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ABSTRACT: Density functional theory calculations (DFT)
have been performed on Rh(III)-catalyzed phosphoryl-
directed oxidative C−H activation/cyclization to investigate
the detailed mechanism, including four basic steps: C−H
activation, alkyne insertion, reductive elimination, and catalyst
recycling, each of which consists of different steps.
Interestingly, the Rh(III)−AgOAc catalyst system was found
to be more favorable in the C−H activation step in
comparison with the Rh(III)−Ag2CO3 system, whereas the
Rh(I)−Ag2CO3 catalyst system was more efficient for catalyst
recycling. Importantly, our calculations suggest that the alkyne
insertion process is a reversible step. Reductive elimination is the rate-determining step with an activation energy of 25.0 kcal/
mol. In addition, the origin of the reactivity and selectivity difference between diarylacetylenes and dialkylacetylenes or electron-
rich and electron-deficient diarylacetylenes was probed by means of comparative DFT calculations. The calculation results show
that the electronic effects of alkynes play a key role in the reactivity and selectivity, in line with the experimental observations that
diarylacetylenes and electron-rich diarylacetylenes are more reactive than dialkylacetylenes and electron-deficient diary-
lacetylenes, respectively. Our findings should be useful for further developments of transition-metal-catalyzed C−H activation
reactions.

1. INTRODUCTION

The increasing importance of organophosphorus compounds in
pharmaceuticals and agrochemicals as well as the use of
phosphorus-based ligands has spurred vigorous research into
the development of new approaches for the modification of
these compounds.1 The phosphoryl group is one of the most
crucial chemical motifs in this area. For example, the presence
of a phosphoryl group can significantly improve the metabolic
stability and bioavailability of several organic substrates.2

Recently, a large number of transition-metal-catalyzed
methods for the construction of structurally sophisticated
organophosphorus compounds have emerged.3 Among them,
transition-metal-catalyzed phosphoryl-directed C−H function-
alization has attracted great attention due to its high efficiency
and atom economy.4 In 2013, Lee and co-workers reported a
rhodium(III)-mediated phosphoryl-directed oxidative C−H
activation/cyclization with good to excellent yields and broad
substrate applicability,4o,p undoubtedly providing an exquisite

entry to the synthesis of phosphaisocoumarins and phosphorus
2-pyrones that are otherwise difficult to prepare (Scheme 1).3f

Considerable recent progress in Rh(III)-mediated C−H
functionalization reactions has been accomplished.5 However,
in contrast to a number of experimental6 and theoretical7

studies on the mechanisms of palladium(II)-catalyzed C−H
activation reactions, the reaction mechanisms of the rhodium-
(III)-catalyzed C−H activation have been less studied. Recently
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Scheme 1. Rh(III)-Catalyzed Phosphoryl-Directed Oxidative
C−H Activation/Cyclization
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we found that the hydroxy group of phosphoryl in the
palladium(II)-catalyzed ortho olefination can not only proto-
nate the η1-CH3COO− ligand but also stabilize the
intermediates and transition states,7k which poses an interesting
question as to whether the role of the phosphoryl group in
Rh(III)-catalyzed phosphoryl-directed oxidative C−H activa-
tion/cyclization is similar to that in our previous study. In
addition, the different reactivities and selectivities of alkynes
and the operating mechanism of the AgOAc/Ag2CO3 system in
these transformations are still not well understood.
Importantly, Rh-catalyzed alkyne insertion into a Rh−Csp

2

bond or a Rh−Csp
3 bond and reductive elimination of a C−C

bond have been broadly studied by several groups.8 However,
to the best of our knowledge, a comparison of Rh(III)-catalyzed
alkyne insertions into Rh−X (X = O, Csp

2) bonds has not been
studied so far. Here we report theoretical calculations to
investigate the detailed reaction mechanism of Rh(III)-
catalyzed phosphoryl-directed oxidative C−H activation/
cyclization, including four basic steps: C−H activation, alkyne

insertion, reductive elimination, and catalyst recycling, each of
which consists of different steps, providing hints for further
developments of new catalytic reactions.

2. COMPUTATIONAL METHODS
All calculations were carried out with the Gaussian 09 package.9

Geometry optimizations and frequency calculations were performed
with the B3LYP functional.10 The 6-31G(d)11 basis set was used for C,
H, and O. Rh, Ag, P, Cl, and Br atoms were described by the effective
core potentials of Hay and Wadt with a valence double-ζ basis set
(LANL2DZ).12 Polarization functions were added for Rh (ξf = 1.35),
Ag (ξf = 1.611), P (ξd = 0.387), Cl (ξd = 0.64), and Br (ξd = 0.428).13

Transition states were examined by vibrational analysis and then
submitted to intrinsic reaction coordinate (IRC)14 calculations to
determine two corresponding minima. To calculate the single-point
electronic energies in solution, the same method with a mixed basis set
employing 6-311++G(2d,p)15 for C, H, O, P, Cl, Br, and SDD16 for
Rh and Ag was used. The default self-consistent reaction field (SCRF)
polarizable continuum model (PCM) was used with 2-methyl-2-
propanol (dielectric constant ε = 12.47), while Bondi radii17 were
chosen as the atomic radii to define the molecular cavity. The gas-

Figure 1. Free energy profiles for the C−H activation step for Rh(III)-catalyzed C−H activation/cyclization. The values are given in kcal/mol.
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phase geometry was used for all of the solution-phase calculations. A
similar treatment was also used in many recent computational
studies.18 Dispersion correction calculations using the corresponding
B3LYP-D functional were performed with the DFT-D3 program of
Grimme.19 The Gibbs energy corrections from frequency calculations
and dispersion corrections were added to the single-point energies to
obtain the Gibbs free energies in solution. All of the solution-phase
free energies reported in the paper correspond to the reference state of
1 mol/L, 298 K.
In the calculations, the model substrates methyl hydrogen

phenylphosphonate (PhP(O)(OMe)(OH)), but-2-yne, [CpRhCl2]2
(Cp = cyclopentadienylanion), and AgOAc were chosen. Relative
free energies in solution (2-methyl-2-propanol) were employed to
analyze the reaction mechanism. A comparison of some relative free
energies of the reaction mechanism obtained with the model substrates
(PhP(O)(OMe)(OH) and [CpRhCl2]2) and the real substrates
(PhP(O)(OEt)(OH) and [Cp*RhCl2]2 (Cp* = 1,2,3,4,5-pentam-
ethylcyclopentadienyl anion)) is provided in the Supporting
Information. The results showed that the free energies do not differ
significantly. For example, the free energies of TS7 (relative to IN7)
are 36.9 and 37.4 kcal/mol for the model substrates and the real
substrates, respectively. In addition, considering that the B3LYP
functional is problematic in treating some transition-metal systems, we
evaluated the effects of density functionals in this study. The results
show that different DFT methods provide a consistent energy profile
(for details see the Supporting Information). Optimized structures
were visualized by the CYLview program.20

3. RESULTS AND DISCUSSION

3.1. C−H Bond Activation. On the basis of the kinetic
study21 of a sodium acetate promoted [Cp*RhCl2]2-catalyzed
C−H activation reaction, the plausible active catalytic species
has been assumed to be the coordinatively unsaturated
[Cp*Rh(OAc)]+, where the rhodium center would be easily
attacked by nucleophilic reagents. In addition, ligand-assisted
concerted metalation−deprotonation was found to be the most
favorable process in the Pd-7b,l and Ir-catalyzed22 C−H
activation steps. It is important to note that, in the experimental
study,4o,p both AgOAc (1.0 equiv) and Ag2CO3 (1.0 equiv)
were needed under the optimized reaction conditions (Scheme
1). Therefore, as shown in Figure 1, two active catalyst
complexes (IN1 and IN1′) could be considered as the starting
points for the C−H activation steps, which are generated from

the catalyst precursor [Cp*RhCl2]2 in the presence of AgOAc
and Ag2CO3, respectively.
Figure 1a depicts the CH3COO

− ligand promoted C−H
bond activation step. Initially, the approach of the substrate
PhP(O)(OMe)(OH) toward IN1 (−3.8 kcal/mol) generates
the complex IN2 (0.5 kcal/mol) by the intermolecular
hydrogen bond O3−H···O1. Since the oxygen of PO is
more nucleophilic than those of P−OH and P−OMe,7k,23

subsequently, O4 coordinates to the Rh center via the six-
membered transition state TS1 (7.1 kcal/mol) with an
activation energy of 10.9 kcal/mol relative to IN1. Then, the
intermediate IN3 (1.6 kcal/mol) is formed, which bears the
intramolecular hydrogen bond O3−H···O1, promoting an
intramolecular hydrogen transfer through the transition state
TS2 (−3.9 kcal/mol) to generate the new intermediate IN4
(−2.2 kcal/mol) with a stabilizing O3···H−O1 bond. From
IN4, the more stable intermediate IN5 (−9.9 kcal/mol),
bearing one η2-CH3COO

− in the ligand field, could be located
via the removal of the neutral acetic acid. Finally, a CH3COO

−-
assisted concerted metalation−deprotonation process takes
place via the six-membered transition state TS3 (the activation
barrier is 20.9 kcal/mol), leading to the formation of the
intermediate IN6 (−6.9 kcal/mol), which is feathered by a Rh-
containing five-membered-ring structure.
On the other hand, the CO3

2− ligand can also facilitate the
C−H bond activation step.7a,24 Thus, we also turn our attention
to this step (Figure 1b). In IN1′, the Rh center is coordinatively
unsaturated; therefore, the substrate PhP(O)(OMe)(OH) can
readily bind to IN1′, forming the very stable intermediate IN2′
(−20.8 kcal/mol) with the intramolecular hydrogen bond O3−
H···O2. Subsequent CO3

2− ligand mediated C−H bond
activation occurs with an activation energy of 30.6 kcal/mol.
Then a proton transfer from O3 to O2 occurs with an
activation barrier of 3.3 kcal/mol. The role of the hydroxy
group of phosphoryl is to stabilize the intermediates and
transition states and also to act as a proton donor so that the
CH3COO

− and HCO3
− ligands could be protonated to

generate the corresponding neutral acids for easy removal,
which is found to be similar to our previous report.7k

Figure 2. Free energy profile for the alkyne insertion and reductive elimination steps for Rh(III)-catalyzed C−H activation/cyclization. The values
are given in kcal/mol.
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Our calculations reveal that the first role of the AgOAc/
Ag2CO3 system is to provide sources of CH3COO

− and CO3
2−

ligands to facilitate the C−H activation process. Note that the
neutral HOAc and H2CO3 could be readily replaced by alkynes
in IN6 and IN4′, respectively, giving the same product IN7
(Figure 2). Moreover, the activation energy (rate-determining
step) of the CH3COO

− ligand mediated C−H activation
process is computed to be 20.9 kcal/mol, which is 9.7 kcal/mol
lower than that of the CO3

2−-mediated process, indicating
AgOAc-mediated C−H bond activation is more favorable.
Thus, IN6 was chosen for the further study.
3.2. Alkyne Insertion and Reductive Elimination. The

alkyne insertion step (Figure 2) begins with the removal of the
neutral acetic acid from IN6 to create a vacant coordination site
on the Rh(III) center and allow the coordination of the CC
triple bond of but-2-yne, generating IN7 with a energy of −6.4
kcal/mol. From IN7, two pathways are considered (Figure 2,
paths A and B): the but-2-yne may insert into the Rh−Csp

2

bond (path A) via TS4 (11.1 kcal/mol) to form IN8 (−1.3
kcal/mol), in which the C6−C7 double bond is conjugated
with the phenyl π bond, or insert into the Rh−O bond (Path
B) via TS6 (15.5 kcal/mol) to form IN10 (5.5 kcal/mol).
The highest occupied molecular orbital (HOMO) of IN7

(Figure 3) is mainly localized at the π orbital of the phenyl ring.

Thus, alkyne attacks at the Csp
2 could lead to favorable orbital

overlap between the phenyl π orbital and the alkyne π* orbital.
Therefore, the activation energy of TS4 (18.0 kcal/mol, relative
to IN6) is 4.4 kcal/mol lower than that (22.4 kcal/mol, relative
to IN6) of TS6. The free energy of IN8 is 6.8 kcal/mol lower
than that of IN10. Interestingly, the relative free energies of
IN8 (−1.3 kcal/mol) and IN10 (5.5 kcal/mol) are 5.1 and 11.9
kcal/mol higher than that of IN7 (−6.4 kcal/mol), respectively,
indicating that both alkyne insertion processes are reversible
and the two intermediates IN8 and IN10 are in equilibrium
with each other.

Subsequent reductive elimination processes may take place
from both IN8 and IN10, via C−O (TS5, 29.4 kcal/mol) and
C−C bond formation (TS7, 30.5 kcal/mol), leading to the
cyclization products IN9 (14.9 kcal/mol) and IN11 (−8.6
kcal/mol), respectively. The activation energy of the C−O
bond reductive elimination is 30.7 kcal/mol, which is 5.7 kcal/
mol higher than that of the C−C bond reductive elimination. In
addition, the π complex IN11 is much more stable than the σ
complex IN9 by 23.5 kcal/mol, clearly demonstrating that path
B is more favorable than path A.
In summary, although the alkyne insertion into Rh−Csp

2

bond is energetically favorable, the next C−O bond reductive
elimination is too energy demanding. Furthermore, the process
of the alkyne insertion into Rh−Csp

2 bond is found to be
reversible so that the resting state IN8 could regenerate IN7,
which could undergo Rh−O insertion. Therefore, the preferred
alkyne insertion step involves two key steps: alkyne insertion
into the Rh−O bond and C−C bond reductive elimination.

3.3. Reactivity and Selectivity of Different Alkynes. It
is interesting to note that the reactivities and selectivities of
alkynes were found to be much different in the alkyne
competition experiments (Scheme 2).4o,p For example, a
competition experiment between diphenylacetylene and 5-
decyne (1.5 equiv each) generates mainly the phosphaisocou-
marin 1a (Scheme 2, top equation). A mixture of electron-rich
(p-methoxy) and electron-deficient (p-bromo) diarylacetylenes
was treated with phenylphosphonic acid monoester to generate
phosphaisocoumarin 2a as the major product (Scheme 2,
bottom equation), which was obtained from the electron-rich
alkyne.
On the basis of these experimental observations, we

performed comparative DFT calculations to identify key factors
that control the reactivities and selectivities. As shown in Table
1, the relative free energies among the four alkynes in the
alkyne insertion step are influenced by several factors. Notably,
the activation energies (IN6 → TS6) of diarylacetylenes are
much lower than that of dialkylacetylene (Table 1, entries 1 and
2), which could mainly be attributed to electronic effects. For
example, the energy of the HOMO in 1,2-diphenylethyne is
0.03 eV higher than that in but-2-yne so that 1,2-
diphenylethyne is more nucleophilic (Table 1, entries 1 and
2). The energy of the LUMO in but-2-yne is computed to be
0.68 eV, whereas that in 1,2-diphenylethyne is −0.05 eV,
indicating 1,2-diphenylethyne is a better candidate for
enhancing back-donation from the metal center.
Figure 4 illustrates the structures of the four transition states.

The O−C7 bond length (2.145 Å) in TS6B is much shorter

Figure 3. HOMO (isovalue = 0.05) of IN7.

Scheme 2. Alkyne Competition Experiments
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than that (2.180 Å) in TS6A, indicating that but-2-yne requires
more energy to insert into the Rh−O bond. Thus, diary-
lacetylenes are more reactive than dialkylacetylenes, in line with
the experimental observations (Scheme 2, top equation).
Similarly, the C6−C8 bond length is 1.768 Å in TS7A, which
is longer than that (1.749 Å) in TS7B. Consequently, the
activation energy of TS7B (relative to the corresponding
resting state) is 1.3 kcal/mol higher than that of TS7A, which
could be one of the key factors in controlling the reactivities
and selectivities between electron-deficient and electron-rich
diarylacetylenes.
3.4. Catalyst Recycling. Apparently, the formal oxidation

state of the metal center in IN11 is Rh(I). We then focus on
the Ag(I) salt promoted oxidation process. Because the Ag

atom has a single electron, it may easily build up to the Ag
cluster. Furthermore, experimental measurements show that
the Ag−Ag bond is quite strong (38.3 kcal/mol).25 Therefore,
the recovery of the Rh(III) catalyst may start when a AgOAc or
a Ag2CO3 molecule approaches IN11, forming the intermediate
IN12 (−24.5 kcal/mol) or IN12′ (−26.6 kcal/mol) (Figure 5),
respectively. Separation of the product from IN12 or IN12′ is
thermodynamically feasible, since these processes are exergonic
by 20.7 or 3.6 kcal/mol, respectively.
Although IN13 is more stable than IN13′ by 15.0 kcal/mol,

subsequent Ag−Ag bond formation in TS8 (very late transition
state, activation energy 22.6 kcal/mol) is much more energy
demanding than that in TS8′ (very early transition state,
activation energy 0.9 kcal/mol), definitely showing that the

Table 1. Comparative Studies of the Different Reactivities in Various Alkynes by DFT Calculations

ΔGb

entry R in alkyne E(HOMO)a E(LUMO)a IN7 TS6 IN10 TS7 IN11 ΔΔGc

1 Ph −0.21 −0.05 1.4 18.8 7.8 32.8 −0.6 25.0
2 Me −0.24 0.68 0.5 22.4 12.4 37.4 −1.7 25.0
3 p-MeOPh −0.19 −0.03 1.8 17.4 8.4 32.5 −2.7 24.1
4 p-BrPh −0.22 −0.06 1.2 18.4 7.4 33.8 −1.4 26.4

aThe HOMOs and LUMOs of alkynes are calculated in the gas phase at the B3LYP/6-31G(d)+LanL2DZ level. The values are given in eV. bThe
values are given in kcal/mol. cThe activation energies (IN10 → TS7) are given in kcal/mol.

Figure 4. Structures (Å) of four transition states. Hydrogen atoms are omitted for clarity.
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AgOAc-mediated Ag−Ag bond formation step is reversible,
whereas the Ag2CO3-mediated step is irreversible. However, as
the Ag2 concentrates, it can build up,26 promoting a forward
shift in the chemical equilibrium. Thus, the second role of the
AgOAc/Ag2CO3 system is to recycle the Rh(III) catalyst.

4. CONCLUSIONS

We have investigated the detailed mechanism and origin of
reactivity and selectivity of different alkynes in Rh(III)-
catalyzed phosphoryl-directed oxidative C−H activation/
cyclization, including four basic steps: C−H activation, alkyne
insertion, reductive elimination, and catalyst recycling. The
activation energies in all possible pathways were computed. In
the C−H activation step, the preferred catalytic cycle was
facilitated by the Rh−AgOAc catalyst system. The activation
energy (rate-determining step) is computed to be 20.9 kcal/
mol, which is 9.7 kcal/mol lower than that for the Rh−Ag2CO3

catalyst system. In the alkyne insertion and reductive
elimination steps, two pathways were considered: alkyne
insertion into the Rh−Csp

2 bond followed by C−O bond
formation or alkyne insertion into the Rh−O bond and
consequent C−C bond formation. Interestingly, both processes
of alkyne insertion into the Rh−Csp

2 and Rh−O bond are
computed to be reversible. However, the C−O bond reductive
elimination is too energy demanding, indicating that the
preferred alkyne insertion step should take place when an
alkyne inserts into the Rh−O bond followed by C−C bond
reductive elimination. The C−C bond formation is the rate-
determining step with an activation energy of 25.0 kcal/mol.
Comparative DFT calculations were carried out to identify key
factors that control the reactivities and selectivities of different
alkynes. The results suggest that electronic effects play a key
role. In the catalyst recycling step, Ag2CO3 is more efficient
than AgOAc in regenerating the active catalytic Rh(III)
complex. Our findings can serve as a benchmark for other
similar Rh(III)-catalyzed reactions, which might open a new
avenue to the design of more efficient C−H activation
reactions.
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(24) Garcıá-Cuadrado, D.; de Mendoza, P.; Braga, A. A. C.; Maseras,
F.; Echavarren, A. M. J. Am. Chem. Soc. 2007, 129, 6880−6886.
(25) Huber, K. P.; Herzberg, G. Molecular Spectra and Molecular
Structure I; Van Nostrand Reinhold: New York, 1950.
(26) Silver mirror was observed after the reaction.

The Journal of Organic Chemistry Article

dx.doi.org/10.1021/jo500616g | J. Org. Chem. 2014, 79, 5074−50815081


