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ABSTRACT: A density functional theory (DFT) study has been conducted to elucidate the mechanism of the rhodium(III)-
catalyzed C—H activation of O-substituted N-hydroxybenzamides and cyclohexadienone-containing 1,6-enynes. The impact of
different O-substituted internal oxidants (OPiv versus OMe) on the arylative cyclization (i.e, ®-Michael addition versus
©-Michael addition) has been evaluated in detail. The ®-Michael addition pathway proceeded via a Rh(I) species, while Rh(III)
remained unchanged throughout the ©-Michael addition pathway. The Rh(III)/Rh(I) catalytic cycle in the ®-Michael addition
pathway was different from those reported previously where the Rh(III)/Rh(V) catalytic cycle was favored for the Rh(III)-
catalyzed C—H activation of O-substituted N-hydroxybenzamides. The first three steps were similar for the OPiv- and OMe-
substituted substrates, which involved sequential N—H deprotonation, C—H activation (a concerted metalation—deprotonation
process), and 1,6-enyne insertion steps. Starting from a seven-membered rhodacycle, the alternative mechanism would be
controlled by the OR substituent. When the substituent was OMe, the unstable seven-membered rhodacycle was readily
coordinated by a double bond of the cyclohexadienone which enabled the ©-Michael addition reaction. However, the presence of
an N-OPiv moiety stabilized the seven-membered rhodacycle through a bidentate coordination which facilitated the ®-Michael

addition process.

B INTRODUCTION

The transition-metal-mediated activation of C—H bonds has
become a potent tool in organic synthesis because it provides
an effective and straightforward approach for the formation of
new C—X bonds (X = C, N, O, S)." Among these
transformations, research on the Rh(III)-catalyzed activation
of C—H bonds, in particular, has grown rapidly over the past
few years.” Several approaches have been developed to enhance
the selectivity of C—H bond activation reactions, and one of the
most common strategies involves the use of a directing group.’
The use of a directing group that can also act as an internal
oxidant has attracted considerable interest from numerous
researchers because it represents an elegant and green synthetic
strategy for the selective functionalization of C—H bonds that
avoids the need for an additional oxidant.* Oxidizing directing
groups reported to date for Rh-catalyzed activation of C—H
bonds typically contain an N—O or N—N bond.”

Various cross-coupling partners, including alkenes, alkynes,
allenes, imines, and a wide range of other unsaturated
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molecules, have been studied extensively in Rh-catalyzed C—
H activation reactions.””® Although significant progress has
been achieved in this field during the past decade, there have
been very few reports pertaining to the cyclohexadienone-
containing 1,6-enynes.” The Rh(III)-catalyzed intramolecular
C—H activation of O-substituted N-hydroxybenzamides 1 and
cyclohexadienone-containing 1,6-enynes 2 was recently re-
ported by Lin’s group (Scheme 1).”* The use of different O-
containing substituents (e.g, OPiv and OMe) on the directing
group allowed for the formation of either tetracyclic
isoquinolones 3a-OPiv through an ®-Michael addition process
or hydrobenzofurans 3b-OMe through a ©-Michael addition
process. Most notably, this work represented the first reported
example of a Rh(Ill)-catalyzed arylative cyclization reaction
involving a 1,6-enyne.
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Scheme 1. Rh(III)-Catalyzed C—H Activation of O-Substituted N-Hydroxybenzamides with 1,6-Enynes as the Coupling Partner
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Scheme 2. Mechanism of Rh(III)-Catalyzed C—H Activation of O-Substituted N-Hydroxybenzamides with 1,6-Enynes as the
Coupling Partner Proposed by Lin et al.
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Lin’s group”™ proposed a mechanism to account for the substituted systems (A — D-OMe versus A — D-OPiv).
Rh(III)-catalyzed C—H activation of O-substituted N-hydroxy- Starting from the seven-membered rhodacycles D-OMe and D-
benzamides and cyclohexadienone-containing 1,6-enynes, OPiv, the mechanistic pathway would be controlled by the
which is shown in Scheme 2. According to this mechanism, nature of the N-OR substituent. After the formation of D-OPiv,
the steps involving the deprotonation of the amino group, the sequential C—N bond-forming reductive elimination and O—N
C—H cleavage, and insertion of the triple bond of the 1,6-enyne cleavage steps would be accompanied by the intramolecular
into the Rh—C bond would be similar for the OPiv- and OMe- ®-Michael addition. Finally, a protonation mediated by PivOH
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Figure 1. Free-energy profiles calculated for the coordination, N—H deprotonation, C—H activation, and 1,6-enyne insertion sequence for A — E-
OPiv and A — D-OMe, respectively. The solvent-corrected free energies are given in kcal/mol (25 °C for the OPiv system and 60 °C for the OMe
system).

would allow for the synthesis of the tetracyclic isoquinolone substituted system undergoes a ®-Michael addition while the
product 3a-OPiv and regeneration of catalyst A. For the OMe- OMe-substituted system undergoes a ©-Michael addition.
substituted system, the protonation of the seven-membered

rhodacycle D-OMe by pivalic acid would afford the Rh(III) B COMPUTATIONAL DETAILS

intermediate H-OMe which would enable the ©-Michael The molecular geometries of the complexes were optimized using

addition step. This step would provide access to the C—C DFT calculations at the MO06 level.'' Frequency calculations at the
same level of theory were also performed to identify all of the
stationary points as minima (zero imaginary frequencies) or transition
states (one imaginary frequency) as well as to provide the free energies

coupling intermediate I-OMe which would be readily
protonated by pivalic acid to regenerate A with the concomitant

release of the desired hydrobenzofuran product103b-OMe. at 298.15 K. An IRC" analysis was performed to confirm that all of
Density functional theory (DFT) calculations'* have recently the stationary points were smoothly connected to each other. The Rh
been reported for the mechanism of the Rh-catalyzed C—H atom was described using the LANL2DZ basis set in addition to a

double-valence basis set with the Hay and Wadt effective core
potential."® Polarization functions were added for Rh (¢; = 1.350)."*
The 6-31G*' basis set was used for the other atoms. Slngle point
energy calculations were performed using the SMD model'® for all of

functionalization of O-substituted N-hydroxybenzamides with
alkene, diazo, methylenecyclopropane, and cyclopropene
substrates. The results of these calculations show that the N—

O bond cleavage occurred via a Rh(III)/Rh(V) catalytic cycle. the gas phase optimized species to evaluate the solvent effects. DMF
Further research efforts are therefore required to determine and DCE were used as the solvents for the OPiv and OMe systems,
whether a Rh(V)-nitrene species is involved as a key respectively, which correspond to the original experimental conditions.

The SDD'” and 6-311++G** basis sets were used in the SMD
calculations for Rh and the other atoms, respectively. All of the
calculations conducted in the current study were performed using the
Coupling partner. Gaussian 09 software packages. 18

Herein, we report our theoretical calculations toward

developing a better understanding of the mechanisms involved B RESULTS AND DISCUSSION
in the Rh(III)-catalyzed coupling of benzamides and 1,6-enynes According to Scheme 2, the 1-OPiv (OPiv-substituted) and 1-

intermediate for the Rh(III)-catalyzed C—H activation of O-
substituted N-hydroxybenzamides with 1,6-enynes as the

as well as our work toward delineating the factors that influence OMe (OMe-substituted) substrates both share similar N—H
these reaction pathways. We have also provided a theoretical deprotonaﬁon} C—-H activation} and 1’6-enyne insertion steps,
comparison of the reactions involving the two different although the resulting seven-membered rhodacycle intermedi-
substituents, OPiv and OMe, to explain why the OPiv- ates progress down different reaction pathways. As shown in
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Figure 2. Free-energy profiles calculated for the ®-Michael addition pathway E-OPiv — A. The solvent-corrected free energies at 25 °C are given in

kcal/mol.

Figure 1, the reactions of both substrates begin with the
deprotonation of their amino groups followed by a concerted
metalation—deprotonation (CMD) step to give rhodacycles
B1-OPiv and B1-OMe. The subsequent removal of the neutral
pivalic acid from B1-OPiv and B1-OMe results in the creation
of a vacant coordination site on the Rh(III) center, which
allows for the coordination of the 1,6-enyne substrate and the
formation of C1-OPiv and C1-OMe, respectively. The
subsequent insertion of the triple bond into the Rh—C bonds
occurs via transition states TS3-OPiv and TS3-OMe to give the
seven-membered rhodacycles D-OPiv and D-OMe, respec-
tively. D-OPiv then undergoes a facile isomerization process to
give the more stable E-OPiv species via the formation of a
dative Rh—O bond (pivalic ligand).

Figure 2 shows the detailed mechanism for the formation of
the final product 3a-OPiv from E-OPiv. Starting from E-OPiv,
a reductive elimination step via the three-membered ring
transition state TS4-OPiv gives the Rh(I) species F-OPiv. The
conversion of E-OPiv — F-OPiv has an energy barrier of 21.8
kcal/mol and is endergonic by 6.4 kcal/mol. The migration of
the OPiv group from the N atom to the Rh atom occurs via the

1924

five-membered ring transition state TS5-OPiv to give the very
stable Rh(III) species G-OPiv. The ®-Michael addition steps of
G-OPiv then occurs to afford the C—N-coupled product G1-
OPiv via the six-membered transition state TS6-OPiv with a
free-energy barrier of 21.5 kcal/mol. The subsequent isomer-
ization step for the formation of G2-OPiv involves the
conversion of the Rh—C o-bond to a Rh—O o-bond. The
coordination of a single molecule of PivOH to G2-OPiv leads
to the formation of intermediate G3-OPiv which is followed by
a proton migration step to give G4-OPiv via the transition state
TS8-OPiv. Finally, the cleavage of the Rh—O dative bonds in
G4-OPiv gives the final product 3a-OPiv. On the basis of the
results shown in Figures 1 and 2, it is clear that the reductive
elimination and ®-Michael addition step is the rate-determining
step for the OPiv system, and that the overall energy barrier for
the pathway is 21.8 kcal/mol.

The calculated free-energy profiles for the ©-Michael
addition pathway started from D-OMe are shown in Figure 3
and are hereafter referred to as path a. The coordination of a
double bond of the cyclohexadienone to the Rh center leads to
the formation of intermediate D1-OMe. Then, the ©-Michael

DOI: 10.1021/acs.joc.5b02747
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Figure 3. Free-energy profiles calculated for the ©-Michael addition pathway D-OMe — A based on path a and the ®-Michael addition pathway D-
OMe — E1-OMe. The solvent-corrected free energies at 60 °C are given in kcal/mol.
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Figure 4. Free-energy profiles calculated for D-OMe — I-OMe based on path b (©-Michael addition pathway). The solvent-corrected free energies
at 60 °C are given in kcal/mol.

addition occurs via transition state TS9-OMe with an energy bond with the dissociation of the internal oxidant from the Rh
barrier of 162 kcal/mol to give J-OMe. The subsequent center. The coordination of a single molecule of PivOH to the
coordination of a single molecule of PivOH to the Rh atom Rh center results in a change in the pivalate ligand from a
leads to the formation of J1-OMe which undergoes a H bidentate to a monodentate ligand in K2-OMe. Finally, the
migration process from the PivOH ligand to the OMe-bonded pivalic-acid-mediated migration of a proton occurs to give L-
nitrogen via TS10-OMe to give the Rh(III) intermediate K- OMe via TS11-OMe with the concomitant regeneration of the
OMe. Subsequently, K-OMe readily isomerizes to give the catalyst and the formation of the final product 3b-OMe. The
more stable species K1-OMe via the formation of a Rh—0O o- rate-determining transition state for this pathway is the proton
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Scheme 3. Three ©-Michael Addition Pathways for the OPiv Species
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“The solvent-corrected relative free energies are shown in kcal/mol.

migration of TS11-OMe, which was determined to have an
overall activation free-energy barrier of 27.3 kcal/mol.

Figure 4 shows the calculated free-energy profiles for the
proposed mechanism of the ©-Michael addition shown in

1926

Scheme 2, which will be hereafter referred to as path b. The free
energy of transition state TS13-OMe (3.6 kcal/mol) was
determined to be higher than that of TS9-OMe (—0.5 kcal/
mol). We also examined the alternative path c, where the

DOI: 10.1021/acs.joc.5b02747
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migration of a proton from PivOH to the keto-group-bonded
carbon occurred prior to the protonation of the N atom of the
internal oxidant after J-OMe (Figure S1 in the Supporting
Information). However, the energy barrier for path ¢ was
determined to be 38.1 kcal/mol, which is 10.8 kcal/mol higher
than that of path a. On the basis of these results, it is clear that
the alternative pathways that include the ©-Michael addition
can be eliminated. Starting from D-OMe, the pathway that
includes the ®-Michael addition step is possible. However, the
free energy of transition state TS4-OMe (3.4 kcal/mol) for the
first reductive elimination step (Figure 3) was determined to be
higher than that of TS9-OMe (—0.5 kcal/mol) and was
therefore ruled out.

In a similar manner to the OMe-substituted substrate, we
also calculated the three alternative pathways that include the
©-Michael addition step for the OPiv species (Scheme 3).
However, the barrier for the first ©-Michael addition step in
paths a and ¢ was determined to be 25.0 kcal/mol. Path b
would need to overcome an energy barrier of 33.4 kcal/mol.
Therefore, the ®-Michael addition pathway (21.8 kcal/mol,
Figure 2) would be kinetically favored over the ©-Michael
addition pathway for the OPiv-substituted substrate.

It was envisaged that the migration of the OPiv and OMe
groups from the N atoms of E-OPiv and D-OMe to the
corresponding Rh atoms could precede the C—N reductive
elimination steps to form the Rh(V) intermediates E1-OPiv
and E1-OMe, respectively (Scheme 4). However, the transition
states for these migration processes, TS15-OPiv and TS15-
OMe, have much higher energy barriers of 26.2 and 41.8 kcal/
mol, respectively, and are therefore ruled out. Further, while the
energy barrier via TS16-OMe could be greatly lowered if one
PivOH is involved, this barrier is still 2.6 kcal/mol higher than
TS4-OMe. The calculations conducted in the current study for
the OPiv-substituted N-hydroxybenzamides were different
from those used in Xia’s report,’” where the Rh(III)/Rh(V)
catalytic cycle was favored over the Rh(III)/Rh(I) cycle when
an alkene, diazo, methylenecyclopropane, or cyclopropene
species was used as the coupling partner. According to our
calculations, the low energy reaction barrier for the C—N
reductive elimination step E-OPiv — F-OPiv compared with
the alkene, diazo, methylenecyclopropane, and cyclopropene
substrates could be attributed to the availability of the
additional 7-bond of the 1,6-enyne.19 As shown in Figure §,
the Rh—C1 bond distance of TS4-OPiv (2.064 A) differed only
slightly from that of E-OPiv (2.015 A). This result implied that
the effective coordination of the double bond to the Rh center

C

3 oo

E-OPiv TS4-OPiv

Figure S. Structures of E-OPiv and TS4-OPiv with selected structural
parameters and atomic numbering schemes. The hydrogen atoms have
been omitted for clarity.
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in TS4-OPiv is maintained during the reductive elimination
process.

For the OPiv system, the rate-limiting step was the C—N
bond-forming reductive elimination step with an energy barrier
of 21.8 kcal/mol. For the OMe system, the transition state of
the cyclohexadienone protonation step was rate limiting and
the overall energy barrier was 27.3 kcal/mol. These overall
barriers agreed well with the experimental observations that the
Rh(III)-catalyzed C—H activation of OPiv-substituted substrate
at 25 °C gave tetracyclic isoquinolone in 91% vyield after 15 h,
and the Rh(III)-catalyzed C—H activation of OMe-substituted
substrate gave 63% yield of the hydrobenzofuran at 60 °C after
12 h.”* However, the rate-limiting step seems to contradict the
conclusions of the kinetic isotope effect (KIE) study by Lin et
al. (KIE = 6.1 for the OPiv system and KIE = 2.0 for the OMe
system).”” For the OPiv system, the difference between the C—
H bond activation barrier and the overall barrier was only 1.5
kcal/mol. One may question whether different computational
methods affect the rate-limiting step. We attempted to calculate
the C—H activation and C-N bond-formin% reductive
elimination steps by other computational methods.” However,
the C—H activation step was not the rate-limiting step
regardless of the method used. More studies, both experimental
and theoretical, are needed to resolve the inconsistency.

It is noteworthy that the results of the reaction selectivity”'
are also consistent with the experimental observations.”® The
reasons for the differences between the OPiv- and OMe-
substituted systems are as follows: For the reaction of the
OPiv-substituted substrate, the high stability of the seven-
membered rhodacycle E-OPiv leads to a significant increase in
the overall energy demand of the ©-Michael addition pathway,
which would ultimately prevent it from occurring. For the
OMe-substituted substrate, the unstable seven-membered
rhodacycle D-OMe allows for the facile coordination of the
double bond of the cyclohexadienone, thereby allowing the
facile occurrence of the ©-Michael addition pathway. This
rationale is also supported by the solvent effect in the
experiment. The use of DCE instead of DMF as the solvent
for the OMe-substituted substrate is explained by the
coordinating ability of the solvent. The DMF solvent can act
as a ligand to coordinate to Rh in D-OMe which blocks the
formation of D1-OMe and thus disfavors the ©-Michael
addition pathway.

B CONCLUSIONS

The mechanism of the Rh(III)-catalyzed C—H activation of O-
substituted N-hydroxybenzamides with cyclohexadienone-con-
taining 1,6-enynes has been studied using density functional
theory with the M06 method. The results of this study have
provided a plausible rationale for the differences in the arylative
cyclization reactions of the OPiv- and OMe-substituted
substrates which have been discussed in detail. Our theoretical
calculations revealed that the OPiv- and OMe-substituted
substrates experienced the same N—H deprotonation, C—H
activation (via a concerted CMD process), and 1,6-enyne
insertion steps. However, starting from the seven-membered
rhodacycles, the nature of the OR substituent has a significant
impact on the outcome of the reaction.

For the reaction of the OPiv-containing substrate, a change
in the coordination of the pivalate ligand to the Rh center from
a bidentate to a monodentate ligand is followed by a C—N
bond-forming reductive elimination step to give a Rh(I)
intermediate. The subsequent migration of the OPiv group

DOI: 10.1021/acs.joc.5b02747
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from the N atom to the Rh atom would be followed by the
®-Michael addition. The final step in this process would be a
protonation from pivalic acid to allow for the regeneration of
the catalyst and the concomitant release of the tetracyclic
isoquinolone product. The cleavage of the N—O bond from the
seven-membered rhodacycles (i.e, Rh(III) — Rh(V)) is
energetically unfavorable.

For the reaction of the OMe-substituted substrate, the seven-
membered rhodacycle was determined to be unstable and
therefore readily coordinated by the double bond of the
cyclohexadienone. The subsequent ©-Michael addition step is
followed by the protonation of the internal oxidant by pivalic
acid. The dissociation of the internal oxidant from the Rh
center then occurs, which is readily protonated by pivalic acid
to regenerate A with the concomitant release of the
hydrobenzofuran product.
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