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ABSTRACT: The Rh(III)-catalyzed reactions of α,β-unsaturated
oximes with alkenes are versatile methods for the synthesis of
pyridines. Density functional theory (DFT) calculations reported
here reveal the detailed mechanism and origins of selectivity in this
reaction. The Rh(III)/Rh(V)/Rh(I) catalytic cycle was found to
be more favorable than the previously proposed Rh(III)/Rh(I)/
Rh(III) catalytic cycle. The Rh(III)/Rh(V)/Rh(I) catalytic cycle
involves C−H activation, alkene insertion, deprotonation, oxime
migratory oxidative addition, nitrene insertion, 1,5-hydrogen shift,
and β-hydride elimination to give the pyridine product and form a
Rh(I) species. Subsequent oxidation by Ag+ regenerates the
Rh(III) catalyst. Reductive elimination from a alkyl-Rh(III)
species is predicted to be difficult, so that the Rh(III)/Rh(I)/
Rh(III) catalytic cycle can be excluded. The reactivities of oxime
ethers and oxime esters are compared. The oxime ester acts as both a directing group and an internal oxidant. In this reaction,
the N−O bond is activated by the pivalate, and migratory oxidative addition onto the Rh(III) species generates the
corresponding Rh(V) nitrene complex. However, in the absence of the pivalate on the oxime ether, the activation energy for
oxidative addition is much higher. The reactivity was analyzed by NPA charge calculations, comparison of the N−O bond
orders, and the bond dissociation energies. The calculations also explain the regioselectivity of alkene insertion, which is shown
to be an electronic effect rather than a steric effect.

KEYWORDS: regioselectivity, Rh(III)/Rh(V)-catalyzed, C−H activation, pyrdines, internal oxidant, Rh(V) nitrene

■ INTRODUCTION

Transition-metal-catalyzed C−H activation and functionaliza-
tion are important tools for construction of new C−C and C−
heteroatom bonds.1−9 Rhodium catalysis is particularly
valuable for such reactions.10−16 The general mechanisms of
Rh(III)-catalyzed C−H bond activation reactions have been
thoroughly investigated by both calculations17−23 and experi-
ments.10,11,24−27

Over the past two decades, many research groups have
devoted effort to development of rhodium-catalyzed C−H
bond activation reactions.10−16,28 However, the mechanisms
proposed for this type of reaction are not always clear. Some
Rh(III)-catalyzed C−H activation reactions have long been
considered to involve a Rh(III)/Rh(I) catalytic cycle, but there
is not always sufficient evidence to support this mecha-
nism.29−33 This type of reaction has generally been thought to
proceed by deprotonation to generate an aryl-Rh(III)
intermediate. Subsequent reductive elimination and oxidative
addition can thus give the coupling product.32−34 Recently,

extensive and innovative studies have investigated Rh(III)-
catalyzed C−H functionalization.10,14,24,35,36 When strong
oxidative directing groups are used in rhodium catalysis, an
alternative Rh(III)/Rh(V) catalytic cycle may be more
favorable than the Rh(III)/Rh(I) catalytic cycle. Some
Rh(V) intermediates and their generation/transformation
have recently been investigated in depth by theoretical
calculations,37−40 and they have attracted interest from
experimental chemists. For example, Xia et al.41 performed a
detailed computational study of Rh(III)-catalyzed C−H
functionalization of benzamine derivatives with alkenes. They
found that the carbonyl oxygen of the oxime ester group can
stabilize the rhodacycle such that a Rh(V)−nitrene complex
forms resulting from pivalate migration from N to Rh. Wu and
Houk42 reported a theoretical study of the Rh(III)-catalyzed
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redox coupling reaction of N-phenoxyacetamides with
acetylenes. They elucidated the role of the internal oxidizing
directing group and found that oxidative addition of the O−N
bond occurs before reductive elimination. Therefore, the
Rh(III)/Rh(V) catalytic cycle is an alternative catalytic cycle in
Rh-catalyzed redox-neutral arene C−H functionalizations. Our
group21,43 has also reported some mechanistic studies of
Rh(III)-catalyzed C−H functionalizations in which the
catalytic cycle involves a Rh(V)−nitrene complex. However,
there is still limited experimental evidence to support the high
oxidation state of Rh(V) intermediates.
Many facile syntheses of diversely substituted pyridines have

been reported in recent years, and Rh(III)-catalyzed oxidative
cyclization of oxime derivatives followed by further function-
alization provides a versatile tool for construction of these
heterocycles.36,44−46 Recently, Rovis and co-workers33,47

established the utility of rhodium catalysis for synthesis of
multisubstituted pyridines from α,β-unsaturated oximes and
substituted alkenes with good yield and regioselectivity
(Scheme 1). The reaction of O-pivaloyl oxime 1 and ethyl

acrylate 2 catalyzed by Cp*Rh(III) gives 6-substituted
pyridines with 20:1 regioselectivity ratio (rr) and 92% yield.
Using the O-methyl oxime derivative substrate, the pyridine
product is not generated by Rh-catalyzed oxidative cyclization.
In addition, carboxyl alkene 5 undergoes Rh(III)-catalyzed
decarboxylative coupling with O-pivaloyl oximes to give 5-
substituted pyridines with 20:1 rr. Rovis’s group suggested that
there is a steric component to control of the regioselectivity.
When the reaction in Scheme 1 is performed with AcOD to
50% conversion, deuterium incorporation is observed at the α-
position methyl group of 3. Several key experiments
contributed to understanding the reaction mechanism, which
is considered to be a Rh(III)/Rh(I) catalytic cycle.
The redox neutral strategy using various N−O bond

containing oxidizing directing groups such as an N-oxide, N-
acyloxy, N-methoxy, and O-pivaloyl group that can act as a
directing group and internal oxidant have recently been
developed.48−51 With this strategy, the oxidation of a low-
valent metal by these internal oxidants will result in cleavage of
an N−O bond and provide a high oxidation state species. The
mechanisms for these Rh(III)-catalyzed reactions of α,β-
unsaturated oximes and alkenes, as well as how the O-pivaloyl
moiety acts as an internal oxidant are still unclear. In this study,
we performed density functional theory (DFT) calculations to
investigate the potential mechanisms by both the Rh(III)/
Rh(I)/Rh(III) and Rh(III)/Rh(V)/Rh(I) catalytic cycles to
understand how the type of internal oxidant (O-pivaloyl and

O-methyl) influences these transformations. DFT calculations
were also performed to obtain insight into the origin of the
observed regioselectivity.

■ COMPUTATIONAL METHODS
All the DFT calculations were carried out with the GAUSSIAN
09 series of programs.52 The B3LYP53,54 functional was used
for geometry optimizations at a standard basis set 6-
31G(d)55−57 (LANL2DZ58−60 basis set for Rh). Harmonic
vibrational frequency calculations were performed for all
stationary points to confirm them as local minima or transition
structure and to derive the thermochemical corrections for the
enthalpies and free energies. The M06 functional proposed was
used with a 6-311+G(d,p)61 basis set (SDD62,63 basis set for
Rh atom) to calculate the single-point energies in the solvent.
The solvent effects were considered by single-point calcu-
lations in dichloroethane solvent base on the gas-phase
stationary points with SMD solvation model.62−64 The
energies presented in this paper are the M06 calculated
Gibbs free energies in dichloroethane solvent with B3LYP
calculated thermodynamic corrections. (GM06 = Esolv-M06 +
Gcorr-B3LYP).

■ RESULTS AND DISCUSSION
The proposed mechanism for rhodium-catalyzed reaction of
α,β-unsaturated oximes and alkenes is shown in Scheme 2. On

the basis of previous theoretical studies of the mechanisms of
rhodium-catalyzed C−H activation and other related reactions,
cationic Cp*Rh(III) acetate complex A is regarded as the real
catalyst, which can be generated from the [RhCp*Cl2]2
additive by chloride dissociation and ligand exchange in the
presence of AgOAc.31,65−67 The initial C−H activation occurs
by concerted-metalation deprotonation (CMD) to form
Rh(III) metallacycle B, followed by alkene insertion to give
seven-membered rhodacycle C (formally a 16-electron
species). The oxime ester group in intermediate C is acidic.

Scheme 1. Rhodium-Catalyzed Reactions of α,β-
Unsaturated Oximes and Alkenes

Scheme 2. Plausible Catalytic Cycles for Rhodium-
Catalyzed Reactions of α,β-Unsaturated Oximes and
Alkenes
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Therefore, deprotonation of the oxime α-hydrogen atom
occurs in the presence of acetate as the base to form enamine
rhodacycle D. With the common species D in hand, both the
Rh(III)/Rh(I)/Rh(III) and Rh(III)/Rh(V)/Rh(I) catalytic
cycles were considered, because the oxime group can act as an
internal oxidant for this type of transformation. In path a (the
Rh(III)/Rh(V)/Rh(I) catalytic cycle), oxidative addition to
the O−N bond occurs and Rh(V) species E forms. Rh(V)
nitrene E can then undergo C−N reductive elimination to
form F. Subsequently, the corresponding 1,5-hydrogen shift
could be isomerized to the Rh(III) complex G. β-Hydride
elimination then gives product P and generates rhodium
hydride species H, which can be oxidized by Ag(I) to
regenerate active catalyst A.
The Rh(III)/Rh(I)/Rh(III) and Rh(III)/Rh(V)/Rh(I)

catalytic cycle was also considered. In path b, common
intermediate D undergoes β-hydride elimination to give
rhodium hydride intermediate J. N−H bond reductive
elimination then generates Rh(I) intermediate E. Oxidative
addition of the N−O bond in the oxime group to Rh(I)
followed by a 1,3-hydrogen shift generates rhodium
ylideneamino L. Intramolecular nucleophilic attack by the
amino group leads to cycloaddition with generation of
intermediate G. Alternatively, in path c, reductive elimination
of the C−N bond in intermediate D followed by oxidative
addition of the N−O bond in intermediate I forms common
species F.
On the basis of analysis of the reaction mechanism, we

found that the competition between the Rh(III)/Rh(I)/
Rh(III) and Rh(III)/Rh(V)/Rh(I) catalytic cycle is important
for this reaction, which is difficult to determine experimentally.
Moreover, C−H activation of the α,β-unsaturated oxime could
occur at various points in the catalytic cycles. The question

arises, how does the O-pivaloyl substituent act as an internal
oxidant to promote this reaction? In this respect, DFT
calculations are a powerful tool to reveal the detailed reaction
mechanism and to obtain deeper mechanistic insight into this
type of reaction. Using these results, we will discuss and
interpret the regioselectivity observed for the reactions of
unsymmetrical alkenes.
The initiation of rhodium-catalyzed oxidative cyclization of

α,β-unsaturated oximes and alkenes involves three steps: vinyl
C−H activation, deprotonation of the oxime α-H atom, and
alkene insertion. However, the order of these steps remains
unclear.
The M06 functional calculated Gibbs free energy profiles of

the possible catalytic cycles for the initiation process are shown
in Figure 1. In the theoretical calculations, the O-pivaloyl
oxime 1 and ethyl acrylate 2 substrates were selected as model
reactants, which can give 6-substituted pyridine 3 in the
presence of a rhodium catalyst (Scheme 3). Cationic rhodium

complex 8 was considered to be the active catalyst for the
oxidative cyclization reaction, and the free energy of 8 was set
as the baseline for the calculated free energy profiles.
Coordination of the oxime directing group in reactant 1 to

form intermediate 9 is exergonic by 4.4 kcal/mol. CMD-type
vinyl C−H bond cleavage then occurs via transition state 10-ts

Figure 1. Gibbs energy profiles of C−H metalation and alkene insertion of rhodium-catalyzed reactions from O-pivaloyl oximes 1 and ethyl acrylate
2.

Scheme 3. Rhodium-Catalyzed Reactions of α,β-
Unsaturated O-pivaloyl oxime 1 and ethyl acrylate 2
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with a free energy barrier of 14.2 kcal/mol to reversibly form
five-membered rhodacycle 11. C−H activation of the oxime α-
carbon atom has a relative free energy of transition state 24-ts
that is 10.5 kcal/mol higher than that of 10-ts, and can be
excluded.
The order of alkene insertion and deprotonation of the

oxime α-carbon atom for formation of intermediate 11 was
also investigated by DFT calculations. As shown in Figure 1
(blue lines), coordination of ethyl acrylate 2 to generate
intermediate 12 is exergonic by 6.1 kcal/mol. Alkene insertion
occurs via transition state 13-ts with a free energy barrier of
12.5 kcal/mol from intermediate 12 to give cationic seven-
membered rhodacycle 14. Subsequent deprotonation of the
oxime α-carbon atom proceeds with assistance of an extra

acetate ion via transition state 15-ts to reversibly form
common intermediate 16. The calculated free energy barrier
of this step is only 12.1 kcal/mol. This is consistent with
isotopic labeling experiments, where deuterium incorporation
was observed at the position of this methyl group when the
reaction was performed with AcOD to 50% conversion.
Alternatively, deprotonation of the oxime α-carbon atom

could occur before alkene insertion. The calculated relative free
energy of transition state 20-ts is 1.2 kcal/mol lower than that
of 13-ts, which reversibly forms enamino rhodacycle 21.
However, we found that the calculated free energy barrier of
alkene insertion followed by deprotonation of the oxime α-
carbon atom is 23.2 kcal/mol, which reveals that deprotona-
tion is unfavorable for alkene insertion. The relative free energy

Figure 2. Free energy profiles of the product formation steps of rhodium-catalyzed reactions from O-pivaloyl oximes 1 and ethyl acrylate 2.
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of 23-ts is 11.0 kcal/mol higher than that of 13-ts, so the
reaction order is concluded to be vinyl C−H activation, alkene
insertion, and deprotonation of the oxime α-carbon atom. The
regioselectivity of the alkene was also considered for a
substituted alkene. We found that the relative free energy of
17-ts is 4.7 kcal/mol higher than that of 13-ts, so generation of
intermediate 14 is more rapid than generation of intermediate
18. The calculated regioselectivity agrees with experimental
observations.
The mechanism of the subsequent annulation process was

investigated. When seven-membered rhodacycle 16 forms, C−
N reductive elimination could give a Rh(I) species.
Alternatively, the N−O bond of the oxime moiety could act
as an oxidant for the corresponding oxidative addition to form
a Rh(V) species. Therefore, both the Rh(III)/Rh(I)/Rh(III)
and Rh(III)/Rh(V)/Rh(I) catalytic cycles are possible in the
following process. For path a (blue lines in Figure 2), oxidative
addition of intermediate 16 leads to cleavage of the N−O bond
via five-membered transition state 26-ts with an energy barrier
of 12.5 kcal/mol to reversibly form neutral Rh(V) nitrene
complex 27. Subsequent migratory insertion of nitrene into the
Rh−C bond of this complex occurs via transition-state 28-ts
with a small energy barrier of 13.7 kcal/mol to irreversibly
form Rh(III)−amido complex 29 with release of 62.1 kcal/mol
of free energy. Complex 29 could then isomerize to rhodium
complex 33 by a 1,5-hydrogen shift with assistance of acetic
acid. From 29, facile protonation by acetic acid occurs via
transition state 30-ts with an activation energy of only 1.6
kcal/mol. Subsequent acetate-assisted deprotonation via
transition state 32-ts generates pyridinyl−Rh(III) complex
33 with an activation free energy of 21.2 kcal/mol. Subsequent
facile β-hydride elimination occurs via transition state 34-ts to
give the corresponding 6-substituted pyridine product 3 and
Rh−H species 35, which has a barrier of only 1.0 kcal/mol.
Finally, the active Rh(III) catalyst is generated from the Rh−H
species by further oxidation by Ag(I).
The previously proposed Rh(III)/Rh(I)/Rh(III) catalytic

cycle was also considered. As shown in Figure 2, it also starts
from neutral species 16. In path b (red lines), β-hydride
elimination occurs via transition state 36-ts to form Rh(III)
hydride 37 with an activation free energy of 18.4 kcal/mol.
Subsequent reductive elimination of the N−H bond via
transition state 38-ts gives olefin-coordinated Rh(I) complex
39. The overall activation free energy of this process from
intermediate 14 is 31.3 kcal/mol. Subsequently, in the
presence of acetate, the enamine moiety in complex 39
irreversibly isomerizes to an imine species 41 via transition
state 40-ts with an activation free energy of 14.8 kcal/mol.
Sequential oxidative addition occurs via transition state 42-ts
without an energy barrier. Subsequent reductive elimination
with an activation free energy of 15.9 kcal/mol gives pyridinyl-
Rh(III) complex 33. Comparison of paths a and b reveals that
the relative free energy of transition state 38-ts is 11.1 kcal/
mol higher than that of transition state 28-ts, indicating that
path a is favorable. In an alternative Rh(III)/Rh(I) pathway
(path c, pink lines), reductive elimination from species 16
occurs via transition state 45-ts form the C−N bond to give
Rh(I) species 46. The activation energy of this step is an
enormous 45.6 kcal/mol. The results indicate that path c is
unlikely because of its extremely high activation energy, and
this pathway would not occur under mild conditions.
To compare the Rh(III)/Rh(I)/Rh(III) and Rh(III)/

Rh(V)/Rh(I) catalytic cycles for formation of pyridine product

3, the key transition states of the possible transformations are
shown in Figure 3. Seven-membered rhodacycle 16 containing

an pivaloyl oxime moiety acts as an oxidizing directing group
that cleaves the O−N bond to form the Rh(V)−nitrene
complex. The calculated activation free energy for intra-
molecular oxidative addition of the O−N bond to Rh(III) via
transition state 26-ts is 12.3 and 27.6 kcal/mol lower than that
of reductive elimination via transition states 36-ts and 45-ts,
respectively. Therefore, the annulation process would occur by
the Rh(III)/Rh(V)/Rh(I) catalytic cycle. Direct reductive
elimination of 16-electron Rh(III) intermediate 16 to form a
new C−N bond from the cyclic alkyl amino Rh(III) species is
difficult. However, formal reduction of 18-electron Rh(V)−
nitrene complex 27 is facile, which can be considered to be
nitrene migratory insertion into the alkyl−Rh bond. This result
is similar to a previous study by Houk’s group,42 who found
that C−N formation by reductive elimination of the C(sp3)−
Rh(III)−N unit is more difficult than that by reductive
elimination of the C(sp3)−Rh(V)−N unit. The bond orders of
the Rh−C and Rh−N bonds in Rh(III) intermediate 16 are
determined to be 0.60 and 0.48 by natural population analysis
(NPA), which indicate that the Rh−C and Rh−N bonds are
strong. The frontier molecular orbitals (FMOs) of inter-
mediate 16 were also calculated, and they are shown in Figure
3. The highest occupied molecular orbital of intermediate 16 is
located in the bonding orbital of the dπ−pπ back-donation
bond of the Rh−N bond, which indicates that the Rh−N
bonds are strengthened by a dπ−pπ back-donation interaction.
This result suggests the low reactivity of the C−N reductive

Figure 3. Key intermediate and transition states for competition
between the Rh(III)/Rh(I) and Rh(III)/Rh(V) catalytic cycles in
rhodium-catalyzed reactions of O-pivaloyl oximes 1 and ethyl acrylate
2. Hydrogen atoms except for the transferring proton are omitted for
clarity.
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elimination could be attributed to the strength of the breaking
Rh−N bond.
Experimentally, when crotonic acid 5 is used as the reactant,

5-substituted pyridine 6 is obtained as the main product by
decarboxylation with good regioselectivity (Scheme 4). DFT

calculations were also performed to investigate the mechanism
and regioselectivity of rhodium-catalyzed oxidative cyclization

of α,β-unsaturated oximes and crotonic acid (Figure 4). The
common starting intermediate 11 forms by acetate-assisted
electrophilic deprotonation, and alkene insertion into the Rh−
C bond forms a new C−C bond. There are two competitive
olefin insertion modes in the following process. Alkene
insertion occures via transition state 49-ts with an activation
free energy of 15.7 kcal/mol to form seven-membered
rhodacycle 50. Alternatively, alkene insertion could occur via
transition state 51-ts. The relative free energy of transition
state 49-ts is 7.7 kcal/mol higher than that of 51-ts, indicating
that it is a kinetically unfavorable process. From rhodacycle 50,
intermolecular deprotonation of the carboxyl moiety by acetate
via transition state 53-ts with an activation energy of 20.4 kcal/
mol gives acetoxyrhodium complex 54.
The corresponding Rh(III)/Rh(I)/Rh(III) and Rh(III)/

Rh(V)/Rh(I) catalytic cycles for formation of pyridine product

Scheme 4. Rhodium-Catalyzed Reactions of α,β-
Unsaturated O-Pivaloyl Oxime 1 and Crotonic Acid 5

Figure 4. Gibbs energy profiles of Rh-catalyzed reactions of O-pivaloyl oximes 1 and crotonic acid 5 for formation of decarboxylated pyridines.
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6 from complex 54 were also considered. In path a, N−O bond
oxidative addition occurs via transition state 55-ts to form
high-valence Rh(V)−eneamino complex 56 with an energy
barrier of 13.4 kcal/mol. C−N bond formation of 18-electron
Rh(V) 56 then occurs via C(sp3)−Rh(V)−N unit reductive
elimination transition state 57-ts with an energy barrier of 11.7
kcal/mol, leading to irreversible generation of dihydropyridine-
coordinated Rh(III) species 58. Subsequent intramolecular
deprotonation by pivalate occurs via transition state 59-ts with
an activation energy of 25.2 kcal/mol. The 5-substituted
pyridine 6 species forms by decarboxylation via transition state
61-ts. The overall activation free energy of decarboxylation is
28.5 kcal/mol.
In path b, β-H elimination of Rh(III) intermediate 54 via

transition state 66-ts gives a Rh(III) hydride complex, which
has an energy barrier of 42.8 kcal/mol. The relative free energy
of 66-ts is 29.4 kcal/mol higher than that of transition state 55-
ts. On the basis of these data, β-H elimination is unlikely
because of its extremely high activation energy. In addition,
C−N bond formation of intermediate 54 could occur by
intramolecular imine migration insertion into the alkyl−Rh
bond via transition state 64-ts with an activation free energy of
34.0 kcal/mol. The results show that C−N bond formation
from the C(sp3)−Rh(III)−N unit is still difficult in this
process. The geometry of transition state 64-ts shows that it is
the resulting broken conjugation between the imine and the
alkene moiety with C−N bond formation that leads to the
higher activation energy. Thus, the Rh(III)/Rh(V) catalytic
cycle is the favorable reaction pathway for rhodium-catalyzed
decarboxylated reactions of α,β-unsaturated oximes and
crotonic acid.
Experimentally, Rovis’s group33,47 found that when an oxime

ether is used as the reactant instead of an oxime ester, the
corresponding oxidative cyclization for construction of
pyridine does not occur (Scheme 5). We will attempted to

explain the difference of reactivity for this Rh-catalyzed
oxidative cyclization reaction. As shown in Figure 5, according
to the corresponding steps with the oxime ester reactant,
seven-membered rhodacycle 76 can be generated by C−H
activation via 70-ts, alkene insertion via 73-ts, and deproto-
nation via 75-ts. The calculated activation energies for these
steps are analogous to the corresponding steps with an oxime
ester reactant. In path a, the calculated activation free energy
for intramolecular oxidation of Rh(III) species 76 to Rh(V)
species 86 by the oxime ether internal oxidant via three-
membered ring transition state 85-ts is 49.6 kcal/mol.
Therefore, the reaction cannot occur along the Rh(III)/
Rh(V) catalytic cycle. Reductive elimination of 76 to form the
C−N bond via transition state 87-ts is also not possible
because of the high relative free energy of 52.4 kcal/mol. In
path c, β-H elimination from the corresponding seven-
membered rhodacycle 76 requires an activation barrier of
14.7 kcal/mol. Subsequent N−H bond reductive elimination
of the generated Rh hydride intermediate 78 is more difficult

than β-H elimination. The calculated overall activation free
energy is 34.5 kcal/mol (from intermediate 74 to transition
state 79-ts). Thus, the Rh(III)/Rh(I) catalytic cycle can also
be excluded. This result shows why the pyridine product does
not form using oxime ether substrates under typical reaction
conditions. The computational results are consistent with the
experimental observations.
The calculated activation free energy for oxidative addition

of the O−N bond of 16 to form Rh(V) species via transition
state 26-ts is only 12.5 kcal/mol. In contrast to the oxime ester
moiety, the oxidizability of the oxime ether group to give a
Rh(V) species is significantly more difficult. To understand the
difference between the oxidizabilities of the oxime ester and
oxime ether, the NPA charge distributions and N−O bond
orders of these two compounds and the corresponding Rh
species were calculated. As shown in Figure 6, the bond order
of the N−O bond in 16 is 0.87, while it is 0.94 in 76. The
calculated bond orders indicate that the covalent N−O bond
in complex 16 becomes weaker with coordination to Rh.
The bond orders and bond lengths of the N−O bonds

illustrate the ester moiety is a much better leaving group than
the ether moiety. In addition, when the corresponding oximes
are coordinated to Rh in complexes 16 and 76, the NPA
charges of the nitrogen atoms are similar, but the negative
charge on the oxygen atom of the coordinated oxime ester
(−0.42) is somewhat lower than that of the coordinated oxime
ether (−0.47). The lower negative charge can be attributed to
the extra coordination of the ester moiety to Rh, which leads to
donation of negative charge from the oxygen atom of the
oxime ester and N−O bond easily broken. Therefore, the
oxidizability of the oxime ester is stronger than that of the
oxime ether.
To further reveal the difference of the reactivity between the

oxime ester and the oxime ether, scans of the relative energies
with respect to the N−O bond length for oxime ester 1, oxime
ether 68, and the corresponding coordination intermediates 16
and 76 are shown in Figure 7. It clearly shows that when the
length of corresponding N−O bond increases, the relative
energy of the compounds also increases. The rate of increase of
the energy for oxime ester 1 is significantly lower than that for
oxime ether 68, which indicates that the oxime can be
activated by the function of the ester group. We also found that
coordination to Rh can activate the corresponding N−O bond.
As shown in Figure 7, the slopes for complexes 16 and 76 are
significantly lower than those for complexes 1 and 68,
respectively. Therefore, with activation of the ester group
and coordination to Rh, the N−O bond in complex 16 is
further activated, which can be broken by oxidative addition to
Rh. The DFT calculations reveal that oxidative addition is
promoted by the oxime ester moiety in this reaction.
DFT calculations were performed to understand the

regioselectivity of rhodium-catalyzed reactions of α,β-unsatu-
rated oximes and alkenes. On the basis of the proposed
mechanism, the regioselectivity of this reaction is controlled by
the alkene insertion step, which is determined by electronic as
well as steric factors.20,68 The optimized geometries and Gibbs
energies of the alkene insertion transition states are shown in
Figure 8. The relative free energy of transition state 13-ts is 3.1
kcal/mol lower than that of 17-ts. The structures for these two
transition states show that the preferential coupling of the Rh
center with the alkene does not originate from the steric effect.
Therefore, we performed NPA to investigate the electronic
effect. The NPA charges of carbon atoms C2 and C3 of ethyl

Scheme 5. Rhodium-Catalyzed Reactions of α,β-
Unsaturated O-Methyl Oxime 68 and Ethyl Acrylate 2
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Figure 5. Gibbs energy profiles of the product formation steps of rhodium-catalyzed reactions from O-methyl oximes 68 and ethyl acrylate 2.

Figure 6. Optimized structures with the charge distributions and N−O bond orders for 1, 16, 26-ts, 68, 76, and 85-ts. The bond lengths are given
in angstroms.
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acrylate 2 are −0.32 and −0.28, respectively, which indicates
that the nucleophilicity of C2 is higher than that of C3.
Therefore, formation of a Rh−C bond by nucleophilic attack
of the higher nucleophilicity C2 carbon atom to the Rh (0.21)
center is easier than that of the C3 carbon atom. When the
carboxyl alkene 5 substrate is used, and the relative free energy
of 49-ts is 7.7 kcal/mol lower than that of 51-ts. The NBO
charge of the C4 carbon atom of 5 is −0.36, while that of the
C5 carbon atom is only −0.06. Thus, the lower reaction barrier
via transition state 49-ts can be attributed to the electronic
interaction between the electrophilic Rh center of complex 11
and the C4 carbon atom of ethyl acrylate 5. The calculated

results show that the electronic properties influence
regioselectivity control in the reaction.

■ CONCLUSIONS

The mechanism of Rh(III)-catalyzed reactions of α,β-
unsaturated oximes and alkenes has been revealed by DFT
calculations. The Rh(III)/Rh(V)/Rh(I) catalytic cycle is more
favorable than the previously proposed Rh(III)/Rh(I)/Rh(III)
catalytic cycle. The theoretical calculations show that Rh(III)-
catalyzed reactions starts with oxime-directed CMD-type C−H
bond cleavage of the α,β-unsaturated oxime, alkene insertion
into the vinyl−Rh bond, and base-assisted deprotonation to
form a seven-membered rhodacycle. Subsequent migratory
oxidative addition of the N−O bond in the oxime ester gives a
Rh(V)−nitrene complex, which can undergo nitrene insertion
into the alkyl−Rh bond to form a pyridine ring. A 1,5-
hydrogen shift and β-hydride elimination then gives the
pyridine product. The Rh(I) species is then oxidized by Ag(I)
to regenerate the Rh(III) active catalyst. The theoretical
calculations show that reductive elimination from an alkyl-
Rh(III) species is difficult, so the Rh(III)/Rh(I)/Rh(III)
catalytic cycle can be excluded. FMO analysis indicates that the
Rh−N bond in complex 16 is strengthened by a dπ−pπ back-
donation interaction. We also found that when acrylic acid is
used as the substrate instead of its ester, decarboxylation can
occur through a five-membered-ring transition state.
The DFT calculations show that the type of internal oxidant

(oxime ether or oxime ester) influences the reactivity of this
oxidative cyclization reaction. The oxime ester acts as both a
directing group and an internal oxidant. In this reaction, the
N−O bond can be activated by the ester group, so migratory

Figure 7. Scans of the bond dissociation energies of oxime ester 1,
oxime ether 68, and the corresponding coordination intermediates 16
and 76.

Figure 8. Optimized geometries and Gibbs energies of the alkene insertion transition states. The values in parentheses are the corresponding NPA
charges of the atoms.
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oxidative addition into the Rh(III) species can generate the
corresponding Rh(V)−nitrene complex. However, in the
absence of an ester group in the oxime ether, the activation
energy for oxidative addition is much higher. The reactivity can
be predicted by NPA charge calculations, comparison of the
N−O bond orders, and the bond dissociation energies.
The regioselectivity was also investigated. The results show

that the electronic properties influence regioselectivity control
of the reaction. A DFT study could enable better under-
standing of the reaction and determine the wider synthetic
applications of this methodology.
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