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ABSTRACT: DFT calculations have been carried out to investigate the reaction mechanism for PdII-mediated enantioselective
C−H iodination. Iodination of the aryl ortho C−H bond of benzylamines catalyzed by PdII diacetate complexes in the presence
of the L-MPAA ligand experiences three main steps: first, C−H bond activation; second, oxidative addition of iodine on PdII and
reductive elimination of iodobenzene; third, catalyst regeneration through ligand exchange. The C−H bond activation is found to
be the rate-determining step of the overall iodination due to higher activation energy. The reaction barrier for the formation of
iodinated (R)-benzylamine is lower than that of (S)-benzylamine, which confirms the R enantioselectivity in iodination at room
temperature. The retainment of the coordination of one acetic acid on PdII and the chelating MPAA ligand during the catalyzed
reaction are suggested to give space economy to facilitate the C−H bond activation. The NHTf functional group on the substrate
is found to be very important for ortho C−H iodination at ambient condition. Our calculated results are consistent with the
experimental observations.

■ INTRODUCTION
The achievement of enantioselective C−H activation is
significant in organic synthesis, and understanding the reaction

mechanism has promoted development in this research area.
Asymmetric transformations via C−H bond activation have
been developed to obtain diversely useful chiral products with
high levels of enantiocontrol methods.1 The enantioselectivity
of chiral carbon is often related to the reaction conditions: for
instance, using a chiral catalyst to transform a prochiral C−H
bond. The development of chiral ligands in transition-metal
complexes to catalyze enantioselective reactions has caused a
great storm in asymmetric syntheses2 and pharmaceuticals.3

Simple and easily available ligands with high efficiency and
selectivity are becoming more and more attractive. Readily

available amino acid ligands as enantiomerically pure chiral
compounds with two coordination sites have played an
important role in enantioselective syntheses.4 Among the chiral
amino acid ligands, chiral mono-N-protected amino acid
(MPAA) ligands in high-valent palladium complexes have led
to efficient,5 high-selectivity6 and high-yield7 C−H activations
for a wide scope of substrates.8,9 Importantly, high
enantioselectivity achieved by using MPAA ligands10 in PdII

catalysts to activate meta-C−H bonds in phenyl group with
long distance nitriles and ethers as donating groups was
reported by Yu et al.11 and studied theoretically by Wu et al.12

In addition, the protecting group amine-trifluoromethylsulfo-
namide13 (NHTf) in the substrate was found to be necessary
for high yield and ee, especially for the ortho C−H bond
activation.13a

Recently, Yu et al.14 also reported the palladium-catalyzed
ortho C−H iodination of racemic benzylamine substrates with
enantioselectivities of up to 244 at room temperature in kinetic
resolution, in the presence of MPAA (Bz-Leu-OH) ligands and
the trifluoromethylsulfonamide (NHTf) protecting group at
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Scheme 1. Enantioselective C−H Iodination of
Benzylamine14
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the substrate (Scheme 1). This high selectivity for the R
configuration in the product caused our great interest. Although
many people have explained the kinetic resolution of chiral
amines by using models with DFT calculations,15 and an early
view has suggested that the reaction proceeds through a
deprotonation from the internal nitrogen protecting group
rather than an outer-sphere base,16 a complete theoretical study
on the mechanism of C−H iodination for (R)- and (S)-benzyl-
amines (PhC*HRNHTf, Tf = trifluoromethylsulfonamide, R =
Ar, alkyl) together with the kinetic enantioselectivity has not
been seen. On the basis of previous studies,11,12,14 we
performed computational studies to get insight into the

regioselectivity and kinetic enatioselectivity of this tremendous
reaction. The role of the MPAA ligand and trifluoromethylsul-
fonamide (NHTf) substituent in the substrate for Pd-catalyzed
aryl C−H iodination is also addressed in this work.

■ COMPUTATIONAL DETAILS
In this article, all of the configurations were optimized at the B3LYP17/
{Lanl2dz+f for Pd and I and 6-31G(d) for other atoms} level of theory
of the Gaussian 09 software package18 without any symmetry
constraint at the gas phase (T = 298.15 K), and the single-point
energies were calculated with M0619/(Lanl2dz+f for Pd and I and 6-
311++G(d, p) for others) based on the gas-phase optimized geometry.
The solvent correction was calculated with the IEFPCM solvation

Chart 1. Energy Changes of Equations 1−3

Scheme 2. Proposed Reaction Steps for the Kinetic Resolution Iodination of Benzylamine
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model20 in dimethyl sulfoxide (DMSO). The most favorable C−H
activation reaction pathway was also calculated by WB97XD21 and
TPSSTPSS,22 and the results were consistent with the B3LYP
calculated results (see the Supporting Information). For each
intermediate and transition state, the gas-phase calculated geometry
shown in this paper is the most stable one in comparison with all
possible conformations for the same molecule. The harmonic
vibrational frequencies of reactants and products had no imaginary
frequency, and the harmonic vibrational frequencies of transition state
structures had only one imaginary frequency. The transition states
were also confirmed to connect appropriate intermediates, reactants,
or products by intrinsic reaction coordinate (IRC) calculations.23 The
gas-phase free energies (G) were calculated at T = 298.15 K within the
harmonic potential approximation at optimized structures. The 3D
molecular structures displayed in this article were drawn by using the
GaussView 5.0 and ChemDraw molecular visualizing and manipulating
programs. All energies shown in the figures and discussed in this paper
are the Gibbs free energies (ΔGDMSO) in the DMSO where specified,
and the relative electronic energies and free energies in the gas phase
are given in tables in Supporting Information. Optimized geometries
and selected structural parameters for species in energy profiles are
also shown in the Supporting Information.
In order to show that the DFT method used in our calculations is

appropriate, TPSS and ω-B97XD methods were also used to compute
the C−H activation barriers for R and S substrates (Table S1 in the
Supporting Information). The computational results from TPSS and
ω-B97XD are consistent with those from B3LYP. The most favorable
C−H activation barriers for (R)-benzylamine are calculated to be 7.3,
6.8, and 8.3 kcal/mol in energy lower than those for the S
configuration by using B3LYP, TPSSTPSS, and ω-B97XD, respec-
tively. These results confirm that our discussion based on the B3LYP
calculated results is reasonable.

■ RESULTS AND DISCUSSION
In order to compare the relative coordination abilities of ligands
and substrates with the palladium center, we studied the energy
changes in eqs 1−3 (Chart 1). When the acetate in PdII

diacetate complex 1 is protonated by the carboxyl group of the
MPAA ligand to give complex 2 in eq 1, the Gibbs free energy

in DMSO is reduced by 6 kcal/mol. This result shows that the
PdII prefers to form a bond with the MPAA ligand rather than
acetate. In eq 2, the PdII complex 2 goes on to coordinate with
the substrate SR, which is an (R)-benzylamine by forming a
Pd−N2 noncovalent bond in the presence of acetate ligand, and
the Gibbs free energy in DMSO is increased by 1.3 kcal/mol.
However, after the protonation and release of acetate, a Pd−N2

covalent bond is formed with a free energy increase of 2.4 kcal/
mol in eq 3, which is slightly larger than that in eq 2, showing
that the acetate ligand prefers to coordinate with the Pd center
rather than be released from the metal center after protonation
by the amine of the substrate. This result is also suitable for the
S configuration substrate. These results give us a hint that R1a
may be a stable and very important intermediate in aryl C−H
activation.
On the basis of experimental observation and the above

calculations, we propose there are three reaction steps for this
kinetic resolution iodination (Scheme 2): (1) C−H activation
which selectively chooses (R)-benzylamine; (2) oxidative
addition and reductive elimination to form a C−I bond; (3)
regeneration of the catalyst by giving iodized (R)-benzylamine
selectively with ligand replacement at the Pd center.

Figure 1. Energy profile of pathway a for aryl C−H bond activation of (R)-benzylamine. The relative free energies in dimethyl sulfoxide (DMSO)
are given in kcal/mol.

Table 1. Relative Gibbs Free Energy (ΔGDMSO, in kcal/mol)
in Figures S2, S4, and S6 in the Supporting Information for
Aryl C−H Bond Activation of (R)-Benzylamine

structure ΔGDMSO structure ΔGDMSO structure ΔGDMSO

Pd3(OAc)6 0 Pd3(OAc)6 0 Pd3(OAc)6 0
R3a′ 17.0 R3a″ 12.8 L1 7.0
TSR2a′ 30.1 TSR2a″ 47.7 TSL 13.1
R4a′ 7.8 R4a″ 10.5 L2 11.4

R3b 24.2
TSR2b 37.2
R4b 15.9
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The detailed reaction mechanism for R configuration benzyl-
amine is studied first in this work. Previous studies have shown
that Pd(OAc)2 is the active species in the [Pd3(OAc)6]-
catalyzed iodination of aryl C−H bonds.12 Figure 1 shows that
the monomeric Pd(OAc)2 is more unstable than the trinuclear
complex [Pd3(OAc)6] by 16.4 kcal/mol in the DMSO
corrected free energy. Complex 2 is formed by a ligand
exchange process, which is exothermic as shown in eq 1 in
Chart 1. Once the R configuration substrate comes in to react
with complex 2, the intermediate R1a is formed by a hydrogen
bond interaction between the amine group of the substrate and
acetate together with the noncovalent bond formed between
the substrate and the metal center. Then the acetate ligand is
protonated by the amine of the substrate and a Pd−N covalent
bond is formed, which is barrierless. R2a is more unstable than
the reference complex by 10.8 and 3.4 kcal/mol energy for the
isomerization from R2a to R3a afterward. In R3a, the carboxylate
of the substrate coordinates with the metal center. The
transition state TSR2a from the isomer R3a is located for the aryl
ortho C−H bond activation with a solvent-corrected free
energy of 20.5 kcal/mol. The stable intermediate R4a with Pd−
N and Pd−C covalent bonds is formed after C−H activation.
The activation of aryl C−H bonds goes through a six-
membered cyclopalladation transition state (Figure 1), which is
consistent with previous reports.12,24 However, acetic acid is
coordinated on the metal center by a noncovalent bond during
the C−H activation, which plays a key role because coordinated
acetic acid can push the substrate close to the carboxylate of the
MPAA ligand, making the hydrogen easy to transfer from the
substrate to the MPAA ligand. This kind of transition state has
not been reported in previous theoretical studies on the Pd-
MPAA catalyzed aryl C−H bond activation. The optimized

geometry and selected structural parameters for species in
Figure 1 are shown in the Supporting Information.
The pathways for C−H activation in the absence of the

coordination of CH3COOH on the metal center are shown in
Figures S2 and S4 in the Supporting Information. CH3COOH
is released from R3a, and unstable R3a′ and R3a″ are formed in
Figures S2 and S4 followed by the even more unstable
transition states TSR2a′ and TSR2a″. The energy barriers of C−H
activation via pathways in Figures S2 and S4 (Table 1) are 9.6
and 27.2 kcal/mol higher than that in Figure 1, respectively. In
these two pathways, the C2, N2, and O2 atoms of SR are all
coordinated to the PdII center in the structures of TSR2a′ and
TSR2a″ when acetic acid is absent on the metal center. Here, the
activation barrier is quite high due to a greater distance between
the aryl ortho C−H and the carboxylate oxygen of the MPAA
ligand. In a previous study, the distance between the aryl meta
C−H and the carboxylate oxygen of the MPAA ligand is also
reduced due to a very large ring formed in the transition states,
which can also squeeze the meta C−H close to the carboxylate
of the MPAA ligand, leading to a smaller reaction barrier.12

The energy profile of another pathway for C−H activation
with the help of the carbonyl group of the MPAA ligand in the
absence of acetic acid is shown in Figure S6 in the Supporting
Information. In this pathway, an intermediate with a MPAA
ligand and two acetates coordinated on the Pd center is formed
first from the mono Pd acetates 1. After protons are transferred
from imine and carboxylate groups of the MPAA ligand to
acetates at the same time via a barrier of 13.1 kcal/mol (Table
1), an intermediate L2, in which two acetic acids coordinate on
the Pd center with two carbonyl oxygen atoms, is formed. Then
the substrate replaces two acetic acid molecules to form the
intermediate R3b. From this unstable intermediate the R3b, the
aryl ortho C−H bond is activated with the help of carbonyl on

Figure 2. Energy profile of pathway c for aryl C−H bond activation of (R)-benzylamine. The relative free energies in dimethyl sulfoxide (DMSO)
are given in kcal/mol.
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the MPAA ligand through a barrier of 37.2 kcal/mol (Table 1),
which is higher than that in Figure 1 by 16.7 kcal/mol. In this
transition state, TSR2b, the O

1″ atom becomes a H acceptor and
the Pd−N1 noncovalent bond changes into a covalent bond,
while a Pd−C2 bond is formed so that a PdII center is kept
(Figure S7 in the Supporting Information). This pathway is
unfavorable because it has to pass through a very unstable
intermediate, where the PdII center has two covalent bonds
formed after the deprotonation of the MPAA ligand and two
noncovalent bonds formed with the substrate, which moves the
substrate away from the PdII center and the carboxylate group
of the MPAA ligand.
Instead of formation of a hydrogen bond between the acetate

and the amine group of the substrate in R1a, a hydrogen bond is
formed between the acetate and imine of the MPAA ligand in
R1c in Figure 2. Without formation of a Pd−N covalent bond
with N atoms in the substrate and the MPAA ligand in R1c, the
activation of an ortho C−H bond is very difficult due to the
very high reaction barrier of 44.9 kcal/mol, which is 24.4 kcal/
mol higher than that in Figure 1. Here, R2c is very unstable and
the pathway in Figure 2 is reversible. R1c is the isomer of R1a,
the O3′ atom of the CH3COO fragment is H-bonded to the N1

atom of the MPAA ligand with a 1.886 Å bond distance in the
structure of R1c (Figure S8 in the Supporting Information), and
R1c is found to be 3.4 kcal/mol higher in energy than R1a,
which is consistent with the conclusion from a comparison of
reaction energies of eqs 2 and 3 in Chart 1. Next, a proton
transfer takes place between the C2 atom of SR and the O

1 atom
of the MPAA ligand in the process of a C−H activation

reaction with a higher energy barrier. R2c is computed to be
16.2 kcal/mol higher in energy than R4a. In a word, a pathway
in which only a noncovalent bond is formed between the
substrate and the metal center has a higher C−H activation
barrier in comparison to that in which the amine of the
substrate is deprotonated and a covalent Pd−N (substrate)
bond is formed; thus, the mechanism of pathway c in Figure 2
is impractical.
The pathways in Figures 3 and 4 are based on a previous

study,2d in which the C−H activation occurred with the help of
an acetic acid oxygen rather than a carboxylate oxygen of the
MPAA ligand. In Figure 3, the substrate forms a Pd−N
covalent bond by transferring H to acetate and R1d is obtained,
in which the aryl C−H has an agostic interaction with the Pd
center. The C−H activation occurs through the transition state
TSR1d, where the acetate lying above the plane of PdII−O−N
forms a hydrogen bond, interacting with C2 and N2 of SR at the
same time to achieve a hydrogen transfer process (Figure S9 in
the Supporting Information). However, this process has a
barrier of 40.6 kcal/mol.
Similar to pathway in Figure 3, the pathway in Figure 4 has

also been studied, where SR coordinates to the PdII center to
form R1e on the basis of the structure of complex 3. The C−H
activation occurs through the transition state TSR1e, where the
ortho C−H bond transfers H to one O of acetic acid and
another O of acetic acid to form a hydrogen bond with the N of
the MPAA ligand (Figure S10 in the Supporting Information).
This process has a barrier of 43.3 kcal/mol (Figure 4), which is
even higher than that in Figure 3. The results in these two

Figure 3. Energy profile of pathway d for aryl C−H bond activation of (R)-benzylamine. The relative free energies in dimethyl sulfoxide (DMSO)
are given in kcal/mol.
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pathways show that the ortho C−H activation prefers to occur
with the carboxylate group of the MPAA ligand rather than
with acetic acid due to better overlap of the meta C−H σ bond
with the p orbital of the carbonyl oxygen of carboxylate of the
MPAA ligand than with that of acetic acid. Up to now, the

barriers in Figures S2, S4, S6 in the Supporting Information and
Figures 2−4 are all higher than that in Figure 1 for C−H
activation; therefore, these data could prove that the pathway in
Figure 1 is the most favorable pathway and R4a is the most
stable intermediate formed after C−H activation.

Figure 4. Energy profile of pathway e for aryl C−H bond activation of (R)-benzylamine. The relative free energies in dimethyl sulfoxide (DMSO)
are given in kcal/mol.

Figure 5. Energy profile for the stepwise reaction pathway of the iodination process. The relative free energies in dimethyl sulfoxide (DMSO) are
given in kcal/mol.
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Once the Pd−C bond is formed after C−H activation, the
iodination of activated aryl can take place via concerted Pd−C
metathesis or through a stepwise pathway with oxidative
addition and reductive elimination. The stepwise pathway is
shown in Figure 5, where R5a is formed when CH3COOH in
R4a is replaced by I2, and the oxidative addition of I2 occurs
with a barrier of 15.5 kcal/mol while the reductive elimination
goes through a barrier of 19.4 kcal/mol to form a C−I bond
(Figure 5), which is lower than the C−H activation barrier in
Figure 1. In Figure S11 in the Supporting Information, the
amide (NHCO) of the ligand stays away from the benzene
ring of SR to reduce the steric effect in the structure of TSR4a,
and stable R7a is formed afterward.
The processes of a concerted metathesis reaction for

iodination have also been studied. In Figure S12 in the
Supporting Information, CH3COOH is involved during the
metathesis process while CH3COOH is coordinated to the PdII

center in Figure S14 in the Supporting Information during the
metathesis process. However, both barriers in Figures S12 and
S14 are very high (29.1 and 35.8 kcal/mol) (Table 2), and they
are higher than the total barrier in Figure 5. Thus, a concerted
metathesis reaction is unfavorable in the iodination process.
The last part in the catalytic cycle is the formation of the

product and regeneration of the catalyst by a protonation
process. The protonation of the amine group in the substrate
leads to the formation of the final product, and the protonation
of the iodide regenerates the catalyst Pd(OAc)2. On the basis of

the sequence of protonation, there are three different pathways
for this part. From the calculated results shown in Figures 6−8,
we can see that the pathway in Figure 6 is the most favorable
pathway, which continues from the last intermediate in Figure
5. According to this pathway, the protonation of the amine
group in the substrate by CH3COOH takes place first with a
very small proton transfer barrier. Then another CH3COOH
comes in to cause protonation of iodide and the MPAA ligand
and iodized benzylamine is replaced by acetate, thus
regenerating Pd(OAc)2. Here, 11.2 kcal/mol energy is the
cost of finishing the reaction. Although these steps lead to the
formation of unstable HI as the byproduct, the neutralization
can reduce the energy of the system. Actually, according to Yu’s
report,14 Na2CO3 was added into the reaction system at the end
of the reaction.
Another pathway is shown in Figure 7, and the calculated

structures are shown in Figure S17 in the Supporting
Information. The proton transfer in this pathway happens
first from the carboxylic group of MPAA to the amine group of
the substrate via a 5.2 kcal/mol barrier. After this, the
carboxylate in the MPAA ligand is protonated by CH3COOH
and iodide is protonated by another CH3COOH. However, the
total barrier for this protonation process is 11.4 kcal/mol, and
15.9 kcal/mol energy is the cost to form HI. In addition, the
unstable HI as the byproduct can also be neutralized by base,
which was added to the reaction system at the end of the
reaction.
In Figure 8, an alternative reaction pathway in which ligand

replacement occurs first is studied. After MPAA is replaced by
CH3COOH, the protonation of the amine group in the
substrate takes place by proton transfer from CH3COOH to
the N atom in the substrate. The proton transfer needs to
overcome a barrier of 13.3 kcal/mol. The proton transfer from
another CH3COOH to iodide regenerates Pd(OAc)2 and forms
HI. The unstable HI can be neutralized also.
The pathways in Figures 6−8 are all possible because the

total energy costs in three pathways are all small and they are all

Table 2. Relative Gibbs Free Energy (ΔGDMSO, in kcal/mol)
in Figures S12 and S14 in the Supporting Information for
Metathesis Reactions of (R)-Benzylamine

structure ΔGDMSO structure ΔGDMSO

Pd3(OAc)6 0 Pd3(OAc)6 0
R5b 1.9 R5c 1.7
TSR3b 29.1 TSR3c 35.8
R6b −16.8 R6c −2.8

Figure 6. Energy profile of pathway a for R-iodinated product release and regeneration of the catalyst. The relative free energies in dimethyl sulfoxide
(DMSO) are given in kcal/mol.
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smaller than the C−H activation and I2 oxidative addition and
C−I reductive elimination processes, suggesting that, once the
C−H activation happens, the other reaction steps are facile.
According to Yu’s report,14 the rate of fast-reaching

enantiomer (kfast/kslow) for Pd-catalyzed C−H iodination
reactions can reach up to 244 with the MPAA ligand for
racemic benzylamines. We are interested in studying the
detailed mechanisms for Pd-catalyzed iodation reaction
processes of S enantiomer reagents. Similar to the reaction

route for (R)-benzylamine ortho C−H iodination, reaction
pathways for (S)-benzylamines are also divided into three parts,
a C−H bond activation reaction and stepwise iodination
including oxidative addition and reductive elimination reactions
together with the regeneration of the catalyst.
First of all, the most favorable pathway for C−H activation of

(S)-benzylamine is shown in Figure 9. Similar to that in Figure
1, 1 → 2 is a rapid reaction process, which leads to ligand
replacement of the acetate by the MPAA ligand. Then the (S)-

Figure 7. Energy profile of pathway b for generation of the R-iodinated product and the regeneration of the catalyst. The relative free energies in
dimethyl sulfoxide (DMSO) are given in kcal/mol.

Figure 8. Energy profile of pathway c for generation of the R-iodinated product and the regeneration of the catalyst. The relative free energies in
dimethyl sulfoxide (DMSO) are given in kcal/mol.
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benzylamine substrate coordinates with the Pd center following
a deprotonation of the amine group by transferring a proton
from the substrate to the remaining acetate. This deprotonation
process can be promoted by the strongly electron withdrawing
Tf group and nucleophilic CH3COO

−, and the reaction barrier
is 10.6 kcal/mol. Then the ortho C−H activation occurs
through a barrier of 27.8 kcal/mol and the intermediate S4A is
formed. In this pathway, the total barrier is higher than that in
the most favorable pathway of C−H activation for (R)-
benzylamine by 7.3 kcal/mol.
Similar to pathways in Figures S2, S4 and S6 in the

Supporting Information for (R)-benzyl amine, the three
pathways for (S)-benzylamine ortho C−H activation are
presented in Figures S20, S22, and S24 in the Supporting
Information, respectively. In comparison with the pathway in
Figure 9, the energy barriers of the pathways in Figures S20,
S22, and S24 are 7.4, 22.7, and 13.7 kcal/mol higher,
respectively (Table 3). In addition, the total energy barriers
in the pathways in Figure 9 and Figures S20, S22, and S24 are
7.3, 5.1, 2.8, and 4.3 kcal/mol higher than those in the pathways
in Figure 1 and Figures S2, S4, and S6 for (R)-benzylamine,
respectively, suggesting that the ortho C−H bond in (S)-
benzylamine is more difficult to activate than that in (R)-
benzylamine. The optimized structures and selected geometric
parameters of the three pathways in Figures S20, S22, and S24

are shown in Figures S21, S23, and S25 in the Supporting
Information.
Another C−H activation mechanism in Figure 10 is quite

similar to the pathway in Figure 2 except for (S)-benzylamine
as the substrate. However, the total reaction barrier in this
pathway is calculated to be 51.7 kcal/mol, which is 23.9 kcal/
mol higher than that in pathway A and 6.8 kcal/mol higher than
that in the pathway (Figure 2) of (R)-benzylamine. Thus, this
pathway cannot compete with the pathway in Figure 9. The
optimized structures and selected geometric parameters of
pathway in Figure 10 is presented in Figure S26 in the
Supporting Information.
Another possible pathway for C−H bond activation of (S)-

benzylamine by taking acetic acid as a proton transfer bridge is
shown in Figure 11. The amine group in the S substrate is first
deprotonated and then protonated with proton transfer from
the phenyl group to acetic acid. The total barrier for this
pathway is 41.1 kcal/mol. At the same time, proton transfer
from the phenyl group to acetic acid, which has a hydrogen
bond with the amine of the MPAA ligand, also has a very high
barrier in Figure 12. These two C−H activation pathways are
all unfavorable due to very high reaction barriers in comparison
with that in Figure 9.
The oxidative addition and reductive elimination reactions of

(S)-benzylamine with the PdII−IV−II mechanism also take place
after the C−H activation. S4A reacts with I2 to form the
relatively stable intermediate S5A by replacing CH3COOH with
I2. I2 has a weak interaction with O2 of SS rather than
coordinates to the PdII center in the structure of S5A (Figure
13). The oxidative addition occurs with a barrier of 18.2 kcal/
mol in free energy, followed by a reductive elimination to form
a C−I bond as in S7A via a 23.2 kcal/mol barrier. Here, S6A is
relatively more unstable than TSS3A in solvent-corrected free
energy because of the overestimation of solvent effects in S6A,
since S6A is relatively more stable than in the TSS3A gas phase.
TSS3A is a transition state, and its structure is more flexible than
that of S6A; thus, the solvent effect on TSS3A is smaller. The

Figure 9. Energy profile of pathway A for aryl C−H bond activation of (S)-benzylamine. The relative free energies in dimethyl sulfoxide (DMSO)
are given in kcal/mol.

Table 3. Relative Gibbs Free Energy (ΔGDMSO, in kcal/mol)
in Figures S20. S22, and S24 in the Supporting Information
for Aryl C−H Bond Activation of (S)-Benzylamine

structure ΔGDMSO structure ΔGDMSO structure ΔGDMSO

Pd3(OAc)6 0 Pd3(OAc)6 0 Pd3(OAc)6 0
S3A′ 23.4 S3A″ 15.5 L1 7.0
TSS2A′ 35.2 TSS2A″ 50.5 TSL 13.1
S4A′ 5.8 S4A″ 9.3 L2 11.4

S3B 30.8
TSS2B 41.5
S4B 14.7
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optimized structures and selected geometric parameters of the
pathway in Figure 13 are shown in Figure S29 in the
Supporting Information. The oxidative addition and reductive
elimination processes of SS are similar to those of SR, and they
are all ready to happen once the C−H activation is achieved.
The formation of a C−I bond through a metathesis reaction

has also been studied for (S)-benzylamine (Figures S30 and
S32 in the Supporting Information). However, the energy
barriers of two pathways for Pd−C bond metathesis with I2 are
16.3 and 18.6 kcal/mol higher than that of the oxidative
addition and reductive elimination of (S)-benzylamine in
Figure 13. TSS3B is calculated to be 39.5 kcal/mol with one
imaginary frequency of 111.54i cm−1 (Table 4) and is
energetically 10.4 kcal/mol higher than TSR3b (Figure S30),
and TSS3C is calculated to be 41.8 kcal/mol with one imaginary
frequency of 115.07i cm−1 (Table 4) and is energetically 6.0
kcal/mol higher than TSR3c (Figure S32). The optimized
structures and selected geometric parameters in the processes
of S5B → S6B and S5C → S6C are shown in Figures S31 and S33
in the Supporting Information. From an energetic standpoint,
much more energy is needed to complete the formation of C2−
I5 bond in the metathesis processes in comparison to the
energy needed for the oxidative addition and reductive
elimination processes. Therefore, the ortho C−Pd bond
metathesis with I2 is not favorable for either (R)- or (S)-
benzylamine.
The pathways in Figures 13 and Figures S30 and S32 in the

Supporting Information have been investigated similarly to the

aforementioned pathways in Figure 5 and Figures S12 and S14
in the Supporting Information of SR. The relative Gibbs free
energies (ΔGDMSO) in the DMSO of pathways in Figure 13 and
Figures S30 and S32 for generation of the S-iodinated product
and the regeneration of the catalyst are summarized in Table 5.
The pathway in Figure 13 is slightly more favorable than the
pathways in Figures S30 and S32, since pathway A in Figure 13
is barrierless in our calculation. The mechanisms of
regeneration of the catalyst are presented in Figures S34, S36,
and S38 in the Supporting Information. In Figure S36, without
the coordination of CH3COOH, the proton transfer from the
carboxyl of the MPAA ligand to the amine group of SS occurs
via a barrier of 5.8 kcal/mol. Then CH3COOH is coordinated
to the PdII center for the protonation of MPAA and iodide.
After these two protonation processes, HI is formed. In
addition, neutralization can drive the reaction to a low energy.
The reaction barrier in Figure S38 is higher than that in Figure
S34 by 11.6 kcal/mol. Now we can see that these three
pathways for regeneration of the catalyst by protonation of
benzylamine, MPAA ligand, and iodide around the metal center
are all possible due to small reaction barriers. The optimized
structures and selected geometric parameters of the pathways in
Figures S34, S36, and S38 are shown in Figures S35, S37, and
S39 in the Supporting Information.
Our computational study shows that ortho C−H activation

of (R)-benzylamine has a lower barrier than ortho C−H
activation of (S)-benzylamine, and the acetic acid coordinated
to metal center catalyzes the C−H bond activation more easily

Figure 10. Energy profile of pathway C for aryl C−H bond activation of (S)-benzylamine. The relative free energies in dimethyl sulfoxide (DMSO)
are given in kcal/mol.
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than the metal center without coordination of acetic acid

(Scheme 3). In the most favorable transition states (TSR2a and

TSS2A), the rigid N−Pd−C angle leaves space for the acetic acid

to coordinate to the Pd center and it is the space permission

which in turn makes the ortho C−H closer to the carboxylate

of the MPAA ligand to facilitate the proton transfer. This

conclusion induces conjecture about DMSO, which can have a

similar effect on C−H activation to acetic acid. We have carried

Figure 11. Energy profile of pathway D for aryl C−H bond activation of (S)-benzylamine. The relative free energies in dimethyl sulfoxide (DMSO)
are given in kcal/mol.

Figure 12. Energy profile of pathway E for aryl C−H bond activation of (S)-benzylamine. The relative free energies in dimethyl sulfoxide (DMSO)
are given in kcal/mol.
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out the calculations and find it is true that DMSO can also
facilitate the C−H activation through a space effect. Our
calculation shows that the C−H activation transition state with
DMSO (TSR2a‑DMSO) has stability similar to that of the
transition state with acetic acid (TSR2a) in the gas phase but
TSR2a‑DMSO is more stable than TSR2a after solvent correction,

the same as for (S)-benzylamine (Scheme 3). Here, we need to
clarify that the stability of TSR2a‑DMSO in the solution phase is in
contrast to the experimental result that C−H activation was the
rate-determining step. Therefore, the solvent correction to
TSR2a‑DMSO may be overestimated but the effect of DMSO is
definitely positive. However, in the unfavorable transition states
(TSR2a′ and TSS2A′) the MPAA ligand is flexible and weakly
coordinates to the Pd center due to a trans effect from the N−
Pd bond, making the proton transfer from the phenyl group to
the carboxylate group of the MPAA ligand difficult.
The highest selectivity (rate of fast-reacting enantiomer/rate

of slow-reacting enantiomer) of the kinetic resolution in the
experiment is 244, showing that the activation barrier difference
between the (R)-benzylamine and (S)-benzylamine is about 3.7
kcal/mol. However, the calculated reaction barrier difference
between these two enantiomers is 7.3 kcal/mol, which is
consistent with the experimental results, expect for the 3.6 kcal/
mol error, which may come from the model substrate and
ligand used in the calculations.
In order to investigate the important role of the directing

group SO2CF3 (Tf) in R and S substrates, Tf has been replaced
with CH3 when calculating the energy changes in C−H bond
cleavage processes (Figures S40 and S41 in the Supporting
Information). TS2R‑Me is calculated to be 9.0 kcal/mol higher in
energy than TSR2a and lower in energy than TS2S‑Me by 4.9
kcal/mol (Table 6). These results may come from the strong
electron withdrawing ability of Tf, which makes the
deprotonation of amine group in substrate easy to occur. At
the same time, the TfN−Pd bond is stronger than the MeN−
Pd bond because TfN is a softer ligand than MeN, thus

Figure 13. Energy profile for the iodination reaction of (S)-benzylamine. The relative free energies in dimethyl sulfoxide (DMSO) are given in kcal/
mol.

Table 4. Relative Gibbs Free Energy (ΔGDMSO, in kcal/mol)
in Figures S30 and S32 in the Supporting Information for
Metathesis Reactions of (S)-Benzylamine

structure ΔGDMSO structure ΔGDMSO

Pd3(OAc)6 0 Pd3(OAc)6 0
S5B −2.6 S5C −1.6
TSS3B 39.5 TSS3C 41.8
S6B −3.0 S6C −1.9

Table 5. Relative Gibbs Free Energy (ΔGDMSO, in kcal/mol)
in Figures S34, S36, and S38 in the Supporting Information
for Generation of the (S)-Iodinated Product and the
Regeneration of the Catalyst

structure ΔGDMSO structure ΔGDMSO structure ΔGDMSO

Pd3(OAc)6 0 Pd3(OAc)6 0 Pd3(OAc)6 0
S8A −1.8 S8B 4.6 S8C 5.6
TSS5A −1.3 TSS5B 5.8 TSS5C 10.3
S9A −3.7 RS9B −1.6 RS9C 1.4
HI 6.0 10 −9.9 HI 6.0

TS6 1.5
11 −9.6
HI 6.0

The Journal of Organic Chemistry Article

DOI: 10.1021/acs.joc.5b02571
J. Org. Chem. 2016, 81, 1006−1020

1017

http://pubs.acs.org/doi/suppl/10.1021/acs.joc.5b02571/suppl_file/jo5b02571_si_001.pdf
http://pubs.acs.org/doi/suppl/10.1021/acs.joc.5b02571/suppl_file/jo5b02571_si_001.pdf
http://pubs.acs.org/doi/suppl/10.1021/acs.joc.5b02571/suppl_file/jo5b02571_si_001.pdf
http://dx.doi.org/10.1021/acs.joc.5b02571


bringing the ortho C−H bond closer to the carboxylate of the
MPAA ligand and making it more readily cleaved.
The calculated results for MeNH−C(R) and MeNH−C(S)

confirmed that aryl C−H bond activation in (R)-benzylamine is
more favorable than that in (S)-benzylamine. After comparison

of the geometries of these C−H bond activation transition
states, we found that the repulsion between the Me group on
the chiral carbon and the Tf or Me group on the adjacent N
atom is more obvious in (S)-benzylamine than that in (R)-
benzylamine. It is this repulsion that makes TS2SA and TS2S‑Me
more unstable than TS2Ra and TS2R‑Me, respectively (Scheme
4).

■ CONCLUSION
In this work, almost all possible reaction pathways for Pd-
catalyzed enantioselective C−H iodination at room temper-
ature have been investigated with DFT calculations. Our
calculated results for ortho C−H iodation are collected in
Scheme 5, which shows a schematic presentation of the most
favorable pathways for both R and S enantiomers as reagents.
Other aryl C−H bonds are more difficult to iodinate than the
ortho C−H bond. In general, the palladium-mediated ortho C−
H iodination reaction of (R)-benzylamines is carried out
through three steps, namely: (1) ortho C−H bond activation,
(2) oxidative addition and reductive elimination, and (3)
regeneration of the catalyst. In the most favorable pathway,
ortho C−H bond activation via nucleophilic attack of basic
MPAA carboxylate is the rate-determining step for both (R)-
and (S)-benzylamine, where acetic acid or DMSO coordination
on the metal center makes the space economy sufficient and
squeezes the ortho C−H of the substrate closer to the
carboxylate group of the MPAA ligand to cause proton transfer.
However, the favorable Pd−N(substrate) bond formation
defines that ortho C−H is more preferably activated by the
Pd center than other aryl C−H bonds. It is worth mentioning
that the Tf group at the amine group of the substrate leads to
the formation of a strong Pd−N(substrate) bond, making the
ortho C−H bond easily activated by the Pd center and
carboxylate group of the MPAA ligand. After that, the
formation of a C−I bond goes through I2 oxidative addition
and reductive elimination of the C−I bond, rather than a
metathesis of the Pd−C bond with I2. Last but not least, the
catalytic cycle is finished by adding base to neutralize the
byproduct HI. Importantly, the energy barriers of these three
steps for (R)-benzylamine are all lower than those for (S)-

Scheme 3. Most Stable Transition States for Ortho C−H Activation of (R)- and (S)-Benzylamine

Table 6. Relative Gibbs Free Energy (ΔGDMSO, in kcal/mol)
in the DMSO of Pathways R-Me and S-Me in Figure S40 in
the Supporting Information for Aryl C−H Bond Activation
of Benzylamine

structure ΔGDMSO structure ΔGDMSO

Pd3(OAc)6 0 Pd3(OAc)6 0
R-Me3 9.3 S-Me3 16.5
TS2R‑Me 29.5 TS2S‑Me 34.4
R-Me4 17.7 S-Me4 23.4

Scheme 4. Most Stable Transition States for Ortho C−H
Activation of SR-, SS-, MeNH−C(R)-, and MeNH−C(S)-
Substituted Benzene
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benzylamine, which is consistent with the experimental results
that (R)-benzylamine was iodinated more quickly.
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