccarbene). HR-MS (ESI) m/z found (calcd): 414.1536 (M+ – 
Cl) (414.1542) calcd for C21H31N2Rh. Anal. Found (calcd) for [C21H30ClN2Rh]: C, 55.32 
(55.70); H, 7.32 (7.57); N, 6.36 (6.19). 
 
Data for 3 are as follows. Yield: 70%. 1H NMR (CDCl3): 1.63 (s, 15H, C10H15), 1.99 (s, 3H, 
CCH3), 2.05 (ddd, J = 10.3, 3.6, 1.3 Hz, 1H, Rh-CH2), 3.49 (dt, J = 10.5, 3.2 Hz, 1H, Rh-
CH2), 5.25 (d, J = 14.3 Hz, 1H, NCH2Ph), 6.11 (d, J = 14.3 Hz, 1H, NCH2Ph), 6.21 (s, 1H, 
NCH═C), 6.73 (d, J = 2.0 Hz, 1H, CimiH), 6.91 (d, J = 2.0 Hz, 1H, CimiH), 7.34–7.42 (m, 4H, 
Ph), 7.51–7.53 (m, 1H, Ph). 13C{1H} NMR (CDCl3): δC 9.3 (s, C10H15), 21.3 (d, J = 21.35 Hz, 
Rh-Ccyclometalated), 23.2 (s, CCH3), 54.3 (s, NCH2Ph), 95.5 (d, JC–Rh = 5.2 Hz, CCp*-Rh), 116.9 
(s, C═C(CH2)CH3), 118.3 (s, NCH═C), 121.4 (s, Ph), 128.2 (s, Ph), 128.8, (s, Ph), 129.3 (s, 
Ph), 136.2 (s, Cimi), 139.1 (s, Cimi), 175.9 (d, JRh–C = 58.8 Hz, Ccarbene). HR-MS (ESI) m/z 
found (calcd): (M+) 485.1224 (485.1231) calcd for C24H31ClN2Rh. Anal. Found (calcd) for 
[C24H30ClN2Rh]: C, 59.62 (59.45); H, 6.40 (6.24); N, 5.74 (5.78). 
 
Data for 4 are as follows. Yield: 40%. 1H NMR (CDCl3): δH 1.60 (s, 15H, C10H15), 1.95 (s, 
3H, CCH3), 1.99–2.03 (m, 1H, Rh-CH2), 2.21 (s, 3H, CCH3), 3.44 (dd, J = 6.9, 3.3 Hz, 1H, 
Rh-Ccyclometalated), 3.95 (s, 3H, NCH3), 6.13 (s, 1H, NCH═C), 6.69 (s, 1H, CimiH). 13C{1H} 
NMR (CDCl3): δC 8.1 (s, C10H15), 9.1 (s, CCH3), 20.2 (d, J = 23.3 Hz, Rh-CH2), 22.1 (s, Cimi-
CH3), 33.8 (s, N–CH3), 94.2 (d, JC–Rh = 5.2 Hz, CCp*-Rh), 114.6 (s, NCH═C), 115.9 (s, 
CH═C), 129.9 (s, Cimi), 136.8 (s, Cimi) 173.6 (d, J = 58.7 Hz, Rh–Ccarbene). HR-MS (ESI) m/z 
found (calcd): (M+ – Cl) 387.1300 (387.1308) calcd for C19H28N2Rh. Anal. Found (calcd) for 
[C19H28ClN2Rh]: C, 53.86 (53.97); H, 6.82 (6.68); N, 6.42 (6.63). 
 
Data for 1b are as follows. Yield 45%. 1H NMR (CDCl3): δH 1.58 (s, 15H, C10H15), 3.63 (s, 
3H, NCH3), 6.88 (s, 1H, CimiH), 7.13 (s, 1H, CimiH), 7.86 (s, 1H, NCHN). 13C{1H} NMR 
(CDCl3): δC 9.0 (s, C10H15), 34.6 (s, NCH3), 93.6 (d, JC–Rh = 8.4 Hz, CCp*-Rh), 121.5 (s, Cimi), 
130.2 (s, Cimi), 139.5 (s, NCHN). HR-MS (ESI) m/z found (calcd): (M+ – Cl) 355.0464 
(355.0448) calcd for C14H21ClN2Rh. Anal. Found (calcd) for [C14H21Cl2N2Rh]: C, 43.37 
(42.99); H, 5.71 (5.41); N, 6.95 (7.16). 
 
Data for 1bd are as follows. Yield: 100%. 1H NMR ((CD3)2CO): δH 1.63 (s, 15H, C10H15), 
1.76 (s, 15H, C10H15), 3.85 (s, 6H, NCH3), 7.33 (d, J = 1.5 Hz, 2H, CimiH), 7.34 (d, J = 1.5 
Hz, 2H, CimiH), 8.11 (s, 1H, NCHN). 13C{1H} NMR ((CD3)2CO): δC 8.0 (s, C10H15), 8.7 (s, 
C10H15), n.o. (s, NCH3), 95.2 (Cp*), 122.5 (s, Cimi), 129.0 (s, Cimi), 140.2 (s, NCHN). HR-MS 
(ESI) m/z found (calcd): (M+ – 2Cl) 710.1016 (710.0987) calcd for C28H42Cl2N4Rh2. Anal. 
Found (calcd) for [C28H42Cl2N4Rh2]: C, 47.48 (47.27); H, 5.58 (5.95); N, 7.49 (7.88). 
Data for 2b are as follows. Yield: 35%. 1H NMR (CDCl3): δH 1.61 (s, 15H, C10H15), 1.68 (s, 
3H, CCH3), 4.43 (s, 2H, NCH2C), 4.80 (s, 1H, C═CH2), 5.00 (s, 1H, C═CH2), 6.89 (s, 1H, 
CimiH), 7.26 (s, 1H, CimiH), 7.94 (s, 1H, NCHN). 13C{1H} NMR (CDCl3): δC 9.0 (s, C10H15), 
19.7 (CCH3), 54.1 (s, ═CH2), 93.5 (d, JC–Rh = 8.4 Hz, CCp*-Rh), 114.9 (s, N-CH2), 120.4 
(Cimi), 130.4 (s, Cimi), 139.4 (s, CCH3), 139.6 (s, NCHN). HR-MS (ESI) m/z found (calcd): 
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(M+ – CH2(═CH2)CH3) 375.9975 (375.9980) calcd for C13H19Cl2N2Rh. Anal. Found (calcd) 
for [C17H25Cl2N2Rh]: C, 47.71 (47.35); H, 5.93 (6.09); N, 6.13 (6.50). 
 
Data for 2bd are as follows. Yield: 100%.1H NMR ((CD3)2CO): δH 1.42 (s, 6H, CCH3), 1.66, 
1.67 (2s, 30H, C10H15), 4.73 (s, 2H, C═CH2), 4.76 (s, 4H, NCH2C), 4.97 (s, 2H, C═CH2), 
7.33 (t, J = 1.6 Hz, 2H, CimiH), 7.39 (t, J = 1.3 Hz, 2H, CimiH), 8.17 (s, 1H, NCHN). 13C{1H} 
NMR (CDCl3): δC 8.8 (s, C10H15), 19.4 (CCH3), 54.0 (s, ═CH2), 95.4 (d, JC–Rh = 8.4 Hz, CCp*-
Rh), 114.8 (s, N-CH2), 120.8 (Cimi), 130.0 (s, Cimi), 139.2 (s, CCH3), 139.8 (s, NCHN). HR-
MS (ESI) m/z found (calcd): (M+ – 2Cl) 790.1523 (790.1523) calcd for C34H50Cl2N4Rh2. 
Anal. Found (calcd) for [C34H50Cl2N4Rh2]: C, 51.24 (51.59); H, 6.43 (6.37); N, 7.47 (7.08). 

Procedure for Hydrosilylation of Internal Alkynes 

In an NMR tube containing diphenylacetylene (18 mg, 0.1 mmol), anisole as an internal 
standard (11 μL, 0.1 mmol), and a rhodium complex (2 mg, 4 mol %) was placed 
diphenylsilane (10 μL, 0.11 mmol) along with 1 mL of C6D6. 1H NMR spectroscopy was 
done at time = 0 h followed by placing the tightly sealed vessel in an oil bath at 80 °C for 1 h. 
A 1H NMR spectrum was taken shortly after the removal of the NMR tube from the oil bath. 
Conversions and isomer yields were determined from the integration of 1H NMR peaks 
relative to anisole as the internal standard, with the runs being performed in duplicate. TOF 
values were determined by using the conversion determined after the first 10 min of the 
reaction. 

X-ray Crystallography 

A single-crystal diffraction experiment of complex 1 was performed using Quazar multilayer 
optics monochromated Mo Kα radiation (λ = 0.71069 Å) on a Bruker D8 Venture kappa 
geometry diffractometer with dual Iμs sources, a Photon 100 CMOS detector, and APEX III 
control software. (68) Data reduction was performed using SAINT+, (68) and the intensities 
were corrected for absorption using SADABS. (68) Single crystals of L1, 2, 3, 4, 1b, 1bd, 
and 2bd were analyzed on a Rigaku XtaLAB Synergy R diffractometer, with a rotating-anode 
X-ray source and a HyPix CCD detector. Data reduction and absorption were carried out 
using the CrysAlisPro (version 1.171.40.23a) software package. (69) All X-ray diffraction 
measurements were performed at 150(1) K, using an Oxford Cryogenics Cryostat. All 
structures were solved by direct methods with SHELXTS-2013 (70) and refined using the 
SHELXL-2013 (71) algorithm. All H atoms were placed in geometrically idealized positions 
and constrained to ride on their parent atoms. For data collection and refinement parameters, 
see the Tables S1–S3 in the Supporting Information. The X-ray crystallographic coordinates 
for all structures have been deposited at the Cambridge Crystallographic Data Centre 
(CCDC), with deposition numbers CCDC 2065431–2065437 and 2081484. The data can be 
obtained free of charge from The Cambridge Crystallographic Data Centre via 
www.ccdc.cam.ac.uk/data_request/cif. 

Biological Application 

The cytotoxicity of the complexes was determined using the sulforhodamine B staining assay 
as described by Vichai and Kirtikara (72) with minor modifications to the volumes used. 
Several cell line types were used, with their respective concentrations and culturing methods 
being indicated in Table 5. All of the culture medium was supplemented with 1% 
penicillin/streptomycin and 10% fetal calf serum (FCS) as standard additives. Cell lines were 
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maintained in 75 cm2 cell culture flasks with their respective medium in a humidified 
incubator with an environment of 37 °C and 5% carbon dioxide. Confluent flasks were 
washed with phosphate-buffered saline, after which cells were chemically detached using 
trypsinization. Cells were harvested using centrifugation (200g at 5 min) and diluted to the 
appropriate concentrations (10-fold of their seeding densities) in their respective media after 
counting using the trypan blue exclusion assay. 
 
Table 5. Cell lines and Associated Culture Parameters Used for Cytotoxicity Assessmenta 

 

 

 
Cells (100 μL) were seeded into the wells of 96-well plates and allowed to attach overnight to 
the culture vessel. Cells were exposed to 100 μL of the medium (negative control), positive 
control (1% saponin), or samples (half-log dilutions of 200 μM) prepared in media 
supplemented with 10% FCS for 72 h. Blanks consisted of 200 μL pf 10% fetal calf serum 
supplemented medium. Exposed cells were fixed overnight with 50 μL of trichloroacetic acid 
(50%) at 4 °C. Fixed cells were washed three times using tap water and allowed to dry. Dried 
plates were stained with 100 μL of sulforhodamine B staining solution (0.057% in 1% acetic 
acid) for 30 min, after which they were washed three times with 150 μL of acetic acid (1%). 
Plates were allowed to dry after washing, and the bound dye was dissolved using 200 μL of 
Tris-base solution (10 mM, pH 10.5) for 60 min on a shaker. Plates were read 
spectrophotometrically using an ELX800 plate reader (Bio-Tek Instruments, Inc.) at 510 nm 
(reference wavelength 630 nm). Absorbance data were blank-excluded, and the percentage 
cell density relative to the negative control was calculated. Nonlinear regression was used to 
determine the half-maximum inhibitory concentration (IC50) using GraphPad Prism 5.0. 
Cancer selectivity indices of the complexes were expressed as the IC50 value of the complex 
in the MCF-12A cell line expressed relative to the IC50 value of the complex in the cancerous 
cell line. 
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