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echanism and origins of
selectivity on catalyst-dependent cyclization
reactions to form polycyclic indolines from
a theoretical study†

Yan Zhang, Yongsheng Yang and Ying Xue *

There is a significant role for bioactive polycyclic indolines in the pharmaceutical science field. In this paper,

a systematic DFT study at the M06-D3/SMD/BS2//B3LYP-D3/BS1 level is adopted to investigate the

cyclization reaction catalyzed by Rh2(esp)2 and InCl3 to generate polycyclic indolines. Luckily, the

simplification of the Rh2(esp)2 computational model is feasible, and successfully used in this study. The

computational results detailed indicate the reaction mechanisms catalyzed by different catalysts, and the

regio- and diastereo-selectivity. The regio-selectivity is controlled by the weak interaction (reflected in

repulsive interaction) of the key transition state in the InCl3-catalyzed pathway, and the larger distortion

energy makes the regio-selectivity more obvious in the pathway catalyzed by Rh2(esp)2. It is important

that this theoretical study suggests the significance of the catalyst in the reaction system in detail by

NBO and FMO analysis. This paper is a good explanation of the experimental phenomenon caused by

the catalyst where InCl3 is more significant than Rh2(esp)2. The reaction mechanism and the importance

of the catalysts are revealed in detail by this particular theoretical study.
Introduction

Polycyclic compounds, ubiquitous products in nature, are
widely used in the scientic eld. Among them, the polycyclic
aromatic hydrocarbons (PAHs) are the important basic mate-
rials of industry, and are obtained from burning coal and some
organic substances.1 And biologically active matter draws more
attention of scientists in themedicine and chemistry elds such
as heterocyclic spiroindolines and indoline alkaloids, which
oen exist in natural products and pharmaceutical molecules.2

Therefore, it is a challenge to chemists to synthesis polycyclic
compounds, especially bioactive molecules, economically and
effectively.2b Until now, a classical way to acquire bioactive
polycyclic compounds is the cascade reaction by forming them
step by step.3 For instance, the Yue group reported the enan-
tioselective synthesis of polycyclic spirooxindoles by the cascade
reaction between 3-isothiocyanato oxindoles and 3-nitro-
indoles.4 Meanwhile, there are some original ways emerging
into our sight, for example, the aryne-based strategy reported by
Takikawa and co-workers, with more efforts devoted to
synthesis methods.5 Based on the method reported by Taki-
kawa,5 Ikawa et al. obtained polycyclic compounds by
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regioselective synthesis with 1,3- and 1,4-benzdiyne equivalents
through starting with benzannulations and then ring-
enlargement.6

Moreover, with the rapid development of organic catalysts
and transition metal catalysts, it is a good way to adopt cata-
lysts to prepare polycyclic compound quickly and efficiently.7

The organic phosphine8 with high catalytic activity has dis-
played the good performance in annulation reaction.
Specially, some transition metal catalysts such as platinum,9

rhodium,10 palladium,11 ruthenium,12 gold7b,13 and copper14

have received wide interest and been found to possess great
catalytic performance for the synthesis of functionalized
polycyclic compounds. However, it is limited for homogenous
catalysts to catalyze reactions with multiple processes, because
the catalytic characteristics of a variety of catalysts are much
different. Owing to these huge distinction in activity and
selectivity, the reactions can obtain various products with the
same substrates catalyzed by diverse catalysts.15 So as to say, in
a degree, there would have much better catalytic performance
with multiple catalysts, as Tang group reported.16 They
explored the Rh(II)-carbene triggered cyclopropanation
between tryptamine-derived enamides R1 and dimethyl diaz-
omalonate R2 to get polycyclic indolines (shown as Scheme 1).
In their experiment, two polycyclic products (2 and 4) were
obtained in 3 hours when there was only Rh2(esp)2 catalyst.
While, if the InCl3 coexisted, the reaction time shortened to
10 min, and the polycyclic products are richer, where three
© 2021 The Author(s). Published by the Royal Society of Chemistry
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Scheme 1 The cyclization reactions catalyzed by the Rh2(esp)2 and InCl3 to obtain polycyclic compounds reported by Tang group.16
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kinds of polycyclic indolines (2, 3, and 4) were isolated by
adjusting the solvent and experiment temperature. It is worthy
to note that they detected one key intermediate, a
cyclopropanation compound generated by Rh(II)-carbene
complex. Meanwhile, the important cyclopropanation
compound intermediate is always observed between the
interaction of Rh(II)-carbene and terminal alkenyl. Moreover, it is a
classical cyclopropanation reaction formed by Rh(II)-carbenoid
interacted with terminal alkenyl group,17 and the details were
reported repeatedly by theoretical study.18 Also, the mechanism of
this cyclization reaction which involves two key parts was assumed
by the experiment authors.16 One is the formation of
cyclopropanation compound catalyzed by Rh2(esp)2, and the other
is the way from the key intermediate to diverse polycyclic indolines
catalyzed by InCl3. However, there is something we cannot
understand clearly: (1) the mechanistic details for this catalytic
reaction; (2) the role and effect of the catalysts (Rh2(esp)2 and
InCl3) in this system; (3) the origins of the diastereo-selectivity and
regio-selectivity of the cyclization reaction. Finally, the kinetical
and thermodynamic properties of the reaction are still unclear.

Based on above questions, the density functional theory (DFT)19

calculation was performed to investigate this catalytic reaction in
a deeper sight. Before this paper, a series of theoretical studies
involved Rh(II)-carbene were reported by our group. For example,
the [3 + 3]-cycloaddition reaction catalyzed by Rh2(OAc)4,18a and
Rh(II)-carbenoid selectively triggering [3 + 2]-, [5 + 1]-cycloaddition
reaction.18b These theoretical studies made the reaction phenom-
enon and the origin of selectivity observed in experiments clear.
Likewise, more and more theoretical studies spring up and
demonstrate their reliability. Therefore, the cyclic reaction re-
ported by Tang group16 draws our attention. In this paper, the
details of reaction mechanism are rstly reported, and the ques-
tions that we put forward are also solved by our calculations. This
paper will give more details of this catalytic reaction in molecule
level and hope to provide some suggestion for future studies.

Computational details

The Gaussian 09 package20 was utilized for all of the DFT
calculations here. All of the geometry optimizations were
carried out in the gas phase using the B3LYP hybrid functional21
© 2021 The Author(s). Published by the Royal Society of Chemistry
accompanied with D3 Grimme dispersion correction22 as well as
a mixed basis set of Lanl2dz for Rh and In atoms and 6-31G(d,p)
for the other atoms (C, H, O, N, S, and Cl), which is abbreviated
as B3LYP-D3/BS1. In order to conrm whether the stationary
point structures are transition states with only one imaginary
and minima without imaginary, the harmonic vibrational
frequency analysis was conducted. Meanwhile, the intrinsic
reaction coordinate (IRC)23 calculations were performed to
verify the key transition state structures connecting with correct
reactants and products. Solvent effect in dichloromethane (3 ¼
8.93, the solvent used experimentally) was taken into consid-
eration with SMD model24 in single-point energy calculations.
To acquire better accuracy in energy, the precise functional
method and larger basis set were adopted, the M06 functional25

with basis set of SDD for Rh and In atoms and 6-311+G(d,p) for
all nonmetallic atoms, denoted as M06-D3/SMD/BS2, in single-
point calculation for all the B3LYP-D3/BS1-optimized struc-
tures. By the way, the D3 empirical dispersion was used in the
whole research. Natural bond orbital (NBO) analysis and the
other auxiliary analysis were carried out at the level of B3LYP-
D3/BS1. The Gibbs free energies reported in this paper are
evaluated by the thermal corrections from the unscaled vibra-
tional frequencies at the B3LYP-D3/BS1 level on the optimized
geometries in the gas phase being added to the M06-D3/SMD/
BS2 electronic energies in solvent phase.

Results and discussion
Simplied catalyst model

At rst, the simplication of Rh2(esp)2 is necessary to be
computationally tractable, due to its large ligand, and some
simplication done for the structure of Rh2(esp)2 complex are
displayed in Fig. 1. To verify the feasibility of the simplied
model (Rh-sim), some comparisons with real catalyst model
(Rh-rea) and catalyst crystal (Rh-cry) are taken into consider-
ation, and the results are shown in Fig. 1. For Fig. 1(a), geometry
structures are compared in here and there are some differences
among three models. Seeing from the bond length, Rh–Rh bond
in three structures is almost the same, and the little difference
about 0.03 Å in Rh–O bond appears between the crystal and calcu-
lationmodels. Meanwhile, the difference of dihedral angle:1-2-3-5
RSC Adv., 2021, 11, 20622–20634 | 20623



Fig. 1 The comparison among the crystal, real and simplified catalyst models (a). The carbenoids formed by simplified and real Rh2(esp)2 (the red
numbers are bond length in Å and the blue values represent atom charge) (b).

Table 1 The orbital energies of HOMO and LUMO, electronic
chemical potential (m), electronegativity (c), chemical hardness (h),
electrophilicity index (u), and the energies are in eV

Rh-sim Rh-rea

HOMO �6.12 �6.11
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is 1.3� from Rh-sim to Rh-cry. And these slight differences indicate
the computational models are reasonable. Then, the electron effect
of the simplied model has been taken into consideration, Fig. 1(b)
shows the metal carbenoids generated by Rh-sim and Rh-rea
models, and the values in red are bond lengths and blue numbers
mean the atomic charges. As we can see, the corresponding bond
lengths and charges for key atoms are almost the same between Rh-
sim-cb and Rh-rea-cb. That's to say, the simplication of rhodium
catalyst also makes no difference in carbenoid which is the actual
beginning of the reaction mechanism.

Besides the geometry structure and electron effect, the physical
chemistry properties of the real and simplied models calculated
by conceptual density functional theory (CDFT)26 have been taken
into consideration, and the results are listed in Table 1. Firstly,
shown as the table, energies of HOMOand LUMOorbitals between
Rh-sim and Rh-rea are almost the same, and the energy gap is in
the difference of 0.02 eV. Also, there are almost no differences in
characters of m, c, h and u from Rh-rea to Rh-sim. These values
suggest the physical chemical properties keep identical aer
simplication. In summary, with the slight difference in struc-
tures, electron effect of carbenoid and the physical chemistry
properties, this computationally simplied catalyst model (Rh-
sim) is rational and applied successfully in this system.
LUMO �3.13 �3.14
Energy gap 2.99 2.97
m �4.63 �4.63
c 4.63 4.63
h 2.99 2.97
u 3.58 3.61
Reaction mechanism

The mechanism of this cyclization reaction catalyzed by
Rh2(esp)2 and InCl3 is hypothesized and displayed in Scheme 2,
according to the conjecture provided by the experimental
20624 | RSC Adv., 2021, 11, 20622–20634
authors16 and our previous study, aer the calculational model
conrmed. At rst, the theoretical studies on the carbenoid
conformation by the diazo compound reacting with dirhodium
catalysts have been investigated repeatedly in literature. So, the
study here starts with the carbenoid (Rh-cb) formed by the
reaction between R2 and Rh2(esp)2. First step of the reaction is
that the reactant R1 interacts with Rh-cb carbenoid to form
intermediate int1 by addition step of carbene center and
terminal vinyl group. Then int1 turns into the key cyclopropane
intermediate 1 that was detected in experiment by a classical
cyclopropanation step with the Rh2(esp)2 catalyst away.
Noticeably, 1 can take directly the subsequent cyclization steps
(the individual paths A, B, and C) when the catalyst is only
Rh2(esp)2. As shown in Scheme 2, the three pathways aim at
different products. It is worthy noting here that the way of
© 2021 The Author(s). Published by the Royal Society of Chemistry



Scheme 2 The supposed reaction mechanisms of the key steps for the cyclization reactions catalyzed by Rh2(esp)2 and InCl3.
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Rh2(esp)2 interacted with 1 is through the Rh–O bond formed by
the catalyst connected with one C]O group of ester group.
While if the other catalyst InCl3 is added, the three-membered
ring of compound 1 is broken to generate intermediate int2
with C]N bond. As shown, the int2 is formed by the InCl3
interacted with two C]O groups in O–In bonds. Then, int2 goes
through three similar reaction pathways as above under the
action of catalyst InCl3, except that the interaction sites of
catalysts are different. For path A, ve-membered ring inter-
mediate int3-A can be obtained with the C–C bond forming.
However, the distinct chirality C atom neighbor NTs group is
different in path B. As polycyclic product formation, path A and
path B are exactly alike through the bonding interaction
between the C atom where two ester group connected and the C
atom close to N-PMB group. By the way, products 2 and 3 are
a pair of diastereoisomers. While, path C is more special, in
which a six-membered ring intermediate int3-C is formed. Then
the C atom connected to ester group interacts with tertiary C
atom, producing endocyclic compound 4.

Starting with R1 and Rh-cb, it is interesting that there is no
free energy barrier for int1 formation. This step reacts quickly
and generates the carbene addition intermediate int1 directly.
Owing to the different orientation of the two ester groups in R1,
© 2021 The Author(s). Published by the Royal Society of Chemistry
there are three conformation isomers of intermediate: int1-a,
int1-b and int1-c, respectively, as displayed in Fig. 2. All the
intermediates are much stable compared with the initial reac-
tants by releasing huge energy, among which int1-a is the most
stable one with the free energy of �42.6 kcal mol�1 relative to
the separated reactants R1 and Rh-cb. While, int1-b and int1-c
have higher free energy values compared with int1-a by 9.6 and
3.0 kcal mol�1, respectively. The carbonyl O atoms of the two
ester groups face outward for int1-a. By the way, we guess it is
the stability of the int1s and huge difference in energy that
make no energy barrier in this carbene addition step. Mean-
while, we nd that the length of Rh–C bond is in accord with the
energy of intermediates, and the most stable intermediate int1-
a has the shortest bond length of 2.29 Å by comparing the
structures of the three intermediates. In the other words, the
shortest bond makes the interaction strong and keep more
stable. What's more, the cyclopropanation step from the three
intermediates to the key compound 1 observed in experiment
has been compared, and the computational results are shown
in Fig. 3. The C1 atom bonds with C3 to obtain 1, and it needs to
overcome free energy barriers of 6.7 kcal mol�1, 8.0 kcal mol�1,
and 7.8 kcal mol�1 for int1-a, int1-b and int1-c, respectively.
Meanwhile, the bond lengths and bond angles of three-
RSC Adv., 2021, 11, 20622–20634 | 20625



Fig. 2 The structures of three intermediates int1-a, int1-b, and int1-c with C]O groups in different orientations as well as their free energies
relative to the reactants R1 and Rh-cb (the red number describes bond lengths in Å).
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membered reaction centers are little different among three
transition states. The results in Fig. 3 indicate that the lowest
free energy barrier is 6.7 kcal mol�1 from int1-a to TS1-a. These
computational results are corresponding to the intermediate
int1-a which is the most stable intermediate aforementioned.
Therefore, we adopt int1-a for the subsequent calculations. In
fact, it is convenient for InCl3 catalyst to interact with the
compound 1 with the outward C]O groups.

Reaction catalyzed by InCl3. The experiment suggests that
the product ratios are different with diverse catalysts.16
Fig. 3 Transition states of int1-a, int1-b and int1-c to form the key cyclo
length with unit in Å.

20626 | RSC Adv., 2021, 11, 20622–20634
Therefore, three kinds of catalytic ways in next steps are
explored (Scheme 2) aer the formation of the key cyclo-
propanation intermediate 1 catalyzed by Rh2(esp)2. By the way,
for the nomenclature of compounds shown in the free energy
barrier proles in this paper, the ‘I’ represents the way in InCl3
catalyst, the ‘R’ means the Rh-catalyst and the ‘n’ denotes the
way without metal catalyst. The free energy proles of InCl3-
catalyzed way are displayed in Fig. 4 and the key transition
states are shown in Fig. 5. Here, the way catalyzed by InCl3 starts
with the complex intermediate 1-In formed by the interaction
propanation compound 1, the black number in structures means bond

© 2021 The Author(s). Published by the Royal Society of Chemistry



Fig. 4 Free energy profiles for the three pathways catalyzed by InCl3 from 1-In to final products and energies are given in kcal mol�1. The
numbers in brackets are the free energy barriers.
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between 1 and InCl3 via coordinate bonds. Firstly, the free
energy barrier of 12.1 kcal mol�1 is expected to form the int2
through the transition state TS2-I with three-membered ring
opening. In TS2-I, the length of broken bond is 1.99 Å and the
corresponding angle is 83.8�. Then, the cycloaddition step
needs the free energy barriers of 12.4, 18.9 and 16.7 kcal mol�1

for paths A, B, and C from int2 to int3-I, respectively. For the
similar paths A and B, there is the difference of 0.10 Å in
forming C–C bond between A-TS3-I and B-TS3-I. Next, the acti-
vation free energy of the TS4-I is calculated to be 10.3 kcal mol�1

for path A, 9.3 kcal mol�1 for path B and 13.9 kcal mol�1 for
path C. There is 0.25 Å difference of the reaction center between
similar transition states A-TS4-I and B-TS4-I. Reviewing the free
energy barriers, all the steps can take place with the low free
energy of activation. Comparing the three pathways, the cyclo-
addition steps via TS3-Is all are the rate-determining step with
the highest free energy barrier in their respective pathways,
which also conrms regio-selectivity to control whether the ve-
membered or six-membered ring intermediate formation and
diastereoselectivity to decide the attack direction in this reac-
tion catalyzed by InCl3. In the other words, the product selec-
tivity is controlled by the cycloaddition step with TS3-I
formation. Meanwhile, the calculated results in energies
suggest path A is the most favorable way, the path C takes
second place and path B is the last in dynamics among the three
pathways. And these results are in good agreement with the
experiment where product ratio is 2 > 4 > 3.

Reaction catalyzed by Rh2(esp)2. Interestingly, the similar
steps catalyzed by Rh-catalyst from compound 1 are little
different from the In-catalyzed way. And the free energy proles
are described in Fig. 6 and the geometrical structures of tran-
sition states are shown in Fig. 7. In this subsection, there is no
int2 with C]N bond generation through the complex 1-Rh with
three-membered ring opening. Actually, the 1-Rh transforms
directly to int3-Rs via transition state TS3-Rs with the new C–C
© 2021 The Author(s). Published by the Royal Society of Chemistry
bond forming and the old C–C bond breaking in the three-
membered ring simultaneously. For path A and path B, the
free energy barriers of 24.4 and 25.5 kcal mol�1, respectively, for
becoming ve-membered ring intermediates have to be over-
come. And 0.09 Å difference has been found in formed C–C
bond of two transition states A-TS3-R and B-TS3-R. While, the
six-membered ring intermediate C-int3-R is hard to obtain with
the high free energy barrier of 32.9 kcal mol�1. Obviously, the
cycloaddition steps from 1-Rh to int3-Rs in three pathways are
all endothermal. Then the int3-Rs turn to be int4-Rs with
exothermal in at least 20.0 kcal mol�1 where without the exis-
tence of transition state TS4-Rs, which is different from the way
catalyzed by InCl3. We guess this is caused by the huge energy
difference from int3-Rs to int4-Rs where the latter are more
stable. Here, the ratio from path B and C is different with
experimental ratio by the calculated results of free energy
barriers. But we have tried our best to locate the transition
states. Fortunately, the favored path A agrees with the
experiment.

About the Rh-catalyzed way with full catalyst, we have also
studied the reaction step from compound 1-Rh to int3 with the
real Rh2(esp)2 catalyst. The corresponding geometric structures
of key transition states as well as the free energy barriers DDGs

and energy barriers DDEs relative to the most favored path A
are displayed in Fig. S1 of ESI.† As shown, A-TS3-R-r is the most
stable transition state in three pathways. Then, the secondary is
B-TS3-R-r and the C-TS3-R-r is the last one. This order is the
same with the pathways catalyzed by simplication model.

Reaction without catalyst. Keeping the role of catalysts in
mind, the system from 1 to products with no catalyst is taken
into consideration. In this case, the pathways are the same with
Rh-catalyzed mechanism. From 1 to transition states TS3-ns,
there need the free energy barriers of 33.8, 35.6 and
40.6 kcal mol�1 for path A, path B and path C in three pathways,
and the geometry structures of key transition states TS3-ns are
RSC Adv., 2021, 11, 20622–20634 | 20627



Fig. 5 Key transition states for the InCl3-catalyzed pathways and bond lengths in red are in Å.
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displayed in Fig. 8. And then it is no necessary to calculate the
following step because of the high free energy barrier in cyclo-
addition step with TS3-ns formation.
Explanations for the three-membered ring open step in 1
upon catalyst-dependency

As suggested by the calculated results of the free energy barriers,
we nd that the reaction system is relatively sensitive to the
catalyst by comparing the three systems. Therefore, it is
necessary to make comparison among the ways in different
systems and gain a detailed insight into the importance of the
metal catalysts. Firstly, the reaction catalyzed by InCl3 is the
best way to get nal outcomes with the lower free energy barrier
under 20.0 kcal mol�1 seeing from the activation free energy.
This result indicates that the InCl3 catalyst is more suitable for
this reaction system, which agrees well with the experiment
where the InCl3 catalyst makes the reaction time shorter.16

However, the reaction system without metal catalyst is hard to
take place due to the such high free energy barrier. Therefore, it
is sufficient to see the importance of the catalyst to the reaction.
Moreover, seeing from the reaction step, compared with Rh-
20628 | RSC Adv., 2021, 11, 20622–20634
catalyzed and no-catalyzed systems, the mechanistic way in
InCl3 has the step of three-membered ring open (from 1-In to
int2), and we guess the int2 with C]N bond makes the C atom
more active. So, the int2 occupies a prominent place in this
reaction mechanism and more details are stated later.

As for the interaction between catalyst and the key compound
1, it is found that the C–C bond breakings in three-membered
ring of no-catalyzed (1), Rh-catalyzed (1-Rh) and In-catalyzed (1-
In) systems are different from each other. For In-catalyzed
system, the three-membered ring opening step appears by the
transition state TS2-I and it turns to intermediate int2 with the
stable C]N bond, which participates in the following addition
step. However, the alone opening step of the three-membered
ring in systems 1 and 1-Rh does not exist and there are no
transition states and intermediates like int2 to generate. While, 1
and 1-Rh go through directly the subsequent addition reaction.
So, the initial interaction of the three systems has been
compared, and the results of NBO analysis are displayed in Fig. 9.
The optimized geometrical structures of 1-Rh and 1-In from
Fig. 9, one can see that the interaction ways between the catalyst
and 1 in two complexes are distinct. One of two ester groups of
compound 1 interacts with Rh-catalyst with single coordination,
© 2021 The Author(s). Published by the Royal Society of Chemistry



Fig. 6 Free energy barrier profiles for the pathways catalyzed by Rh2(esp)2 from 1-Rh to final outcomes and the energy unit is kcal mol�1. The
numbers in brackets are the free energy barriers.

Fig. 7 Geometry structures of transition states of Rh2(esp)2-catalyzed ways, and the numbers in red are bond length of the key atoms with unit in Å.
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while, there is a pair coordination in In-catalyzed system.
Meanwhile, the length of Rh–O bond in 1-Rh is 2.29 Å, and the
two In–O bonds of 1-In are 2.23 Å and 2.28 Å, seeing from the
bond length. Due to the electronic effect of metal catalyst, the
atomic charge of three-membered ring key atoms of 1 has
differently changed in two systems. From Fig. 9, it is obvious that
Fig. 8 Geometrical structures of transition states for no-catalyzed way

© 2021 The Author(s). Published by the Royal Society of Chemistry
the catalysts act as an electron-withdrawing group when inter-
acting with 1, the electrons transfer from the ring to catalyst and
make catalyst become negative. The Rh2(esp)2 accepts 0.22e
which is 0.07e lower than InCl3 compared the electron transfer
capacity. That's to say, the catalyst Rh2(esp)2 has a weaker elec-
tron trapping capacity than InCl3 in this reaction system. Aiming
and the red values are the bond length of the key atoms in Å.

RSC Adv., 2021, 11, 20622–20634 | 20629



Fig. 9 NBO analysis for 1, 1-Rh and 1-In (the values labeled in geometrical structures are charges).

Table 2 The FMO analysis of the four key intermediates, and the
orbital energies are given in eV

Structures HOMO LUMO Gap

1 �5.47 �0.89 4.58
1-Rh �5.44 �2.15 3.29
1-In �5.70 �1.67 4.03
int2 �6.11 �3.06 3.05

RSC Advances Paper
at the three-membered ring broken, the charge difference of two
C atoms(the C atom connected with two ester groups and the C
atom neighbor to NTs group) is 0.19e, 0.16e and 0.28e in 1, 1-Rh
and 1-In, respectively. It can be concluded that the larger charge
difference in 1-Inmakes the transition state TS2 appears. In other
words, the charge difference plays an important role in the C–C
breaking step and the stable intermediate int2 formation.

As mentioned before, the frontier molecular orbital (FMO)
analysis was carried out to understand the role of int2. And the
results are depicted in Table 2. Because the reaction from 1 to
nal products is intramolecular, the energy gap between HOMO
and LUMO orbitals in here was compared. As listed in Table 2,
the energy gap of 1 with no catalyst is 4.58 eV which is the
Fig. 10 The HOMO and LUMO orbitals of intermediate int2 (the labeled

20630 | RSC Adv., 2021, 11, 20622–20634
highest among all conditions. And this result also responds to
its higher energy barrier. Meanwhile, there is 3.29 eV energy gap
for 1-Rh, which is 0.24 eV higher than int2. Due to this 0.24 eV
difference, the cycloaddition step in 1-Rh is harder than in int2.
Also, there is 0.98 eV difference compared the energy gap
between 1-In and int2. That's to say, the int2 formed by three-
membered ring open step decreases the energy gap and
makes the cycloaddition step easy to take place. Moreover, the
most difference in int2 is the C]N bond, which is thought to be
a very signicant existence to make LUMO orbital lower.

The FMO orbitals are depicted in Fig. 10 to draw a detailed
picture of the int2. Results from Table 2 suggest that the energy
gap reduced by int2 is mainly caused by the lower LUMO orbital.
And combining with the orbital contribution in Fig. 10, it can be
found that it is the C]N bond that plays an important role and
contributes more to LUMO orbital. In addition, the more
contribution of C]N bond to LUMO orbital makes its energy
down and then shrinks the energy gap. And this calculated
result is in accord with our assumption mentioned before.
Origin of the selectivity

To gain deeper insight into the diastereo- and regio-selectivities
of the title reaction, the non-covalent interaction (NCI) analysis
part suggests the C]N bond site).

© 2021 The Author(s). Published by the Royal Society of Chemistry



Fig. 11 NCI plots for the transition state TS3-Is to analysis the selectivities. The red color in NCI plot means steric hindrance effect, the green
represents van der Waals interaction and the blue one describes strong attraction interaction.

Table 3 NBO second-order perturbation analysis for transition states
A-TS3-I and B-TS3-I, and the energies are given in kcal mol�1

E(2) Donor Acceptor

A-TS3-I 12.2 BD(2) C16–C17 BD*(1) C23–C47
13.7 BD(1) C23–C47 BD*(2) C16–C17
39.6 BD(1) C23–C47 BD*(2) C22–N29
26.4 LP(1) N46 BD*(1) C23–C47
20.5 BD*(2) C22–N29 BD*(1) C23–C47
56.1 BD*(1) C23–C47 BD*(2) C16–C17

Total 168.5
B-TS3-I 12.9 BD(1) C23–C47 BD*(2) C16–C17

31.8 BD(1) C23–C47 BD*(2) C22–N29
14.0 BD*(2) C22–N29 BD*(1) C23–C47
61.7 BD*(2) C16–C17 BD*(1) C23–C47
19.7 LP(1) N46 BD*(1) C23–C47

Paper RSC Advances
was carried out by VMD27 and Multiwfn28 program packages,
and the NCI results for TS3-Is are shown in Fig. 11. At rst
glance, the weak interaction of C-TS3-I is much larger than that
in A-TS3-I and B-TS3-I. Obviously, the weak interaction in this
part is repulsive interaction and makes the energy higher. The
reaction to form six-membered ring transition state is harder
than the ve-membered owing to the difference in NCI plots. In
agreement to this, the ve-membered ring product 2 is prin-
cipal, and this is consistent with that experiment observed.
However, the result disagrees with the highest free energy
barrier of B-TS3-I with the little NCI difference between A-TS3-I
and B-TS3-I. In summary, it is the weak interaction that only
control the regio-selectivity of the reaction catalyzed by InCl3.

Although the weak interaction in B-TS3-I is smaller than that
in C-TS3-I (see Fig. 11), the activation free energy barrier of B-
TS3-I is the highest among three pathways within
18.9 kcal mol�1, and the productivity of 3 is also the last.
Besides, the NCI analysis only indicates the origin of regio-
selectivity, and the diastereo-selectivity is unclear. So, in this
part, NBO second-order perturbation analysis was calculated to
compare A-TS3-I and B-TS3-I. The E(2) value includes two parts
as such electron donor and acceptor. And the E(2) value shows
the electron delocalization degree, and it is easy to get the each
bond contributing to E(2) value, where larger E(2) value is, bond
interaction is more strong. Also the stability of the structure can
be described by total E(2) value in a degree. As well, the E(2)
value contributed by the bonding atoms (C23–C27) are dis-
played in Table 3. It is noticeable that the main values (>10)
were adopted. Seeing from the E(2) value in Table 3, the total
value of A-TS3-I is 28.4 kcal mol�1 higher than the one of B-TS3-
I, which indicates the electron delocalization degree of C23–C27
bond in A-TS3-I is larger than that in B-TS3-I. In other words, the
structure of transition state A-TS3-I is more stable. Here, the
computational results by NBO analysis are according with the
free energy barrier in Fig. 4. Taken together, it can be concluded
that the electronic effect makes the A-TS3-I in lower energy
barrier and also decides the diastero-selectivity.
© 2021 The Author(s). Published by the Royal Society of Chemistry
As for the way catalyzed by Rh2(esp)2, there is only regio-
selectivity observed in experiment. Firstly, the free energy of
A-TS3-R is 8.5 kcal mol�1 lower than C-TS3-R, which suggests
the ve-membered ring transition state is more stable than that
six-membered as mentioned in Fig. 6. So, we thought it is the
better stability of A-TS3-R that decides the regio-selectivity to
form major product 2. In this respect, the transition states A-
TS3-R and C-TS3-R were compared carefully. Of the same reason
in InCl3 catalyst way, the NCI analysis for the two transition
states were considered and the results are given in Fig. S2.†
Seeing from the NCI plots, it can be found the weak interaction
and steric hindrance effect are little difference. Therefore, the
distortion/interaction energy analysis was adopted to make the
energy contribution clear and the computational results are
displayed in Fig. 12. In this part, the distortion energy was
relative to the complex 1-Rh and the transition state was divided
into two fragments, one only including Rh2(esp)2 abbreviated to
‘R’ and the one without catalyst named as ‘n’. As suggested in
Fig. 6, the free energy difference between two transition states is
8.5 kcal mol�1 where the A-TS3-R is lower.
Total 140.1
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Fig. 12 The distortion/interaction energy analysis for transition states A-TS3-R and C-TS3-R, and energies are given in kcal mol�1.
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Well, the distortion energies of the Rh-cata part in two
transition states are almost the same and small, and this result
indicates that the distortion of Rh-cata is very slight during the
formation of transition state from the results shown in Fig. 12.
Attentively, the distortion difference in the part without Rh-cata
is so distinct. By contrast, there are nearly 15.0 kcal mol�1

difference in distortion energy of ‘n’ part. And then the absolute
value of interaction energy of C-TS3-R is 9.8 kcal mol�1 higher
than that of A-TS3-R, which suggests that the transition state C-
TS3-R could release more energy when the distorted Rh-cata
interacts with distorted ‘n’ part. Taken together, the largest
difference between the two transition states is mainly contrib-
uted by the distortion of ‘n’ part. So, it can be surmised that
distortion energy of ‘n’ part to form transition state C-TS3-R part
plays the important role in the regio-selectivity catalyzed by
Rh2(esp)2.

Conclusion

This work adopts the DFT study to explore the cyclization
reaction catalyzed by Rh2(esp)2 and InCl3 to form polycyclic
indolines. At rst, the simplication of the Rh2(esp)2 model is
successful by the little difference among real computational
model and crystal both in structure and character. The reaction
mechanistic details of the three pathways to get products 2, 3
and 4 were detailed reported in this paper. Comparing the ways
catalyzed by Rh2(esp)2 and InCl3, the latter is more favorable
with the key intermediate int2 formed. NBO analysis for 1, 1-Rh
and 1-In shows the larger charge difference in 1-In which can
help three-membered ring open as well. The generation of int2
with C]N bond formed by ring open of three-membered
cyclopropane decreases the HOMO–LUMO energy gap and
makes the cyclization reaction easy to take place. With the
higher energy barrier in TS3-Is, the rate-determining step, regio-
and diastero-selectivity step are controlled by the
20632 | RSC Adv., 2021, 11, 20622–20634
intramolecular cycloaddition step. Also, the rate-determining
step and regio-selectivity of the pathways catalyzed by
Rh2(esp)2 (TS3-Rs formation) is the same with the InCl3-cata-
lyzed way. The regio-selectivity in In-catalyzed way is decided by
the weak interaction (repulsive interaction). However, the larger
distortion energy to form transition state C-TS3-R affects the
regio-selectivity in Rh-catalyzed way. As for the diaster-
oselectivity observed in experiment, it is the larger electron
delocalization degree that makes transition state A-TS3-I more
stable and decides the diasteroselectivity consequently, sug-
gested by the results of NBO second-order perturbation anal-
ysis. This theoretical study may reveal the importance for the
catalyst to chemical reaction and understand their roles.
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catalyzed cascade reaction forming polycyclic
cyclohexadienes from 1,6-diynes and alkenes, J. Am. Chem.
Soc., 2006, 128, 29.

13 G. Lemiere, V. Gandon, K. Cariou, A. Hours, T. Fukuyama,
A. L. Dhimane, L. Fensterbank and M. Malacria,
Generation and trapping of cyclopentenylidene gold
species: four pathways to polycyclic compounds, J. Am.
Chem. Soc., 2009, 131, 8.

14 (a) Y. Ohta, Y. Kubota, T. Watabe, H. Chiba, S. Oishi, N. Fujii
and H. Ohno, Rapid Access to 3-(Aminomethyl)
isoquinoline-Fused Polycyclic Compounds by Copper-
Catalyzed Four-Component Coupling, Cascade Cyclization,
and Oxidation, J. Org. Chem., 2009, 74, 16; (b) Z. Xia,
K. Wang, J. Zheng, Z. Ma, Z. Jiang, X. Wang and X. Lv,
Copper-catalyzed domino intramolecular cyclization:
a facile and efficient approach to polycyclic indole
derivatives, Org. Biomol. Chem., 2012, 10, 8.

15 (a) L. Guczi, Z. Schay, G. Steer, L. F. Liotta, G. Deganello and
A. M. Venezia, Pumice-supported Cu–Pd catalysts: inuence
of copper on the activity and selectivity of palladium in the
hydrogenation of phenylacetylene and but-1-ene, J. Catal.,
1999, 182, 2; (b) D. Kubicka, N. Kumar, P. Maki-Arvela,
M. Tiitta, V. Niemi, H. Karhu, T. Saimi and D. Y. Murzin,
Ring opening of decalin over zeolites—II. Activity and
selectivity of platinum-modied zeolites, J. Catal., 2004,
277, 2.

16 H. K. Liu, S. R. Wang, X. Y. Song, L. P. Zhao, L. Wang and
Y. Tang, Selectivity Switch in a Rhodium(II) Carbene
Triggered Cyclopentannulation: Divergent Access to Three
Polycyclic Indolines, Angew. Chem., 2019, 131, 13.
RSC Adv., 2021, 11, 20622–20634 | 20633



RSC Advances Paper
17 (a) S. Chuprakov, S. W. Kwok, L. Zhang, L. Lercher and
V. V. Fokin, Rhodium-catalyzed enantioselective
cyclopropanation of olens with N-sulfonyl 1,2,3-triazoles,
J. Am. Chem. Soc., 2009, 131, 50; (b) P. Müller,
G. Bernardinelli, Y. F. Allenbach, M. Ferri and H. D. Flack,
Selectivity enhancement in the Rh(II)-catalyzed
cyclopropanation of styrene with (silanyloxyvinyl)
diazoacetates, Org. Lett., 2004, 6, 11; (c) Q. Q. Cheng,
M. Lankelma, D. Wherritt, H. Arman and M. P. Doyle,
Divergent rhodium-catalyzed cyclization reactions of
enoldiazoacetamides with nitrosoarenes, J. Am. Chem. Soc.,
2017, 139, 29.

18 (a) Y. Zhang, Y. S. Yang, J. M. Zhao and Y. Xue, Mechanism
and diastereoselectivity of [3 + 3] cycloaddition between enol
diazoacetate and azomethine imine catalyzed by dirhodium
tetracarboxylate: a theoretical study, Eur. J. Org. Chem., 2018,
2018, 24; (b) Y. Zhang, Y. S. Yang, R. Y. Zhu, X. Y. Wang and
Y. Xue, Catalyst-dependent chemoselectivity in the
dirhodium-catalyzed cyclization reactions between
enodiazoacetamide and nitrosoarene: a theoretical study,
Front. Chem., 2019, 7, 586; (c) Y. S. Xue, Y. P. Cai and
Z. X. Chen, Mechanism and stereoselectivity of the Rh(II)-
catalyzed cyclopropanation of diazooxindole: a density
functional theory study, RSC Adv., 2015, 5, 71.

19 (a) W. Kohn and L. J. Sham, Self-Consistent Equations
Including Exchange and Correlation Effects, Phys. Rev.
[Sect.] A, 1965, 140, 1133; (b) E. K. U. Gross and
R. M. Dreizler, Density functional theory: an approach to the
quantum many-body problem, Springer Science & Business
Media, 2012; (c) W. Koch and M. C. Holthausen, A
chemist's guide to density functional theory, John Wiley &
Sons, 2015.

20 M. J. Frisch, G. W. Trucks, H. B. Schlegel, G. E. Scuseria,
M. A. Robb, J. R. Cheeseman, G. Scalmani, V. Barone,
B. Mennucci, G. A. Petersson, H. Nakatsuji, M. Caricato,
X. Li, H. P. Hratchian, A. F. Izmaylov, J. Bloino, G. Zheng,
J. L. Sonnenberg, M. Hada, M. Ehara, K. Toyota,
R. Fukuda, J. Hasegawa, M. Ishida, T. Nakajima, Y. Honda,
O. Kitao, H. Nakai, T. Vreven, J. A. Montgomery Jr,
J. E. Peralta, F. Ogliaro, M. Bearpark, J. J. Heyd,
E. Brothers, K. N. Kudin, V. N. Staroverov, T. Keith,
R. Kobayashi, J. Normand, K. Raghavachari, A. Rendell,
J. C. Burant, S. S. Iyengar, J. Tomasi, M. Cossi, N. Rega,
J. M. Millam, M. Klene, J. E. Knox, J. B. Cross, V. Bakken,
C. Adamo, J. Jaramillo, R. Gomperts, R. E. Stratmann,
O. Yazyev, A. J. Austin, R. Cammi, C. Pomelli,
J. W. Ochterski, R. L. Martin, K. Morokuma,
20634 | RSC Adv., 2021, 11, 20622–20634
V. G. Zakrzewski, G. A. Voth, P. Salvador, J. J. Dannenberg,
S. Dapprich, A. D. Daniels, O. Farkas, J. B. Foresman,
J. V. Ortiz, J. Cioslowski, and D. J. Fox, Gaussian 09,
Revision D.01, Gaussian, Inc., Wallingford CT, 2013.

21 (a) C. Lee, W. Yang and R. G. Parr, Development of the Colle-
Salvetti correlation-energy formula into a functional of the
electron density, Phys. Rev. B: Condens. Matter Mater. Phys.,
1988, 37, 2; (b) A. D. Becke, A new mixing of Hartree–Fock
and local density-functional theories, J. Chem. Phys., 1993,
98, 2.

22 (a) S. Grimme, Density functional theory with London
dispersion corrections, Wiley Interdiscip. Rev.: Comput. Mol.
Sci., 2011, 1, 2; (b) S. Grimme, J. Antony, S. Ehrlich and
H. Krieg, A consistent and accurate ab initio
parametrization of density functional dispersion correction
(DFT-D) for the 94 elements H-Pu, J. Chem. Phys., 2010,
132, 15.

23 (a) K. Fukui, Formulation of the reaction coordinate, J.
Chem. Phys., 1970, 74, 23; (b) K. Fukui, The path of
chemical reactions—the IRC approach, Acc. Chem. Res.,
1981, 14, 12.

24 (a) R. F. Ribeiro, A. V. Marenich, C. J. Cramer and
D. G. Truhlar, Use of solution-phase vibrational
frequencies in continuum models for the free energy of
solvation, J. Phys. Chem. B, 2011, 115, 49; (b)
A. V. Marenich, C. J. Cramer and D. G. Truhlar, Universal
solvation model based on solute electron density and on
a continuum model of the solvent dened by the bulk
dielectric constant and atomic surface tensions, J. Phys.
Chem. B, 2009, 113, 18.

25 Y. Zhao and D. G. Truhlar, The M06 suite of density
functionals for main group thermochemistry,
thermochemical kinetics, noncovalent interactions, excited
states, and transition elements: two new functionals and
systematic testing of four M06-class functionals and 12
other functionals, Theor. Chem. Acc., 2008, 120, 1–3.

26 (a) P. Geerlings, F. D. Pro and W. Langenaker, Conceptual
density functional theory, Chem. Rev., 2003, 103, 5; (b)
W. Kohn, A. D. Becke and R. G. Parr, Density Functional
Theory of Electronic Structure, J. Phys. Chem., 1996, 100,
31; (c) S. B. Liu, Conceptual Density Functional Theory and
Some Recent Developments, Acta Phys.-Chim. Sin., 2009,
25, 3.

27 W. Humphrey, A. Dalke and K. Schulten, J. Mol. Graphics,
1996, 14, 1.

28 (a) T. Lu and F. W. Chen, J. Comput. Chem., 2012, 33, 5; (b)
T. Lu, Multiwfn, Version 3.5.
© 2021 The Author(s). Published by the Royal Society of Chemistry


	Elucidating the mechanism and origins of selectivity on catalyst-dependent cyclization reactions to form polycyclic indolines from a theoretical studyElectronic supplementary information (ESI) available. See DOI: 10.1039/d1ra01632f
	Elucidating the mechanism and origins of selectivity on catalyst-dependent cyclization reactions to form polycyclic indolines from a theoretical studyElectronic supplementary information (ESI) available. See DOI: 10.1039/d1ra01632f
	Elucidating the mechanism and origins of selectivity on catalyst-dependent cyclization reactions to form polycyclic indolines from a theoretical studyElectronic supplementary information (ESI) available. See DOI: 10.1039/d1ra01632f
	Elucidating the mechanism and origins of selectivity on catalyst-dependent cyclization reactions to form polycyclic indolines from a theoretical studyElectronic supplementary information (ESI) available. See DOI: 10.1039/d1ra01632f
	Elucidating the mechanism and origins of selectivity on catalyst-dependent cyclization reactions to form polycyclic indolines from a theoretical studyElectronic supplementary information (ESI) available. See DOI: 10.1039/d1ra01632f
	Elucidating the mechanism and origins of selectivity on catalyst-dependent cyclization reactions to form polycyclic indolines from a theoretical studyElectronic supplementary information (ESI) available. See DOI: 10.1039/d1ra01632f
	Elucidating the mechanism and origins of selectivity on catalyst-dependent cyclization reactions to form polycyclic indolines from a theoretical studyElectronic supplementary information (ESI) available. See DOI: 10.1039/d1ra01632f
	Elucidating the mechanism and origins of selectivity on catalyst-dependent cyclization reactions to form polycyclic indolines from a theoretical studyElectronic supplementary information (ESI) available. See DOI: 10.1039/d1ra01632f
	Elucidating the mechanism and origins of selectivity on catalyst-dependent cyclization reactions to form polycyclic indolines from a theoretical studyElectronic supplementary information (ESI) available. See DOI: 10.1039/d1ra01632f
	Elucidating the mechanism and origins of selectivity on catalyst-dependent cyclization reactions to form polycyclic indolines from a theoretical studyElectronic supplementary information (ESI) available. See DOI: 10.1039/d1ra01632f
	Elucidating the mechanism and origins of selectivity on catalyst-dependent cyclization reactions to form polycyclic indolines from a theoretical studyElectronic supplementary information (ESI) available. See DOI: 10.1039/d1ra01632f

	Elucidating the mechanism and origins of selectivity on catalyst-dependent cyclization reactions to form polycyclic indolines from a theoretical studyElectronic supplementary information (ESI) available. See DOI: 10.1039/d1ra01632f
	Elucidating the mechanism and origins of selectivity on catalyst-dependent cyclization reactions to form polycyclic indolines from a theoretical studyElectronic supplementary information (ESI) available. See DOI: 10.1039/d1ra01632f
	Elucidating the mechanism and origins of selectivity on catalyst-dependent cyclization reactions to form polycyclic indolines from a theoretical studyElectronic supplementary information (ESI) available. See DOI: 10.1039/d1ra01632f


