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Abstract

Both intramolecular [4 4 2] and intermolecular [3 4 2] cycloaddition reactions for the synthesis of 1,3-dioxoepoxyisoindole
and epoxypyrrolo[3,4-glindazoles, respectively, experimentally explored by Alizadeh and co-workers, were studied theoreti-
cally at the M06-2X/6-311G(d,p) computational level in both gaseous and solution (acetonitrile, benzene and DMSO) phases.
In the first stage, it was studied the intramolecular [4 + 2] cycloaddition reaction generating potentially two diastereomeric
adducts and it was confirmed the formation of experimentally reported product, 1,3-dioxoepoxyisoindole DEI-1 by the local
reactivity indices as well as potential energy surface analysis. In the second stage, the [3 +2] cycloaddition reaction of DEI-1
with three nitrilimines including NI-H, NI-C and NI-N, which generates potentially four possible regio- and stereoisomeric
adducts was studied. The local reactivity indices described satisfactorily the experimentally observed regioselectivities.
The results of potential energy surface analysis indicated that among the four possible products, only two exo regioisomeric
adducts (namely, epoxypyrrolo[3,4-gJindazoles, CA-x1 and CA-x2) can be formed. In fact, for the reaction of DEI-1 with
NI-H, NI-C and NI-H, the ratio of CA-x1:CA-x2 was estimated to be 57:43, 86:14 and 39:61, respectively, which is in
satisfactory agreement with the experimental outcomes. The structural variations during the reactions were also studied and
the results indicated that the transition states are not completely synchronous.

Keywords Intramolecular diels—alder (IMDA) cycloaddition reaction - Local reactivity indices - CDFT - Fukui functions -
Epoxypyrrolo[3,4-g]Indazole - Wiberg bond indices

Introduction

Natural products such as prostaglandins, terpenoids, and
carotenoids are certain chemical compounds produced
by living systems. There is a key segment in the natural
products known as oxabicyclo template, e.g., cantharidin
and norcantharidin. It is found directly in the structure of
multiple natural products and, also, is applied in the total
synthesis of natural products as an precursor (Chiu and Laut-
ens 1997; Saleem et al. 2007). In recent years, it has been
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shown many biological and medicinal aspects of oxabicyclo
containing compounds. Some oxabicyclo compounds such
as cantharidin and norcantharidin and their derivatives can
poison the tumour cells through inhibition of a subgroup of
human serine/threonine protein phosphatases (Bertini et al.
2009; Hill et al. 2008; McCluskey et al. 2001). In addi-
tion, the oxabicyclo compounds extracted from the natural
plants show an anti-proliferative effect on breast cancer cells
(Huyen et al. 2018).

The oxabicyclo core can undergo ring cleavage reactions
to create different ring structures or acyclic chains. The
oxabicyclo compounds can be synthesized by the intramo-
lecular Diels—Alder (IMDA) cycloaddition reaction (Schin-
dler and Carreira 2009; Vogel et al. 1999).

Cycloaddition reaction is a pericyclic reaction, in which
two unsaturated components interact together to form a
cyclic product. The Diels—Alder reaction, also known as
[4 +2] cycloaddition reaction, is one of the most prominent
cycloaddition reactions in which a diene and a dienophile
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react together to form a six-membered cyclic adduct. This
reaction is one of the most important procedures in organic
synthesis due to its diversity and creation of regio- and ste-
reospecific products. The Diels—Alder reaction can occur
as both intramolecular and intermolecular. Intramolecular
reactions are faster, cleaner, and more selective than inter-
molecular ones (Brieger and Bennett 1980; Norman 2017,
Smith 2020; Sykes 1986). In addition to the Diels—Alder
reactions, the [3 + 2] cycloaddition reactions are another
important class of organic transformations, which can be
used for the synthesis of different five-membered cyclic
compounds (Huisgen 1984). In this reaction, a three-atom-
component interacts with an unsaturated system (Emamian
2016).

From the mechanistic point of view, a concerted one-
step mechanism was first proposed for the cycloaddition
reactions (Woodward and Hoffmann 1965). More stud-
ies on these reactions with various reactants have shown
that a wide range of cycloaddition reactions proceed via a

CO,R?
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o o |
RI=N=C + 0\
CO,R?
1 2 3

R'= £-Bu, cyclohexyl
R?= Me, Et
R3*=H, C1,NO,

two-stage one-step mechanism, in which two new bonds
are formed between two reactants in one kinetic step but
via a two-stage process (Berski et al. 2006). In other word,
one of the 6-bonds between two fragments begins to form
before the other. For instance, it has been reported that
the reaction of nitrilimine with a thione-containing dipo-
larophile (Bazian et al. 2016), benzonitrile oxide with
electron-rich N-vinylpyrrole (Domingo et al. 2016), nitri-
limine with alkene (Molteni and Ponti 2017), nitrilimine
with allenoate (Soleymani 2018), N-(p-methylphenacyl)
benzothiazolium ylide with 1-nitro-2-(p-methoxyphe-
nyl)ethane (Soleymani 2019), 5,5-dimethyl-1-pyrroline
N-oxide with 2-cyclopentenone (Soleymani and Chegeni
2019), azoalkenes toward fulvenes (Emamian et al. 2019),
para-quinone methides with nitrile imines (Soleymani
and Jahanparvar 2020), C,N-dialkyl nitrones with a series
of substituted oxanorbornadienes (Opoku et al. 2020),
and 3-(2,2,2-trifluoroethylimino)-1-methylindolin-2-one
ylide with cinamaldehyde and the corresponding iminium

1
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Scheme 1 Synthesis of epoxypyrrolo[3,4-glindazoles by two sequential [4 + 2] and [3 + 2] cycloaddition reactions
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ion (Soleymani 2020) take place via a two-stage one-step
mechanism.

Oxabicyclo[2.2.1]heptenes are a class of the oxabicy-
clo compounds that came along with improvements in the
Diels—Alder reaction of furan. The Diels—Alder reactions
of furan as a 4n-diene component have been studied by
many chemists such as Diels and Alder (Diels 1929), Brion
(Brion 1982) and Vogel et al. (Reymond and Vogel 1990;
Vieira and Vogel 1982, 1983). In this regard, Alizadeh et al.
reported the synthesis of epoxypyrrolo[3,4-glindazoles by

CO,R?
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CO,R?
1 2 3
R20,C O Q

Scheme 2 The proposed mechanism for the synthesis of adducts 6 and 6’

two sequential [4 +2] and [3 + 2] cycloaddition reactions
(Scheme 1) (Alizadeh et al. 2019). At the first stage, a three-
component reaction between an isocyanide 1, a dicarboxylic
ester of acetylene 2 and 2-furan carboxylic acid 3 leads to the
formation of 1,3-dioxoepoxyisoindole 4. Subsequent [3 +2]
cycloaddition reaction of 4 with hydrazonoyl chloride under
basic conditions, produces two regioisomeric adducts 6 and
6’. The amount of 6:6’ ratio is dependent to the nature of the
substituents R!, R? and R? located on 1, 2 and 5 components.

\
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Scheme 3 Both IMDA and [3 + 2] cycloaddition reactions studied in this work (Alizadeh et al. 2019)

For instance, in the case of R!'=#Bu, R>=Me, and R*=H,
both 6 and 6" adducts are formed in similar yields.

Based on the proposed mechanism (Alizadeh et al. 2019),
the addition of isocyanide 1 to dicarboxylic ester of acety-
lene 2 results in an zwitterionic intermediate 7 (Scheme 2).
A proton transfer process from 2-furan carboxylic acid 3 into
7 and subsequent Passerini type addition of 2-furan carboxy-
late to nitrilium ion affords intermediate 8, which undergoes
the Mumm rearrangement to form intermediate 9. An IMDA
reaction on 9, which is followed by a [3 + 2] cycloaddition
reaction with nitrilimine 10 (obtained from dehydrohalo-
genation of 5 under basic conditions) leads to the formation
of two regioisomeric adducts 6 and 6'.

Herein, two sequential IMDA and [3 + 2] cycloaddi-
tion reactions for the synthesis of 1,3-dioxoepoxyisoindole
(DEI-1) and epoxypyrrolo[3,4-gJindazoles (CA-x1 and CA-
x2), respectively, experimentally explored by Alizadeh and
co-workers (Alizadeh et al. 2019), have been theoretically
investigated using density functional theory (DFT) to eluci-
date regio- and stereochemistry in the reaction (Scheme 3).

The main aims of the present work are:

e Investigation of the global and local reactivity indi-
ces at the ground state for the reagents involving in both
cycloaddition reactions.

e To study the structural variations during the reactions.
e To study the regio- and stereochemistry in the reaction.
e Analysis of the substituent effects on the [3 + 2]
cycloaddition reaction.

e Investigation of the reaction from energetic point of
view.

@ Springer

Theoretical

All calculations were performed using the Gaussian 09 pro-
gram based on the density functional theory (DFT) (Frisch
2013). The optimization of the reactants, transition states and
products was performed using M062X method, and frequency
calculations were carried out on the optimized structures by
the same method to verify the stationary points as well as
transition states (Zhao and Truhlar 2006). B3LYP/6-31G(d)
computational level was used to calculate the global and local
DFT reactivity indices (Lee et al. 1988). Solvent effects of
acetonitrile, DMSO and benzene were considered using the
conductor-like polarizable continuum model (CPCM) (Bar-
one and Cossi 1998). The intrinsic reaction coordinates (IRC)
calculations were performed to confirm that each transition
state is located between two minima (Gonzalez and Schlegel
1989, 1990).

The global nucleophilicity index N based on the HOMO
energies, was obtained by the expression (1):

N = EgomoNVu) — Eyomo(TCE), (1)

where Eyopo(Vu) refers to the HOMO energy of the nucleo-
phile and Eyyo(TCE) is the HOMO energy of tetracya-
noethylene (TCE) as a reference (Domingo et al. 2013a).

Both chemical potential (1) and chemical hardness (1)
quantities were obtained from the HOMO and LUMO ener-
gies according to the Eqgs. (2, 3) (Parr and Pearson 1983; Parr
and Weitao 1989):

_ Erymo + Enomo
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The global electrophilicity index (@) was calculated accord-
ing to the Eq. (4) (Parr et al. 1999):

2

CO=Z

4)

Wiberg bond index (WBI) is a measure of bond strength
between atoms A and B and is determined as the sum of the
off-diagonal square of the density matrix P between two
atoms based on the natural bond order (NBO) according to
the Eq. (5) (Wiberg 1968):

WBLy =Y, )P, (5)

pA ¢B

Results and discussion

Evaluation of the global reactivity indices
for the reactants at the ground state

Global DFT reactivity indices including electronic chemical
potential (), chemical hardness (1), and global nucleophilic-
ity (N), can be used as a valuable tool to study the reactivity
and selectivity in organic reactions (Geerlings et al. 2003).
Since we deal with an IMDA reaction in the first stage, the
calculation of the global DFT for Int is unnecessary and give
no information about the reaction (Scheme 3). On the other
hand, in the [3 + 2] cycloaddition reaction of DEI-1 with
nitrilimines NI-H, NI-C and NI-N, these parameters were
calculated and given in Table 1.

The results given in Table 1 indicate that the electronic
chemical potential for DEI-1 (— 4.05 eV) is more negative
than that for NI-H (- 3.19 eV) and NI-C (- 3.39 eV). On
the other hand, this trend is vice versa for DEI-1 (— 4.05 eV)
and NI-N (- 4.19 eV). Therefore, it can be concluded that
along the polar [3 +2] cycloaddition reaction of DEI-1 with
either NI-H or NI-C, electron density is transferred from

Table 1 Electronic chemical potential (), global electrophilicity
(w) and nucleophilicity (V) indices, and chemical hardness (1) for
Int, DEI-1, NI-H, NI-C and NI-N computed by B3LYP/6-31G(d)
method

Species I (0] N n

Int —-4.33 3.98 2.44 2.35
DEI-1 —4.05 2.70 2.03 3.04
NI-H -3.19 2.87 4.15 1.78
NI-C -3.39 332 4.00 1.73
NI-N -4.19 6.49 3.58 1.35

the later ones, as nucleophile, toward the former, as electro-
phile. Alternatively, it is expected that the electron density
fluxes from DEI-1 toward NI-N during the corresponding
cycloaddition reaction.

According to a scale introduced by Domingo and cow-
orkers, the electrophilicity as well nucleophilicity power
can be evaluated using the values of ® and N (Domingo
et al. 2002; Jaramillo et al. 2008). By employing this scale,
DEI-1 with the electrophilicity index larger than 1.50 eV
is a strong electrophile, and with the nucleophilicity index
within the range of 2.00 to 3.00 eV is a moderate nucleo-
phile. On the other hand, NI-H and NI-C are strong elec-
trophiles as well as nucleophiles (their nucleophilicity
index is larger than 3.00 eV, the threshold value for the
strong nucleophile). NI-N with nucleophilicity and ele-
trophilicity powers of 3.58 eV and 6.48 eV, respectively,
is considered as a strong nucleophile and a very strong
electrophile. The increment of the electrophilic power of
NI-N compared to NI-H can be attributed to the presence
of the nitro group as an electron-withdrawing substituent.
Thus, it can be said that we deal with a [3 + 2] cycloaddi-
tion reaction between a strong electrophilic/nucleophilic
pair (NEI-1 and either NI-H or NI-C), and between a
moderate nucleophile (DEI-1) and a very strong electro-
phile (NI-N), rationalizing why these reactions are per-
formed at room temperature under experimental conditions
(Alizadeh et al. 2019).

Analysis of local reactivity indices

In a polar reaction between non-symmetrical reactants,
the most favorable interaction can occur between the most
nucleophilic center of the nucleophile and the most electro-
philic center of the electrophile (Yang and Mortier 1986).
There are certain methods to evaluate satisfactorily the local
reactivities of the reactants by determination the most elec-
trophilic or nucleophilic centers of the reactants. One of the
powerful methods for determination of the reactive sites
in the reactants is in terms of Fukui functions, which are
calculated based on the Mulliken population analysis of an
atom in a molecule (Egs. 6 and 7) (Chamorro et al. 2013;
Domingo et al. 2013b):

Jfe =p(n) — pp(n—1) for electrophilic attacks (6)

kar =p(n+1)—p,(n) fornucleophilic attacks. 7

The local electrophilicity o, and nucleophilicity N, can
be calculated using expressions (8) and (9):

o = af,” (8)
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Ne=Nfy C))

As mentioned in the “Introduction” section, an IMDA
reaction on Int results in the corresponding cycloadduct
DEI-1, in the first step of the reaction. Since this intramo-
lecular reaction contains only one reactant, the simultane-
ous calculation of both nucleophilic N, and electrophilic
w, Fukui functions is impossible. However, we can easily
characterise the electrophilic and nucleophilic fragments in
Int that participate in the IMDA reaction. In fact, the C1-C2
fragment possessing electron-withdrawing substituents (two
CO,Me groups) is electrophilically activated, while the furan
moiety is a nucleophilic fragment. Since both fragments
have been attached to a C=0 group, it can be said that the
effect of this additional group is counterbalanced with a
good approximation. For determination the local reactivi-
ties in Int, it was considered as an electrophile and the local
electrophilic Fukui functions w, for the certain atoms were
calculated. Similarly, the local nucleophilic Fukui functions
N, were also calculated by considering Int as a nucleophile.
The results are shown in Fig. 1.

The analysis of the results presented in Fig. 1 clearly indi-
cates that the C2 carbon atom with the local electrophilic
index w, of 0.211 is the most electrophilic center, and the
C3 carbon atom with the local nucleophilicity value of 0.124
is the most nucleophilic one. Thus, it can be concluded that
along the IMDA reaction on Int, and in agreement with the
experimental outcomes (Alizadeh et al. 2019), the C2 car-
bon atom tends to interact with the C3 carbon atom to give
DEI-1. Of course, it should be here noted that the others
alternative interactions (C2---C6 and C1---C3) are unfavora-
ble geometrically.

For the [3+ 2] cycloaddition reaction of DEI-1 with nitri-
limines in the second step of the reaction, the local electro-
philic and nucleophilic Fukui functions of DEI-1 (as elec-
trophile toward NI-H and NI-C, and as nucleophile toward
NI-N), the local nucleophilic Fukui functions of NI-H and
NI-C, and local electrophilic ones of NI-N were calculated.
The results are presented in Fig. 2.

0.048 N "0.163
| 0.061 0.042 ) s,

H 0211 COMe 0027 Y35
0.090 0.124
0.119

Fig. 1 B3LYP/6-31G(d) local nucleophilic N, (in blue) and electro-
philic (in red and underlined) Fukui functions w, for Int obtained by
Mulliken population analysis
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Analysis of the local Fukui functions given in Fig. 2
shows that when DEI-1 acts as the electrophile, its C4 car-
bon atom with an w, value of 0.065, is more electrophilic
than C5. On the other hand, the C7 carbon atom of NI-H
and NI-C, with the local nucleophilic index of 0.639 and
0.600, respectively, is more nucleophilic than the N9 nitro-
gen atom with that of 0.535 and 0.497, respectively. When
DEI-1 acts as the nucleophile, the C4 carbon atom with a
local nucleophilicity of 0.096, is slightly more reactive than
the C5 carbon atom with that of 0.069, and tends to interact
with the N9 nitrogen atom of NI-N as the most electrophilic
center possessing a local electrophilicity of 0.441. These
results suggest that the reaction of DEI-1 with either NI-H
or NI-C leads mainly to the formation of CA-x1. On the
other hand, in the reaction of DEI-1 with NI-N, the CA-x2
adduct should be produced as the major adduct. These pre-
dictions are in agreement with the experimental outcomes
especially for the reaction of DEI-1 with either NI-C or
NI-N, and not satisfactory for the reaction with NI-H (see
Scheme 3).

Study of the regio- and stereochemistry
in the reactions from energetic point of view

For the IMDA reaction on Int, and in consideration of ste-
reochemistry for the product, two possible cycloadducts,
DEI-1 and DEI-2, can be potentially generated via two pos-
sible competitive reactive channels (Scheme 4). In fact, due
to the trans stereochemistry of two CO,Me groups in Int,
and also due to the retention of configuration, two possible
diastereomers can be formed, in which the C1 and C2 carbon
atoms adopt a trans configuration.

To study the reactive channels from energetic point of
view, it was computed the M06-2x/6-311G(d,p) relative
Gibbs free energies (AG) for transition states, TS-1 and TS-
2, and products, DEI-1 and DEI-2, involved in the IMDA
reaction on Int in both gaseous and solution phases. In addi-
tion, since the IMDA reaction has been performed experi-
mentally in the refluxing acetonitrile, the Gibbs free energies
were computed at 85 °C (the approximate temperature of
the refluxing acetonitrile). The results are summarized in
Table 2. To obtain more reliable results, the calculations
were also performed by employing 6-311 + G(d, p) basis
set in gas phase and acetonitrile.

In addition, it was depicted a diagram for the relative
Gibbs free energies in gaseous phase and acetonitrile at
85 °C for the studied IMDA reaction in Fig. 3 to elucidate
the energetic aspects of two reactive channels.

An analysis on the results presented in Table 2 and Fig. 3
indicates that in the presence of acetonitrile TS-1 which is
located 73.32 kJ mol~! above the reactant, Int, is signifi-
cantly more favorable than TS-2 with an activation barrier of
119.70 kJ mol~". In addition, it is clear that DEI-I is located
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DEI-1

-0.120 -0.116
7 9 7 8 9
Ph—C=N-=N—Ph p-Cl-C¢Hy=C—=N---N—"Ph
0.639 0.535 0.600 0.497
NI-H NI-C
0.194
7 8 9
p-OzN-C6H4_CEN:N‘Ph
0.220 0.441
NI-N

Fig.2 B3LYP/6-31G(d) local nucleophilic N, (in blue) and electrophilic (in red and underlined) Fukui functions @, for species involving in the
studied [3 4 2] cycloaddition reaction, obtained by Mulliken population analysis

0) t-Bu

MCOZC
M602C 1y,

DEI-2

Scheme 4 Two possible reactive channels for IMDA reaction on Int

22.31 kJ mol~! below Int, and in complete agreement with
the experimental outcomes (Alizadeh et al. 2019), the cor-
responding reaction is thermodynamically favorable. On the
other hand, the formation of DEI-2 is ruled out, because the
corresponding reaction is unfavorable both thermodynami-
cally and kinetically. Finally, the solvent employed in the
experimental work (acetonitrile) can slightly increase the
rate of the reaction, because it lowers the energy level of the
transition state slightly more than that of the reactant and
thereby, slightly decreases the activation barriers.

N/ tBu
M602C
0 _Ts2
CO,Me

DEI-1

Observed experimentally

A comparison between the results in three solvents
including acetonitrile, DMSO and benzene presented in
Table 2 indicates that the polarity of the solvent can slightly
affect the activation barriers. In fact, the activation barriers
are approximately identical in both polar solvents, acetoni-
trile and DMSO. On the other hand, the activation barriers
are slightly increased in benzene as a non-polar solvent in
comparison to the polar solvents. These results indicate that
the corresponding transition states are slightly more polar
compared to the reactant and a polar solvent can lower the
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Table2 Calculated relative Gibbs free energies (AG, in kJ mol™)
for the IMDA reaction on Int in both gaseous and solution phases at
85 °C obtained by the M06-2X/6-311G(d,p) method

Species Gas® Solution

Acetonitrile® DMSO Benzene

TS-1 75.23 (71.55) 73.32(73.90) 73.40  74.33
DEI-1  —25.81(—28.96) —2231(—25.61) —2228 —2296
TS-2 124.66 (120.71) ~ 119.70 (118.41) 119.69 122.89
DEI-2 54.19 (49.15) 55.69 (54.04) 5574  54.00

#The results obtained by M06-2X/6-311 + G(d,p) method are given in
parenthesis

energy surface of transition states more than a non-polar

solvent.
Figure 4 depicts the optimized geometries for the transi-

tion states associated with the IMDA reaction on Int along

Fig.3 Free energy diagram for
the IMDA cycloaddition reac-
tion on Int in gaseous phase and
acetonitrile at 85 °C

125.00

100.00 }

75.00 1

50.00

25.00

AG [ kJ.mol!

75.23
TS-1

with the interatomic distances for the interacting atoms and
the corresponding Wiberg bond indices.

It is also given the IRC profile associated with the more
favorable transition state (TS-1) and the variations in the
distances between interacting atoms (C1-C6 and C2-C3) in
Fig. 5. The IRC analysis for TS-1 rules out the formation
of any stable intermediate during the reaction. In addition,
relaxing the end points of the IRC leads to the reactant and
products from both sides.

An overview on the results for TS-1 presented in Figs. 4
and 5 shows that, the length of C1-C6 is slightly shorter
than C2-C3 and the bond indices are vice versa (Fig. 4).
This clearly indicates that the former bond is formed
slightly faster than the later one. A similar trend is also
observed in the diagram of the bond length during the
reaction coordinate (Fig. 5). In fact, in most points, the
length of the C1-C6 bond is slightly smaller than that of
the C2-C3 one. These results reveal that the studied IMDA
reaction is slightly asynchronous. On the other hand, the

00.00

-25.00

-50.00

-75.00 -

TS-1(492.8))

124.66
TS-2
—
[ \ -50.81
H \ Stabilization
:’ \‘ 73.85
! L TS-2
....................... p—
-47.75 ! ‘.‘
Stabilization H !
27.48 i !
TS-1 { !
............. i ]
1 1
! \ DEI-2
H e
............ ,,'
-45.85 !
1
Stabilization H
!

DEI-1 ’

Solution

TS-2 (459.6i)

Fig.4 MO06-2X/6-311G(d,p) optimized structures for the transition
states TS-1 and TS-2 at the presence of acetonitrile along with the
interatomic distances (in A) and the Wiberg bond indices (given in
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parenthesis) belong to the interacting atoms. The unique imaginary
frequencies (in cm™) are also given in parenthesis in front of each

transition state
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156650
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Intrinsic Reaction Coordinate

31
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2.7 e
25
23
21
1.9
17
15

13
-8 -6 -4 -2 0 2 4 6 8

. eeee C2:C3
e C1-C6

Bond Length/A

Intrinsic Reaction Coordinate

Fig.5 IRC profile (top) and variations in the C1-C6 and C2-C3
lengths (down) associated with the TS-1 for the IMDA reaction on
Int

asynchronicity in TS-2 is more than that in TS-1, because
the difference in the bond lengths as well as bond indices
for the C1-C6 and C2-C3 bonds is more in TS-2 compared
to TS-1.

TS-nl

TS-n2

Scheme 5 Four possible reactive channels between DEI-1 and NIs

X=H

Finally, it was found that the oxygen atoms are closed
together in TS-2 more than TS-1, which leads to electronic
repulsions. These repulsive forces are probably responsible
of more instability of TS-2 compared to TS-1.

For the [3 + 2] cycloaddition reaction of DEI-1 with nitri-
limines, two possible exo and endo stereoselective attacks
can be potentially taken place. In fact, in the exo and endo
attacks, nitrilimine interacts with DEI-1 from the same
and opposite side of the bridged oxygen, respectively. In
addition, each of these stereoselective attacks contains two
regioselective attacks including C4-C7 and C4-N9 ones, in
which the C4 carbon atom of DEI-1 interacts with the C7
and N9 atoms of nitrilimine, respectively. In consideration of
four possible stereoselective and regioselective attacks, four
possible adducts, CA-x1, CA-x2, CA-n1 and CA-n2, can
be formed from the [3 + 2] cycloaddition reaction of DEI-1
and nitrilimine. In addition, the IRC calculations over the
transition states associated with the four reactive channels
(TS-x1, TS-x2, TS-nl and TS-n2), show that the reactions
take place in one kinetic step and the formation of any sta-
ble intermediate is ruled out. Thus, four possible transition
states and four possible cycloadducts are proposed for the
[3+2] cycloaddition reactions of DEI-1 with nitrilimines
(Scheme 5). It should be here noted that x and » indicate the
exo and endo stereochemistry, respectively.

To investigate the energetic aspects of the reactive chan-
nels, it was calculated the relative Gibbs free energies (AG)
for the transition states and products in both gaseous and
solution phases. In addition, since the reaction has been
carried out experimentally at room temperature (Aliza-
deh et al. 2019), the values of the Gibbs free energies were
also calculated at this temperature. To obtain more reliable
results, the calculations were also performed by employing
6-311+ G(d,p) basis set.

1) Y, t-Bu
TS-x1
exo
7 8 9 attack
+ p-X-CgHy=C=N="="=N—Ph
NI
C1, NO, TS-x2
L -

MeO,C
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It was also plotted the diagram of the relative Gibbs
free energies in gaseous and acetonitrile phases at room
temperature for the [3 + 2] cycloaddition reaction of DEI-1
and NI-H in Fig. 6.

The analysis of the results presented in Table 3 and
Fig. 6 indicates that:

1. The transition states associated with the exo attack,
TS-x1H and TS-x2H, are located about 70.00 kJ mol™!
above the separate reactants. On the other hand, the
transition states for the endo attacks are located more
than 90.00 kJ mol~! above the separate reactants. These
results clearly reveal that both exo attacks are more
favorable kinetically. In addition, since the reaction of
DEI-1 with NI-H takes place via the exo stereoselec-
tive manner, only the exo attack was investigated for the
reaction of DEI-1 with either NI-C or NI-N.

2. It appears that both electronic and steric effects can
determine the stereochemistry of the reaction. In fact,
when the reactants are closed together from the endo
side, some electronic and steric repulsions are created
between the NI moiety and the CO,Me group located
on the C1 carbon atom of DEI-1. On the other hand,
the exo attack is relatively free from both electronic and
steric repulsions, and consequently is more favorable
kinetically.

3. The Gibbs free energies of activation for formation of
adducts CA-x1H and CA-x2H in acetonitrile are 69.54
and 70.21 kJ mol~!, respectively. These values corre-
late with a CA-x1H:CA-x2H ratio of 57:43, in good
agreement with the experimental results, CA-x1C:CA-
x2C=50:50 (Alizadeh et al. 2019).

80.00,

40.00

AG / kJ.mol!

Gas

Table 3 MO06-2X/6-311G(d,p) calculated relative Gibbs free energies
(AG, inkJ rnol’l) for the [3 4+ 2] cycloaddition reaction of DEI-1 with
NI in both gaseous and solution phases at room temperature

Species  Gas® Solution
Acetonitrile DMSO  benzene

TS-x1H 51.76 (57.26) 69.54 69.74 54.22
CA-x1H —242.95(—240.16) —231.73 —231.48 —242.03
TS-x2H 51.66 (57.31) 70.21 70.57 56.20
CA-x2H —248.31 (—241.98) —233.09 —232.88 —244.15
TS-n1H 77.88 (80.43) 90.54 90.81 75.37
CA-n1H —26598 (—261.94) —239.26 —238.88 —258.08
TS-n2H 72.93 (76.56) 95.47 95.71 79.96
CA-n2H - 260.51 (- 252.09) —231.91 —231.57 —250.34
TS-x1C 55.26 (62.03) 61.99 61.65 57.28
CA-x1C —242.85(—237.92) —239.10 —239.37 —239.52
TS-x2C 55.83 (57.89) 66.50 66.58 60.12
CA-x2C —243.52(—237.89) —239.79 —240.11 —240.40
TS-xIN 57.07 (68.00) 62.59 58.75 63.71
CA-xIN —245.30 (- 239.35) —244.81 —244.74 —240.87
TS-x2N 59.45 (64.47) 61.49 65.58 66.54
CA-x2N  —249.33 (- 243.44) —248.16 —248.07 —244.28

#The results obtained by M06-2X/6-311+ G(d, p) method are given
in parenthesis

4. Similarly, the Gibbs free energies of activation for for-
mation of adducts CA-x1C and CA-x2C in acetonitrile
were found to be 61.99 and 66.50 kJ mol ™!, respectively.
These values for activation barriers are equivalent with a
CA-x1C:CA-x2C ratio of 86:14, in good agreement with
the experimental outcomes (CA-x1C:CA-x2C =93:7).
On the other hand, in the reaction of DEI-1 with NI-

Less
.59.77 Stabilization _5g g9
TS-n1H =2
[r— 1
I \ l’ \
1 \ e H
1]
{
-77.55 :
More 1
stabilization Y

NI-H + DEI-1

Acetonitrile

Fig.6 Free energy diagram for the [3 4 2] cycloaddition reaction of DEI-1 and NI-H in both gaseous and acetonitrile phases at room tempera-

ture obtained by M06-2X/6-311G (d,p) method
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N, the cycloadducts CA-x1N and CA-x2N are formed
in acetonitrile with the activation Gibbs free energies
of 62.59 and 61.49 kJ mol~!, respectively, which are
equivalent with a CA-x1N:CA-x2N ratio of 39:61. In
consistent with the experimental results, this estimation
indicates preference formation of CA-x2N rather than
CA-x1IN. However, it is not a complete agreement, CA-
XIN:CA-x2N =4:96 (Alizadeh et al. 2019).

5. A comparison between the activation Gibbs free ener-
gies in the presence of acetonitrile indicates that the
reaction accelerates when both CI and NO, groups are
introduced in nitrilimine.

6. The activation barriers are more in the solution com-
pared to the gas phase. This can be probably attributed
to this fact that acetonitrile as a polar solvent lowers the
energies of the reactants more than those of the transi-
tion states. As depicted in Fig. 6, in consideration of the
solvation effects, the energy surface of the reactants is
reduced more than that of the transition states (77.55
against 59.77 or 58.99 kJ mol~") for the reaction of DEI-
1 with NI-H.

7. It is observed a similar trend between the results
obtained from the M06-2X/6-311 + G(d, p) method and
those obtained from the M06-2X/6-311G(d, p) one.

It was also performed the similar arguments about the
geometries and IRC profile associated with the transition states
for the second stage, the [3 +2] cycloaddition reaction of DEI-
1 and NIs. The results are given in Figs. 7 and 8.

The analysis of the results presented in Figs. 7 and 8 sug-
gests the following expressions:

1. A slight asynchronicity is observed in TS-x1H, in
which the C4-C7 bond is formed slightly earlier than
the C5-N9 one. The variations in bond length (Fig. 8)
also confirm this conclusion, because the slope of the
decrease in the length of the C4-C7 bond is slightly
more than that of the C5-N9 one.

2. The identical values for the C4-N9 and C5-C7 bond
indices in TS-x2H (0.215) show that both bonds begin
to progress identically and the corresponding reaction
proceeds with a high synchronicity. The variations in
bond length (Fig. 8) also confirms this conclusion.

3. There is a good agreement between the variations in the
interatomic distances and Wiberg bond indices, in which

by decreasing the former, the latter is increased, and vice
versa.

Conclusions

A theoretical study at the level of M06-2X/6-311G(d,p)
was reported on two sequential intramolecular [4 + 2] and
intermolecular [3 + 2] cycloaddition reactions. These reac-
tions have been experimentally explored by Alizadeh and
co-workers for the synthesis of epoxypyrrolo[3,4-g]inda-
zoles. They have reported the formation of 1,3-dioxoepox-
yisoindole DEI-1 from an intramolecular [4 + 2] cycload-
dition reaction, and two regioisomeic cycloadducts, CA-x1
and CA-x2, from the intermolecular [3 + 2] one. In the
present research, some competitive reactions were consid-
ered between the reactants and the results showed a good
agreement with the experimental outcomes.

The local reactivity indices based on the Fukui func-
tions and the Gibbs free energy analysis confirmed that
the intramolecular [4 + 2] cycloaddition reaction leads to
the formation of the experimentally reported product. It
was found that the C2 and C3 carbon atoms of Int with
maximum values of the local electrophilicity and nucleo-
philicity, respectively, can interact together to form both
DEI-1 and DEI-2 adducts. The Gibbs free energy analy-
sis confirmed that the formation of the experimentally
reported product, DEI-1, is favorable both kinetically and
thermodynamically.

In the [3 + 2] cycloaddition reaction of DEI-1 with nitri-
limines, the results of the local reactivity indices based on
the Fukui functions, described satisfactorily the experimen-
tally observed regioselectivities. The results of potential
energy surface analysis indicated that among the four pos-
sible products, only two regioisomeric exo adducts (CA-
x1 and CA-x2) can be formed. It was found that for the
reaction of DEI-1 with NI-H, NI-C and NI-H, the ratio of
CA-x1:CA-x2 are estimated to be 57:43, 86:14 and 39:61,
respectively. These results are in satisfactory agreement with
the experimental outcomes.

Finally, the study of the structural variations during both
cycloaddition reactions indicated that the reactions are not
completely synchronous.
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TS-n1H (361.0i) TS-n2H (343.2i)

TS-x1H (315.0i) TS-x2H (339.4i)

Fig.7 MO06-2X/6-311G(d,p) optimized structures for the transi- belong to the interacting atoms for the [3 4 2] cycloaddition reaction
tion states at the presence of acetonitrile along with the interatomic of DEI-1 and NI-H. The unique imaginary frequencies (in cm™') are
distances (in A) and the Wiberg bond indices (given in parenthesis) also given in parenthesis in front of each transition state
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