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The interactions (including weak interactions) between dienophiles and dienes play an important role in the Diels-Alder reaction.
To elucidate the influence of these interactions on the reactivity, a popular DFT functional and a variational DFT functional
corrected with dispersion terms are used to investigate different substituent groups incorporated on the dienophiles and dienes.
The bond order is used to track the trajectory of the cycloaddition reaction. The deformation/interaction model is used to obtain
the interaction energy from the reactant complex to the inflection point until reaching the saddle point. The interaction energy
initially increases with a decrease in the interatomic distance, reaching a maximum value, but then decreases when the dienophiles
and dienes come closer. Reduced density gradient and chemical energy component analysis are used to analyse the interaction.
Traditional transition state theory and variational transition state theory are used to obtain the reaction rates. The influence of
tunneling on the reaction rate is also discussed.

1. Introduction

Interactions play an important role in reactions. Notably,
the long-distance weak interaction force, which is known
as the weak interaction, has been examined extensively in
the study of multicomponent systems, like dimmers, clusters,
and so on [1, 2]. However, many chemical reactions involve
the breakage and formation of chemical bonds as well as
three-dimensional conformational arrangement. Traditional
examinationmethods are unable to copewith such increasing
complication. The main reason for the complexity is that
two molecules usually react from the reactant complex (RC)
to the saddle point (SP) until the product complex (PC)
is formed. For example, conformational distortion includes
steric strain, torsion, and repulsions in dynamic systems, and
the weak interaction also includes hydrogen bonding, van
der Waals forces, salt bonding, and hydrophobic interaction

forces. This requires expensive treatments (like topological
analysis, basis set superposition error correction, etc. [3–
8]) to track the trajectory of the reaction and reveal the
relationship between the interaction energy (𝐸𝑖) and the
conformational change during the breakage and formation of
chemical bonds. Luckily, the deformation/interaction model
[9] seems to avoid this complication, compared with the
above method, without losing accuracy in the description of𝐸𝑖.

We can describe the change in chemical bonding during
formation and dissociation using the Mayer bond order [10].
We can use the reduced density gradient (RDG) function iso-
surface to analyse the weak interaction region and determine
the source of interaction [11, 12]. RDG is an extension of the
atoms in molecules (AIM) theory, which gives clearer results.
The relationship between energies and intermolecular forces
was also elucidated by the energy parameters, according
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Figure 1: Schemes of the four Diels-Alder reactions.

to chemical energy component analysis (CECA) [13], and
other kinetic parameters. To better match our experimental
results, we used the hybrid DFT functional B3LYP and the
variational DFT functional 𝜔B97X-D to obtain the results.
The latter contains an empirical dispersion correction to
the 𝜔B97X functional, as this provides long-range van der
Waals interactions without additional computational cost.
It also emerges that optimization of the 𝜔B97 functional
with empirical dispersion corrections leads to essentially zero
dispersion correction.

The Diels-Alder reaction (DA) has a well-known sec-
ondary orbital interaction between the diene and the
dienophile, which can influence the reaction [14]. The addi-
tion of dienophiles to dienes can proceed via a concerted
mechanism, meaning that the two new CC bonds form
“in concert” rather than sequentially. This popular reaction
provides a good and standard example for us to examine
the abovementioned interaction. We hope to find good
correlation between the activation barrier and activation
strain for many systems based on this exploration.

2. Calculation Methods

The four reactions with ethylene (ET), amylene (AM),
methacrylate (MA), and allyl methyl ether (AME) as
dienophiles with butadiene (BD) as the diene were studied.
The structures are shown in Figure 1.The reactants, transition
state (TS) and products were optimized by the Gaussian
09 suite of programs [15] using the B3LYP and 𝜔B97X-
D functionals and the 6-311++G (d,p) basis set. Graphical
presentation of the weak interaction was achieved by Mul-
tiwfn [16], and 𝐸𝑖 was decomposed into a variety of energy
matrices by APEX4. Reaction rates and tunneling factors
were calculated by KiSThelP [17].

3. Results and Discussion

3.1. Bond Order Analysis. Along the internal reaction coordi-
nate (IRC), we simulated the change in bond order (𝑛Mayer)
from the RC to the PC. Mayer defined 𝑛Mayer based on
Mulliken population analysis and linear combination of
atomic orbitals [18], combining both to derive the formula for𝑛Mayer as

𝑛Mayer = ∑
𝜇∈𝐴

∑
]∈𝐵
(PS)𝜇] (PS)]𝜇 , (1)

where the off-diagonal matrix elements of PS are known as
the Mulliken overlap populations.

−4 −2 0 2 4
0

1

2

M
ay

er
 b

on
d 

or
de

r

(a)

(b)

−4 0 4

0

1

2

M
ay

er
 b

on
d 

or
de

r

IRC coordinate (；ＧＯ1/2Bohr)

(；ＧＯ1/2Bohr)
IRC coordinate

Figure 2: Analysis of the bond order. Bond order curves of BD +
ET (black square), BD + AM (cyan star), BD + MA (red diamond),
and BD + AME (blue triangle) from the RC to the PC. C1-C6 (- - -),
C5=C6 (—). (a) B3LYP and (b) 𝜔B97X-D.

Figure 2(a) shows that these trends are consistent with the
empirical view. At the beginning, there is no bond formed
between C1 and C6; the value of 𝑛Mayer is close to 0.When the
reaction proceeds to the PC, the value of 𝑛Mayer between C1
and C6 increases to approximately 1, whereas when C5=C6 is
changed to C5-C6, the corresponding value is reduced from
2 to 1. At the TS, the 𝑛Mayer values of C5-C6 and C1-C6 are
approximately 0.4 and 1.4, respectively (not 1.0). The changes
in the 𝑛Mayer value of C5=C6 in the four reactions are relatively
similar, and the changes in the bond orders between C1 and
C6 are different. This is due to their different structures; that
is to say, the AM and AME are affected by the electron-
donating group, whereas the MA is affected by the electron-
withdrawing group. Meanwhile, the trend in Figure 2(b) is
relatively similar.

3.2. Energy Analysis. We used the deformation/interaction
model to analyse dynamic changes in the four DA reactions.
The formula for the activation energy is

𝐸𝑎 = 𝐸𝑖 + 𝐸𝑑, (2)

where 𝐸𝑎 is the activation energy, 𝐸𝑑 is the energy required
to distort the olefin reactants into their TS geometries, and 𝐸𝑖
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Figure 3: Energy analysis by the deformation/interaction model.
Changes in the activation energy (. . .), deformation energy (—),
and interaction energy of BD + ET (black square), BD + AM (cyan
star), BD +MA (red diamond), and BD + AME (blue triangle) were
analysed by the deformation/interaction model and projected onto
the distance between C1-C6. (a) B3LYP and (b) 𝜔B97X-D.

arises from a combination of closed-shell repulsion, charge
transfer involving occupied and vacant orbital interactions,
electrostatic interactions, and polarization effects [19].

As shown in Figures 3(a) and 3(b), although the energies
obtained by 𝜔B97X-D are smaller than those obtained by
B3LYP, the two functionals showed similar trends in the
calculated energy, and both 𝐸𝑎 and 𝐸𝑑 increased gradually,
while 𝐸𝑖 increased initially, reaching a maximum value, but
then decreased at a smaller distance. There is an inflection
point (IP) in the curve of 𝐸𝑖. Therefore, the process can be
divided into two stages: the first stage is from RC to IP, and𝐸𝑖 plays an important role in the activation barrier at this
stage, while the second stage is from IP to SP, and 𝐸𝑑 exceeds
the other chemical forces and governs the mechanism of the
reaction. During the course of the reaction,𝐸𝑎 ismuch higher
than 𝐸𝑑, therefore resulting in a positive 𝐸𝑖. This is different
fromSN2 reactions, inwhich𝐸𝑖 is negative. It has been proven
that the activation barrier decreases relative to 𝐸𝑑 in all cases
[20]. In particular, the values of 𝐸𝑎, 𝐸𝑖, 𝐸𝑑, and 𝑛Mayer of BD +
AM and BD + AME are similar and higher than those of BD
+ ET. This result confirms that the dienophile containing an
electron-donating group is not conducive to the DA reaction,
and while the 𝐸𝑎, 𝐸𝑖, and 𝑛Mayer values of BD + MA are
the smallest, they seem to be affected by the presence of an
electron-withdrawing group, which is relatively favourable
for the reaction.The symmetry or asymmetry of the structure
often affects the 𝐸𝑑 value of atoms, and the 𝐸𝑑 values of BD
in the four reactions are not the same. We found that the 𝐸𝑑
value of diene is always greater than that of the dienophiles.

3.3. Analysis of the Weak Interaction. We used a new method
to visualize the weak interaction, which depends on the RGD
via the arithmetic expression as shown below:

RDG = 𝐼0
2 3√3𝜋2 ∗

∇𝜌 (𝑟)
3√𝜌 (𝑟)4 . (3)

This part only focuses on |∇𝜌(𝑟)|/ 3√𝜌(𝑟)4, where ∇ is the
gradient operator and |∇𝜌(𝑟)| is the modulus of the electron
density gradient. By combining the RDG and 𝜌(𝑟), we can
determine which regions of the molecule are clearly associ-
atedwithweak interactions.TheRDGwas used to analyse the
interactions, which can be divided into medium- and long-
range interactions based on the distance or into hydrogen
bonding and electrostatic and van der Waals interactions
according to the type of bond. A visualization of the weak
interaction is shown in Figure 4, using BD + ET as an
example. The points on the right side within the abscissa
represent the nuclear area.The peak that extends to the upper
left corner represents the molecular edge area. When it is
farther away from the molecule, |∇𝜌(𝑟)| and 𝜌(𝑟) are smaller,
while𝜌(𝑟)decreases faster, and theRDGvalue is stronger.The
vertical bar, called a “spike” [11], on the leftmost side close
to 0 indicates that there is a weak interaction (van der Waals
interaction) between C1-C6 and C4-C5 in BD + ET. As is well
known, the RDG value is closer to 0, the 𝜌(𝑟) value is smaller,
and the weak interaction is stronger.

We also investigated the RDGvalues of different reactions
from the RC to the IP until reaching the SP. The result is
shown in Figure 5. When 𝜌(𝑟) is plotted along the 𝑋-axis,
it gradually increases during the reaction. When the RDG
values are plotted along the 𝑌-axis, we found that the RDG
values of C1-C6 and C4-C5 in BD + ET are similar. This is
because the structure of BD + ET is symmetric; specifically,
the RDG value begins to grow slightly in the first stage and
decreases to almost the initial value in the second stage, as
shown in Figure 5(a). However, the RDG value of C1-C6 in
BD + AM and BD + AME decreases in the first stage and
increases back to the original value in the second stage. At the
same time, the RDG value of C4-C5 in BD + AM increases
rapidly, while that of BD + AME increases slowly as the
two atoms come closer. It should be noted that the two C6
atoms here are substituted by electron-donating groups. For
BD + MA, a continuous decrease in the RDG value between
C4-C5 was observed, while the change in the RDG between
C1-C6 is the same as that of BD + ET. It seems that the
RDG value of C1-C6 changes irregularly, while that of C4-C5
changes regularly. It is noteworthy that C5 is far away from
the substituent based on our molecular design. We believed
that the RDG value of C5, as a distal end, is more susceptible
to the substituent than that of C6, as a near end.The electron-
withdrawing group monotonically decreases the RDG value
of C4-C5, while the electron-donating group produces the
opposite effect.

In the calculation using the 𝜔B97X-D functional, the
RGD value of BD + ET increases in the first stage and
decreases in the second stage, which is similar to the trend
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Figure 4: The RDG region of BD + ET. RC (black square) to IP (red circle) to SP (blue triangle). C1-C6 (a) and C4-C5 (b).

obtained with the B3LYP functional. The RGD value of C1-
C6 increases in the first stage and decreases to approximately
the original value, while the RGD value of C4-C5 increases
monotonously during the two stages. Compared with the
results calculated by B3LYP, the calculation using the𝜔B97X-
D functional accounts for the dispersion force to make
the results more accurate. These results also prove that the
RDG value of C6, as a near end, is more susceptible to the
substituent than that of C5, as a distal end. It is noteworthy
that the RGD values of C4-C5 in BD + AM and BD + AME
are nearly the same. We found that the RGD value of C4-C5
in BD + MA also increases. This is in contrast to the results
found using B3LYP and is different from the results of BD
+ AM and BD + AME. Its amplitude is obviously smaller
than that of BD + AM and BD + AME. This validated our
hypothesis that the influence of the electron-donating group
on increasing the RDG value of C4-C5 is greater than that of
the electron-withdrawing group. In brief, if the dienophile is
substituted by an electron-withdrawing group, the spike value
of a distal end determined by 𝜔B97X-D increases slowly,
while value determined by B3LYP shows a reverse trend from
the RC to the IP until reaching the SP. This is in contrast
to the spike value when the dienophile is substituted by
an electron-donating group, which increases quickly as the
reaction progresses.

3.4. Analysis of the Chemical Energy Component. To explain
the above unusual RDG of the BD +MA system, we analysed
the chemical energy component. Mayer proposed an energy
decompositionmethod called CECA, in which the sumof the
one- and two-center energy components should reproduce
the totalmolecularHF energy.The interaction terms are com-
bined and interpreted as electrostatic, exchange, overlapping,
and kinetic energy contribution according to CECA [13].
Note that the two-centered energy here is not equivalent to

𝐸𝑖 because it contains other energies (e.g., covalent compo-
nents). However, we believe it can also elucidate the nature of
the molecular interactions.

We compare the results of the two functional calculations
in Figure 6. In Figures 6(a1), 6(b1), 6(c1), and 6(d1), the trends
of the energies as the reaction proceeded are almost similar,
except for the electrostatic contribution. The trends of C1-C6
are similar and negative, and the trends of C4-C5 are similar
and positive in the four systems. However, we still found that
BD + MA showed the largest difference (Figure 6(a1)). The
electron-withdrawing/donating group influences the induc-
tive effect. Thus, the electrostatic contribution was proven to
be related to the 𝑛Mayer and RDG. The contribution from the
exchange and overlap terms continued to decline. We found
that the exchange and overlap contributed a large portion
of the two-center energy and had a dominating effect. In
Figures 6(a2), 6(b2), 6(c2), and 6(d2), through calculation of
the dispersion correction, we found that the trends of BD +
MA were not consistent in Figures 6(b2), 6(c2), and 6(d2),
but this did not affect the system as a whole.

3.5. Reaction Rate Results. In this part, the calculation results
of the reaction rate constants (𝑘) based on transition state
theory (TST) and variational transition state theory (VTST)
are discussed [21].The temperature-dependent reaction rates,𝑘TST (T), for bimolecular reactions were calculated by apply-
ing TST:

𝑘TST (𝑇) = 𝜆𝑘𝑏𝑇ℎ ⋅ 𝑄 ̸=
𝑄𝐴𝑄𝐵 ⋅ exp(−

𝐸
𝑅𝑇) , (4)

where 𝑄 ̸=, 𝑄𝐴, and 𝑄𝐵 represent the total partition function
of the TS and the reactants𝐴 and𝐵, 𝑘𝑏 represents Boltzmann’s
constant, 𝑅 represents the gas constant, 𝑇 represents the
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Figure 5: The change in the spike value among the IRC from the RC to the IP until reaching the SP for the four reactions. (a) BD + ET, (b)
BD + AM, (c) BD + MA, (d) BD + AME, C1-C6 (white circle), C4-C5 (red circle). B3LYP (—), 𝜔B97X-D (- - -).

temperature, ℎ represents Planck’s constant, and 𝐸 is the
activation energy. The constant expression of 𝑘VTST(𝑇) is

𝑘VTST (𝑇) = 𝜎
ℎ𝛽 ⋅ exp [−𝛽 ⋅ Δ𝐺 (𝑇, 𝑠VTST∗ )] , (5)

where 𝜎 represents the symmetry number and Δ𝐺(𝑇, 𝑠VTST∗ )
coincides with the maximum free energy, 𝛽 = 𝑘𝑏/𝑇.

Since the tunneling factor 𝜅(𝑇) is capable of affecting 𝑘, it
is necessary to calculate it when 𝑘 is considered in a precise
way. In quantum chemistry, there is still a certain probability
to achieve the reaction evenwhen the energy is lower than the

barrier.Thismay be due to penetration of a part of the particle
through the middle of the barrier (also known as barrier
penetration), which is represented by a correction term in the
perturbative expansion of the parabolic barrier. 𝜅(𝑇) can be
obtained from the Wigner formula, which is shown below:

𝜅 (𝑇) = 1 + 1
24 (

ℎ𝜔 ̸=
𝑘𝑏𝑇)

2

, (6)

where 𝜔 ̸= is the imaginary frequency of the TS. Two virtual
frequencies were found here because 𝑘TST and 𝑘VTST were
calculated using different TSs.
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Table 1: The rate constants and tunneling factors.

Reactant Functional 𝑘TST 𝐸𝑎 𝑘VTST 𝜔 ̸= 𝜅(𝑇)
(cm3/molec/s) kJ/mol (cm3/molec/s)

BD + ET B3LYP 5.52 × 10−34 151.66 5.40 × 10−34 −544.36 1.29
𝜔B97X-D 4.46 × 10−32 138.01 6.94 × 10−32 −613.41 1.37

BD + AM B3LYP 4.37 × 10−35 167.16 4.69 × 10−35 −540.58 1.28
𝜔B97X-D 3.60 × 10−33 146.69 4.23 × 10−33 −612.82 1.36

BD + MA B3LYP 2.70 × 10−31 137.97 2.51 × 10−31 −475.59 1.22
𝜔B97X-D 2.62 × 10−27 109.43 1.28 × 10−26 −543.45 1.29

BD + AME B3LYP 1.76 × 10−35 162.37 1.44 × 10−35 −534.06 1.28
𝜔B97X-D 1.81 × 10−32 143.03 2.07 × 10−32 −594.03 1.34

Table 1 shows that the 𝑘TST values were similar in
magnitude to the 𝑘VTST values. This means that the free
and electron potential energy surfaces were nearly the same.
However, the 𝑘 obtained by 𝜔B97X-D was greater than that
obtained by B3LYP, which matches the results in Figure 3.
The 𝑘TST and 𝑘VTST values of BD + MA were found to be the
highest among the four systems. This result agreed with the
result that BD + MA had the smallest 𝐸𝑎. However, the 𝑘TST
value is always of the same order as the 𝑘VTST value but lower
in the same reaction when determined by 𝜔B97X-D, while
the 𝑘TST value is not always lower than the 𝑘VTST value when
determined by B3LYP. It seems that the results obtained by𝜔B97X-D become more regular through the use of the DFT-
D dispersion correction.The 𝜅(𝑇) of all reactions were found
to range from 1.2 to 1.4. This increased 𝑘 to almost the same
level, which implies that 𝜅(𝑇) does not significantly affect 𝑘.
The reaction rate of cyclopentadienewithmethyl vinyl ketone
was 1.46 × 10–23 cm3⋅ (molec−1⋅s−1) [22]. Experiments gave an
Arrhenius activation energy for BD + ET of 115.5 kJ/mol at
temperatures between 760K and 921 K [23]. The 𝐸𝑎 obtained
by 𝜔B97X-D was close to the experimental result.

4. Conclusions

The incorporation of an electron-withdrawing group affects
the change in 𝑛Mayer. 𝐸𝑖 is the dominating energy when
the cycloaddition reaction proceeds from the RC to the IP.
The RDG analysis found that a dienophile substituted by an
electron-withdrawing group decreased the spike value of the
distal end. CECA also revealed that exchange and overlap
terms provided the largest contributions to the two-center
energy. Finally, 𝑘 was related to 𝐸𝑎, but 𝜅(𝑇) increased in
equal proportion to 𝑘.
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eling non-covalent interactions within flexible biomolecules:
From electron density topology to gas phase spectroscopy,”
Physical Chemistry Chemical Physics, vol. 16, no. 21, pp. 9876–
9891, 2014.

[4] D. J. R. Duarte, G. L. Sosa, and N. M. Peruchena, “Nature of
halogen bonding. A study based on the topological analysis
of the Laplacian of the electron charge density and an energy
decomposition analysis,” Journal of Molecular Modeling, vol. 19,
no. 5, pp. 2035–2041, 2013.

[5] D. Mani and E. Arunan, “The X-C⋅ ⋅ ⋅Y (X = O/F, y =
O/S/F/Cl/Br/N/P) ’carbonbond’ andhydrophobic interactions,”
Physical Chemistry Chemical Physics, vol. 15, no. 34, pp. 14377–
14383, 2013.

[6] D. Hugas, L. Guillaumes, M. Duran, and S. Simon, “Delo-
calization indices for non-covalent interaction: Hydrogen and
DiHydrogen bond,” Computational and Theoretical Chemistry,
vol. 998, pp. 113–119, 2012.

http://downloads.hindawi.com/journals/jchem/2018/3106297.f1.docx


8 Journal of Chemistry

[7] F. Fuster and S. J. Grabowski, “Intramolecular hydrogen bonds:
The QTAIM and ELF characteristics,” The Journal of Physical
Chemistry A, vol. 115, no. 35, pp. 10078–10086, 2011.

[8] S. Grimme, C. Mück-Lichtenfeld, and J. Antony, “Noncova-
lent interactions between graphene sheets and in multishell
(hyper)fullerenes,”The Journal of Physical Chemistry C, vol. 111,
no. 30, pp. 11199–11207, 2007.

[9] S.Osuna andK.N.Houk, “Cycloaddition reactions of butadiene
and 1,3-dipoles to curved arenes, fullerenes, and nanotubes:
Theoretical evaluation of the role of distortion energies on
activation barriers,” Chemistry - A European Journal, vol. 15, no.
47, pp. 13219–13231, 2009.

[10] A. J. Bridgeman, G. Cavigliasso, L. R. Ireland, and J. Rothery,
“TheMayer bondorder as a tool in inorganic chemistry,” Journal
of the Chemical Society, Dalton Transactions, no. 14, pp. 2095–
2108, 2001.

[11] E. R. Johnson, S. Keinan, P. Mori-Sánchez, J. Contreras-Garćıa,
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