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ABSTRACT: The selective rthodium-catalyzed functionalization N

of arenes is greatly facilitated by oxidizing directing groups that @R/zh:'“\k reductive o

act both as directing groups and internal oxidants. We report e OAdant L activation I, Fh | eimination m e
density functional theory (B3LYP and MO06) investigations on ‘S\Nw*)“ | 2. C-H activation o < Ph
the mechanism of rhodium(III)-catalyzed redox coupling |~ D i_f_e_CEi_n_g_?_r?yp_i 3. alkyne insertion. g - ~)

reaction of N-phenoxyacetamides with alkynes. The results + RhCpY(OAC), \’(,r«:e iirene %OH
elucidated the role of the internal oxidizing directing group, and + Ph—=—ph It ‘\‘%u P N NHAC
the role of Rh™/Rh' and Rh™/RhY catalysis of C—H N\ Ph

functionalizations. A novel Rh™—RhY—Rh™ cycle successfully

rationalizes recent experimental observations by Liu and Lu et al. (Liu, G. Angew. Chem. Int. Ed. 2013, 52, 6033) on the reactions
of N-phenoxyacetamides with alkynes in different solvents. Natural Bond Orbital (NBO) analysis confirms the identity of Rh"
intermediate in the catalytic cycle.

B INTRODUCTION Scheme 1. Rhodium(III)-Catalyzed C—H Functionalization

Atom-economical synthesis is one of the top challenges in of N-Phenoxyacetamides with Alkynes

. 1 ey . .
green. chemistry.” The transﬁlon—@etal—catalyzed oxidative 2.5 mol% [CpRNC,J,
coupling of arene C—H bonds with olefins, alkynes, or 0.25 equiv CsOAC OH

aldehydes is an attractive strategy that circumvents the need , MeOH. RT 16 h 1A NH-AC
for prefunctionalization of the substrate.” However, such 0., Ac R T R2
transformations generally require external oxidants like copper ©i H + P1
or silver salts to regenerate the catalyst and complete the H R 2.5 mol% [Cp*RhCl], o
catalytic cycle. As a consequence of the harsh oxidative 025 equiv CsOA ©1/2—R2
conditions, substrate scope is limited, and the external oxidant 1.2 equiv AcOH ,
residue is generated as waste. To avoid these drawbacks, the DCM, RT16h P2 R
redox-neutral coupling reactions using internal oxidizing
directing groups have been developed and have received
much attention in recent years.3 CH,Cl,) alter the reaction pathway in redox-neutral coupling of
The N-oxide, N-acyloxy, and N-methoxy, hydrazine, and N-phenoxyacetamides and alkynes? (3) How does the O—N
nitroso groups are useful oxidizing directing groups.® Liu and bond act the role of internal oxidant to regenerate the catalyst?
Lu et al. reported rhodium(III)-catalyzed C—H functionaliza- The Rh"'~Rh'~Rh'" catalytic cycle, shown in the top half of
tions of the aryl group of N-phenoxyacetamides with alkynes. A Scheme 2, is generally proposed for rhodium(III)-catalyzed,
subtle change in the reaction conditions can cause the reaction oxidizing directillsg groups-directed C—H activation and
to produce either ortho-hydroxyphenyl-substituted enamides or functionalization.” The first key step is C—H activation step
benzofurans with high chemoselectivity (Scheme 1).> Methanol that affords a five-membered rhodacycle intermediate A. The
solvent favors the formation of the enamide product P1, while subsequent alkyne insertion step generates a seven-membered
other solvents such as BuOH, CH,Cl, and toluene give the thodacycle intermediate B. Reductive elimination of inter-

mediate B gives Rh' intermediate C, and this is followed by an

benzofuran P2 as the major product.
oxidative addition step which breaks the O—N bond and forms

However, the mechanisms of these transformations and how
the pathways are altered by solvent are still unclear. We address
through computations: (1) What are the detailed mechanisms Received: April 3, 2016
of these reactions? (2) How do the solvents (MeOH vs Published: May 13, 2016
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Scheme 2. Catalytic Cycle of Rhodium(III)-Catalyzed,
Oxidizing Directing Groups-Directed C—H Activation and
Functionalization
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an isomeric seven-membered rhodacycle intermediate D.
Finally, ligand exchange with acetic acid will generate the
product and regenerate the Rh™ catalyst. An alternative
catalytlc cycle is the Rh"™—RhV—Rh™ cycle involving Rh"
species.” From B, the oxidative addition to the O—N bond
occurs instead of the reductive elimination and the Rh" species
E is formed. The intermediate E can either undergo C—N
reductive elimination to form D, or C—O reductive elimination
to form F. Compared to the widely investigated Pd"/Pd’ and
Pd"/Pd"YV catalysis,” Rh™/Rh' and Rh™/Rh" catalyses are less
explored,”™> especially from a theoretical viewpoint. Therefore,
we investigated both catalytic cycles to understand how the
novel oxidizing directing groups play their roles.

Our study shows that the generally accepted mechanism in
the reaction with N-phenoxyacetamide, the Rh'—Rh™—Rh'
catalytic cycle, requires a very high barrier of 32.0 kcal/mol.
Instead, an unorthodox mechanism involving an RhY—nitrenoid
intermediate is found favorable, with a barrier of only 24.6 kcal/
mol. In the Ri""—RhV—Rh™ catalytic cycle that we proposed,
the N—O bond cleavage step is coupled with ring contraction,
which allows a unique and facile pathway to achieve the RhY—
nitrenoid intermediate. This adds an additional dimension to
the current mechanistic picture, and will inspire not only the
chemists that are interested in developing Rh-catalyzed C—H
functionalization reactions with internal oxidant, but also the
general audience that is interested in the generation and
synthetic utility of RhY—nitrenoid species.
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Figure 1. Free energy profiles in methanol [dichloromethane] for the initial three elementary steps of rhodium(III)-catalyzed redox-neutral coupling
of N-phenoxyacetamide with diphenylacetylene, N—H activation, C—H activation, and alkyne insertion. The values (in kcal/mol) outside of the
square brackets are computed with methanol solvent and those in the square brackets are computed with DCM solvent. For the CYLVIEW
structures, hydrogen atoms except for the transferring proton are omitted for clarity.
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Figure 2. Free energy profiles in methanol [dichloromethane] for Ri™—Rh'=Rh™ catalytic mechanism of rhodium(III)-catalyzed redox-neutral

coupling of N-phenoxyacetamide with diphenylacetylene.
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Figure 3. Optimized geometries of transition states TS4, TSS and TS6. Hydrogen atoms except the transferring proton are omitted for clarity.

B COMPUTATIONAL DETAILS

All the calculations were carried out with the Gaussian 09 package.®
Geometry optimization and energy calculations were performed with
B3LYP.” The LANL2DZ basis set'® with ECP was used for Rh, and
the 6-31G (d) basis set'' was used for other atoms. Frequency analysis
was conducted at the same level of theory to verify the stationary
points to be real minima or saddle points and to obtain the
thermodynamic energy corrections. Single point energies were
calculated at the M06'?/ SDD'*-6-311++G(d,p)'* level using
SMD'® solvation model (solvent = methanol or dichloromethane).
Computed structures are illustrated using CYLVIEW. '

B RESULTS AND DISCUSSION

Rhodacycle Formation in Rhodium(lll)-Catalyzed
Redox-Neutral Coupling of N-Phenoxyacetamides and
Alkynes. Figure 1 shows the computational results for the
rhodium(III)-catalyzed redox-neutral coupling of N-phenox-
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yacetamide with diphenylacetylene that are common to all
mechanisms. The transition structures are shown in the top of
Figure 1. We computed steps for N—H deprotonation, C—H
activation, and alkyne insertion. The consecutive N—H and C—
H double activation has been widely investigated in transition-
metal-catalyzed oxidative coupling.'” Both of these steps are
proposed to involve a concerted metalation—deprotonation
(CMD) process,'® with transition states TS1 and TS2,
respectively. The subsequent alkyne insertion transition state
TS3 (25.4 kcal/mol) has higher activation energy than both
TS1 (17.5 kcal/mol) and TS2 (21.0 kcal/mol). The solvent
models with both methanol and dichloromethane (DCM) were
investigated, as shown in Figure 1. Most of the structures in
methanol have higher energy than in DCM. The computational
results suggest that C—H activation is not the rate-determining
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Figure 4. Free energy profiles in methanol [dichloromethane] for Rh™—RhY—Rh™ catalytic mechanism of rhodium(III)-catalyzed redox-neutral

coupling of N-phenoxyacetamide with diphenylacetylene.

step, and this is consistent with the small experimental KIE
(kyy/kpy = 1.4—1.5).°

Rh""—Rh'-Rh"" Catalytic Mechanism for Rhodium(lll)-
Catalyzed Redox-Neutral Coupling of N-Phenoxyaceta-
mides and Alkynes. The free energy profile of the Rh''—
Rh'-Rh™ catalytic mechanism starting from rhodacycle
intermediate 8 is shown in Figure 2. The formation of both
ortho-hydroxyphenyl-substituted enamide product P1 and the
benzofuran product P2 occur through the same initial steps,
C—N reductive elimination and then N—O oxidation.” TS4 and
TSS, shown in Figure 3, are the transition states for these two
steps, and have barriers of 29.6 and 32.0 kcal/mol as compared
to intermediate 8, respectively, with methanol solvent. These
barriers are higher than that for the alkyne insertion step (25.4
kcal/mol for TS3). We have thoroughly studied the possibility
of additional methanol coordination in all the intermediates
and transition states. For example, in the key C—N bond
formation step, the transition state with an additional methanol
coordination, TS4b, is 12.1 kcal/mol higher in free energy as
compared to that without the methanol coordination, TS4
(Figure 2). We have found a similar situation exists for all the
other species; either no coordination site is available in
rhodium or the additional methanol coordination is unfavorable
in free energy.

The C—N reductive elimination transition state TS4 leads to
structure 10, in which the alkenyl ligand is weakly coordinate to
the Rh center. Reorientation of the Rh center to the O—N
bond can occur through transition state TSS to break the O—N
bond and form intermediate 11. From 11, a facile protonation
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by acetic acid can occur to produce enamide product P1, or the
alternative C—O bond formation/cyclization gives the
benzofuran product P2. This C—O bond formation via TS6
has a very high barrier of 44.8 kcal/mol. In the report by Liu
and Lu et al, they proposed that the intermediate 8 can be
protonated by HOAc to get a vinyl-Rh(III) intermediate,
which can undergo intramolecular attack to give the cyclized
benzofuran product. We cannot locate a concerted transition
state for the proposed O—N bond cleavage and cyclization. A
one-dimensional scan calculation for the C—O bond formation
from the vinyl-Rh(III) type intermediate showed a barrier of
36 kcal/mol. We also investigated a stepwise mechanism for the
O-N bond cleavage and cyclization from the vinyl—Rh(III)
intermediate, and the transition state for O—N bond cleavage is
26.0 kcal/mol. This will lead to the formation of intermediate
24, an RhY species, shown in Figure S1 (Supporting
Informaiton). The subsequent elimination will give the
benzofuran product P2. This stepwise pathway for the
generation of benzofuran product requires a 29.3 kcal/mol
overall barrier from intermediate 8.

Rh"—RhV—Rh"' Catalytic Mechanism for Rhodium(lll)-
Catalyzed Redox-Neutral Coupling of N-Phenoxyaceta-
mides and Alkynes. In addition to the Rh™—Rh'—Rh™
catalytic mechanism, we studied a Rh™—RhY—Rh™ catalytic
mechanism with the oxidation of O—N bond to Rh™ occurring
before the reductive elimination step (Figure 4). Interestingly,
this new oxidative addition model TS8 is accompanied by a
ring contraction from 7-membered rhodacycle to 6-membered
rhodacycle and leads to the formation of the Rh" nitrenoid

DOI: 10.1021/jacs.6b03424
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Figure 5. Free energy profiles in methanol [dichloromethane] for an alternative Rh™—RhY—Rh™ catalytic mechanism of rhodium(III)-catalyzed

redox-neutral coupling of N-phenoxyacetamide with diphenylacetylene.
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Figure 6. Optimized geometries and free energies for reductive elimination transition states. Hydrogen atoms are omitted for clarity.

species 13. The barrier of cleavage of the O—N bond (via TS8)
is 24.6 kcal/mol, lower than that of C—N reductive elimination
(via TS4) by about 5 kcal/mol. The formation of Rh" nitrenoid
intermediate 13, shown in Figure 4, is a very key process. In
fact, there are examples of metal-mediated reactions involving

.6
RhY species.
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From the RhY nitrenoid intermediate 13, a C—N reductive
elimination (nitrene insertion) can occur to produce
intermediate 11, and subsequent protonation leads to product
P1. The generation of P1 through this pathway requires a 4.3
kcal/mol barrier via TS9 as compared to the Rh" nitrenoid
intermediate 13. We have also studied another possible
pathway for the generation of P1 via the protonation of 13,

DOI: 10.1021/jacs.6b03424
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and found it unfavorable (Figure S2, Supporting Information).
A C—0 reductive elimination from 13 via transition state TS12
leads to the formation of benzofuran product P2. The
generation of P2 through this pathway requires a 15.8 kcal/
mol barrier as compared to the Rh" nitrenoid intermediate 13.
It is very unfavorable as compared to the pathway for
generation of P1 via TS9.

Alternatively, an additional HOAc can coordinate to the RhY
nitrenoid intermediate 13, generating the intermediate 14
(Figure S). This intermediate can then undergo a C-O
reductive elimination via TS13 to give the benzofuran
coordinated complex 15, and subsequent product liberation
produces the benzofuran product P2.

The competition between TS9 and TS13 determines the
chemoselectivity between P1 and P2. These are very close in
energy, and correct prediction of selectivities is very difficult
because of inaccuracies in solvation models as well as problems
in calculating entropies of the HOAc coordination step, from
13 to 14. The problem of correctly calculate the entropies of
bimolecular product in solution is well-known."” To understand
the solvent effect on the product distribution, we compared the
barriers between the transition state and its preceding
intermediate. This alternative strategy avoids the HOAc
coordination step and provides a meaningful way to study
the solvent effect on the competing transition states. With
methanol solvent (¢ = 32.6), the barrier for C—O reductive
elimination, 14 to TS13, is 4.2 kcal/mol, and the barrier for C—
N reductive elimination, 13 to TS89, is 4.3 kcal/mol. With
dichloromethane solvent (¢ = 8.9), the barrier of C—O
reductive elimination decreases to 3.8 kcal/mol, while the C—N
reductive elimination barrier increases to S.1 kcal/mol. These
changes suggest that lowering the polarity of solvent disfavors
the C—N reductive elimination step and the formation of
enamide product P1. We also studied the possible methanol or
acetic acid coordination on the C—N reductive elimination
transition states that may affect the chemoselectivity, and found
those postulated species all have higher free energies (Figure
6). Therefore, the solvent-controlled formation of P1 or P2 is
most likely due to the polarity of methanol instead of its ligand
role. Consistent with this postulate, the thorough experimental
examination of solvents by Liu and Lu et al. also showed the
trend that higher polarity solvents, such as MeOH and ethylene
glycol, favor the formation of enamide product P1, while lower
polarity solvents, such as tBuOH, tAmOH, CH,Cl, and
toluene, favor the formation of benzofuran product P2.

In addition to the solvent effect on the chemoselectivity, our
computation also suggests that HOAc is important for the
generation of benzofuran product P2, because an additional
HOACc is involved in TS13 to facilitate the C—O reductive
elimination. For the ester-substituted alkyne, methyl 2-
butynoate, the product ratio depends highly on the additive.
With the general conditions, it is found that the benzofuran
product is favored, while the addition of anion-exchange resin
(Amberlite IRA-400) significantly changes the chemoselectivity
and makes enamide the major product. Our calculations have
shown that HOAc plays an important role in the formation of
benzofuran product (Figure S3), and the C—O reductive
elimination is greatly facilitated with an additional HOAc. This
is consistent with the experimental observation that neutralizing
the acetic acid disfavors the formation of the benzofuran.

Comparison between Rh"'—Rh'-Rh"' and Rh"'—Rh"-Rh'"!
Catalytic Mechanisms for Rhodium(lll)-Catalyzed
Redox-Neutral Coupling Reactions. To compare the
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Rh—Rh'-Rh™ and Rh™-RhY—Rh™ catalytic mechanisms
for formation of P2, the key steps for the two mechanisms are
shown in Figure 7. Common steps are shown in black, with

Rh"—Rh'-Rh™ unique steps in red, and Rh™—Rh'—Rh™

unique steps in blue.
*
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Figure 7. Comparison between Rh—Rh'—Rh™ and Rh™~Rh"—Rh™
catalytic mechanism for rhodium(III)-catalyzed redox-neutral coupling
of N-phenoxyacetamide and diphenylacetylene in dichloromethane.

The oxidative addition transition state TS8 in Rh™/RhY
catalysis is about 6 kcal/mol lower than the reductive
elimination transition state TS4 in Rh™/Rh' catalysis in
dichloromethane. The high barriers for direct reductive
elimination for C—N bond formation are due to an unfavorable
C(sp*)—Rh—N(sp®) reductive elimination. It is interesting that
the oxidation of O—N bond to Rh™ (TS8) is favorable in
contrast to that to Rh' (TSS).

To further evaluate the property of high-valent Rh" nitrenoid
species, we have performed the Natural Bond Orbital (NBO)
analysis.”” From intermediate 8 to TS8, and further to
intermediate 13, the Rh"-species, NBO charge on the rhodium
center changes from 0.217 to 0.256, and further to 0.387. This
demonstrates that the electron density at the rhodium center is
diminished. The electron binding energy obtained from NBO
calculation is an index to evaluate the electronic contribution of
the metal center during the oxidative/reductive process.21 For
metal centers with similar ligand environments, higher electron
binding energies correlate with higher oxidation states of the
metal center. For the oxidative addition of O—N bond to Rh™"
center to form Rh" species, the electron binding energy is
expected to increase because the electron is less effectively
shielded from the nuclear charge. The electron binding energy
of the Rh 4s electron for intermediate 8, TS8, and intermediate
13 is 85.8, 86.0, and 86.9 eV, respectively. This correlates well
with the proposed change of oxidation state in the Rh center.

H CONCLUSION

Density functional theory investigations have elucidated the
mechanism of rhodium(IIl)-catalyzed C—H activation and
functionalization with the oxidizing directing group O—N bond
of N-phenoxyacetamide. We found that the oxidative addition
of the covalent bond in oxidizing directing group occurs before
reductive elimination. Therefore, the Rh''—RhV—Rh™ mecha-

DOI: 10.1021/jacs.6b03424
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nism is much more favorable than the Rh™—Rh'-—Rh™
mechanism. Further NBO analysis supports the identity of
Rh(V)—nitrenoid intermediate. These detailed computational
studies provide further insight into the role of oxidizing
directing groups in Rh (III)-catalyzed C—H activation
reactions.
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