Journal of Molecular Modeling (2019) 25: 168
https://doi.org/10.1007/500894-019-4056-x

ORIGINAL PAPER m

Check for
updates

Computational studies on [4 + 2] / [3 + 2] tandem sequential
cycloaddition reactions of functionalized acetylenes

with cyclopentadiene and diazoalkane for the formation

of norbornene pyrazolines

Ernest Opoku - Richard Tia' @ - Evans Adei’

Received: 28 February 2019 /Accepted: 29 April 2019 /Published online: 22 May 2019
© Springer-Verlag GmbH Germany, part of Springer Nature 2019

Abstract

The mechanistic pathways for the sequential tandem [4 + 2] / [3 +2] versus [3 +2] / [4 + 2] cycloaddition reaction of
functionalized acetylenes with cyclopentadiene and dimethyl diazopropane for the formation of norbornene pyrazolines,
employed in the synthesis of pharmaceutically relevant compounds, have been studied computationally with DFT at the
M06-2X/6-31G(d) and M06-2X/6-31G(d,p) levels of theory. We have established that, in the reaction of the parent
(unsubstituted) acetylene with cyclopentadiene and dimethyl diazopropane, the order of the tandem addition has no
substantial effects in product outcomes. The same product is obtained provided the reaction components remain the same
for both [4 +2]/[3+2] and [3 +2]/[4 + 2] tandem addition sequences. The results indicate that the [4 + 2] Diels—Alder
addition step is the rate-determining step irrespective of the addition order, while the 1,3-dipolar cycloaddition step has
been found to generally proceed rapidly with very low activation energies. It has also been realized that the regio-, stereo-,
and chemo-selectivities of the reaction are strictly dictated by the type of substituent on the parent acetylene. For substitut-
ed acetylenes, we conclude that the sequence of the tandem addition generally affects the type of isomeric product
obtained. The [4 + 2]/[3 + 2] tandem addition sequence has been established to favor the exo stereo-selective isomer over
the endo, whereas the [3 + 2]/[4 + 2] tandem addition sequence generally favors the endo product formation. Therefore, it
is settled that the mechanistic route taken by any substrate in the [4 + 2]/[3 + 2] versus [3 + 2]/[4 + 2] sequential tandem
cycloaddition is greatly affected by both electronic and steric factors. Electrophilicity indices calculations agree with the
activation barriers obtained. Perturbation molecular orbital theory was employed to rationalize the results. Global reac-
tivity indices calculations gave a good correlation with the activation energies.
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Introduction

The efficient construction of complex molecules from simpler
ones is among the major objectives in organic syntheses.

54 Richard Tia Consequently, multiple chemical transformations in a single
richardtia.cos@knust.edu.gh; richtiagh@yahoo.com conversion are a crucial for high synthetic efficiency. Tandem
reaction is one of the renowned synthetic strategies for the rapid

Ernest Opoku construction of complex structures. Pericyclic reaction is a well-
emopoku@gmail.com known approach in the domain of tandem reactions. Pericyclic
Evans Adei reactions comprising at least one cycloaddition have attracted

cadei@yahoo.com widespread application in organic synthesis [1-3].

. . . A review by Denmark and coworker [2] categorized tan-
Theoretical and Computational Chemistry Laboratory, Department T . . L
of Chemistry, Kwame Nkrumah University of Science and dem cycloaddition reactions into three, comprising tandem

Technology, Kumasi, Ghana cascade, consecutive, and sequential cycloaddition reactions.
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In tandem cycloadditions, the reaction is initiated with two
reactive components to yield an intermediate. In some in-
stances, the intermediate may be stable enough for isolation.
The third reactive component is introduced in a separate step
upon generation of the required functionalities in the interme-
diate for the reaction to proceed to finality [4]. The work of
Danishefsky and his team [5], as shown in (Scheme 1), clearly
exemplifies this class of reaction in the syntheses of
vernolepin and vernomenin.

Neumann and his coworkers [6] reported a tandem [4 + 2]/
[3+2] and [3 + 2]/[4 + 2] cycloaddition sequence by reacting
cyclopentadiene with a range of functionalized acetylenes and
a diazopropane as shown in Scheme 2. In their work, they
treated dimethyl acetylenedicarboxylate with cyclopentadiene
in a [4+ 2] addition fashion, which yielded the appropriate
cycloadduct. Upon a subsequent reaction of the Diels—Alder
adduct with a third reactive component (2-diazoalkane), it
furnished them the stereoselective norbornene pyrazoline
and its derivatives [6]. The tandem sequential [4 + 2]/[3 + 2]
cycloadduct was isolated as a single diastercomer as depicted
in Scheme 2 above. Based on the stereochemistry of the tan-
dem adduct obtained, Neumann and his team reasoned that the
final product of the [4 + 2]/[3 + 2] tandem sequential addition
sequence/order resulted from an exo attack by the 1,3-dipole
to the dipolarophile. However, a sharp discovery was made
that reversing the reaction order from [4 + 2]/[3 + 2] to [3 + 2]/
[4 + 2] yielded a stereoisomer of the same tandem adduct as
the major product as shown in Scheme 2.

The utility of the tandem [4 + 2]/[3 + 2] of any sequence
has been extensively employed by Denmark and his group in
the construction of complex diverse heterocycles [7-9] as well
as other researchers [10]. The usefulness of this method can be
revealed in its extensive applications in synthetic organic
chemistry for the construction of various heterocyclic com-
pounds [11-16].

In recent times, in view of the useful applications of
pyrazoline and its derivatives, several studies have been de-
voted towards their syntheses. Pyrazoline and its derivatives,
the products of the tandem [4 +2]/[3 + 2] and [3 +2]/[4 + 2]
cycloaddition of cyclopentadiene with functionalized alkynes
and a diazopropane, have been extensively reported to possess
several biological activities [10, 17-19].

Despite all the progress, the only method available for the
synthesis of norbornene pyrazoline derivatives is the
Neumann’s tandem [4 + 2]/[3 + 2] and [3 + 2]/[4 + 2] addition
sequences by reacting cyclopentadiene with a range of
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functionalized acetylenes and a diazopropane. In this reaction,
several regio-, stereo- and chemo-selective tandem adducts
are possible to obtain. However, there is no mechanistic study
on the tandem sequential [4 + 2]/[3 + 2] and [3 +2]/[4 + 2]
cycloaddition reaction of cyclopentadienes with acetylenes
and diazoalkanes to establish the reactivity and the origin of
the regio-, stereo-, and chemo-selectivities of the reaction. In
addition, no experimental nor theoretical study has been con-
ducted on the substitution effects on the tandem Diels—Alder /
1, 3 — dipolar cycloaddition of cyclopentadienes with acety-
lenes and diazoalkanes pathways of any order to ascertain
how it may affect selectivity and efficiency. These mechanistic
considerations are very crucial towards the syntheses of
norbornene pyrazolines of high selectivity and efficiency for
improved activity.

Herein, we employ density functional theory (DFT) calcu-
lations to elucidate the mechanism of the reaction of the
modeled cyclopentadiene with a range of acetylenes and
diazopropane (Scheme 3), with the aim of shedding light on
the molecular level mechanistic details of the tandem sequen-
tial [4 +2]/[3 + 2] and [3 + 2]/[4 + 2] cycloaddition reaction of
cyclopentadienes with acetylenes and diazopropanes. This
study also investigates the effects of substituents on the reac-
tion pathways as well as regio-, stereo-, and chemo-
selectivities of the reaction as spelt out in Scheme 3.

Computational details and methodology

We performed the DFT computations using the Spartan’14
[20] and Gaussian 09 [21] Molecular Modeling software
packages at the M06-2X level of theory with the 6-31G(d)
and 6-31G(d,p) basis sets. The M06-2X functional [22] is a
hybrid meta-generalized gradient approximation (meta-GGA)
density functional, and has been found to be effective at com-
puting thermochemical and kinetic parameters, for reactions
where nonlocal dispersion interactions play a dominant role
[16, 23-26]. Houk and coworkers have shown that M06-2X
generally averts systematic errors in energetic barrier heights
and reaction energies present with, for instance, B3LYP in
reactions involving predominant changes in C-C bonding
[27, 28]. Houk and his team have compared energetics at the
relatively modest 6-31G(d) basis set with single-point calcu-
lations with a larger 6-311G(d,p) basis set and established that
the larger basis set size does not affect the conclusions [26].
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Scheme 1 Syntheses of vernolepin and vernomenin by Danishefsky et al. [5]

@ Springer



J Mol Model (2019) 25: 168 Page 30f 16 168

©N

//
N
//

—0=C
-/ \
[4 + 2]

co,Me [3+2]

CO,Me 50%
CO,Me
CO,Me
\ ® o CO,Me
C=—N=—7N C 2Me2
7
3+ 2] g > End N
[4 + 2] nao \ ’Q/
90% B
major
de 8/1

Scheme 2 Neumann and his coworkers [6] tandem [4 +2]/[3 + 2] and [3 + 2]/[4 + 2] cycloaddition of cyclopentadiene with dimethyl

acetylenedicarboxylate and a diazopropane

The starting geometries of the molecular systems were built
using Spartan’s graphical model builder and minimized inter-
actively using the SYBYL force field [29]. We computed tran-
sition state structures 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 gives appropriate guess transition state input
structures, which are then submitted for full transition state
calculations without any geometry or symmetry constraints.
The full optimization of all structures was carried out with the
Gaussian 09 computational chemistry software package. Full
vibrational frequency calculations verified that each transition
state structure had a Hessian matrix with only a single negative
eigen value, characterized by an imaginary vibrational frequen-
cy along the respective reaction coordinate. Intrinsic reaction
coordinate calculations were then performed to ensure that each
transition state smoothly connects the reactants and products
along the reaction coordinate [30, 31]. Using benzene, the po-
larizable continuum model (PCM) was employed to model the
effects of solvents in the reactions [32].

The global electrophilicities (w) and maximum electronic
charge (AN,,.,) of the various acetylene derivatives were cal-
culated using Egs. (1) and (2). The electrophilicity index has
been used as a parameter for the analysis of the chemical
reactivity of molecules. It measures the ability of a reaction
substrate to accept electrons [33] and is a function of the elec-
tronic chemical potential, 1 = (Egomo + ELumo)/2 and chem-
ical hardness, N = (Er ymo - Enomo) as defined by Pearson’s
acid-base concept [34]. Species with large electrophilicity
values are more reactive towards nucleophiles. These equa-
tions are based on the Koopmans’ theorem [35] originally
established for calculating ionization energies from closed-
shell Hartree—Fock wavefunctions, but have since been
adopted as acceptable approximations for computing electron-
ic chemical potential and chemical hardness.

w = p*/2n (1)
AI\Imax = _H/ﬂ <2)

The maximum electronic charge transfer (AN,,,,) mea-
sures the maximum electronic charge that the electrophile
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Scheme 3 Proposed reaction pathways for the study [4 +2]/[3 + 2] and [3 + 2]/[4 + 2] cycloaddition reaction of cyclopentadienes with acetylenes and

diazopropanes

may accept. Thus, species with large AN, index would be
best electrophile given a series of compounds.

Results and discussion

[4 + 2] / [3 + 2] sequential tandem addition reaction
of the parent unsubstituted acetylene
with cyclopentadiene and diazopropane

Scheme 3 shows the proposed pathways for the reaction of
functionalized acetylenes with cyclopentadiene and 2-
diazopropane. In the Diels—Alder / 1,3-dipolar addition se-
quence, the reaction of the functionalized acetylenes (A) and
cyclopentadiene (B) affords the corresponding Diels—Alder
adduct 4Int through the transition state 4TS1. The

@ Springer

cycloadduct intermediate undergoes subsequent 1,3-dipolar
cycloaddition reaction with the 2-diazopropane (C). In order
to ascertain the regioselectivity of the reaction, we proposed
the addition of the 1,3-dipole to the dipolarophile via two
possible routes, i.e., across the substituted and unsubstituted
olefinic bonds in the in situ-generated dipolarophile interme-
diate. The addition of the 2-diazopropane across the substitut-
ed olefinic bond in the norbornadiene can occur through endo
or exo transition states, 4TS2AEndo or 4TS2AExo to yield
either 4PdtAEndo or 4PdtAExo. On the possibility that the
addition occurs across the unsubstituted double bond in the
norbornadiene, it can do so through the endo or exo transition
states 4TS2BEndo or 4TS2BExo to form the corresponding
4PdtBEndo or 4PdtBExo, respectively.

Changing the sequence of the reaction (but maintaining
the same components and reaction conditions), we
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envisage that the concerted [3 +2] addition of the 2-
diazopropane (C) to the functionalized-acetylene (A) to
yield the cycloadduct 3Int through transition states
3TS1. The subsequent [4 +2] addition of the resulting
cycloadduct intermediate 3Int to the cyclopentadiene (B)
can occur through the exo and endo transition states
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3TS2AExo and 3TS2AEndo to yield the corresponding
PdtAExo or PdtAEndo, respectively. We also explored
the chemoselectivity of the addition of the
cyclopentadiene (B) across the N=N linkage in the
pyrazole cycloadduct intermediate 3Int through transition
state TS2N=N to furnish PdtN=N.
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Fig. 1 Zero-point energy-corrected Gibbs free-energy profile of the [4 +2]/[3 + 2] addition of unsubstituted acetylene with cyclopentadiene and 2-
diazopropane at the M06-2X with the 6-31G(d) basis set. Relative energies in kcal mol ', All bond distances are measured in A
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Figure 1 shows the optimized geometries of the stationary
points (minima and maxima) relevant to the proposed scheme
of study as well as the zero-point-corrected Gibbs free-energy
profile of the [4 + 2]/[3 + 2] addition of parent (unsubstituted)
acetylene with pyropentylene and 2-diazopropane. From the
profile, the activation barrier through the 4TS1 transition state
is 19.4 kcal/mol, making it the rate-determining step along the
[4 +2)/[3 + 2] addition sequence pathway. Although the transi-
tion state 4TS1 leads to the formation of a very stable interme-
diate 4Int with energy of — 33.2 kcal/mol, the subsequent ad-
dition to the 2-diazopropane (C) requires only an activation
barrier of 10.0 kcal/mol and 10.2 kcal/mol for the exo and endo
stereo-selective isomers, respectively. This implies that the en-
ergetic difference between the 4TS2AExo and the
4TS2AEndo is only 0.2 kcal/mol, suggesting very competitive
routes to the formation of the final products. Hence, the stability
of the final products (4PdtAExo and 4PdtAEndo) becomes
crucial as to which one is observed. The exo product
(4PdtAExo) is marginally more stable than the competitive
endo isomeric product (4PdtAEndo) by 1.9 kcal/mol exergon-
ic. Considering the fact that the products are so stable (— 86.1
kcal/mol and — 84.2 kcal/mol for the 4PdtAExo and
4PdtAEndo, respectively, the possibility of the reaction being
reversible is limited. Hence, it can be said that the reaction is
strictly controlled by kinetic factors, which as the barriers show,
point to the formation of both the exo and endo products. The
reported energies are relative to the starting materials. The rel-
evant geometrical parameters such as bond lengths associated
with structural changes as the reaction proceeds from reacts to
the tandem adducts are shown in Fig. 1.

[3 + 2] / [4 + 2] sequential tandem addition reaction
of the parent unsubstituted acetylene
with cyclopentadiene and diazopropane

The optimized geometries of the reactants, intermediates, transi-
tions states, as well as the products involved in the 1,3 — dipolar
[3 +2] addition of the unsubstituted acetylene and the 2-
diazopropane followed by the Diels—Alder [4 + 2] addition of
the cycloadduct intermediate and the cyclopentadiene are shown
on Fig. 2.

Here, the initial [3 + 2] dipolar cycloaddition between the 2-
diazopropane and the unsubstituted acetylene occurs via a tran-
sition state 3TS1 with an activation barrier of 11.6 kcal/mol.
Transition state 3TS1 leads to the formation of a very stable
intermediate 3Int, with a reaction energy of — 57.8 kcal/mol. It
is worth noting that by changing the addition sequence to the
[3+2)/[4 + 2], the rate-determining step changes from the first
activation barrier to the second activation energy barrier. This is
an indication that the [3 + 2] dipolar cycloaddition of these reac-
tion components may generally occur more rapidly than the [4 +
2] Diels—Alder addition reaction. The Diels—Alder reaction be-
tween the in situ-generated pyrazole (3Int) and the

@ Springer

cyclopentadiene proceeds via the exo and endo transition states
3TS2AExo0 and 3TS2AEndo towards the formation of the iso-
meric products 3PdtExo and 3PdtEndo. We found the activa-
tion barrier for the exo isomer to be 15.0 kcal/mol while that of
the endo isomer is 15.2 kcal/mol. This signifies an energetic
difference of only 0.1 kcal/mol, suggesting very competitive
routes. Therefore, the stability of the corresponding final products
become very critical in determining which products are obtained
as aforementioned in the case of the [4 + 2]/[3 + 2] addition se-
quence. Results from our calculations show that the reaction
energy of the exo isomer is — 86.1 kcal/mol while that of the
endo isomer is — 84.2 kcal/mol. Therefore, owing to the obser-
vation that both products are very stable, the reaction will most
likely be controlled solely by kinetic factors competitively in
favor of both the exo and endo isomeric products. Our proposed
chemoselective addition of the cyclopentadiene across the N=N
linkage in the pyrazole intermediate was found to be an unfavor-
able pathway compared to its corresponding exo and endo dia-
stereomers. The transition state along this pathway, TS2N=N
was found to have an activation height of 20.6 kcal/mol. This
indicates that this pathway is = 5.0 kcal/mol higher than the
competitive endo (3TS2AEndo) and exo (3TS2AExo) isomeric
pathways, making it a disfavored pathway. Again, we found its
corresponding product, PdtN=N, to have a reaction energy of
62.0 kcal/mol exergonic, being the least stable among the three
proposed products along this [3 + 2]/[4 + 2] addition pathway.

[4 + 2] / [3 + 2] sequential tandem addition reaction
of dimethyl but-2-ynedioate with cyclopentadiene
and dimethyl diazopropane

Based on the results obtained from the reaction of the
unsubstituted acetylene with the other respective components,
we extend the studies to substituted acetylenes. Here, we ex-
plore the [4+2] / [3+2] addition of dimethyl
acetylenedicarboxylate with cyclopentadiene and 2-
diazopropane. This part of the work employs the same reac-
tion components used by Newman and coworkers [6] in their
experimental studies. The optimized structures of all the reac-
tants, intermediates, products, and transition states as well as
their relative energetics and geometrical parameters are shown
in Figs. 3 and 4. We found the Diels—Alder [4 + 2] addition
step to proceed through transition state 4TS1-Ester with an
activation barrier of 10.4 kcal/mol. This step was found to be
the rate-determining step. The transition state 4TS1- Ester
leads to formation of a very stable intermediate 4Int-Ester,
which is 43.4 kcal/mol more stable than the reactants.
However, the subsequent [3 + 2] addition with the 1,3-dipole
requires a very small activation barrier of 0.2 kcal/mol and
1.6 kcal/mol along the exo and endo stereoselective isomers
across the substituted olefinic bond in the norbornadiene, a
further indication that the 1,3-dipolar cycloaddition occurs
very rapidly. Considering the addition of the diazoalkane
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Fig.2 Zero-point-corrected Gibbs free-energy profile of the [3 + 2]/[4 + 2] addition of unsubstituted acetylene with 2-diazopropane and cyclopentadiene
at the M06-2X with the 6-31G(d) basis set. Relative energies in kcal mol . All bond distances are measured in A

across the unsubstituted olefinic bond in the norbornadiene,
we obtained an activation energy of 10.3 kcal/mol for the exo
isomer (TS2BExo-Ester) and 10.4 kcal/mol for the endo iso-
mer (TS2BEndo-Ester). Based on these results, it can said
that the addition of the 2-diazopropane to the norbornadiene
will occur competitively between the endo and exo isomers
across the ester-substituted olefinic bond of the dipolarophile.
The corresponding stereoisomeric products 4PdtAExo-Ester
and the 4PdtAEndo-Ester have reaction energies of
— 95.3 kcal/mol and —92.0 kcal/mol, respectively. The ob-
served energetic trends account for why Newman and his

coworkers obtained only the exo (4PdtAExo-Ester) isomer
of the tandem adduct. The 3D representations and the relevant
bond distances of all the structures are reported in Fig. 4.

[3 + 2]/[4 + 2] sequential tandem addition reaction
of dimethyl but-2-ynedioate with cyclopentadiene
and dimethyl diazopropane

We explored the potential energy surface of the reaction

of dimethyl acetylenedicarboxylate with cyclopentadiene
and the dimethyl diazopropane via the [3 +2]/[4 + 2]

@ Springer
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Fig. 3 Zero-point energy-corrected Gibbs free-energy profile of the [4 + 2]/[3 + 2] addition of dimethyl but-2-ynedioate with cyclopentadiene and 2-
diazopropane at the M06-2X with the 6-31G(d) basis set. Relative energies in kcal mol ', All bond distances are measured in A

addition sequence. Figures 5 and 6 present the optimized
structures, geometrical parameters, as well as the zero-
point energy-corrected Gibbs free activation and reaction
energies along the [3 +2]/[4 +2] addition pathways for
the sequential tandem addition reaction of dimethyl but-
2-ynedioate with cyclopentadiene and dimethyl
diazopropane. The reaction of the diester-substituted acet-
ylene and the dimethyl diazopropane via [3 + 2] addition
fashion occurs through a rapidly occurring transition state
3TS1-Ester with an energy barrier of a just 0.6 kcal/mol.
Transition state 3TS1-Ester leads to the formation of a

@ Springer

very stable pyrazole intermediate, 3Int-Ester.
Subsequent reaction of the pyrazole intermediate to the
diene via a [4 + 2] Diels—Alder addition fashion through
stereoisomeric transition states 3TS2AExo-Ester and
3TS2AEndo-Ester with activation energies of 8.6 kcal/
mol and 11.0 kcal/mol, respectively. Thus, we found that
the 3TS2AExo-Ester is lower than the 3TS2AEndo-
Ester by 2.4 kcal/mol. The corresponding stereoisomeric
products 3PdtAExo-Ester and the 3PdtAEndo-Ester
have reaction energies of 93.9 kcal/mol and 90.5 kcal/
mol, respectively. Therefore, the exo product is more
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Fig. 4 Optimized geometries of the transitions states and equilibrium
geometries involved in the tandem sequential [4 + 2]/[3 + 2] addition of
dimethyl but-2-ynedioate with dimethyl diazopropane and

stable than the endo isomeric product. Hence, the exo
pathway is favored for both thermodynamic and kinetical-
ly controlled reaction although with marginal energy dif-
ferences. From scheme 2, it can be seen that the yields of
the reactions are in concordance with the energy analyses.

[4 + 2]/[3 + 2] sequential tandem cycloaddition
addition reaction of substituted acetylenes
with cyclopentadiene and dimethyl diazopropane

To investigate the effects of substituents on the energetic
trends and the isomeric selectivity of the reaction, we intro-
duce varying substituents at position R on the acetylene
(Scheme 3). All the results of the substituents considered in
this work are presented on Tables 1 and 2. Starting from
electron-donating groups, we introduced a dimethyl group
on the acetylene to obtain A(CHj3),. The reaction of the 2-
butyne occurred through transition state 4TS1-CH3 with an
activation energy of 22.6 kcal/mol, which is 3.4 kcal/mol
higher than the parent acetylene. Although the first transition
state (rate-determining step) along this path is higher than the
parent acetylene, we found its corresponding product to be
less stable than the parent by 3.6 kcal/mol. For the formation
of'the final products through all of the four proposed transition
states, we found 4TS2BExo-CH; to be the most favored. This
observation is in sharp contrast to that seen for the parent
acetylene and dimethyl acetylenedicarboxylate as discussed
earlier. We also found the corresponding product for the
4TS2BExo0-CHj; to be the most stable with a reaction energy

3TS2AExo-Ester 3TS2AEndo-Ester

J

3PdtAEndo-Ester 9
PdtN=N-Ester

cyclopentadiene at the M06-2X with the 6-31G(d) basis set. All bond
distances are measured in A. Atomic color code (red = oxygen, blue =
nitrogen, gray = carbon)

Lo L5
S ¥y

of — 83.0 kcal/mol. Therefore the reaction of 2-butyne with the
respective components favor regioselective addition across
the unsubstituted olefinic bond of the dipolarophile, which is
contrary to the observed product in the parent acetylene.

When we introduced methoxy groups on the acetylene to
from A(OCHs3), we observed analogous energetic trends as
that of the 2-butyne, although we found a reduction in the
rate-determining transition state (4TS1-Methoxy) by
2.5 kcal/mol. Here again, the results show that addition across
the unsubstituted olefinic bond in the norbornadiene interme-
diate is highly favored over all the other region- and stereo-
isomeric transition states. We also realized that its correspond-
ing product (4PdtBExo-Methoxy) is the most stable among
the four proposed products.

All other electron-releasing groups considered in this
work (OH, NH,) favored the addition of the dipole 2-
diazopropane) across the unsubstituted olefinic bond in
the dipolarophile. Therefore, it can be said that the addition
of electron-donating substituted alkynes to the
cyclopentadiene and the diazoalkane promotes both regio
and stereo-selectivities towards the formation of the
4PdtBExo products.

We also extended the scope of the study to electron-
withdrawing substituted acetylenes (Scheme 3). For all
the electron-withdrawing groups considered in the [4 +
2] / [3 +2] addition, we observed a drastic decrease in
the first transition states (rate-determining step). For di-
amide substituted acetylene, the [4 + 2] addition step pro-
ceeds with an activation barrier of 11.0 kcal/mol leading
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Fig.5 Zero-point energy-corrected Gibbs free-energy profile of the [3 + 2]/[4 + 2] addition of dimethyl but-2-ynedioate with dimethyl diazopropane and
cyclopentadiene at the M06-2X with the 6-31G(d) basis set. Relative energies in kcal mol " All bond distances are measured in A

to the formation of the 4Int with reaction energy of
—4.5. We found 4TS2AExo-Amide, which occurs across
the substituted olefinic bond in the dipolarophile, to be
the most favored with an activation height of 5.1 kcal/
mol. We also observed its corresponding product to be
much more stable than its endo isomeric product. Also,
for CN and CF; substituted acetylene to form A(CN),
and A(CFj3),, respectively, we observed similar energetic
trends. In all cases, we found a drastic reduction in the
barrier height of the rate-determining step. The subse-
quent [3 +2] addition reaction also favors the
4TS2AExo0 pathway in both cases. However, for a Cl-
substituted acetylene to yield A(Cl),, we noticed a strong

@ Springer

reduction in the rate-determining activation barrier. We
also established the second step of the reaction ([3 +2]
addition step) to proceed in favor of the direct regio-
isomer observed for all the electron-accepting groups
on the parent acetylene. Its corresponding product is
found to be the most favored, as shown in Table 1. We
also explored the nature of the potential energy surface
when cyclopropane is introduced on the acetylene at po-
sition R (Scheme 3). We realized an increase in activa-
tion energy of the rate-determining step leading to the
formation of relatively less stable pyrazole intermediate
compared to the parent acetylene. Interestingly, for all
the four isomeric transition states along the [3 + 2]
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Fig. 6 Optimized geometries of the transitions states and equilibrium
geometries involved in the tandem sequential [3 + 2]/[4 + 2] addition of
dimethyl diazopropane with cyclopentadiene and dimethyl but-2-

addition step, we found the 4TS2AExo-Cyclopropane to
be the most favored. We also realized its corresponding
product 4PdtBExo-Cyclopropane to be the most fa-
vored. This observation agrees with that observed in
the case of clectron-donating substituted acetylenes.
This implies that the reaction is both kinetically and
thermodynamically favored along the 4TS2BExo-
Cyclopropane pathway leading to the formation of the
corresponding product, 4PdtExo-Cyclopropane.

Table 1

3TS2AEx0-Ester 3TS2AEndo-Ester

A 7

3PdtAEndo-Ester
PdtN N-Ester

ynedioate at the M06-2X with the 6-31G(d) basis set. All bond distances
are measured in A. Atomic color code (red = oxygen, blue=nitrogen,
gray = carbon)

[3 + 2]/[4 + 2] sequential tandem cycloaddition
addition reaction of substituted acetylenes
with cyclopentadiene and dimethyl diazopropane

In order to investigate the effects of substituents on the acety-
lene along the [3 + 2]/[4 + 2] addition reaction pathways, we
employed various electron-withdrawing, electron-donating,
and ring structures on the parent acetylene, as shown in
Table 2. For all the electron-donating groups considered in

Energetics of the tandem the [4 + 2]/ [3 + 2] cycloaddition addition reaction of functionalized-acetylenes with cyclopentadiene and dimethyl

diazopropane at the M06-2X with the 6-31G(d) basis set. All energies are measured in kcal mol ™!

Substrate [4 +2)/[3 + 2] Tandem addition

Activation energy (AG*)/kcal/mol Reaction energy (AGrxn)/kcal/mol
R 4TS1 4TS2AExo 4TS2AEndo 4TS2BExo 4TS2BEndo  4Int 4PdtAExo 4PdtAEndo 4PdtBExo 4PdtBEndo
H 194 100 10.2 10.0 10.2 -333 -86.1 —84.2 - 86.1 —84.2
CH; 228  12.8 17.1 9.8 13.8 -29.7 -765 - 734 - 83.0 -79.5
OCH3; 16.8 8.0 - 6.1 6.7 -46.0 -97.1 -935 —103.8 - 102.6
OH 180 55 11.3 6.0 7.0 —463 - 1046 —104.3 —104.6 -102.6
NH, 239 144 20.9 9.7 10.1 -369 —852 - 83.7 -92.0 -91.1
CONH, 11.0 5.1 14.2 9.8 8.1 —455 —855 —83.6 —98.7 -99.4
CO,Me 104 —-02 1.6 10.3 10.4 —434 —-953 -92.0 -95.8 -93.5
CN 8.9 3.6 5.8 7.9 10.2 —-414 -853 - 83.5 -92.5 - 89.5
Cl 160 9.8 14.6 8.8 11.8 —-494 -98.1 - 96.6 -102.8 —98.8
CF; 53 -04 2.3 8.7 10.6 -480 -976 - 96.2 - -97.2
Cyclopropene 212 11.5 15.1 6.4 11.0 -279 -1739 - 68.6 - 84.1 - 822
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Table 2

Energetics of the tandem [3 + 2] / [4 + 2] cycloaddition addition reaction of functionalized acetylenes with cyclopentadiene and dimethyl

diazopropane at the M06-2X with the 6-31G(d) basis set. All energies are measured in kcal mol

Substrate [3 +2)/[4 + 2] Tandem Addition
Activation energy (AG*)/kcal/mol Reaction energy (AGrxn)/kcal/mol

R 3TS1 3TS2AExo 3TS2AEndo TS2N=N 3Int 3PdtExo 3PdtEndo PdtN=N
H 11.6 15.2 15.1 20.6 - 578 — 86.09 —84.2 - 62.0
CH; 16.3 20.6 20.4 214 - 56.6 - 76.54 - 734 -59.2
OCH3; 9.5 17.9 10.1 16.1 - 72.6 -97.11 - 935 -79.2
OH 8.4 15.0 10.9 18.9 - 744 — 105.89 - 104.3 -79.8
NH, 15.2 22.7 23.5 - - 672 — 8247 -83.7 - 658
CONH, -02 - 1.1 -22 6.0 - 61.2 —92.96 —84.8 - 76.4
CO,Me 0.6 8.6 11.0 14.6 - 63.0 —93.88 -90.5 - 727
CN -0.1 8.6 9.7 17.0 — 584 — 8532 - 83.5 - 699
Cl 9.0 18.4 16.6 17.2 -70.3 —98.07 - 96.6 - 77.6
CF3 -0.3 7.8 8.3 13.0 - 66.8 —97.58 -96.2 -77.0
Cyclopropane 13.9 21.1 22.6 22.8 - 37.1 — 73.88 - 683 -59.2

this section, we saw a general activation energy increase in the
[4 + 2] addition step, which is the rate-determining step. For
dimethoxy (OCHj3),, and dihydroxyl (OH),, substituted acet-
ylene, the results show that the stereo-selective endo pathway
is favored.

Formation of the endo products in the reaction of
A(OCHs3), and A(OH), are preferred by kinetic factors.
However, the reaction of the diamino acetylene A(NH,), fa-
vors exo selective isomer although attempts to locate
TS2N=N-Amino was unsuccessful. We observed 22.7 kcal/
mol and 23.5 kcal/mol energy barriers, respectively, for the
3TS2AExo0-Amino and 3TS2AEndo-Amino. In addition, we
found the PdtN=N-Amino to be the least stable for the three
proposed products along this pathway.

We further made an exploration on how introducing
electron-accepting groups on the parent acetylene will af-
fect reactivity and selectivity of the reaction. It was discov-
ered that for diamide acetylene A(CONH,), and dichloro
acetylene A(Cl),, the endo pathway is favored over the exo
and the chemo-selective pathways, although the

Table 3

corresponding products in each case are less stable than
the exo tandem adduct. In the case of dicyano, A(CN),
and A(CF3),, the exo pathway was found to be formed over
the endo and N=N routes. Again, their corresponding prod-
ucts are also found to be more stable than the endo and
N=N products. Finally, we introduced dicyclopropene on
the acetylene. It was realized that the formation of the exo
tandem adduct is favored under thermodynamic
considerations.

From Tables 1 and 2, it can be seen that some of the acti-
vation barriers were slightly negative. We reasoned that this
could be due to basis set superposition error. In order to ascer-
tain this reason, we employed the 6-31G(d,p) basis set in some
selected substrates. Indeed, results from Tables 3 and 4 indi-
cate an appreciable increase in activation barriers among sub-
strates where slightly negative barriers were recorded earlier
with the relatively modest 6-31G(d) basis set. It should be
noted that when the basis set was changed to 6-31G(d,p), there
was an appreciation of the energetics with no negative activa-
tion barrier observed. However, the energetic trends remained

Energetics of the tandem [4 + 2] / [3 + 2] cycloaddition addition reaction of functionalized acetylenes with cyclopentadiene and dimethyl

diazopropane at the M06-2X with the 6-31G(d,p) basis set. All energies are measured in kcal mol '

Substrate  [4 +2]/[3 + 2] Tandem addition

Activation energy (AG*)/kcal/mol Reaction energy (AGrxn)/kcal/mol
R 4TS1  4TS2AExo 4TS2AEndo 4TS2BExo 4TS2BEndo  4Int 4PdtAExo  4PdtAEndo  4PdtBExo  4PdtBEndo
OH 18.4 5.6 11.5 6.1 7.0 —457 —1052 —103.5 —103.6 —101.8
CONH, 11.0 5.0 14.1 9.8 8.0 —453 —-853 - 83.6 —98.2 - 98.9
CN 9.0 3.5 5.7 7.8 10.2 -41.1 -919 —88.8 -91.9 — 88.8
CF; 5.4 0.5 2.1 8.6 10.5 -477 -975 —96.2 -99.8 - 96.7
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Table 4 Energetics of the tandem

[3+2]/ [4+2] cycloaddition ad- Substrate  [3 +2]/[4 + 2] Tandem addition

dition reaction of functionalized-

acetylenes with cyclopentadiene Activation energy (AG*)/kcal/mol Reaction energy (AGrxn)/kcal/mol

and dimethyl diazopropane at the

MO06-2X with the 6-31G(d,p) ba- R 3TS1  3TS2AExo 3TS2AEndo TS2N=N  3Int 3PdtExo  3PdtEndo  PdtN=N

sis set. All energies are measured

in kcal mol ™! OH 8.5 152 11.0 19.1 -741 -1052 —1035 -79.1
CONH, 47 24 1.3 6.0 -612 —853 —83.6 - 76.2
CN 0.2 8.7 9.8 7.0 -584 -919 —88.8 - 69.6
CF; 4.6 2.8 3.1 8.1 -618 —975 —96.2 - 76.7

the same as that observed when the relatively modest 6-
31G(d) was used.

Global electrophilicities and maximum electronic
charges

We extended the scope of this work by calculating the
electrophilicity indices (w) and maximum electronic
charge transfer (AN,,,,) of the various acetylene deriva-
tives considered in this work. As alluded to, substrates with
large w values are more reactive towards nucleophiles.
Indeed, trends in calculated w values are in agreement with
the DFT-calculated activation energies of the reaction pre-
sented in the previous sections. For instance, we observed
that CH; and NH, substrates had the least w values, mak-
ing them the least reactive substrates, which accounts for
the highest activation barriers for these chemical species.
Analogous observations were also made for the AN, .«
values, where substrates with small AN,,,, values were
found to have low energy barriers as reported in Table 5.
When the activation energies are plotted versus the com-
puted electrophilicity w indices of the various acetylene

Table 5 Global electrophilicities and maximum electronic charges for
the various functionalized acetylenes. Orbital energies are in electron
volts (eV)

Substituent HOMO LUMO i) w AN pax
H -933 273 -330 12.06 045 027
CH; -813 3.08 —-252 1121 028 022
OCH; -7.14 331 -191 1045 0.18 0.18
OH -740 2.8 —-241 998 029 024
NH, -7.00 338 - 181 1039 0.16 0.17
CONH, —-932 —-057 —495 874 140 057
CO,Me -979% -032 -506 947 135 053
CN —-1046 —201 -—623 844 230 0.74
Cl —880 143 -3.69 1024 0.66 036
CF; -11.01 —-029 -565 1072 149 053
Cyclopropene — 7.63  2.56 -253 1019 031 025

derivatives, a good linear correlation is obtained (R2 =
0.76; see Fig. 7).

Regioselectivity

Along the [4 + 2]/[3 + 2] addition pathway, there are two possible
regioisomers each arising from the reaction of 4Int and C. There
are 1- and 6-regioisomers where 1 and 6 denote the positions C,-
C, and C¢-C5 respectively on the 4Int-Ester where the incoming
carbon of the diazopropane (C) may attack to form the transition
states and the cycloadduct as shown in Scheme 3 and Fig. 8. For
the [4 +2]/[3 + 2] addition of dimethyl but-2-ynedioate with
cyclopentadiene and 2-diazopropane, we found the 1-
regioisomer to be unfavorable due to relatively high activation
barriers (10.3 kcal/mol and 10.4 kcal/mol for the 4TSBExo-
Ester and 4TSBEndo-Ester, respectively. However, along the
6-regioisomer pathway, the two possible transition states were
found to have activation barriers of — 0.2 kcal/mol and
1.6 kcal/mol for the 4TSAExo-Ester and 4TSAEndo-Ester,
respectively (see Table 1). Thus, clearly the formation of the 6-
regioisomers would be favored and this accounts for the com-
plete regioselectivity in this reaction.

To explain the origins of the regioselectivity in this reaction,
we invoked perturbation molecular orbital (PMO) theory as
employed in a similar study elsewhere [36]. The orbital energy
obtained for the HOMOdipole (C) - LUMOdipola.rophile (4Int—
Ester) interaction is 5.79 ¢V and that of HOMOipoarophite —
LUMOyipole is 8.56 eV. Hence, the dominating orbital interac-
tions will take place between the HOMO of the dipole and the
LUMO of the dipolarophile since our calculations show that it
is the interaction with closest energy, implying a normal elec-
tronic demand cycloaddition reaction.

Also, upon natural bond order (NBO) analysis, the molec-
ular orbital coefficient of C; and N, in structure C are + 0.009
and — 0.052 respectively. Similarly, orbital coefficients of the
dipolarophile have higher magnitude at the ester substituted
olefinic carbons (Cg =— 0.22 and C; =— 0.214) while that of
the unsubstituted olefinic bond have lower magnitude (C; =
—0.067 and C, =— 0.082). By the rules of PMO theory, the
cycloaddition will happen in a manner to unite the atoms with
the highest molecular orbital coefficients since this would lead

@ Springer
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Fig. 7 Plot of the M06-2X/6-
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to the greatest stabilization [37]. Therefore, this accounts for
the selectivity in favor of the ester-substituted olefinic bond. In
the case of cyclopropane-substituted acetylene, we found the
exo selective addition across the unsubstituted olefin to be the
most favored path, and this can be attributed to steric effects.

Stereo- and chemo-selectivities

Again, at the stereoselective step along the [4+2] / [3 +2]
pathway, one would expect that the formation of the endo
diastereomer will be preferred since it is a normal electron
demand 1,3 — dipolar cycloaddition. Surprisingly, the exo di-
astereomer is observed to be favored. Using perturbation mo-
lecular orbital theory, the preference for the exo isomer can be
rationalized.

Assessment of the HOMO — LUMO gaps of TS2AExo-
Ester and TS2AEndo-Ester show that the endo fashion
(TS2AEndo-Ester) has a HOMO-LUMO gap of 7.12 eV
(see Fig. 9a, b). In the case of the exo attack (TS2AExo-
Ester), the HOMO-LUMO gap is lowered marginally to
6.98 eV (difference of 3.22 kcal/mol), a likely reason for the
differences in free energy of activation for the formation of the
two diastereomers.

Fig. 8 Labels of atoms in the
4Int-Ester, 3Int-Ester, and C

4Int-Ester
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Also, along the [3 +2] / [4 + 2] addition pathway, we found
the endo isomers to be favored in most cases. Upon PMO eval-
uation of all the substrates (see Fig. 9c, d), we found the
3TS2AEndo-Ester to have HOMO-LUMO gap of 6.90 eV
while 3TS2AExo-Ester recorded 6.97 eV, a difference of
1.6 kcal/mol in favor of the endo; although the exo isomers were
observed to have high thermodynamic stabilities over the endo.

None of the substrates were found to be favored towards
a chemoselective addition across the N=N linkage of the
pyrrole intermediate due to high activation barriers.

Conclusions

The mechanism of the reactions of functionalized acety-
lenes with cyclopentadiene and dimethyl diazopropane
have been elucidated using density functional theory cal-
culations and perturbation molecular orbital (PMO) theory
arguments. We have demonstrated that in the reaction of
unsubstituted acetylene with cyclopentadiene and dimeth-
yl diazopropane, the sequence of the addition has no sig-
nificant effects on product outcomes. The same product is
expected to be obtained provided the reaction conditions

\C1:N 1:N2
Co.. g
Cg_O4\ 3
| Cq1
O3 C



J Mol Model (2019) 25: 168

Page 150f 16 168

(a) 6.98 eV

(c)

6.90 eV

(b) 7.12 eV

(d) 6.97 eV

Fig.9 Graphical depiction of the HOMO-LUMO plots of 4TS2AExo-Ester (a), 4TS2AEndo-Ester (b), 3TS2AEndo-Ester (c), and 3TS2AExo-Ester

(d) with their orbital energies

remains the same for both [4 +2]/[3+2] and [3+2]/[4 +
2] tandem addition sequences. It has also been established
that the regio-, stereo-, and chemo-selectivities of the re-
action are strictly dictated by the type of substituent on
the parent acetylene. For substituted acetylenes, we con-
clude that the sequence of the tandem addition generally
affects the type of isomeric product obtained. The [4 + 2]/
[3 +2] tandem addition sequence has been established to
generally favor formation of the exo stereo-selective iso-
mer across the substituted olefinic bond in the
dipolarophile intermediate than the endo, whereas the
[3+2]/[4 + 2] tandem addition sequence generally favors
the corresponding endo product formation. It has also
been found that the [4 + 2] Diels—Alder addition step irre-
spective of the addition sequence is the rate-determining
step. The reaction of electron-donating substituted acety-
lenes along the [4 + 2]/[3 + 2] pathway has been found to
generally increase the activation barriers compared to the
parent acetylene. For electron-withdrawing substituted
acetylenes, along the [4 + 2]/[3 + 2] pathway, we observed
a decrease in activation energies in all the substituents
except CH3, NH,, and Cl. Ring-substituted acetylene
showed analogous energetic trends as that of the
electron-releasing groups.

In addition, global reactivity indices (global electrophi-
licities and maximum electronic charge transfer) calculated
for all the substituted-ethynes considered in this work
show a good correlation with the activation energies.
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