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ABSTRACT:  The unsaturated hydride complex RhClH{k-N,k-C-(C11H8N)}(IPr) {IPr = 1,3-bis-(2,6-diisopropylphenyl)imidazolin-
2-carbene} (2) has been prepared via C-H activation of 2-phenylpyridine and fully characterized by spectroscopic methods and X-
ray diffraction analysis. Complex 2 efficiently catalyzes the isomerization of terminal and internal olefins under mild conditions to 
give preferentially the E regioisomers. Complex 2 also catalyzes the hydroarylation of terminal olefins with 2-phenylpyridine to 
yield selectively mono-ortho-alkylated derivatives. Tandem isomerization-alkylation processes were observed for internal olefins. 
In contrast to olefins, double alkenylation is operative for internal alkynes. The marked complementary reactivity of olefins and 
alkynes toward hydroarylation with 2-phenylpyridine allows for a tandem alkylation/alkenylation transformation to yield substitu-
ted styrenes. These heterobiaryl compounds exhibit axial chirality which have been experimentally calculated and corroborated by 
DFT calculations. A catalytic cycle for hydroarylation reactions has been proposed based on the identification of key reaction in-
termediates and H/D exchange experiments. The reaction seems to proceed by initial C-H activation of 2-phenylpyridine, subse-
quent insertion of alkene or alkyne, and reductive elimination steps. DFT calculations shows that reductive elimination is the rate 
determining step for alkene hydroarylation whereas migratory insertion is the highest barrier for alkyne hydroarylation. 

INTRODUCTION 

Transition metal mediated C-H activation is a powerful and 
versatile methodology for the preparation of high added value 
organic scaffolds in a selective and atom-economical manner.1 

Precise control over reactivity of the metallic center is of par-
amount importance in order to construct elaborated architec-
tures from simple starting materials. Particularly, π-conjugated 
alkenyl-arenes (or styrenes) are attractive synthetic targets due 
to its relevant applications in medicinal chemistry and func-
tional materials.2 One of the most reliable catalytic methods 
that has remarkably contributed to this field is the Mirozoki-
Heck approach.3 However, the requisite of a preactivated 
arene constitutes an important drawback (Scheme 1). Alterna-
tively, many research efforts have been directed to the oxida-
tive coupling of arenes with alkenes after the pioneering work 
by Fujiwara and Moritani with palladium catalysts.4 In spite of 
these remarkable advances,5 selectivity issues are still chal-
lenging. Another completely different synthetic access to 
styrenes is the addition of an aromatic ring across a carbon-
carbon triple bond, namely hydroarylation of alkynes.6 Inter-
estingly, simple unbiased arenes can be engaged in this total 
atom-economy approach. Depending on the substrates and the 
metallic fragment, activation of the alkyne can occur previous-
ly to electrophilic Friedel-Crafts attack of the aryl group, 
thereby resulting in trans-addition products.7 However, this 

methodology is generally limited to electron-rich arenes, het-
eroarenes or intramolecular processes. An alternative pathway 
entails an initial C-H activation of the arene followed by a C-C 
coupling with the alkyne.8 The process can occur via a metal-
hydride intermediate8a-b or, alternatively, by a redox-neutral 
base-mediated8d or ligand-to-ligand proton transfer mecha-
nism.8e In these cases, in contrast to the Friedel-Crafts path-
way, acidic electron-deficient arenes are preferred.  

A foremost milestone in alkyne hydroarylation was the in-
troduction of a directing group in the arene moiety. This step-
forward expanded the range for operative aromatic groups and 
unsaturated substrates, as demonstrated by the seminal work 
of Murai’s group9 in ruthenium-catalyzed hydroarylation of 
olefins9a and alkynes.9b Efficient catalysts do not limit to ru-
thenium-based examples,10 but other transition metal catalysts 
based on iridium,11 cobalt,12 manganese,13 and particularly 
rhodium,14 have been involved in directing group-promoted 
alkyne hydroarylation. Generally, the reaction can proceed by 
two main distinct routes: i) the classical Murai´s pathway that 
entails the formation of a metal-hydride intermediate via oxi-
dative addition,9a-b,10a,c,k,11c,12b,14a-g and ii ) a nonoxidative elec-
trophilic or base-promoted aromatic C-H activation.10b,d-

j,l,11a,12c-f,13,14i The participation of a metal-hydride species in the 
former mechanism accelerates the insertion step whereas 
higher selectivity has been claimed in the case of nonoxidative 
processes. Even though the directing group facilitates the C-H 
activation, the presence of free ortho positions on the aromatic 



 

ring requires the control of the reactivity in either 
one10b,d,f,g,i,k,l,11b,c,12a-d,f,13,14b,c,e,g,j or both reaction 
sites,10h,j,l,11b,12a,d,e,14a,b,d,f,h in addition to the regioselectivity 
issues for unsymmetrical alkynes. Consequently, more re-
search efforts still have to be done with the aim of developing 
more efficient catalytic systems.  

Scheme 1. Transition Metal-Mediated Preparation of 
Styrenes 

 

The advent of N-heterocyclic carbenes (NHCs) as ligands 
for transition metal complexes has revolutionized the field of 
homogeneous catalysis,15 with important significance in C-H 
activation.16 As very powerful electron-donating ligands, 
NHCs favor oxidative addition processes. In addition, their 
generally high steric hindrance allows for a control over selec-
tivity. Being aware of this fact, our research group has devel-
oped in recent years a variety of NHC-based rhodium catalysts 
active in C-H activation.17 Particularly, dinuclear compounds 
of type [Rh(µ-Cl)(NHC)(η2-olefin)]2, proved to be valuable 
starting materials for the preparation of mononuclear com-
plexes RhCl(NHC)(η2-olefin)(L) by simple bridge-cleavage 
with a nucleophilic ligand.18 These derivatives exhibited excel-
lent activities and selectivities in catalytic alkyne homo-17c and 
cross-dimerization,17d as well as hydroalkenylation of N-
vinylpyrazoles,17f 2-thienylpyridine,17g and 2-vinylazines17b,h to 
produce valuable N-bridge heterocycles. In the course of the 
research, we have observed that the presence of a nitrogen-
directing group facilitates the formation of metal-hydride 

intermediate species. Notably, besides the pioneering work of 
Murai’s group with RuH2(CO)(PPh3)2

9 and that of the Prof. Yi 
and coworkers using the cationic complex 
[(C6H6)RuH(CO)(PCy3)]BF4,

19 metal-hydride derivatives have 
been only scarcely introduced as pre-synthesized catalytic 
precursors in C-H activation process.10a,17g,20 This gap might 
seem surprising due to the inherent advantage of using species 
directly involved in the catalytic cycle as catalyst precursors, 
thus avoiding preactivation steps. Moreover, metal-hydrides 
are also known to be efficient catalysts for olefin isomeriza-
tion21 which open the way to the development of tandem cata-
lytic processes.22 Herein, we report on the N-directed hy-
droarylation of unsaturated substrates catalyzed by a new 
hydride-rhodium-NHC compound. The high selectivity to-
wards the mono-hydroarylated product using olefins, allows 
for the controlled preparation of a range of substituted styrenes 
by subsequent alkenylation of these intermediate derivatives 
with internal alkynes. The hydride precursor is also efficient in 
olefin isomerization and tandem processes involving hy-
droarylation reactions. In addition, the proposed has been 
investigated by theoretical calculations at DFT level. 

RESULTS AND DISCUSSION 

The ability of [Rh(µ-Cl)(IPr)(η2-coe)]2 (1) {IPr = 1,3-bis-
(2,6-diisopropylphenyl)imidazolin-2-carbene} to undergo C-H 
activation of arylpyridines has been evidenced by the reaction 
of 1 with 2-phenylpyridine. After 2 h at 80 ºC, the unsaturated 
hydride complex RhClH{κ-N,κ-C-(C11H8N)}(IPr) (2) was 
obtained, which was isolated as a yellow solid in 87% yield 
(Scheme 2). The presence of a hydride ligand in 2 is corrobo-
rated by a shielded doublet at δ -24.67 ppm in the 1H NMR 
spectrum at -30 ºC. The high JH-Rh (50.2 Hz) points to a 
square-pyramidal structure with the hydride located at the 
apical position.17a Moreover, the 13C{1H}-APT NMR spectrum 
displays two doublets at δ 185.7 (JC-Rh = 57.0 Hz) and 163.9 
(JC-Rh = 32.0 Hz) ppm, corresponding to the carbene and the 
ortho-metalated carbon atoms, respectively. Metal-NHC com-
plexes bearing activated phenylpyridine are well-known, but 
the disposition of the quelate ligand does not follow a clear 
trend. In fact, coordination of the pyridine moiety cis23 or 
trans24 to the carbene depends on subtle stereolectronic effects 
within the metal environment. Moreover, isolated complexes 
containing hydride and ortho-metalated phenylpyridine li-
gands are very scarce,25 since usually they are transient species 
that easily undergo reductive elimination. It is worthy to note 
that complex 2 has been previuosly in-situ detected as an 
intermediate in borylation reactions.25b  

Scheme 2. Preparation of RhClH{κ-N,κ-C-
(C11H8N)}(IPr) by C-H Activation of 2-Phenylpyridine 

 

In order to establish the stereochemistry of 2, an X-ray 
structural analysis has been performed. (Figure 1). The asym-
metric unit of 2 contains two crystallographically independent 
molecules (see Figure S1 in Supporting Information) showing 
very similar angles and bond lengths, thus only one of the two 



 

complexes is discussed herein. The metal center exhibits a 
distorted square pyramid coordination polyhedron (τ 0.17)26 in 
which the hydride ligand occupies the apical position and the 
carbene carbon atom C(1) and the chlorine atom two equatori-
al cis positions. The ortho-metalated 2–phenyl pyridine occu-
pies the two remaining equatorial cis positions with the nitro-
gen atom N(30) trans to the IPr carbon atom [N(30)–Rh(1)–
C(1) 177.81(7)°]. The two aromatic rings are almost coplanar 
[N(30)–C(31)–C(36)–C(37) 3.98(29)°] with a C(31)–C(36) 
bond length of 1.462(3) Å,27 nicely fitting in with a Csp2–Csp2 
single bond. The pitch (�) and the yaw (�) angles17f of the 
NHC moiety are close to cero indicating an almost ideal ar-
rangement of the NHC ring with respect to the Rh(1)–C(1) 
bond. Further, as a consequence of the chelate (κ-N,κ-C) co-
ordination mode of the metallated phenylpyridine the yaw 
angles of the pyridyl and the phenyl moieties have similar 
values but opposite signs (pyridyl –5.6°; phenyl, +7.5°). On 
the other hand, probably as a consequence of the small torsion 
angle N(30)–C(31)–C(36)–C(37) [3.98(29)°], small pitch 
angles are observed for the pyridyl (0.3°) and the phenyl (4.8°) 
moieties. Finally, it is worth a mention that, to the best of our 
knowledge, 2 is the first structurally characterized Rh–NHC–
hydride complex resulting from a C–H activation of 2–
phenylpyridine. 

 

Figure 1. ORTEP view of RhClH{κ-N,κ-C–(C11H8N)}(IPr) (2) 
with the thermal elipsoids at 50 %. Only one complex of the 
asymmetric moiety is shown and most hydrogen atoms have been 
omitted for clarity. Selected bond lengths (Å) and angles (°) are: 
Rh(1)–C(1) 1.9994(19); Rh(1)–Cl(1) 2.4277(5); Rh(1)–N(30) 
2.1020(17); Rh(1)–C(37) 1.995(2); C(36)-C(31) 1.462(3); C(1)–
Rh(1)–N(30) 177.81(7); C(37)–Rh(1)–Cl(1) 167.87(6); C(1)–
Rh(1)–Cl(1) 89.92(6); C(37)–Rh(1)–N(30) 80.29(8); C(37)–
Rh(1)–H(1) 79.5(11); C(1)–Rh(1)–H(1) 85.8(11); N(30)–Rh(1)–
H(1) 93.6(11); Cl(1)–Rh(1)–H(1) 110.7(11), C(37)–C(36)–C(31)–
N(30) 3.98(29). Pitch (�) and yaw (�) angles (°) are: NHC, � 2.0¸ 
� –1.7; pyridyl, � 0.3¸ � –5.6; phenyl, � 4.8¸ � 7.5. 

Catalytic Activity in Olefin Isomerization . The particular 
structure of hydride complex 2 prompted us to study its per-
formance in olefin isomerization reactions.21 Catalytic tests 
with 5 mol% loading of 2 in C6D6 at room temperature showed 
excellent activity for the isomerization of terminal and Z-
olefins to yield E-alkenes with high selectivity (Scheme 3, 
Table 1). Short times were needed to efficiently isomerize 
allylbenzene or 1-octene with very high E/Z selectivity (entry 
1-2). The terminal olefin 4-phenyl-1-butene was isomerized 
into 4-phenyl-2-butene in 20 min at room temperature (entry 
3), which smoothly evolved further into 1-phenyl-1-butene 
(50% conversion after 12 h at room temperature). Direct 

chain-walking isomerization22e of 4-phenyl-1-butene to the 
conjugated olefin was attained at 80 ºC for 1 h with complete 
selectivity for the E-isomer (entry 4). 1,5-Hexadiene was also 
susceptible of isomerization to yield 2,4-hexadiene, showing a 
thermodynamic E,E/E,Z ratio of 81/19 (entry 5). Interestingly, 
the formation of 1,4-hexadiene resulting from the isomeriza-
tion of only one double bond was observed at the early stage 
of the reaction. The reactivity of allyl butyl ether was some-
what different. Terminal-to-internal olefin isomerization was 
almost complete in 25 min with 70% E-selectivity (entry 6). 
However, the amount of Z-isomer smoothly increased with 
time reaching a thermodynamic equilibrium with E/Z ratio of 
45/55 (entry 7, see Fig S2 in Supporting Information). An 
internal olefin such as cis-stilbene was isomerized to trans-
stilbene in only 5 min with 99% selectivity (entry 8). Rather 
surprisingly, isomerization of diethyl 2,2-diallylmalonate did 
not take place at room temperature (entry 9). However, heat-
ing the sample at 80 ºC for 5 min resulted in the diastereose-
lective formation of the exocyclic alkene derivative diethyl 3-
methyl-4-methylenecyclopentane-1,1-dicarboxylate.28 

Scheme 3. Mechanism for Olefin Isomerization Catalyzed 
by 2 

 
 Table 1. Olefin Isomerization Promoted by 2a 

Entrya Olefin Product t(min) Conv (%) E/Z 

1 
  30 99 98/2 

2   15 98 99/1 

3   20 99 86/14 

4 
  60b 99 99/1 

5   180 99 81/19 

6   25 98 70/30 

7   60 99 45/55 

8 
  

  5 -- 99/1 

9 
 

 

  5b 99 -- 

a0.5 mL of C6D6, 5 mol% of complex 2, [alkene] = 0.4 M at room 
temperature. b80°C. cIsomerization not detected. 

The assumed alkene isomerization mechanism entails the 
insertion of the olefin in the rhodium-hydride bond (Scheme 
3). Accordingly, the hydride signal of 2 disappeared from the 
1H NMR spectrum just after addition of a terminal olefin. 
However, that resonance emerges again at high conversions 
without a detrimental influence on the catalytic activity in the 
case of chain walking isomerization (entry 4). This fact indi-
cates that, in spite of the high steric hindrance of the IPr lig-
and, insertion of internal olefins occurs but the Rh-alkyl in-



 

termediate formed is in equilibrium with the more stable Rh-
hydride. The observed selectivity to E-olefins for catalyst 2 
points to a kinetic origin, likely due to a favored β-elimination 
step,17a,e since increasing of time or temperature results in an 
increment of Z-amount in accordance to thermodynamic equi-
librium. 

Alkene Hydroarylation . The notable catalytic activity of 
complex 2 for olefin isomerization under mild conditions 
arises from the easy insertion of alkenes into the Rh-H bond. 
This fact evidences its potential as catalyst for carbon-carbon 
coupling reactions. Accordingly, the hydride complex 2 has 
been revealed as a valuable catalyst for the hydroarylation of 
terminal olefins with 2-phenylpyridine (Scheme 4).29 The 
reactions were carried out in sealed NMR tubes with 5 mol% 
of 2 using C6D6 as solvent at 90 ºC and monitored by 1H 
NMR. 

Scheme 4. Hydroarylation of Alkenes with 2-Phenylpyridine  

 
The selective alkylation of only one of the ortho positions of 

2-phenylpyridine was observed, except for ethylene. Linear 2-
(2-alkylphenyl)pyridine derivatives resulting from anti-
Markovnikov hydroarylation were exclusively isolated with 
good to high yields. Furthermore, the reaction worked well 
with both aryl and aliphatic alkenes. The hydroarylation of 2-
phenylpyridine with 3,3-dimethyl-1-butene was complete in 2 
h affording 3a with 91% isolated yield whereas styrene needed 
12 h to be transformed into 3b. The catalytic activity is quite 
sensitive to the electronic effects on the aromatic ring of the 
olefin. Thus, electron-donating groups increased the hydroary-
lation rate (3c-d), whereas a reduction of the catalytic activity 
was observed for electron-releasing groups (3e). The introduc-
tion of a substituent in the α position also resulted in a drastic 
drop in activity (3f, 48 h, 69% isolated yield), whereas cis-
stilbene did not react at all, likely due to steric effects. Accord-
ingly, reaction with ethylene (2 bar for 48 h) resulted in the 
double alkylated product 3g. It is interesting to note that the 
dimer 1, precursor of 2, is a poor hydroarylation catalyst, 
indicating that catalyst preformation is essential for efficient 
catalysis. 

Terminal olefins susceptible to isomerization exhibited dis-
tinct reactivity. For example, 1-octene, 3-phenyl-1-propene or 

4-phenyl-1-butene quickly isomerized in the presence of 2 to 
the corresponding internal olefin under the hydroarylation 
catalytic conditions. In spite of the lack of reactivity observed 
for an internal olefin such as cis-stilbene (Scheme 4), C-C 
coupling between 2-phenylpyridine and these olefins proceed-
ed efficiently (Scheme 5). However, the outcome of the reac-
tion was not the expected branched alkyl derivative resulting 
from the coupling of the internal olefin, but the linear one 
arising from the terminal alkene was obtained instead. Indeed, 
the same linear alkyl derivative was formed starting from 1-
octene, 2-E-octene or 2-Z-octene. These tandem isomeriza-
tion-hydroarylation processes are directed by the interplay of 
thermodynamic and kinetic factors. Thus, the isomerization of 
terminal to internal alkene is thermodynamically preferred, 
whereas the coupling of terminal olefin with 2-phenylpyridine 
is kinetically favored.22 Another interesting tandem process is 
the cyclization-hydroarylation of the terminal diene 2,2-
diallylmalonate with 2-phenylpyridine to afford 3l in 67% 
isolated yield.  

Scheme 5. Tadem Isomerization-Hydroarylation and Cy-
clization-Hydroarylation Reactions 

 
Alkyne Hydroarylation . Complex 2 efficiently catalyzed 

the hydroarylation of internal alkynes with 2-phenylpyridine. 
In contrast to olefins, the double alkenylation of 2-
phenylperydine to yield 2-(2,6-bis-alkenyl-phenyl)pyridine 
derivatives was exclusively observed (Scheme 6). The stereo-
chemistry of the products was confirmed by 1H-NOESY NMR 
experiments. The E-E isomer 4a was exclusively formed as a 
result of tandem syn hydroarylation of two molecules of 4-
octyne. Alternatively, the initially formed E-E product 4b 
from diphenylacetylene underwent an isomerization process 
on one of the ortho-alkenyl groups to afford the E-Z mixed 2-
(2,6-bis-alkenyl-phenyl)pyridine 4b ,́ which was the sole 
isomer isolated after column chromatography (88% yield). 
Unfortunately, the hydroarylation of terminal alkynes such as 
phenylacetylene, benzylacetylene or 1-hexyne was unsuccess-
ful due to competitive dimerization, cyclotrimerization and 
polymerization reactions.  



 

Scheme 6. Hydroarylation of Internal Alkynes with 2-
Phenylpyridine  

 
Tandem Alkylation/Alkenylation . The marked comple-

mentary reactivity of alkenes and alkynes in hydroarylation 
reactions with 2-phenylpyridine promoted by 2 prompted us to 
combine these two reactions in a tandem process in order to 
prepare 2-(2-alkyl-6-alkenyl-phenyl)pyridine derivatives with 
good to high yields (Scheme 7).30 In a preliminary test, sty-
rene, diphenylacetylene and 2-phenylpyridine were mixed in 
the presence of 2. Unfortunately, only the alkyne hydroaryla-
tion products 4b and 4b’ were obtained, indicating that al-
kynes react faster than olefins, thus inhibiting the tandem 
process. Therefore, it was necessary to perform the reaction in 
two steps. Firstly, the alkene hydroarylation to form the mon-
oalkylated arylpyridine derivatives, and subsequently the 
hydroarylation of an internal alkyne in the same reactor to 
synthesize the unsymmetrical alkyl-alkenyl di-substituted 
phenylpyridine derivatives 2-(2-alkyl-6-alkenyl-
phenyl)pyridine 5-6. A comparative study of the rate of the 
catalytic reactions using styrene and diphenylacetylene as 
substrates showed that the double alkenylation of 2-
phenylpyridine is faster than olefin hydroarylation, as ex-
pected from the observed catalytic outcome (see Fig S3 in 
Supporting Information). However, alkenylation of alkylated-
phenylpyridine has an intermediate rate. This fact points to an 
electronic effect playing a role in the second hydroarylation 
step, since alkenyl-substitution accelerates the reaction over 
alkyl-funcionalization.  

The synthetic scope of this tandem process was analyzed by 
using a range of alkyl and aryl terminal olefins and diphenyla-
cetylene or 4-octyne as internal alkynes (Scheme 7). As a 
general trend, diphenylacetylene reacted faster than 4-octyne 
(5 vs 6). Indeed, the presence of a substituent on the alkylated 
phenylpyridine also influences the catalytic activity with a 
similar trend to that observed in olefin hydroarylation. Thus, 
hydroarylation of diphenylacetylene with 2-(2-
neopentylphenyl)pyridine, 3a, afforded 5a in 71% yield after 4 
h, whereas 2-{2-(2-phenylethyl)phenyl}pyridine, 3b, gave 5b 
in 81% yield after 7 h. Moreover, electron density on the aro-
matic ring of the pendant alkylic chain also affects the perfor-
mance of the catalyst. As observed for the olefin hydroaryla-
tion, an electron-donating group increases the catalytic activity 
(5d), while it is reduced with an electron-withdrawing substit-
uent (5e). The reaction involving compound 3f containing a 
methyl group on the aliphatic chain required a higher catalyst 
loading (10 mol%) and high temperature (120 ºC) to afford 5f 
in 65% yield. Interestingly, the same trends were observed in 
the tandem alkene/alkyne hydroarylation reactions involving 
4-octyne. 

Scheme 7. Tandem Alkylation/Alkenylation of 2-
Phenylpyridine with Olefins and Internal Alkynes 

 
The heterobiaryl compounds 5-6 exhibit axial chirality.31 

Rotation around the biaryl axis is restricted in such deriva-
tives, and depends on the nature of the substituent of the alkyl 
chain, as it becomes evident from the fluxional behavior ob-
served in the 1H NMR spectra. Thus, the coalescence peak 
observed at room temperature for the >CH2 protons adjacent to 
the phenyl group of 5a splits into two triplets at -40 ºC (Figure 
2). Line-shape simulation using the gNMR modeling package 
and further Eyring analysis allow the calculation of the activa-
tion parameters for the rotation process that turn out to be ∆H 
= 12.8±1.1 kcal mol-1 and ∆S = 1.4±2.1 cal mol-1 K-1. Moreo-
ver, the rotational process for 5a was studied by DFT calcula-
tions (Figure 2, top right). the relaxed potential energy surface 
(PES) scan was performed by considering the N-C2-C7-C8 
dihedral angle value. PES scan was carried out around the 
bond C2–C7 by changing the torsion angle in 10° steps from –
180° to +180°. Energy barriers of 13.6 and 11.3 kcal mol-1 
were calculated between the more stable perpendicular dispo-
sitions and the coplanar structures, which agrees with the 
experimental values. 



 

 

Figure 2. Variable temperature NMR spectra of 5a in 
CD2Cl2 showing the coalescence of the two diastereotopic 
protons of the CH2Ph fragment: experimental (bottom left) and 
calculated (bottom right). Potential energy surface scan for the 
rotation of the pyridine-phenyl axis (top right). 

Mechanistic studies. In order to gain insight into the reac-
tion mechanism, a series of stoichiometric reactions at low 
temperature were carried out (Scheme 8). A toluene-d8 solu-
tion of 2 in a NMR Young-tube under 2 bar of ethylene at -30 
°C afforded the Rh-ethyl complex RhCl(Et){κ-N,κ-C-
(C11H8N)}(IPr) (7) as a result of the insertion of ethylene into 
the Rh-H bond. A similar linear alkyl complex 
RhCl(C2H4Ph){κ-N,κ-C-(C11H8N)}(IPr) (8) was obtained after 
treatment of 2 with styrene at -30 ºC, via anti-Markovnikov 
selective insertion. However, both alkyl complexes behave 
very differently at room temperature. The intermediate 7 in the 
presence of ethylene gas evolved to the formation of the redu-
ced RhI-ethylene dimer [Rh(µ-Cl)(IPr)(η2-C2H4)]2 (9) and the 
coupled product 2-(2,6-diethylphenyl)pyridine 3g. In contrast, 
no C-C coupling was observed when 8 was warmed to room 
temperature. Instead, an η2-styrene complex RhCl(η2-
CH2=CHPh)(κ-N,2-phenylpyridine)(IPr) (10) bearing a 2-
phenylpyridine κ-N coordinated ligand was obtained via rege-
neration of 2 by β-hydride elimination and subsequent hy-
dride-aryl reductive elimination. These results clearly demon-
strated the reversibility of the C-H activation and migratory 
insertion processes. In contrast to the olefins, no reaction was 
observed after addition of diphenylacetylene to a solution of 2 
at room temperature. However, after heating the sample at 80 
ºC for one night, a mixture of 4b, 4b’ and other unidentified 
compounds was obtained.  

 
 
 
 
 
 
Scheme 8. Detected Intermediates for Olefin Hydroarylation 

Reaction 

 
The NMR spectra of 7, 8 and 10 are in agreement with pro-

posed structures in Scheme 8. The presence of alkyl ligands in 
7 and 8 is corroborated by the appearance in the 1H NMR 
spectra of the signals corresponding to the diastereotopic 
methylene protons at δ 2.85 and 1.75 ppm for 7 and 2.94, 2.17, 
1.74 and 1.68 ppm for 8. Moreover, the 13C{1H}-APT NMR 
spectra show three doublets for the corresponding Rh-C car-
bon atoms. The more deshielded signal appears at δ 181.5 (7) 
and 181.2 ppm (8), with Rh-C coupling around 60 Hz, corre-
sponding to the carbene carbon atom. The ortho-metalated 
rhodium-aryl carbon atom resonates at 172.9 (7) and 172.4 
ppm (8), displaying smaller JC-Rh values around 39 Hz. Finally, 
the Rh-alkyl carbon atoms are observed at 18.3 (d, JC-Rh = 32.4 
Hz) and 23.4 ppm (d, JC-Rh = 34.3 Hz), for 7 and 8, respective-
ly. On the other hand, the 1H NMR spectrum of complex 10 
shows a set of signals at δ 4.55 (dd, JH-H = 12.3, 7.6 Hz, 
CH=CH2), 2.24 (d, JH-H = 7.6 Hz, CH=CH2) and 1.63 ppm (d, 
JH-H = 12.3 Hz, CH=CH2), which confirms the coordination of 
styrene to the rhodium atom. The 13C{1H}-APT NMR spectra 
of 10 also show three doublets, one for the Rh-CIPr carbon 
atom (181.9, d, JC-Rh = 54.0 Hz) and two for the η2-coordinated 
styrene at δ 54.1 (JC-Rh = 16.1 Hz, CH=CH2) and 32.3 (JC-Rh = 
15.6 Hz, CH=CH2). 

As we have shown, the catalytic activity of complex 2 is af-
fected by equilibrium processes both in C-H activation as well 
as in insertion steps. To shed light on the hydroarylation 
mechanism deuterium-labeling experiments have been per-
formed (Scheme 9). The catalytic H/D exchange on 2-
phenylpyridine (0.18 mmol) with CD3OD (0.5 mL) promoted 
by 2 (5 mol%) showed 73% of incorporation of deuterium 
atoms at both ortho positions of 2-phenylpyridine after 12 h at 
80°C. Otherwise, treatment of 2-phenylpyridine with styrene-
d8 (0.18 mmol) in 0.5 mL of C6D6 in the presence of 2 (5 
mol%) produced a H/D exchange between vinyl fragment of 
perdeuterated styrene (60, 58 and 54%) and both ortho-aryl 
protons of 2-phenylpyridine (60%) after 3 h at room tempera-
ture. Then, heating the sample for 12 h at 80 oC, resulted in the 
formation of the anti-Markovnikov 2-(2-
phenethylphenyl)pyridine product, with both CH2 groups (60 
and 62%) and ortho-arene positions (57%) partially deuterat-
ed. The observed pattern for H/D exchange confirms the exist-
ence of equilibriums both on C-H activation and insertion 
steps of the catalytic cycle. In addition, the similar amount of 
deuterium incorporation at the α and β positions of styrene 
implies that Markovnikov and anti-Markovnikov insertion 
pathways occurs at similar rates. Moreover, a kinetic study 
comparing the rate for styrene and styrene-d8 hydroarylation 
gave a KIE (Kinetic Isotopic Effect) of 1.06. This value sug-
gests that no X-H cleavage occurs in the rate-limiting step, 



 

therefore, C-H activation and migratory insertion steps might 
be discarded in favor of reductive elimination.32  

Scheme 9. Deuterium Labeling Experiments 

 
Based on the detected intermediates at low temperature and 

deuterium labeling experiments, a plausible mechanism for 
hydroarylation reactions is proposed in Scheme 10. The first 
step involves the coordination of the unsaturated substrate on 
the complex 2. Subsequently, the insertion of the olefin/alkyne 
may occur either by hydrometallation into Rh-H bond or by 
carbometallation into Rh-C bond. However, a hydrometalation 
pathway is proposed in view of alkyl intermediates 7 and 8 
detected in the reactivity studies. Furthermore, the insertion 
step via Markovnikov (route I) or anti-Markovnikov addition 
(route II) might yield the corresponding Rh-hydrocarbyl de-
rivatives which would be in equilibrium, as confirmed by the 
deuterium-labeling experiments. Reductive elimination could 
be operative only for the linear anti-Markovnikov species to 
yield the C-C coupled organic product and a rhodium(I) spe-
cies similar to detected intermediate 10. Finally, C-H activa-
tion of 2-phenylpyridine within rhodium(I) species regenerates 
the catalytic active species.  

Scheme 10. Proposed Catalytic Cycle for Hydroarylation 

 
Theoretical Calculations on the Mechanism. A detailed 

DFT computational analysis on the mechanism of hydroaryla-
tion promoted by 2 has been carried out. All the energies (∆G 
in kcal mol-1) are relative to the starting point A and the corre-
sponding reactants. Firstly, the hydroarylation of olefins was 
studied using propene as an alkene model (Figure 3). The 
structure of A consists of a square-planar rhodium(I) environ-
ment containing IPr, chlorido and 2-phenylpyridine ligands, 
the later displaying an agostic interaction between one ortho-

phenyl C-H bond and the metallic center. This interaction is 
easily broken by coordination of propene to form B, similar to 
10, resulting in a net stabilization by 4.2 kcal mol-1. Otherwise, 
compound A is a putative intermediate for the formation of the 
rhodium-hydride active species D, similar to 2, via a low ener-
gy C-H activation process.14d,16i,l Next, anti-Markovnikov 
insertion of the olefin into the Rh-H bond takes place via TSF 
to give the Rh-alkyl complex G, similar to 8. Finally, alkyl-
aryl reductive elimination through TSH yields a rhodium 
square planar species I , similar to A but bearing a ortho alkyl-
substituted 2-phenylpyridine, which lies 5.9 kcal mol-1 below 
A. Ligand exchange between 2-phenylpyridine and its func-
tionalized counterpart closes this exergonic catalytic cycle. 
Among the three transition states, TSH has the highest energy, 
thus reductive elimination is rate-limiting, showing an overall 
barrier from B of 23.3 kcal mol-1. Moreover, formation of G is 
a reversible process, in agreement with the experimental re-
sults and deuterium labeling experiments. Complex 8 was 
initially formed after treatment of 2 with styrene at low tem-
perature, but evolves into the more stable η

2-olefin complex 10 
at room temperature.  

The unsuccessful double-alkylation of 2-phenylpyridine was 
also explained by DFT calculations. In a similar way as ob-
served for A, coordination of a propene molecule to I  to yield 
J, resulting in a stabilization of 8.9 kcal mol-1, higher than that 
observed for B. From this point, the iteration of a similar 
pathway to that previously described via C-H activation 
(TSK), olefin insertion (TSN) and reductive elimination 
(TSP) results in the formation of Q bearing a doubly-alkylated 
2-phenylpyridine ligand. The absolute energy levels of all 
these transition states are lower than those found for their 
counterparts TSC, TSF, and TSH, respectively. However, the 
higher energetic barrier from J to TSP in comparison with that 
from B to TSH (27.9 vs 23.3 kcal mol-1), makes the second 
hydroarylation process unfeasible at the current temperature 
conditions. The reason for this fact is an additional stabiliza-
tion of J with respect to B. Structural analysis of intermediate 
J reveals that two hydrogen atoms of the alkyl substituent of 
the 2-phenylpyridine lie at 3.130 and 3.424 Å to the negatively 
charged chlorine ligand, indicating that some type of weak 
electrostatic interaction might be present. Analysis of non-
covalent interactions using the NCI method33 reveals a weakly 
attractive interaction region which can be responsible of the 
additional stability of J compared to B (see SI). 

The anti-Markovnikov selectivity of the alkene hydroaryla-
tion process has been also studied. Figure 4 shows the energy 
profile for the olefin insertion and reductive elimination steps 
for Markonikov (blue, left) and anti-Markovnikov additions 
(red, right). The first step displays similar energy barrier for 
the 2,1 or 1,2 insertion, 18.3 vs 17.9 kcal mol-1, respectively. 
However, the transition state corresponding to the branched 
alkyl-phenyl reductive elimination (TSH´) is located 2.9 kcal 
mol-1 above TSH, therefore disfavoring the formation of the 
branched-alkyl functionalized phenylpyridine. Moreover, the 
uniform distribution of the deuterium atoms over the three 
olefinic positions of styrene observed in the H/D exchange 
experiments is explained by two facts: i) reductive elimination 
as rate-limiting step, and ii ) similar energies observed for both 
insertion types (Scheme 9, B). 

 
 



 

 
Figure 3. DFT calculations (∆G in kcal mol-1) along the energy surface for the hydroarylaton of olefins. 

 
Figure 4. Computed energies (∆G in kcal mol-1) for the Markovnikov (blue) and anti-Markovnikov (red) olefin hydrometallation. 

 
Figure 5. DFT calculations (∆G in kcal mol-1) for the hydroarylaton of alkynes. 

 
Next, the alkyne hydroarylation processes were calculated 

(Figure 5). In this case, the coordination of a molecule of 
alkyne into A is disfavored by 3.5 kcal mol-1. Another im-
portant difference is the rate-limiting step. In contrast to al-
kene hydroarylation, transition state for insertion step TSF´´ is 
more disfavored than that of reductive elimination TSH´´ 
(22.3 vs 17.7 kcal mol-1). This is in agreement with the failure 
to detect experimentally any intermediate related to G´´ after 
treatment of 2 with diphenylacetylene. The energetic barrier 

from A to TSF´  ́ is lower than that observed for alkene hy-
droarylation (22.3 vs 23.3 kcal mol-1). Moreover, according to 
the experimental results, the second alkyne hydroarylation 
with the alkenyl-functionalized phenylpyridine is faster than 
the first alkyne hydroarylation process. The energy barrier 
between the more stable rhodium-hydride intermediate L’’  
and the higher energy transition state corresponding to the 
alkyne insertion, TSN´ ,́ is only 21.3 kcal mol-1. The origin of 
the different behavior of alkenes and alkynes seems to be 



 

related to coordination of the unsaturated ligand to the corre-
sponding square-planar agostic intermediates A or I . While 
coordination of alkene to I  reduces the ground state energy of 
the intermediate J by 8.9 kcal mol-1, the coordination of an 
alkyne to I ´´ is disfavored. The stabilization gained in the case 
of the alkenes increase the energetic barrier, thus hampering 
the catalytic process. 

Finally, the relevant intermediate and transition state for de-
termining the energetic barrier for the tandem alkyla-
tion/alkenylation process was calculated (Figure 6). A separa-
tion of 23.4 kcal mol-1 was found, which lies between that 
obtained for the operative double alkenylation and unfeasible 
double alkylation. 

 

Figure 6. Comparison of energy barriers for double alkyla-
tion (left, red), double alkenylation (center, blue) and tandem 
alkylation/alkenylation (right, green). 

CONCLUSION 
A new NHC-rhodium-hydride complex RhClH{κ-N,κ-C-

(C11H8N)}(IPr) has been revealed as efficient catalyst for 
olefin isomerization and C-C coupling reactions. High selec-
tivity for the formation of the E-regioisomer is observed in the 
isomerization of internal or terminal alkenes, including chain-
walking processes, as a result of a favored β-elimination step. 
Hydroarylation of olefins with 2-phenylpyridine lead to the 
selective formation of linear mono-ortho-alkylated derivatives 
whereas internal alkynes afford bis-ortho-alkenylated com-
pounds. The rhodium-hydride catalyst promotes tandem isom-
erization/hydroarylation processes and more interestingly 
alkylation/alkenylation reactions as a useful synthetic ap-
proach to functionalized styrenes.  

Stoichiometric reactions at low temperature, deuterium la-
beling experiments, and DFT studies have revealed a mecha-
nism entailing C-H activation, migratory insertion and reduc-
tive elimination. In the case of olefin hydroarylation, both C-H 
activation as well as migratory insertion are reversible, where-
as reductive elimination is the rate-limiting step. However, 
migratory insertion is rate-limiting for alkyne hydroarylation. 
DFT calculations have disclosed a high barrier for the double 
alkylation process whereas tandem alkylation/alkenylation 
rate-determining step lies well below that and slightly above 
the operational double alkenylation. The origin for the differ-
ent behavior of alkenes and alkynes arises from the coordina-
tion of the unsaturated substrates to a C-H agostic intermediate 
species. While coordination of alkynes is disfavored, alkenes 
stabilize agostic intermediates, therefore resulting in an incre-
ment of the barrier. An additional stabilization by non-
covalent interactions between the mono-alkylated product and 

the chloride ligand renders the double alkylation process un-
feasible.  

EXPERIMENTAL SECTION 
General Considerations. All reactions were carried out 

with rigorous exclusion of air using Schlenk-tube techniques. 
The reagents were purchased from commercial sources and 
were used as received. Organic solvents were dried by stand-
ard procedures and distilled under argon prior to use or ob-
tained oxygen- and water-free from a Solvent Purification 
System (Innovative Technologies). The organometallic pre-
cursor [Rh(µ-Cl)(IPr)(η2-coe)]2 (1) was prepared as previously 
described in the literature.18a Chemical shifts (expressed in 
parts per million) are referenced to residual solvent peaks (1H 
and 13C{1H}). Coupling constants, J, are given in Hz. Spectral 
assignments were achieved by combination of 1H-1H COSY, 
13C{1H}-APT and 1H-13C HSQC/HMBC experiments. C, H, 
and N analyses were carried out in a Perkin-Elmer 2400 
CHNS/O analyzer. High-resolution electrospray mass spectra 
(HRMS) were acquired using a MicroTOF-Q hybrid quadru-
pole time-of-flight spectrometer (Bruker Daltonics, Bremen, 
Germany). GC-MS analysis were recorder on an Agilent 5973 
mass selective detector interfaced to an Agilent 6890 series 
gas chromatograph system, using a HP-5MS 5% phenyl me-
thyl siloxane column (30 m x 250 mm with a 0.25 mm film 
thickness). 

Preparation of RhClH{ κ-N,κ-C-(C11H8N)}(IPr) (2) . A so-
lution of dinuclear complex 1 (300 mg, 0.23 mmol) in 100 mL 
of toluene was treated with 2-phenylpyridine (67 µL, 0.470 
mmoles) and stirred for 2h at 80°C. After filtration through 
Celite the solvent was evaporated to dryness. Addition of 
hexane induced the precipitation of a yellow solid, which was 
washed with hexane (3 x 4 mL) and dried in vacuo. Yield: 280 
mg (87%). Anal. Calcd. for C38H45N3ClRh: C, 66.91; H, 6.65; 
N, 6.16. found: C, 67.18; H, 6.77; N, 6.21.1H NMR (500 MHz, 
toluene-d8, 243 K): δ 9.64 (d, JH-H = 5.7, 1H, H6-py), 7.2-6.8 
(10H, HPh), 6.69 (d, JH-H = 8.0, 1H, H3-py), 6.66 and 6.55 (both 
d, JH-H = 1.7, 2H, =CHN), 6.56 (dd, JH-H = 8.0, 7.4, 1H, H4-py), 
6.12 (dd, JH-H = 7.4, 5.7, 1H, H5-py), 4.08, 3.79, 3.22, and 2.82 
(all sept, JH-H = 7.4, 4H, CHMeIPr), 1.88, 1.65, 1.15, 1.06, 1.04, 
1.02, 0.95, and 0.64 (all d, JH-H = 7.4, 24H, CHMeIPr), -24.67 
(d, JH-H = 50.2, 1H, Rh-H). 13C{1H}-APT NMR (125.6 MHz, 
toluene-d8, 243 K): δ 185.7 (d, JC-Rh = 57.0, Rh-CIPr), 163.9 (d, 
JC-Rh = 32.0, Rh-CPh), 163.6 (d, JC-Rh = 2.0, C2-py), 150.8 (s, C6-

py), 148.5, 147.7, 146.8, and 144.9 (all s, Cq-IPr), 146.9 (s, Cq-

Ph), 139.9, 130.0, 129.8, 129.6, 128.4, 128.2, 124.2, 123.6, 
123.5, and 123.2 (all s, CHPh), 139.3 and 135.4 (both s, CqN), 
136.2 (s, C4-py), 121.7 and 121.3 (both s, =CHN), 120.7 (s, C5-

py), 116.5 (s, C3-py), 29.4, 29.3, 28.6, and 28.3 (all s, CHMeIPr), 

27.2, 26.3, 25.7, 25.6, 23.9, 23.6, 22.9, and 22.6 (all s, 
CHMeIPr). 

In-situ Formation of RhCl(Et) {κ-N,κ-C-(C11H8N)}(IPr) 
(7). A NMR Young tube containing a toluene-d8 solution of 2 
(30 mg, 0.044 mmol) was charged with 2 bar of ethylene at 
243 K. NMR Spectra were measured immediately at low tem-
perature. 1H NMR (400 MHz, toluene-d8, 243 K): δ 10.07 (d, 
JH-H = 4.9, 1H, H6-py), 7.2-6.4 (10H, HPh), 6.97 (d, JH-H = 7.4, 
1H, H3-py), 6.69 (dd, JH-H = 7.8, 7.4, 1H, H4-py), 6.76 and 6.57 
(both d, JH-H = 1.6, 2H, =CHN), 6.22 (dd, JH-H = 7.8, 4.9, 1H, 
H5-py), 4.51, 3.58, 3.33, and 3.30 (all sept, JH-H = 7.4, 4H, 
CHMeIPr), 2.85 and 1.75 (both m, 2H, RhCH2), 1.82, 1.77, 
1.40, 1.33, 1.19, 1.12, 1.09, and 0.95 (all d, JH-H = 7.4, 24H, 
CHMeIPr), -0.10 (m, 3H, Rh-CH2CH3). 

13C{1H}-APT NMR 
(100.4 MHz, toluene-d8, 243 K): δ 181.5 (d, JC-Rh = 60.8, Rh-



 

CIPr), 172.9 (d, JC-Rh = 38.7, Rh-CPh), 163.8 (s, C2-py), 150.9 (s, 
C6-py), 149.1, 147.6, 145.4, and 144.2 (all s, Cq-IPr), 146.9 (s, 
Cq-Ph), 140.5, 130.4, 130.0, 129.8, 129.0, 127.0, 124.0, 123.9, 
123.8, 123.3, 123.1, 121.6 (all s, CHPh, =CHN), 136.7 and 
134.3 (both s, CqN), 136.4 (s, C4-py), 120.6 (s, C5-py), 116.9 (s, 
C3-py), 29.6, 29.4, 29.0, and 28.7 (all s, CHMeIPr), 27.5, 26.9, 
26.2, 26.1, 26.0, 23.8, 23.3, and 22.9 (all s, CHMeIPr), 18.3 (d, 
JC-Rh = 32.4, RhCH2CH3), 14.4 (s, RhCH2CH3). 

In-situ Formation of RhCl(CH 2CH2Ph){κ-N,κ-C-
(C11H8N)}(IPr) (IPr) (8) . A solution of 2 (30 mg, 0.044 
mmol) in toluene-d8 (0.5 mL, NMR tube) at 243 K was treated 
with styrene (5 µL 0.044 mmol). The tube was kept at low 
temperature for 30 min before the recording of the spectra. 1H 
NMR (400 MHz, toluene-d8, 243 K): δ 10.18 (d, JH-H = 5.5, 
1H, H6-py), 7.4-6.9 (10H, HPh), 6.98 (d, JH-H = 8.2, 1H, H3-py), 
6.92 (dd, JH-H = 7.8, 7.1, 2H, Hm-Ph-st), 6.76 and 6.55 (both br, 
2H, =CHN), 6.75 (dd, JH-H = 8.2, 6.7, 1H, H4-py), 6.71 (t, JH-H = 
7.1, 1H, Hp-Ph-st), 6.47 (d, JH-H = 7.8, 2H, Ho-Ph-st), 6.25 (dd, JH-H 
= 6.7, 5.5, 1H, H5-py), 4.66, 3.47, 3.33, and 3.32 (all sept, JH-H 
= 6.3, 4H, CHMeIPr), 2.94 and 1.74 (both m, 2H, RhCH2CH2), 
2.17, and 1.68 (both m, 2H, RhCH2CH2), 1.94, 1.80, 1.27, 
1.15, 1.14, 1.12, 0.96, and 0.59 (all d, JH-H = 6.3, 24H, 
CHMeIPr). 

13C{1H}-APT NMR (100.4 MHz, toluene-d8, 
243K): δ 181.2 (d, JC-Rh = 60.3, Rh-CIPr), 172.4 (d, JC-Rh = 
40.2, Rh-CPh), 164.0 (d, JC-Rh = 1.9, C2-py), 151.0 (s, C6-py), 
149.1, 147.2, 145.3, 144.0 (all s, Cq-IPr), 146.9 (s, Cq-Ph), 142.1 
(d, JC-Rh = 3.1, Cq-Ph-st), 140.6, 138.9, 130.0, 129.7, 125.2, 
123.9, 123.8, 123.7, 123.1, and 121.6 (all s, CHPh), 136.7 (s, 
C4-py), 136.4 and 134.4 (both s, CqN), 128.1 (s, Co-Ph-st), 127.5 
(s, Cm-Ph-st), 125.4 and 124.6 (both s, =CHN), 123.3 (Cp-Ph-st), 
120.7 (s, C5-py), 117.0 (s, C3-py), 40.2 (s, RhCH2CH2Ph), 29.7, 
29.4, 28.9, and 28.7 (all s, CHMeIPr), 23.4 (d, JC-Rh = 34.3, 
RhCH2CH2Ph), 27.6, 27.0, 26.1, 26.0, 23.8, 23.4, 22.9, and 
20.5 (all s, CHMeIPr). 

In-situ Formation of RhCl(η2-CH2=CHPh)(κ-N-2-
phenylpyridine)(IPr) (10) . A freshly prepared solution of 7 
was warming to room temperature for 10 min and then cooled 
to low temperature for the recording of the spectra. 1H NMR 
(400 MHz, toluene-d8, 243K): δ 8.37 (d, JH-H = 5.7, 1H, H6-py), 
8.25 (d, JH-H = 7.6, 2H, Ho-PhPy), 7.60, 7.44, 7.22, and 7.12 (all 
d, JH-H = 8.0, 4H, Hm-IPr), 7.53 and 7.47 (both t, JH-H = 8.0, 2H, 
Hp-IPr), 7.31 (t, JH-H = 7.3, 1H, Hp-PhPy), 6.93 (dd, JH-H = 7.6, 7.3, 
2H, Hm-PhPy), 6.80 (t, JH-H = 6.8, 1H, Hp-Ph-st), 6.56 and 6.09 
(both br, 4H, HPh-st), 6.55 (m, 1H, H4-py), 6.54 (m, 1H, H3-py), 
6.53 and 6.49 (both d, JH-H = 1.9, 2H, =CHN), 5.93 (dd, JH-H = 
6.5, 5.7, 1H, H5-py), 4.96, 4.30, 2.55, and, 2.11 (all sept, JH-H = 
6.8, 4H, CHMeIPr), 4.55 (dd, JH-H = 12.3, 7.6, 1H, CH=CH2), 
2.24 (d, JH-H = 7.6, 1H, CH=CH2), 1.93, 1.74, 1.27, 1.20, 1.15, 
1.13, 1.02, and 0.92 (all d, JH-H = 6.8, 24H, CHMeIPr), 1.63 (d, 
JH-H = 12.3, 1H, CH=CH2). 

13C{1H}-APT NMR (100.4 MHz, 
toluene-d8, 243K): δ 181.9 (d, JC-Rh = 54.0, Rh-CIPr), 158.9 (s, 
C2-py), 154.4 (s, C6-py), 148.8, 148.6, 146.2, and 146.0 (all s, Cq-

IPr), 146.3 (s, Cq-Ph-st) 140.6 (s, Cq-Ph), 138.1 and 137.9 (both s, 
CqN), 134.4 (s, C4-py), 129.8, 129.6, 125.2, 125.0, 123.8, 123.4 
(all s, CPh-IPr), 128.5 (s, Co-PhPy), 128.0, 127.7, and 123.2 (all s, 
CPh-st), 127.9 (s, Cm-PhPy), 127.6 (s, Cp-PhPy), 125.1 and 124.9 
(both s, =CHN), 123.0 (s, C3-py), 120.7 (s, C5-py), 54.1 (d, JC-Rh 
= 16.1, CH=CH2), 32.3 (d, JC-Rh = 15.6, CH=CH2), 28.9, 28.7, 
28.7, and 28.5 (all s, CHMeIPr), 26.8, 26.7, 26.5, 26.2, 24.0, 
23.7, 22.1, and 22.0 (all s, CHMeIPr). 

Standard conditions for hydroarylation of alkenes and 
alkynes with 2-phenylpyridine. A NMR tube containing a 
solution of 0.01 mmol of catalyst 2 in 0.5 mL of C6D6 was 
treated with 0.20 mmol of 2-phenylpyridine and 0.20 mmol of 

alkene or 0.40 mmol of alkyne and heated at 90 ºC. The reac-
tion course was monitored by 1H NMR and the conversion 
was determined by integration of the corresponding resonanc-
es of the alkyne and the products. 

Standard conditions for tandem hydroarylation with 2-
phenylpyridine. A NMR tube containing a solution of 0.01 
mmol of catalyst 2 in 0.5 mL of C6D6 was treated with 0.20 
mmol of 2-phenylpyridine and 0.20 mmol of alkene, which 
was heated at 90°C to obtain the monoalkylated compound. 
Afterwards, 0.20 mmol of alkyne was added to the NMR tube 
and heated at 90 ºC. The reaction course was monitored by 1H 
NMR and the conversion was determined by integration of the 
corresponding resonances of the alkyne and the products. 

Crystal Structure Determination. Single crystals of 2 for 
the X-ray diffraction studies were grown by diffusion of hex-
ane into a toluene solution of 2. X-ray diffraction data were 
collected at 100(2) K on a Bruker APEX SMART CCD dif-
fractometer with graphite-monochromated Mo−Kα radiation 
(λ = 0.71073 Å) using 0.6° ω rotations. Intensities were inte-
grated and corrected for absorption effects with SAINT–
PLUS34 and SADABS35 programs, both included in APEX2 
package. The structures were solved by the Patterson method 
with SHELXS-9736 and refined by full matrix least-squares on 
F2 with SHELXL-2014,37 under WinGX.38 

Crystal data for 2. 4(C38H45ClN3Rh)·C7H8, M = 2820.64 
g·mol–1, monoclinic, P21/n, a = 22.2298(10) Å, b = 14.0027(6) 
Å, c = 23.0551(11) Å, β = 102.7880(10)°, V= 6998.5(5) Å3, Z 
= 2, Dcalc = 1.339 Mg·m–3, µ = 0.596 mm–1, F(000) = 2948, 
yellow prism, 0.283 x 0.260 x 0.090 mm3, ϑmin = 1.442°, ϑmax = 
28.702°, limiting indexes –29≤h≤29, -18≤k≤18, -30≤l≤30, 
reflections collected/unique 140709/17219 [R(int) = 0.0481], 
data/restraints/parameters 17219/17/851, GOF = 1.065, R1 = 
0.0335 [I>2σ (I)], wR2 = 0.0752 (all data). Largest diff. 
peak/hole 0.853/–0.784 e·Å–3.  

Determination of rotational barriers . Full line-shape analy-
sis of the dynamic 1H NMR spectra of 5a were carried out 
using the program gNMR (Cherwell Scientific Publishing 
Limited). The transverse relaxation time, T2, was estimated at 
the lowest temperature. Activation parameters ∆H≠ and ∆S≠ 
were obtained by linear least-squares fit of the Eyring plot. 
Errors were computed by published methods.39 

Computational details. All DFT theoretical calculations were 
carried out using the Gaussian program package.40 The M06 
method,41 has been used for both energies and gradient calcu-
lations. All atoms were treated with the def2-SVP basis set42 
together with the corresponding core potential for Rh for ge-
ometry optimizations. Energies were further refined by single 
point calculations using the def2-TZVP basis set and solvent 
corrections using the SMD43 approach for benzene as imple-
mented in G09. The “ultrafine” grid was employed in all cal-
culations. All reported energies are Gibbs free energies re-
ferred to a 1 M standard state using the correction proposed by 
Goddard III et al.44 at 90º C including basis set and solvent 
corrections. The nature of the stationary points was confirmed 
by analytical frequency analysis, and transition states were 
characterized by a single imaginary frequency corresponding 
to the expected motion of the atoms. The NCIPLOT program45 
has been used for the NCI maps.  
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