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ABSTRACT: In this article we report a comprehensive density
functional theory study on the Pd-catalyzed intermolecular
asymmetric allylic dearomatization reactions of multisubstituted
pyrroles. The calculated results are in line with the previous
experimental observations (J. Am. Chem. Soc. 2014, 136, 6590),
and the remarkable regio- and enantioselectivity are well explained.
Of all the potential nucleophilic sites around the multisubstituted
pyrrole ring, the reaction always occurs at the position where the
HOMO of the molecule distributes most significantly. In contrast
to the common view on the enantioselectivity of the Pd-catalyzed asymmetric allylic substitution reactions, we find that the steric
interaction between the nucleophile and the chiral ligand does not have the dominating effect on the enantioselectivity of the
reaction. Instead, the interaction between the allyl moiety and the incoming nucleophile plays an important role in the
enantioselectivity-determining process.

■ INTRODUCTION
To achieve high levels of chemo-, regio-, and stereoselectivity in
developing novel synthetic methodology is a central topic of
modern organic chemistry and at the same time a basic
requirement for reaching the goal of ideal synthesis.1

Undoubtedly, in the field of asymmetric catalysis, a deep
understanding of the origin of stereoselectivity is of great
importance in devising highly enabling synthetic methods.
However, the stereoselectivity usually stems from subtle non-
covalent interactions between the chiral catalyst and the
substrates in the activated complex that cannot be directly
observed by traditional experimental methods. In this regard,
density functional theory (DFT) calculations play an
increasingly important role in probing the mechanistic details
in asymmetric catalysis.2

Thanks to intensive investigations for several decades, Pd-
catalyzed asymmetric allylic substitution3 has evolved into a
robust and reliable method for the construction of C−C and
C−X bonds in a highly stereoselective manner. Among various
nucleophiles compatible with this type of transformation, the
reactions involving prochiral carbon nucleophiles such as β-
dicarbonyl compounds and analogues,4 ketone enolates and
analogues,5 enol silyl ethers,6 and azalactones7 are attractive
since a chiral center will be established in the incoming
nucleophile moiety.8,9 Typically, application of the Trost
ligands results in excellent enantioselectivity for these
reactions.10 It is generally accepted that it is possible to reach
high enantioselectivity for these systems due to the very deep
chiral pocket generated by the ligand, which allows the phenyl
groups of the ligand to influence the approaching trajectory of

the incoming nucleophile on the opposite side. Besides, the
amide moieties of the ligand have also been suggested to
interact with the nucleophile via hydrogen-bonding or
electrostatic interactions.11 However, further mechanistic
investigations supported by DFT calculations in pursuit of a
deeper understanding of the issue of enantioselectivity in Pd-
catalyzed asymmetric allylic substitution reactions still remain
in great demand.12

In recent years, aromatic rings have been proved applicable
as versatile nucleophiles in transition-metal-catalyzed asym-
metric allylic substitution reactions. However, in most cases, the
chiral centers can only be installed in the allyl moiety because
the substitution of the aryl C−H bonds with an allyl group
cannot interrupt the sp2 hybridization at the nucleophilic site of
arenes. Alternatively, it has been found that substituted arenes
can be used as prochiral nucleophiles, leading to asymmetric
allylic dearomatization reactions.13 In this context, an intra-
molecular design is usually necessary to obtain enhanced
stereochemical control via a conformationally restricted
transition state. Although diverse fused or spiro polycyclic
scaffolds can be accessed in this way, the current methodologies
still suffer from tedious syntheses of the substrates and limited
scope. In order to address these drawbacks, highly efficient
intermolecular asymmetric allylic dearomatization reactions are
highly desired, but successful examples are rare in the
literature.14
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Recently, we developed a Pd-catalyzed intermolecular
asymmetric allylic dearomatization reaction of multisubstituted
pyrroles (Table 1).15,16 In the presence of a catalytic amount of
Pd-complex ligated by (R)-segphos, an array of multisubstituted
pyrroles 2 was found to be reactive toward monosubstituted
allylic carbonates 1 to yield dearomatized multisubstituted 2H-
pyrroles 3. This reaction exhibits remarkable multiple
selectivities. For 2,5-dimethylpyrrole 2a, the reaction occurs
exclusively at the C2 position, leaving the unsubstituted C3
position intact (entry 1). For a series of 2,3,5-trisubstituted
pyrroles 2b−i, the reactions take place at the sterically more
hindered C2 position (entries 2−9, 12, and 13). For all the
substrates tested, N-allylation has never been observed. Note
that a high level of enantioselectivity was obtained with an
axially chiral bisphosphine ligand which has not been utilized in
the Pd-catalyzed asymmetric allylic substitution reactions with
substituted arenes as the prochiral nucleophiles.17

Herein, we report our detailed mechanistic observations of
this novel reaction, with an emphasis on revealing the origins of
the aforementioned multiple selectivities. The results of the
DFT calculations suggest that the distribution of the highest
occupied molecular orbital (HOMO) of multisubstituted
pyrroles dominates in determining the chemo- (C2 vs N)
and regioselectivity (C2 vs C5, C2 vs C4, and C2 vs C3)
among the several potential nucleophilic sites. Interestingly, we
found the steric interaction between the nucleophile and the
chiral ligand does not play a crucial role in determining the
enantioselectivity, in contrast to the common view on the
enantioselectivity issue of Pd-catalyzed asymmetric allylic
substitution reactions. In fact, it is the interaction between
the incoming nucleophile and the Pd-allyl complex, especially
the secondary orbital interaction between the pyrrole ring and
the allyl moiety, which contributes significantly in the chiral
discrimination process by forging a well-organized approaching
trajectory.

■ COMPUTATIONAL METHODS
All calculations in this paper were performed with the Gaussian09
package.18 The DFT method was employed using the M06-2X
functional.19 The SDD basis set with the associated effective core
potential was used for Pd and the 6-31+G(d,p) basis set for other
atoms. The keyword “5d” was specified to use five pure d functions in
the calculations. Optimizations were conducted without any constraint
using the SMD model20 in o-xylene (ε = 2.5454). Frequency analyses
were carried out to confirm that each structure is a local minimum (no
imaginary frequency) or a transition state (only one imaginary
frequency). The energies were further estimated by single-point
calculations using the B3LYP functional,21 including the D3 version of
Grimme’s empirical dispersion correction with Becke−Johnson
damping.22 This method often yields reasonable results for non-
covalent interactions23 which are important in asymmetric catalysis. In
the single-point calculations, the SDD basis sets with the associated
effective core potential was used for Pd and the 6-311++G(d,p) basis
sets for other atoms. The Gibbs free energies in o-xylene (ΔG),
including the single-point corrections, are discussed throughout this
paper unless otherwise specified. Fragment distortion and interaction
energies were computed at the B3LYP-D3(BJ)/SDD/6‑311++G(d,p)
level of theory using the M06‑2X/SDD/6‑31+G(d,p) geometry.
Orbital composition analyses were conducted by the natural atomic
orbital method with Multiwfn.24 The 3D images of the calculated
structures were prepared using CYLview.25 The full computational
details can be found in the Supporting Information.

■ RESULTS AND DISCUSSION
General Consideration. The general catalytic cycle of the

Pd-catalyzed asymmetric allylic substitution reactions is well
known (Figure 1). The catalytically active Pd(0) species first
coordinates with the allylic substrate. The subsequent oxidative
addition gives rise to the key Pd-allyl intermediate, which is
attacked by the nucleophile at the less substituted terminal
position. The final ligand exchange releases the desired product
and closes the catalytic cycle. Since all kinds of selectivities are
determined during the nucleophilic attacking step, the majority
of the following calculations will then be focused on this step.

Table 1. Pd-Catalyzed Intermolecular Asymmetric Allylic Dearomatization Reaction of Multisubstituted Pyrrolesa

entry 1, R1 2, R2, R3, R4, R5 3/4b combined yield of 3 and 4 (%) ee of 3 (%)c

1 1a, Ph 2a, Me, H, H, Me / 85 89
2 1a, Ph 2b, Me, Me, H, Me 95/5 85 95
3 1a, Ph 2c, Me, nBu, H, Me 95/5d 85 95
4 1a, Ph 2d, Me, cPr, H, Me >95/5 90 91
5 1a, Ph 2e, Me, Ph, H, Me 94/6 86 91
6 1a, Ph 2f, Me, p-Tol, H, Me 93/7 93 94
7 1a, Ph 2g, Me, p-OMeC6H4, H, Me 92/8 86 91
8 1a, Ph 2h, Me, p-FC6H4, H, Me 95/5 95 93
9 1a, Ph 2i, Me, Me, H, Ph >95/5 90 95
10 1a, Ph 2j, Me, Me, Me, Me / 78 91
11 1a, Ph 2k, Me, Me, Ph, Me 76/24 92 93
12 1b, p-Tol 2b, Me, Me, H, Me 94/6 84 92
13 1c, 2-thienyl 2b, Me, Me, H, Me 94/6 77 97 (R)

aReaction conditions: 0.4 mmol of 1, 0.2 mmol of 2, 0.2 mmol of Cs2CO3, 5 mol % of [Pd(C3H5)Cl]2, and 11 mol % of (R)-segphos in 2.0 mL of o-
xylene at rt. bThe ratio of 3/4 was determined by 1H NMR analysis of the crude reaction mixture. cee of 3 was determined by HPLC analysis.
dDetermined by GC analysis of the crude reaction mixture.
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Configuration of the Pd-Allyl Complex. The reaction
between 2-thienyl allyl carbonate 1c and 2,3,5-trimethylpyrrole
2b was chosen as the model reaction because the
corresponding product 3cb was delivered in excellent regio-
selectivity (3cb/4cb = 94/6) and the highest enantioselectivity
(97% ee). The structure and the absolute configuration of 3cb
were confirmed unambiguously by X-ray crystallographic
analysis. The chiral environment generated by (R)-segphos
can be described according to the classic quadrant analysis26

(Figure 2). On coordinating to a Pd center, the chiral ligand
shows a highly skewed conformation. Two phenyl groups

which are oriented equatorially extrude toward the Pd center,
making the II and IV quadrants sterically more encumbered
than the other two quadrants, where the two axially oriented
phenyl groups are accommodated at the sides of the biphenyl
backbone, thus pointing away from the Pd center. When the 2-
thienyl allyl moiety coordinates to the Pd center, two different
configurations of the complex (Pd-allyl-endo or Pd-allyl-exo)
can be adopted, and their energies should be different owing to
the surrounding chiral environment (in this article, we refer to
the configuration in which the C2−H bond of the allyl moiety
points toward the +Y direction as endo, and the other
configuration as exo). The calculated relative energy of Pd-
allyl-endo is lower than that of Pd-allyl-exo by 1.1 kcal/mol
because the 2-thienyl group in Pd-allyl-endo is located at the
less congested quadrant. More importantly, these two
configurations can be further distinguished in the nucleophilic
addition step. According to the studies by van Leeuwen and co-
workers,27 the hybridization scenario of C1 switches from sp2

to sp3 as the new C−C bond is forming, and the coordination
mode of the allyl moiety to the Pd center will change from η3 to
η2 accordingly. In order to achieve this end, the allyl moiety of
Pd-allyl-endo should rotate in a counterclockwise fashion,
posing both the 2-thienyl group and the incoming nucleophile
in the less congested quadrants. The situation with Pd-allyl-exo
is just the opposite: a clockwise rotation of the allyl moiety

Figure 1. General catalytic cycle.

Figure 2. (a) Quadrant analysis of the chiral environment generated by (R)-segphos. (b) Simplified structures of Pd-allyl-endo and Pd-allyl-exo, and
their relative energies in kcal/mol. (c) Schematic description of the allyl rotation as the nucleophile is attacking.
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forces both the 2-thienyl group and the incoming nucleophile
to be in the more congested quadrants. Taking into account the
fact that both Pd-allyl-endo and Pd-allyl-exo are accessible due
to the fast π−σ−π transformation of the Pd-allyl complexes,28 it
can be anticipated that the pyrrole nucleophile will attack Pd-
allyl-endo preferentially.
On the Chemo- and Regioselectivity among the

Potential Nucleophilic Sites of Pyrroles. In order to
probe the origins of the chemo- and regioselectivity among the
potential nucleophilic sites of multisubstituted pyrroles, we
conducted orbital composition analysis of the HOMO of 2,3,5-
trimethylpyrrole (2b) and calculated the relative energetic
barriers of the transition states that 2b attacks the Pd-allyl
complex derived from 1c with different nucleophilic sites. (In
these transition states, the Pd-allyl complex is in endo
configuration; the nucleophile is approaching the Pd-allyl
complex in such a trajectory that the pyrrole ring and the allyl
moiety overlap with each other in the maximal way, vide inf ra.)
The HOMO of 2b is mainly composed of the 2pz orbitals of
the carbon and nitrogen atoms around the aromatic ring. A
clear correlation between the HOMO distribution at each
nucleophilic site and the relative energetic barrier of the
corresponding transition state can be observed, as listed in
Table 2. The C2 position is the most nucleophilic site in that

the contribution of the 2pz orbital of C2 to the HOMO of 2b is
estimated to be 33.2%, the most significant among all the
atoms. Accordingly, the attack of the C2 position of 2b to the
Pd-allyl complex enjoys the lowest energetic barrier (entry 2).
As the HOMO distribution on a given position decreases (C2 >
C5 > C3 > C4 > N), the calculated energy of the transition
state for the nucleophilic attack at this position of 2b to the Pd-
allyl complex goes up gradually, with attack at the C5 position
being the second most favorable (entry 5). This is well in
agreement with the experimentally observed chemo- and
regioselectivity (Table 1, entry 13).
To evaluate the generality of the influence of the HOMO

distribution of multisubstituted pyrroles to the chemo- and
regioselectivity in the Pd-catalyzed intermolecular asymmetric
allylic dearomatization reactions, orbital composition analyses
were conducted for all the multisubstituted pyrroles (2a−k)
that have been tested experimentally. The results are
summarized in Figure 3. For symmetric substrates 2,5-
dimethylpyrrole 2a and 2,3,4,5-tetramethylpyrrole 2j, the
HOMO distribution at the C2 (or C5) position is much
more significant than that at the C3 (or C4) position no matter

whether the C3 and C4 positions are substituted (31.1% vs
14.1% for 2a; 31.2% vs 12.3% for 2j), which implies much
stronger nucleophilicity at the C2 and C5 positions compared
with the C3 and C4 positions for these substrates. On the other
hand, the introduction of an alkyl or an aryl substituent at the
C3 position to 2,5-disubstituted pyrroles leads to some
perturbation of the HOMO distribution at the C2 and C5
positions. The contribution of the 2pz orbital of C2 becomes
more significant than that of C5, with the corresponding
difference (“Δ value”, Figure 3) ranging from 3.1% to 7.7%.
These results clearly indicate that the C2 position is the most
nucleophilic site of the 2,3,5-trisubstituted pyrroles, and the
experimentally observed chemo- and regioselectivity might be
mainly determined by the HOMO distribution of the
nucleophiles. Notably, for 2,3,5-trimethyl-4-phenylpyrrole 2k,
the difference between the HOMO distribution at the C2 and
C5 positions is negligible (Δ = −0.2%), and the poor
regioselectivity (3k/4k = 76/24, Table 1, entry 11) might
stem from the different steric effects that are caused by 3-
methyl and 4-phenyl groups.

On the Enantioselectivity. To realize a high level of
enantioselectivity in intermolecular asymmetric allylic dear-
omatization reactions is not trivial, because the nucleophilic
arenes can approach the Pd-allyl complex in a conformationally
non-restricted fashion. The existence of a collection of different
transition states that are all energetically accessible is usually
detrimental for the chiral discrimination process. Experimen-
tally, the BINAP-type bisphosphine ligands have been used in
the Pd-catalyzed intermolecular asymmetric allylation of
prochiral nucleophiles such as α-acetamido-β-ketoesters, α-
amino phosphonates, and α-substituted β-diketones.17 It was
suggested that the phenyl groups of BINAP may interact with
the prochiral nucleophile which approaches the π-allyl moiety
from the opposite side and the enantioselectivity originates.17a

However, the detailed mechanism for the enantioface-selection
still remains elusive.
To obtain deep insights into the origins of the enantio-

selectivity of the target reaction, 12 nucleophilic attacking
transition states with different approaching trajectories of 2,3,5-
trimethylpyrroles to the Pd-allyl moiety were calculated, each of
which is a local minimum in the Newman projection. The
simplified structures as well as the relative energies of the six
transition states in which the Pd-allyl moiety adopts the
favorable endo configuration are shown in Figure 4. (The other
six transition states in which the Pd-allyl moiety adopts the exo
configuration have much higher energies and thus are less
important for the chiral discrimination. See the Supporting
Information for details.) The absolute configuration of the
dearomatized product is determined by the facial selectivity of
the approaching pyrrole ring in the nucleophilic attack step: Re-
face attack of 2,3,5-trimethylpyrrole will result in (R)-product,
whereas Si-face attack will result in (S)-product. Taking all 12
transition states that are considered into account, the formation
of (R)-product should be favored, and the calculated ee value is
92% by applying the Boltzmann distribution, which is in accord
with the experimental observation (97% ee for 3cb, Table 1,
entry 13).
Interestingly, in each series (Re-face attack or Si-face attack),

there is one special transition state whose relative energy is
much lower than the other two counterparts. For instance, TS-
endo-Re-(-sc) (0.0 kcal/mol) is the most stabilized transition
state leading to (R)-product, while the relative energies of the
other two transition states leading to (R)-product, TS-endo-Re-

Table 2. Relationship between the HOMO Distribution of
2b and the Chemo- and Regioselectivity

entry
pyrrole
position

HOMO distribution
(%)

relative energetic barrier
(kcal/mol)

1 N 0.3 13.5
2 C2 33.2 0.0
3 C3 16.8 4.0
4 C4 9.2 4.5
5 C5 29.0 3.5
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(+sc) and TS-endo-Re-(ap), are both 2.6 kcal/mol higher. A
similar trend can be observed for the three transition states
leading to (S)-product. The most favorable transition state for
Si-face attack is TS-endo-Si-(+sc) (1.9 kcal/mol), whose energy
is also lower than that of the other two transition states, TS-
endo-Si-(-sc) (4.4 kcal/mol) and TS-endo-Si-(ap) (4.2 kcal/
mol), by about 2 kcal/mol. These results indicate that although
theoretically, a collection of different transition states can be
expected for this Pd-catalyzed intermolecular asymmetric allylic

dearomatization of multisubstituted pyrroles, yet only one of
them is the most accessible for the formation of (R)- and (S)-
product, respectively, and these two transition states [TS-endo-
Re-(-sc) and TS-endo-Si-(+sc)] contribute the most to the
chiral discrimination process.29

What makes the two lowest-energy transition states TS-endo-
Re-(-sc) and TS-endo-Si-(+sc) unique compared with other
counterparts? We next applied the activation strain model
(ASM)30 to address this issue. ASM is a fragment approach to

Figure 3. HOMO distribution of multisubstituted pyrroles. The Δ value is defined as the difference between the contributions of 2pz orbitals of C2
and C5 atoms to the HOMO of multisubstituted pyrrole.

Figure 4. Simplified structures and the relative energies of the six nucleophilic attacking transition states where the Pd-allyl moiety adopts the endo
configuration. The transition states are named according to the configuration of the Pd-allyl moiety (endo or exo), the facial selectivity of the pyrrole
nucleophile (Re or Si), and the relative position of the C−C bond of the Pd-allyl moiety and the C−N bond of 2,3,5-trimethylpyrrole which are
shown in bold: −sc (− synclinal), +sc (+ synclinal) or ap (antiperiplanar). The energies are in kcal/mol.
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understand organic reactions, in which the height of the
energetic barrier is described in terms of the original reactants.
As depicted in Figure 5, the activation energy of the transition
states of the nucleophilic attack (ΔE⧧act) is decomposed into
two parts: the energies that are required for distorting the
separate reactants (pyrrole nucleophile and Pd-allyl complex)
from ground state to their transition state geometries
[ΔE⧧dist(pyrrole) and ΔE⧧dist(Pd-allyl)], and the interaction
energy between these deformed reactants (ΔE⧧int). Thus, we
have ΔE⧧

act = ΔE⧧dist(pyrrole) + ΔE⧧dist(Pd-allyl) + ΔE⧧int.
The calculated distortion and interaction energies of the

reactants in transition state geometries are listed in Table 3. For
all six of the transition states that are listed in Figure 4, the
distortion energies of pyrrole and Pd-allyl complex in the
geometries of each transition states are very similar: 6.1−7.0
kcal/mol for ΔE⧧dist(pyrrole) and 18.8−20.7 kcal/mol for
ΔE⧧

dist(Pd-allyl). However, the interaction energies (ΔE⧧
int) of

the two deformed reactants can be quite different for these
transition states. For example, the ΔE⧧

int of TS-endo-Re-(-sc) is
−19.4 kcal/mol (entry 1), which is much more negative than
those of the two transition states leading to (R) product [−15.1
kcal/mol for TS-endo-Re-(+sc), entry 2, and −16.3 kcal/mol
for TS-endo-Re-(ap), entry 3]. The same trend is found for the
three transition states for the formation of (S) product, in that
TS-endo-Si-(+sc) enjoys the most significant interaction energy
(−19.8 kcal/mol, entry 5) compared with the other two
counterparts [−15.4 kcal/mol for TS-endo-Si-(-sc), entry 4, and
−15.8 kcal/mol for TS-endo-Si-(ap), entry 6]. Apparently, the

much stronger interaction energy between the deformed
pyrrole and Pd-allyl complex in TS-endo-Re-(-sc) and TS-
endo-Si-(+sc) makes them the most stabilized transition states
for the formation of (R) and (S) products, respectively.31

One common feature shared by TS-endo-Re-(-sc) and TS-
endo-Si-(+sc) is that in these two lowest-energy transition
states the nucleophile is approaching the Pd-allyl complex in
such a trajectory that the pyrrole ring and the allyl moiety
overlap with each other in the maximal way. Therefore, these
structures might be further stabilized by secondary orbital
interaction,33 that is, the additional interaction between the
orbitals located at the C4 and C5 position of the pyrrole ring
and at the C2 and C3 position of the allyl moiety. In contrast,
for the other four transition states whose energies are relatively
higher, such favorable interaction is missing because the pyrrole
ring just rotates away about the forming C−C bond (Figure 6).
In other words, the secondary orbital interactions play an
important role in the Pd-catalyzed asymmetric allylic
dearomatization reactions by shaping the nucleophilic
approaching trajectory to yield conformationally well-defined
transition states.
On the basis of the above results, we have identified that TS-

endo-Re-(-sc) and TS-endo-Si-(+sc) are the most stabilized
transition states leading to (R) and (S) products, respectively.
The calculated ΔG of TS-endo-Re-(-sc) is lower than that of
TS-endo-Si-(+sc) by 1.9 kcal/mol. Since the interaction
energies between the pyrrole nucleophile and the Pd-allyl
complex are very similar for these two transition states (entries

Figure 5. Relationship between the activation energy and the distortion and interaction energies of reactants.

Table 3. Activation Strain Model Analysis for Nucleophilic Attack Transition States (All Values Are in kcal/mol)

entry TS configuration of the product ΔE⧧
dist(pyrrole) ΔE⧧

dist(Pd-allyl) ΔE⧧int ΔE⧧acta

1 TS-endo-Re-(-sc) (R) 6.3 19.6 −19.4 6.6
2 TS-endo-Re-(+sc) (R) 6.4 18.9 −15.1 10.2
3 TS-endo-Re-(ap) (R) 6.4 20.3 −16.3 10.4
4 TS-endo-Si-(-sc) (S) 6.1 18.8 −15.4 9.5
5 TS-endo-Si-(+sc) (S) 7.0 20.7 −19.8 7.9
6 TS-endo-Si-(ap) (S) 6.4 20.1 −15.8 10.7

aThe ΔE⧧act value is the calculated electronic energy of each transition state relative to the sum of the electronic energies of the two separate
reactants. The positive −TΔS term for a process that generates one product from two reactants is not included. Near room temperature, −TΔS ≈ 10
kcal/mol. The calculated ΔG⧧ value of TS-endo-Re-(-sc) is 19.6 kcal/mol.32
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1 and 5, Table 3), there might be other reasons, probably steric
effects, to account for the energetic difference. From the
optimized structures of TS-endo-Re-(-sc) and TS-endo-Si-(+sc)
shown in Figure 7, it can be found that, in both transition
states, the steric interaction is not significant between the
pyrrole ring and the phenyl groups of the chiral ligand which
are stretching out. The shortest H···H distance between these
two parts (H3···H6) is longer than 3 Å for both transition states
[3.581 Å in TS-endo-Re-(-sc) and 3.175 Å in TS-endo-Si-
(+sc)]. On the other hand, stronger steric repulsion between
the allyl moiety and the incoming pyrrole ring in TS-endo-Si-
(+sc) can be expected compared with TS-endo-Re-(-sc), which
is exemplified by some closer H···H distances in the former

transition state [B(H2···H3) = 2.227 Å, B(H1···H4) = 2.386 Å in
TS-endo-Si-(+sc) vs B(H1···H3) = 2.252 Å, B(H2···H5) = 2.409
Å in TS-endo-Re-(-sc)]. Such an unfavorable interaction is
reflected, to some extent, by the relatively higher distortion
energies for both reactants in TS-endo- Si-(+sc) than TS-endo-
Re-(-sc) (entry 5 vs entry 1, Table 3). The calculated results
indicate that the (R) products should be formed preferentially,
which is in line with the experimental observations.

■ CONCLUDING REMARKS

In this article, we present comprehensive DFT calculations on
the Pd-catalyzed intermolecular asymmetric allylic dearomatiza-
tion of multisubstituted pyrroles in the pursuit of a deep
understanding of the remarkable regio- and enantioselectivity
observed in this reaction. All the results presented here are well
in agreement with the experimental observations. It was found
that the regioselectivity is mainly governed by the HOMO
distribution of the nucleophile. Among all the potential
nucleophilic sites around the pyrrole ring, the reactions always
occur at the position where the HOMO of the molecule is
distributed most significantly. For the enantioselectivity, several
factors are in operation. First, the chiral bisphosphine ligand
arranges the Pd-allyl moiety in a certain configuration (endo),
with only one face available for the nucleophilic attack. Second,
although a collection of transition states with different
conformations might exist due to the intermolecular nature of
the reaction, the secondary orbital interaction between the
pyrrole ring and the allyl moieties is found to be able to shape
the approaching trajectory of the incoming nucleophile, and
thus the most accessible transition state leading to (R) and (S)
product, respectively, can be identified explicitly. Finally, the
different steric repulsion between the pyrrole and allyl moieties
observed in this two transition states discriminates the

Figure 6. Schematic description of the secondary orbital interaction
between the pyrrole ring and the allyl moiety (taking TS-endo-Re-(-sc)
and TS-endo-Re-(+sc) as examples). The energies are in kcal/mol.

Figure 7. Optimized structures of TS-endo-Re-(-sc) and TS-endo-Si-(+sc). The bond distances are in angstroms. The energies are in kcal/mol.
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processes for the formation of the two enantiomers of the
dearomatized products, with the (R)-2H-pyrroles being
generated preferentially. In contrast to the common view on
the origination of the enantioselectivity in Pd-catalyzed
asymmetric allylic substitution reactions, the direct interaction
between the chiral ligand and incoming nucleophile was not
significant in the key transition states. The current study
demonstrates the importance of the interaction between the
allyl moiety and the π-system-containing nucleophiles. Since
many nucleophiles which are widely used in Pd-catalyzed
asymmetric allylic substitution reactions are π-systems, the
secondary orbital interaction described here might also exist in
many other cases and play a role in their chiral discrimination
processes. The new insights gained from this work might help
to refine the stereochemistry model of Pd-catalyzed asymmetric
allylic substitution reactions and be beneficial for the future
development of this field as well as the design of novel chiral
ligands.
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(k) Beĺanger, É.; Houze,́ C.; Guimond, N.; Cantin, K.; Paquin, J.-F.
Chem. Commun. 2008, 3251. (l) Trost, B. M.; Xu, J.; Schmidt, T. J. Am.
Chem. Soc. 2009, 131, 18343. (m) Behenna, D. C.; Liu, Y.; Yurino, T.;
Kim, J.; White, D. E.; Virgil, S. C.; Stoltz, B. M. Nat. Chem. 2012, 4,
130. (n) Reeves, C. M.; Eidamshaus, C.; Kim, J.; Stoltz, B. M. Angew.
Chem., Int. Ed. 2013, 52, 6718. (o) Kaiser, T. M.; Yang, J. Eur. J. Org.
Chem. 2013, 3983.
(9) Chiral counteranion-directed catalysis has also been employed in
Pd-catalyzed asymmetric allylic substitution reactions with prochiral
nucleophiles to construct all-carbon quaternary stereogenic centers:
(a) Mukherjee, S.; List, B. J. Am. Chem. Soc. 2007, 129, 11336.
(b) Jiang, G.; List, B. Angew. Chem., Int. Ed. 2011, 50, 9471.
(c) Ohmatsu, K.; Ito, M.; Kunieda, T.; Ooi, T. Nat. Chem. 2012, 4,
473. (d) Ohmatsu, K.; Ito, M.; Kunieda, T.; Ooi, T. J. Am. Chem. Soc.
2013, 135, 590.
(10) For the working model of predicting the stereochemistry of the
Pd-catalyzed asymmetric allylic substitution reaction involving Trost
ligands: Trost, B. M.; Machacek, M. R.; Aponick, A. Acc. Chem. Res.
2006, 39, 747 and references cited therein.
(11) Butts, C. P.; Filali, E.; Lloyd-Jones, G. C.; Norrby, P.-O.; Sale, D.
A.; Schramm, Y. J. Am. Chem. Soc. 2009, 131, 9945.
(12) Kleimark, J.; Norrby, P.-O. Top. Organomet. Chem. 2012, 38, 65
and references cited therein.
(13) For reviews on dearomatization reactions: (a) Pape, A. R.;
Kaliappan, K. P.; Kündig, E. P. Chem. Rev. 2000, 100, 2917. (b) Loṕez
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