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Abstract
The ability to construct molecules with potential applications in biomedicine
via efficient and selective molecular design and syntheses hinges on a thorough understanding of underlying reaction mechanisms. The biological importance of steroids and related heterocyclic compounds are well known but
theoretical studies aimed at delineating reaction mechanisms to complement
efforts of experimentalists are lacking. Herein, we report an extensive theoretical study on the regio-, stereo-, and enantio-selectivity of the tandem sequential intramolecular (4 + 2)/intermolecular (3 + 2) cycloaddition reaction of
(E)-3-(2-[furan-2-ylmethoxy]phenyl)acrylate derivatives (R1) and azides (R3
and R30 ) as well as nitrones (R2) for the formation of steroids. In the reaction
of R1 and the azide derivatives R3 and R30 , the intramolecular (4 + 2) cycloaddition of R1 is the rate-determining step (rds). The reaction is also found to be
very selective. Reaction of electron-withdrawing groups-substituted R1 with
R3 is found to generally increase the barrier of the rds except bromine whiles
electron-donating groups are found to generally decrease the activation energies of the rds. Subsequently, we report a novel reaction of R1 with cyclic
nitrone (R2), which compares favorably with the azide reaction. Results from
the global reactivity descriptors are in good agreement with the activation barrier trends. All the considered reactions in this study are found to be kinetically driven.

1 | INTRODUCTION
Modern day synthetic chemistry demands the ability to
carry out multiple chemical transformations without the
need for isolation of intermediates or additional reagents
until the final products are obtained. Such chemical reactions enhance synthetic efficiency.[1] Tandem reactions
remain one of the efficient methods in the synthetic toolkit due to the flexibility in utilizing them for construction
of several bonds, rings, and stereocenters in a single
transformation.[2–5] The importance of tandem
1748
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cycloaddition reactione is evidenced by its widespread
applications in several studies.[6–17]
Danishefsky et al. have employed tandem sequential
cycloaddition reactions for the syntheses of various heterocyclic compounds (natural products) such as
vernolepin and vernomenin.[18] Recently, Sears and coworkers[2,19] have utilized this synthetic approach to synthesize vindolein. Several reports are available in the literature wherein tandem sequential cycloaddition strategy
has been utilized for diverse synthetic applications.[20–22]
Recently, Opoku et al.[23–25] and Roland et al.[26] have
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reported theoretical studies on some selected exclusively
intermolecular tandem organic reactions.
Steroids are compounds of extreme synthetic importance due to their presence in several biological building
blocks. The pharmaceutical and biological usefulness of
steroids and related heterocyclic derivatives are extensively reported in the scientific literature.[27–33] Due to
their importance, several efforts are ongoing towards the
total synthesis of various types of steroids.[34–36]
Tsuge and co-workers reported[37] a sequential
tandem addition reaction between methyl o(2-furylmethyloxy)- and o-[N-ethyl-N-2-(furylmethyl)
amino]cinnamate moieties of methyl (E)-3-(2-[furan2-ylmethoxy]phenyl)acrylate (1) with phenyl azide (2) to
form polyaza-steroids (Scheme 1). This reaction occur by
an initial intramolecular Diels-Alder reaction between
methyl
o-(2-furylmethyloxy)and
o-[N-ethyl-N2-(furylmethyl)amino]cinnamate moieties in 1 to produce
the (4 + 2) adduct 3. This is followed by an intermolecular 1,3-dipolar cycloaddition reaction between
3 and phenyl azide (2) which provided the one-pot annulation transformation for the formation of polyaza-steroid
type skeletons 4 and 5 with unknown regiochemistry.
To date, despite the importance of the titled
reaction,[37] the mechanism remains unreported. Hence,
crucial mechanistic concerns such as regio-, stereo-, and
enantio-selectivities of the reactions remain unknown.
Reactivity of other derivatives of 1 for the synthesis of
various polyaza-steroids remains unknown. In addition,
the synthetic utility of employing other 1,3-dipoles for

S C H E M E 1 Tandem
sequential (4 + 2) cycloaddition of
methyl (E)-3-(2-[furan-2-ylmethoxy]
phenyl)acrylate (1) and follow-up (3
+ 2) cycloaddition with phenyl
azide (2)[37]
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the formation of other steroid analogues remain obscure.
These mechanistic insights ideas are necessary for the
synthesis of diverse steroid heterocyclics of high selectivity and efficiency as well as providing future guidance for
correlative experiments.
In this present study, the potential energy surface is
extensively explored by way of density functional theory
(DFT) calculations to provide molecular level mechanistic insights on the tandem sequential (4 + 2)/(3 + 2)
cycloaddition reactions between methyl (E)-3-(2-[furan2-ylmethoxy]phenyl)acrylate derivatives 1 and phenyl
azide 3. Furthermore, this study investigates the effects of
substituents on reactivity, regio-, stereo- and enantioselectivities of these reactions. In addition, the mechanistic possibility of employing a cyclic nitrone in the titled
reaction is thoroughly explored. Schemes 2 and 3 as outlined below are the basis of this study.

2 | COMPUTATIONAL DETAILS
AND METHODOLOGY
All the quantum mechanical calculations were carried
out with the Spartan'14[38] and Gaussian 09[39] computational
chemistry
software
packages
at
the
M06-2X/6-311G(d,p) level of theory. The M06-2X functional[40] is a hybrid meta-generalized gradient approximation found to be effective at computing
thermochemical and kinetic parameters, especially in
reactions where nonlocal dispersion interactions play a
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S C H E M E 2 Proposed reaction pathways for the study of intramolecular (4 + 2)/intermolecular (3 + 2) cycloaddition reaction of (E)3-(2-[furan-2-ylmethoxy]phenyl)acrylate derivatives (R1) and phenyl azides (R3) [Color figure can be viewed at wileyonlinelibrary.com]

S C H E M E 3 Proposed reaction pathways for the study of intramolecular (4 + 2)/intermolecular (3 + 2) cycloaddition reaction of (E)3-(2-[furan-2-ylmethoxy]phenyl)acrylate derivatives (R1) and nitrones (R3) [Color figure can be viewed at wileyonlinelibrary.com]
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role.[41–43] In reactions where dominant changes in C−C
bond breaking and formation occurs, M06-2X generally
avoids systematic errors associated with energetic barrier
heights with, for instance, B3LYP.[44] Some recent
studies[23–26] have revealed that M06-2X is the best DFT
functional in the study of tandem organic reactions.
The initial geometries of all structures were constructed with Spartan's graphical model builder and minimized interactively using the sybyl force field.[45]
Transition state structures were computed by first
obtaining guess input structures. This was done by constraining specific internal coordinates of the molecules
(bond lengths, bond angles, dihedral angles) while fully
optimizing the remaining internal coordinates. This procedure offers appropriate guess transition state input
geometries which are then submitted for full transition
state calculations without any geometry or symmetry
constraints. Full harmonic vibrational frequency calculations were carried out to verify that each transition state
structure had a Hessian matrix with only a single negative eigen value, characterized by an imaginary vibrational frequency along the respective reaction
coordinates. The default self-consistency field (SCF) convergence criteria (SCF = Tight) within the Gaussian
09 molecular modeling package was used.[46,47] Intrinsic
reaction coordinate calculations[47–49] were then performed to ensure that each transition state smoothly connects the reactants and products along the reaction
coordinate.[50–52] The optimized structures were illustrated using CYLview.[53]
The global electrophilicities (ω) and maximum electronic charge (ΔNmax) of the various cinnamate, azides
and the nitrone derivatives were calculated using
Equations (1) and (2). The electrophilicity index gives a
quantitative measure of the ability of a reaction
substrate to accept electrons[54] and it has been found to
be a function of the electronic chemical potential,
μ = (EHOMO + ELUMO)/2 and chemical hardness,
ɳ = (ELUMO − EHOMO).[55] Therefore, species with large
electrophilicity values are more reactive towards nucleophiles in a given set of molecules. These equations are
based on the Koopmans theory[56] originally established
for calculating ionization energies from closed-shell
Hartree-Fock wavefunctions, but have since been
adopted as acceptable approximations for computing
electronic chemical potential and chemical hardness.
ω = μ2 =2ɳ

ð1Þ

ΔN max = −μ=ɳ

ð2Þ

The maximum electronic charge transfer (ΔNmax)
measures the maximum electronic charge that the electrophile may accept. Thus, species with large ΔNmax

index would be best electrophile given a series of
compounds.

3 | RESULTS A ND DISCUSSION
From Scheme 2, the (E)-3-(2-[furan-2-ylmethoxy]phenyl)
acrylate derivatives (R1) undergoes an intramolecular (4
+ 2) cycloaddition reaction through TS1 to generate the
Int1 adduct. The Diels-Alder adduct undergoes an intermolecular (3 + 2) cycloaddition with the phenyl azide
(R3) through the various isomeric transitions states
(ATS2EX, ATS2EN, BTS2EX, BTS2EN) to form their
respective tandem adducts (AP2EX, AP2EN, BP2EX,
BP2EN).
In Scheme 3, R1 undergoes intermolecular reorganization through the (4 + 2) addition fashion to furnish
Int1 adduct. The cyclic nitrone R2 then reacts with Int1
in the (3 + 2) cycloaddition mode to produce the tandem
adducts. In this case, eight possible reaction channels
have been characterized in our study. Thus, the (3 + 2)
tandem addition step may proceed via isomeric transition
states (CTS2EX/R, CTS2EX/S, CTS2EN/R, CTS2EN/R,
DTS2EX/R, DTS2EX/S, DTS2EN/R, DTS2EN/S) to
yield their corresponding tandem sequential adducts
(CP2EX/R, CP2EX/S, CP2EN/R, CP2EN/R, DP2EX/R,
DP2EX/S, DP2EN/R, DP2EN/S). In Sections 3.1 and
3.2, we present results and discussion on the reaction of
R1 with R3 and R30 whiles Sections 3.3 and 3.4 address
the reaction of R1 and R2. The subsequent subsections
are devoted to the investigation of selected reactivity
descriptors on the reactions. The Supporting Information
file provides Cartesian coordinates of all optimized geometries, harmonic vibrational frequencies, and energetics
for all intermediates and transition states considered in
this study.

3.1 | Analysis of the parent reaction of
R1 and R3
Figures 1 and 2 show the zero-point-corrected Gibbs free
energy profile as well as the optimized geometries of the
stationary points (minima and first-order saddle points)
relevant to the proposed scheme of study of the intramolecular (4 + 2)/intermolecular (3 + 2) cycloaddition reaction of R1 with R3.
In this reaction, it found that the intermolecular (4
+ 2) cycloaddition occurs with an activation barrier of
30.2 kcal/mol to yield the INT1 adduct with a reaction
energy of 2.4 kcal/mol. The less stability of INT1 makes
it a good candidate for the subsequent intermolecular (3
+ 2) cycloaddition with R3. In the second step of the tandem addition process, (1,3-dipolar addition), ATS2EX is
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F I G U R E 1 Energy profile
of the intramolecular (4 + 2)/
intermolecular (3 + 2)
cycloaddition reaction of R1
with R3 in gas phase at the
M06-2X/6-311G(d,p) level of
theory. All relative energies in
kcal/mol [Color figure can be
viewed at
wileyonlinelibrary.com]

F I G U R E 2 Optimized geometries of relevant transition states with their geometrical parameters involved in the intramolecular (4 + 2)/
intermolecular (3 + 2) addition reaction of R1 with R3 at the M06-2X/6-311G(d,p) level of theory [Color figure can be viewed at
wileyonlinelibrary.com]

found to be the most favoured route with an activation
barrier of 10.5 kcal/mol. Comparatively, BTS2EN,
ATS2EN, and BTS2EX recorded activation energies of
18.5 kcal/mol, 20.0 kcal/mol, and 22.2 kcal/mol respectively. The energetic trends at the selectivity step (step 2)
of the reaction suggest a highly selective tandem addition

process. Therefore, AP2EX found to have reaction energy
of −39.1 kcal/mol is expected to be the most likely product to be obtained. The stability seen in all the four possible products (AP2EX, AP2EN, BP2EX, and BP2EN) is
an indication of a non-reversible tandem addition process. Therefore, the product outcomes in this reaction is
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solely determined by the kinetics at the selectivity step.
The favored reaction pathways established in this study is
consistent with observations from the earlier experimental study[37] wherein a single exo stereoisomer of
unknown regiochemistry was obtained. The optimized
geometries of all the characterized transition states as
well as their respective geometric parameters involved in
the reaction of R1 and R3 are shown in Figure 2. In all
instances, the bond lengths obtained are clear features of
transition states structures. The (4 + 2) intramolecular
cycloaddition (TS1) is found to occur through the attack
of the diene to the carbon beta to the carbonyl group on
the cinnamate subunit followed by the second bond on
the alpha carbon and the furan moiety in an asynchronous fashion (Figure 2). All the TS2 isomeric transition
state geometries are also asynchronous except BTS2EX
(Figure 2).
Also, the Diels-Alder addition step is found to be the
rate-determining step (rds) of this tandem addition process whiles the intermolecular 1,3-dipolar addition is the
selectivity-controlling step. These observations are in
good agreement with some recent theoretical studies on
exclusively intermolecular (4 + 2)/(3 + 2) and (3 + 2)/
(4 + 2) addition sequences.[23–26]

3.2 | Effects of substituents on the
reactivity of R1 and R30
In this section, we investigate the effects of electronwithdrawing groups (EWGs), electron-donating groups
(EDGs), and sterically bulky groups on the mechanism of
the reactions. Some recent studies[23,50] have established
that methyl azide can be conveniently employed as a

surrogate for phenyl azide as the two have similar charge
separations and reactivity. Hence, we used methyl aizde
(R30 ) in place of phenyl azide (R3) in this section of our
study. Table 1 reports the reaction and activation energies
involved in the reaction of various substituted-R1
and R30 .

3.2.1 | Effects of substituents on the rds
of the reaction of R1 and R30
In this section, we compare the rds of substituted-R1 reaction with R30 and the parent reaction (reaction of hydrogen
substituted-R1 and R3). As can be seen from Table 1,
EWGs-substitued-R1 generally increases the rds activation
energy except Br-R1. Thus, carbonyl-R1 and cyano-R1
recorded 37.0 kcal/mol and 35.3 kcal/mol activation energies, respectively, which are 6.8 kcal/mol and 5.1 kcal/mol
higher than the parent reaction (Figure 1). However, an
energy barrier of 27.0 kcal/mol was found for bromo-R1
reaction with R30 which is 3.2 kcal/mol lower than the parent reaction (Figure 1).
In the case of EDGs-substituted R1, a general
decrease in the rds activation barriers (TS1) is observed
(Table 1). Amine-R1, hydroxyl-R1 and methoxy-R1
give activation barriers of 17.6, 16.9, and 26.5 kcal/mol,
respectively, which are lower than that obtained for
the parent reaction (Figure 1). However, methyl-R1
and ethyl-R1 have activation energies of 30.9 and
39.3 kcal/mol respectively, making them higher than
that obtained for the parent reaction. In the case of
cyclopropane-R1 reaction with R30 , an activation
energy (TS1) of 23.8 kcal/mol is obtained as seen in
Table 1.

TABLE 1

Activation and reaction energies involved in the tandem (4 + 2)/(3 + 2) cycloaddition reaction of substituted-R1 and R3 and
R30 at the M06-2X with the 6-311G(d,p) basis set
Substituents

TS1

ATS2EN

ATS2EX

BTS2EN

BTS2EX

a

30.2

20.0

10.5

18.5

22.2

−2.4

Hydrogen

INT1

AP2EN

AP2EX

BP2EN

BP2EX

−38.0

−39.1

−39.3

−40.4

Bromo

27.0

23.9

10.2

20.1

12.4

−8.5

−44.2

−45.6

−45.6

−44.4

Carbonyl

37.0

—

3.5

8.6

4.2

6.7

−31.4

−31.5

−32.1

−29.4

Cyano

35.3

—

4.8

14.6

7.7

−0.2

−29.1

−30.7

−30.2

−30.9

Amine

17.6

16.3

5.7

18.3

3.4

−1.3

−45.2

−48.8

−47.6

−44.7

Methyl

30.9

11.6

3.3

13.1

4.6

3.1

−39.9

−41.0

−41.9

−39.6

Ethyl

39.3

17.9

5.3

17.2

5.3

4.5

−34.3

−31.0

−37.9

−26.2

Hydroxyl

16.9

17.2

16.3

12.92

1.8

−0.32

−53.7

−57.5

−53.5

−55.6

Methoxy

26.5

24.4

18.9

—

17.3

−11.1

−49.1

−54.4

−49.9

−52.0

Cyclopropane

23.8

18.9

5.5

20.5

23.2

−2.5

−43.2

−30.9

−43.5

−27.3

Notes: All energies are measured in kcal/mol.
a
Results of tandem (4 + 2)/(3 + 2) cycloaddition reaction of hydrogen substituted-R1 and phenyl azide (R3). All other calculations were computed with methyl
azide (R30 ).
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3.2.2 | Effects of substituents on the
selectivity of the reaction of R1 and R30
reaction pathways
In Section 3.1, it is established that the parent reaction
(Figure 1) favors the ATS2EX pathway to yield AP2EX
exo stereoselective tandem adduct. In agreement to this,
we find that the ATS2EX reaction channel is the most
favored in the reaction of bromo-R1, carbonyl-R1, cyanoR1, methyl-R1, and cyclopropane-R1 with R30 (Table 1).
For amine-R1 reaction with R30 , the exo stereo-isomer
BTS2Ex was found to be the most favored reaction route
with an energy barrier of 3.4 kcal/mol. An analogous
observation is made in the case of hydroxyl-R1 reactivity,
where BTS2EX is the most preferred route with an
activation energy of 1.8 kcal/mol. Therefore, for
stereoselective syntheses of PB2EX, amine and hydroxysubstituted R1 are highly recommended as starting materials. In the case of ethyl-R1 reaction with R30 , ATS2EX
and BTS2EX isomers are found to compete as a barrier
of 5.3 kcal/mol is obtained in both cases.

3.3 | Analysis of the parent reaction of
R1 and nitrone (R2)
In this part of the study, we investigated the feasibility of
employing R2 and its derivatives in the reaction with R1

OPOKU ET AL.

to furnish polyisoxazolidine-steroids. Figure 3 is a display
of the Gibbs free energy profile of the tandem intramolecular (4 + 2) and subsequent intermolecular (3 + 2) cycloaddition reaction of R1 and R2 in the gas phase. Also,
the optimized geometries of all the characterized transition states as well as their respective geometric parameters involved in the reaction of R1 and R2 are shown in
Figure 4. Here again, the bond lengths obtained for all
structures are clear features of transition states geometries. All the TS2 isomeric transition state geometries are
asynchronous (Figure 4).
As it can be seen, the Diels-Alder step proceeds with
an activation barrier of 30.2 kcal/mol to yield the INT1
adduct with a reaction energy of 2.4 kcal/mol. The subsequent (3 + 2) cycloaddition step (selectivity step) is found
to be favored via DTS2ENR with an activation energy of
6.4 kcal/mol to yield DP2ENR (−40.7 kcal/mol). Also,
DTS2ENS pathway is found to be the least favored route
with an activation barrier of 58.3 kcal/mol to yield
DP2ENS with a reaction energy of −24.7 kcal/mol.
Similar to the parent reaction of R1 with phenyl azide
(R3), the Diels-Alder step is found to be the rds. Also, the
preferred reaction pathway (ATS2EX) in the reaction of
the R1 with R3 is found to have an energy barrier of
10.5 kcal/mol as against 6.4 kcal/mol in the R1 and R2
reaction. These observations suggest that the R2 is more
reactive towards R1 than R3. In addition, all dipoles (R2,
R3, and R30 ) are found to be very selective in their

F I G U R E 3 Energy corrected Gibbs free energy profile of the intramolecular (4 + 2)/intermolecular (3 + 2) addition reaction of R1 with
R2 in gas phase at the M06-2X/6-311G(d,p) level of theory. All relative energies in kcal/mol [Color figure can be viewed at
wileyonlinelibrary.com]
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F I G U R E 4 Optimized geometries of relevant transition states with their geometrical parameters involved in the intramolecular (4 + 2)/
intermolecular (3 + 2) cycloaddition reaction of R1 with R2 at the M06-2X/6-311G(d,p) level of theory [Color figure can be viewed at
wileyonlinelibrary.com]
TABLE 2

Activation energies involved in the tandem (4 + 2)/(3 + 2) cycloaddition reaction of substituted-R1 and R2 at the M06-2X
with the 6-311G(d,p) basis set
Substituents

TS1

CTS2ENR

CTS2ENS

CTS2EXR

CTS2EXS

DTS2ENR

DTS2ENS

DTS2EXR

DTS2EXS

Hydrogen

30.2

20.1

44.1

9.7

49.8

6.4

57.6

15.0

10.2

Bromo

27.0

13.5

21.6

8.3

48.3

5.9

58.5

13.1

7.6

Cyano

35.3

7.6

49.0

10.1

45.1

5.0

—

10.5

1.0

Methyl

30.9

12.4

23.8

2.0

40.9

5.0

53.0

5.0

6.9

Methoxy

26.5

32.4

31.2

19.7

47.9

31.4

—

17.1

17.5

Cyclopropane

23.8

32.6

33.5

7.3

46.5

13.8

—

8.8

14.2

Notes: All energies are measured in kcal/mol.

reaction with R1, making them suitable candidates
towards the syntheses of steroid derivatives with high
selectivity and hence efficiency.

3.4 | Substitution effects on the reaction
of R1 and R2
This segment reports on the investigation of the substitution effects on the reactivity patterns in the reaction of
substituted-R1 and R2. The activation and reaction

energies of the reaction of substituted-R1 and R2 are displayed in Tables 2 and 3, respectively.
As evident from Table 2, TS1 remains the rds in all
the considered substituted-R1 reaction with R2. In the
cases of bromo-R1 and cyano-R1 reaction with R2,
DTS2ENR was the preferred pathway with activation
barriers of 5.9 and 5.0 kcal/mol, respectively. However,
for methyl-R1 and cyclopropane-R1 reaction with R2,
CTS2EXR was the most favored reaction channel with
activation energies of 2.0 and 7.3 kcal/mol, respectively.
Also, methoxy-R1 reaction with R2 favored DTS2EXR
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TABLE 3

Reaction energies involved in the tandem (4 + 2)/(3 + 2) cycloaddition reaction of substituted-R1 and R2 at the M06-2X with
the 6-311G(d,p) basis set
Substituents
Hydrogen

INT1
−2.4

CP2ENR

CP2ENS

CP2EXR

CP2EXS

DP2ENR

DP2ENS

DP2EXR

DP2EXS

−30.2

−18.1

−29.8

−35.6

−43.1

−27.1

−30.0

−42.1

Bromo

−8.5

−29.7

−17.5

−25.2

−30.0

−46.7

−31.0

−33.8

−46.9

Cyano

−0.2

−25.0

−21.9

−19.0

−25.4

−34.7

−18.4

−18.6

−32.7

Methyl

3.1

−39.2

−26.4

−35.2

−39.4

−41.6

−25.6

−28.2

−40.4

−11.1

−33.5

−20.9

−30.9

−34.1

−42.7

−29.8

−34.3

−47.4

−2.5

−28.5

−18.0

−23.9

−26.1

−28.8

−22.8

−22.4

−30.1

Methoxy
Cyclopropane

Notes: All energies are measured in kcal/mol.

Species

HOMO/eV

LUMO/eV

μ

η

ω

ΔNmax

Parent (H)

−7.622

−1.042

−4.33

6.58

1.42

0.65

Methyl

−7.297

−0.923

−4.11

6.37

1.32

0.64

Hydroxyl

−7.377

−0.732

−4.05

6.64

1.23

0.61

Carbonyl

−7.664

−1.037

−4.35

6.62

1.42

0.65

Ethyl

−7.404

−0.808

−4.10

6.59

1.27

0.62

Amine

−6.682

−0.969

−3.82

5.71

1.28

0.66

Cyano

−8.168

−1.104

−4.63

7.06

1.52

0.65

Methoxy

−7.343

−0.925

−4.13

6.41

1.33

0.64

Bromo

−7.612

−0.910

−4.26

6.70

1.35

0.63

Cyclopropane

−7.212

−0.990

−4.10

6.22

1.35

0.65

Methyl azide

−8.500

−0.615

−4.55

7.88

1.31

0.57

Phenyl azide

−7.650

0.006

−3.82

7.65

0.95

0.49

Cyclic nitrone

−7.148

0.729

−3.20

7.87

0.65

0.40

T A B L E 4 Results from the global
reactivity indices calculations

Notes: Orbital energies are in electron volts (eV).

with an activation energy of 17.1 kcal/mol. Therefore,
methoxy-R1 is the least reactive R1 derivative considered
in this investigation so far.
As evident from Table 3, among all the intramolecular (4 + 2) adducts, the methoxy-R1 is the most stable—a
likely reason for its less reactivity in the subsequent (3
+ 2) cycloaddition step. Also, the stabilities of all the isomeric tandem adducts are higher and hence suggestive of
a solely kinetically controlled reaction. This observation
is in good agreement with the R1 and R3 parent reaction.
Therefore, any derivatives of R1 that will react with R2
with relatively lower activation barriers in a selective
fashion are highly recommended for efficient syntheses
of steroid heterocyclics.

3.5 | Evaluation of the reactions with the
global reactivity indices
The ability of a chemical species to accept electrons, and
the maximum charge an electrophile can carry in a

chemical reaction are described by the electrophilicity
index (ω) and the maximum charge transfer (Nmax),
respectively. The global electrophilicity index (ω) is a
parameter that has recently gained popularity in theoretical organic chemistry. Compounds with large ω will be
the best electrophile in a set of molecules. From Table 4, is
it seen that cyano-R1 has the highest ω value (1.5 eV),
making it the most reactive. Indeed, DFT activation energy
calculations in the reaction of cycano-R1 with R2 and R30
was found to be the species with the least energy barrier in
the given series of R1 derivatives (Sections 3.1-3.4).
The ΔNmax also offers a quantitative measure of the
electronic charge that an electrophile may accept during
the cycloaddition reaction. Thus, species with the least
ΔNmax is the most nucleophilic in a given set of compounds. Hence, from Table 4 it is evident that the
1,3-dipoles are the most nucleophilic. Particularly, the
cyclic nitrone is found to be the most favored in this reactivity scale. The highest nucleophilicity of the cyclic
nitrone is in good agreement with lower activation barriers observed in the previous sections.
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4 | C ON C L U S I ON
This paper reports for the first time, an extensive theoretical study on the tandem sequential intramolecular (4
+ 2) / intermolecular (3 + 2) cycloaddition reaction of
(E)-3-(2-[furan-2-ylmethoxy]phenyl)acrylate derivatives
(R1) and azides (R3 and R30 ) as well as nitrones (R2). In
all reactions, a complete search of the PES has characterized several regio-, stereo-, and enantio-selective mechanistic pathways involved in these reactions.
In the first case, the computational study was performed on the originally reported reaction of R1 and the
azide derivatives. The study has characterized all possible
transition states and the regiochemistry and mechanism
of the reaction are established. It is found that the intramolecular (4 + 2) cycloaddition of R1 is the rds. The
reaction is also found to be very selective via ATS2EX to
give AP2EX (the experimentally observed tandem
adduct). Reaction of EWGs-substituted R1 with R3 is
found to generally increase the barriers of the rds except
bromine. Conversely, EDGs are found to generally
decrease the activation energies of the rds. Similar to the
parent reaction of R1 and R3, the ATS2EX is the most
favored reaction channel except amine- and hydroxylsubstituted R1 which favor BTS2EX towards formation
of PB2EX. The reaction of R1 and R3 is also found to be
kinetically controlled.
In the second case, we report a novel reaction of R1
with cyclic nitrone (R2). Here again, the intramolecular
(4 + 2) cycloaddition of R1 is the rds. This reaction generally proceeds with lower activation energies compared
to the azide reaction. This reaction is also found to be
very selective towards DP2ENR formation via
DTS2ENR. This reaction is also found to be kinetically
driven. EWGs-substituted R1 reaction with the R2 favor
DTS2ENR reactive channel, yielding DP2ENR whereas
EDGs favor CTS2EXR pathway except methoxy that
favor DTS2EXR route. Methoxy-R1 is the least reactive
of all the R1 derivatives considered in the R1 and R2
reaction. Results from the global reactivity descriptors,
namely the electrophilic and nucleophilic indices are in
good agreement with the DFT activation and reaction
energies.
This work is expected to serve as a guide for further
theoretical and experimental studies aimed at the selective and efficient syntheses of thitherto unreported steroids derivatives for biomedical applications.
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