Isamura and Lobb 
Journal of Cheminformatics
(2022) 14:39
https://doi.org/10.1186/s13321-022-00618-3

Journal of Cheminformatics
Open Access

SOFTWARE

AMADAR: a python‑based package for large
scale prediction of Diels–Alder transition state
geometries and IRC path analysis
Bienfait K. Isamura1 and Kevin A. Lobb1,2*   

Abstract
Predicting transition state geometries is one of the most challenging tasks in computational chemistry, which often
requires expert-based knowledge and permanent human intervention. This short communication reports technical
details and preliminary results of a python-based tool (AMADAR) designed to generate any Diels–Alder (DA) transition state geometry (TS) and analyze determined IRC paths in a (quasi-)automated fashion, given the product SMILES.
Two modules of the package are devoted to performing, from IRC paths, reaction force analyses (RFA) and atomic
(fragment) decompositions of the reaction force F and reaction force constant κ. The performance of the protocol has
been assessed using a dataset of 2000 DA cycloadducts retrieved from the ZINC database. The sequential location of
the corresponding TSs was achieved with a success rate of 95%. RFA plots confirmed the reaction force constant κ to
be a good indicator of the (non)synchronicity of the associated DA reactions. Moreover, the atomic decomposition of
κ allows for the rationalization of the (a)synchronicity of each DA reaction in terms of contributions stemming from
pairs of interacting atoms. The source code of the AMADAR tool is available on GitHub [CMCDD/AMADAR(github.
com)] and can be used directly with minor customizations, mostly regarding the local working environment of the
user.
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Graphical Abstract

Introduction
In the framework of transition state theory [1], chemical reactions are assumed to proceed through transient
configurations named transition states (TSs), which in
turn determine the rate of the process. TSs are first-order
saddle points on the potential energy surface (PES) suspended at the top of the lowest-energy route joining two
local minima corresponding to the reactant and product
states [1]. While local minima can be readily attained by

descending the steepest route from a panoply of starting
points on the PES, locating TSs demands that the search
is initiated from a good starting (guess) geometry that
is structurally very similar to the actual TS[2]. Unfortunately, guessing such a structure requires expert-based
knowledge and consistent human intervention. In addition, the chances of success drop drastically if a large
number of TSs have to be generated based on the same

Table 1 Description of the most important modules
Modules

Description

Dependencies classes
Length
(methods)

IRC

Builds input files for IRC calculations and analyzes outputs files

–

2 (51)

2127 lines

RFA

Carries out numerical derivations from IRC paths data; and returns 2D plots of V, F, and K along
the IRC path

–

5 (48)

1780 lines

TS

Prepares input files for the refinement of guess TS, and analyzes the outputs

–

1 (36)

1770 lines

Geom_3D Converts mol objects into 3D geometries, and prepares input files for electronic structure
calculations

Retro-DA

0 (5)

335 lines

Retro_DA

–

0 (16)

416 lines

Realizes the retro-DA transformation of the cycloadducts (CA), and identifies the reactive site for
each pathway to the (CA)

RFD

Carries out the atomic (fragment) decomposition of the reaction force (constant)

IRC

2(20)

525 lines

Guess

Analyzes outputs of the redundant coordinate optimization (pseudo-guesses) and builds inputs
for the guess TS

–

2 (27)

817 lines
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Fig. 1 Simplified scheme of the AMADAR algorithm

guess geometry; because, even for similar reactions, the
best initial guesses may be significantly different.
Recently, deep learning (DL) approaches emerged as a
potential solution to this problem. These approaches rely
on a variety of sophisticated multilayer neural networks
that are able to learn hidden features within a dataset and
use the accumulated knowledge to make reliable predictions on unseen data [3]. Although sound and promising,
DL tools are computationally very demanding and always
require huge amounts of good quality data to train the
models before any prediction can be made. For instance,
Pattanaik and coworkers needed 6800 isomerization
reactions to train their graph neural network before testing its predictive power on a reduced set of 850 systems
[4]. Moreover, some DL pipelines must be fed with optimized geometries of both the reactants and products [5],
which turns out to be a drawback in case these structures
have to be first obtained at a high computational level.
On the other hand, the Diels–Alder (DA) reaction is
one of the most important reactions in organic chemistry, which has found many applications such as in the
total synthesis of natural products [6] and in polymer
chemistry [7]. Since its discovery in 1928 [8], the DA
reaction has been widely investigated and the debate
around its mechanism is still very enthusiastic [9]. Particularly, several computational studies are revisiting the
mechanism of the DA reaction using new reactivity paradigms, including, without being restricted to, the reaction force analysis [10], the activation strain model [11],
and bond evolution theory [12]. However, in order to

perform these analyses, there is the requirement that TSs
be first predicted and the reaction path be determined.
Therefore, driven by the need to contribute to the challenge of TS geometries prediction as well as the understanding of the mechanism of the DA reaction, we have
built the AMADAR program (Automated workflow for
Mechanistic Analysis of Diels–Alder Reactions). In comparison with DL approaches, the AMADAR tool does not
involve any training step, works with any number of reactions (even one system suffices) and uses only SMILES
strings of the cycloadducts as inputs. It is capable of
generating an unlimited number of Diels–Alder (DA)
TS geometries, before carrying out subsequent analyses
based on the intrinsic reaction coordinate (IRC) paths.
Key features of AMADAR include its ability to handle
particular cases such as intramolecular reactions and
situations resulting in competing paths. The code is also
highly customizable. The source code of the AMADAR
program is provided with appropriate documentation
detailing the functioning of the program. It is written
in a user-friendly, efficient way, that should allow intermediate python programmers with some knowledge in
computational chemistry to easily customize, where necessary. The AMADAR package is focused on the large
community of researchers working on the DA reaction.
In the present communication, we report technical
details of the algorithm behind the AMADAR tool and
present some preliminary results. Table 1 gives a short
description of the most important modules. Figure 1
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schematizes the AMADAR’s algorithm, which consists of
8 steps divided into three main phases: the preparation of
3D geometries, the electronic structure calculations, and
the IRC path analysis. These steps are detailed below.

Requirements
The usage of the AMADAR program on a computing
platform requires a python 3 environment with access
to the RDKit [13] toolkit. This is because the initial steps
of the algorithm rely on RDKit. In terms of the specific
usage with respect to the use of Gaussian 09, the user
has to define in the main configuration file (da.ini) all the
environment variables giving access to this software. The
Gaussian 09 software has been considered as the default,
but several other programs could have been used in place
(Psi4 [14], Gamess [15], etc.). If other electronic structure
software is required for use, the user will need to modify
methods that generate input files or methods which analyze outputs (Fig. 1).
The algorithm
Step 1

The program is launched from the__init.py script from
a local RDKit environment. This script accesses SMILES
strings of the cycloadducts saved in the SMILES.txt file,
and reads user input from the main configuration file (da.
ini). This main configuration file contains flags that must
be set according to the type of jobs the user will like to
carry out. The description and usage of the keywords
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(flags) in the da.ini file are provided in Additional file 1
(Additional file 3: Table S1).
Step 2

The SMILES strings accessed are converted into mol
objects, which are then used to locate and keep track of
the reactive sites (RS). As such, an ordered list of atomic
indices (ListAtomsInt) is returned, in which four atoms
originate from the diene and the two others from the
dienophile. In case the cycloadduct has more than one
cyclohexene substructure, a 2 × n shaped list is returned,
with n the number of cyclohexene substructures. This
results in competing paths that are treated separately.
Step 3

At this step, the 3D geometry of the cycloadducts in
Cartesian coordinates are obtained using a sequential
procedure, including the embedding of its mol object
and the optimization of the returned conformer using
the UFF force-field [16]. UFF is a broadly applicable force field that contains parameters for almost all
atoms of the periodic table. This guarantees no error
is returned when studying a system with such uncommon atoms like actinides due to inexistent force field
parameters. Moreover, since UFF is a non-reactive
force field, the topology of the system under investigation is kept intact during this conformation search,
preventing any bond cleavage or formation. In case of
failure, the procedure is repeated, this time looking for

Fig. 2 Illustration of the process towards the prediction of TSs by the AMADAR program from SMILES strings of cycloadducts. Synchronicity indexes
(S) are given at the different steps
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more conformers (up to 60) and increasing the number
of runs (up to 2000). The selected conformer is used
as input in the constrained optimization towards the
pseudo-guess of the TS (step4).
Step 4

A constrained optimization in internal coordinates
coerces the cycloadducts to adopt a symmetric twofragment configuration where two pairs of terminal C
atoms from the diene and dienophile are separated by
2.15 Å. Note that the positions of these C atoms are
retrieved from the ListAtomsInt obtained at step 2. The
default separation distance of 2.15 Å can be modified
by the user. For this, they have to simultaneously edit
the ini.da configuration file and the Gen_gjf_file_ts()
method of the Geom_3D.py module. Using default
settings, this optimization returns 16 successive configurations of the system, of which the highest energy
structure (a 2 fragment structure for intermolecular
DA reactions) corresponds to the pseudo-guess TS. The
latter is isolated, then cleaned up at the same level of
theory using the TS single-ended Berny algorithm [17].
This gives rise to the guess-TS. The PM6 semi-empirical method has been found to perform well at this step.
Step 5

For each system, a new TS calculation is performed to
refine the previous guess structure at a user-defined
quantum mechanics level of theory. This step is followed
by a vibrational check to make sure the predicted stationary point is a real TS. This check is meant to assure that
the returned TS has only one imaginary frequency. For
this, we examine (extract and count) the normal vibrational modes of the system. Only structures with a unique
negative (imaginary) frequency are retained as actual
TSs. Rejected stationary points are automatically copied
to an appropriate folder named ERROR_FILES. Steps
3–5 are illustrated in Fig. 2 for a small set of three randomly selected systems. Additional file 3: Fig. S1 depicts
(optimized) geometries of the associated reactants (diene
and dienophile), whose SMILES strings were first generated by applying the process_retro_Diels_Alder() function
of the retro_DA() module to the cycloadduct SMILES,
before being sequentially optimized at the PM6 and
B3LYP/6-31G(d) levels respectively (Additional file 2).
Step 6

Once the TS has been located, the IRC path can be determined. Details about the theory level or the number of IRC
points are defined by the user in the da.ini file. We have
observed that at least 60 points per IRC direction from the
TS are sufficient to obtain a good IRC path (for mid-size
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systems with heteroatoms) linking the reactants to the
cycloadducts through the TS. The geometries of the reactants and cycloadducts can be optimized alongside that of
the TS (during steps 2–4) if the RC_FLAG in the da.ini is
set to 1 (Table 1).
After the IRC calculations, a separate script named
myIRCAnalyzer.py may be executed to perform reaction
force analyses (RFA, step7) and atomic decompositions of
the reaction force and reaction force constant (step 8) for
specific reactions. Details about the system to analyze or
the atoms to consider in the decomposition must be given
in a separate configuration file (analysis.ini). The description and usage of all keywords (and sections) found in the
analysis.ini configuration files are provided in the Additional file 3: Table S2.
Step 7

A special module (RFA) has been integrated to the package for executing all the calculations related to the reaction force analysis. Details about the RFA paradigm can be
found here [18].Two important quantities of the theory are
the reaction force F and reaction force constant κ, which
are defined using Eqs. 1 and 2, where E is the system’s
energy along the IRC path ξ. Torro-Labé and his co-workers have provided strong evidence showing that F and κ can
help gain insight into the mechanism of several reactions
[19].

Fξ = −

κξ =

dE
,
dξ

dF
d2E
=− .
dξ 2
dξ

(1)

(2)

F and κ are numerically calculated at each point of the
IRC path using the finite difference approach. Technically, the average value of the forward and the backward
derivatives at each given point is used as a good estimation of the exact derivative, except for the first and last
points of the IRC path. Any attempt to run this analysis
will be ignored if the RFA_FLAG in the da.ini file has not
been set to 1.
Step 8

As demonstrated by Jędrzejewski et al. [20], the reaction force F and force constant κ can be decomposed into
atomic contributions by introducing the Hellman–Feynman [21] forces acting on each nucleus in the standard
definition of F and κ (Eqs. 3–4).
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Reaction force analysis
(E, F, and K)

Decomposition of the reaction
force constant

C[C@@H](OC(=O)
C1(O)CCC1)C(=O)
NCCC1=CCCCC1

S=0.02Å
CN(CC1CCCC1)C(
=O)C(=O)NC[C@H
]1C[C@H]2C=C[C
@H]1C2
S=0.23Å

O=C(NCC[C@@H]
1CCN(C(=O)c2cncn
c2)C1)[C@@H]1C[
C@@H]2C=C[C@
H]1CC2

S=0.41Å

CCC[C@@H](OC)
C(=N1C[C@H]2CN
(C(=O)[C@@]3©C
C=CCC3)C[C@H]2
C1
S=0.69Å
Fig. 3 Illustration of key outputs of the AMADAR program: S (Synchronicity index in Å); Reaction force analysis (E, F, in kcal, kcal/ξ and kcal/ξ2
respectively); Atomic decomposition of the reaction force constant (κ in Hartree/bohr2): the violet and maroon curves indicate contributions from
the two pairs of interacting atoms from the diene and dienophile. The dashed line gives the κξatoms component of κ

Fξ = −

 ∂E ∂RA


dE
∂RA
=−
=
=
FA
FA (ξ ),
dξ
∂RA ∂ξ
∂ξ
A∈M

A∈M

A

(3)


 d

dRA
dF ξ
=−
FA
=
κA (ξ ). (4)
κξ = −
dξ
dξ
dξ
A∈M

A

Furthermore, κξ can be split into two components
originating from the atoms and bonds of the molecule
(Eq. 5) [20].
κξ =

N

A

κAA (ξ ) + 2

N 
N


A B<A

κAB (ξ ) = κξatoms + κξbonds ,

(5)
where the sums run over all the atoms in the molecule.
We have also incorporated in the AMADAR package a module called RFD, which implements Eqs. 3–5
in the case of DA reactions. To perform the series of

decomposition analyses available in the module, the
RFD_FLAG in the da.ini file must be set to 1 before running the myIRCAnalyzer.py script (Fig. 3).

Preliminary results
To test the performance of the AMADAR tool, a set of
2000 potential Diels–Alder cycloadducts was extracted
from the ZINC database (SMILES provided in the Additional file 1 and 4). These compounds were identified by
the presence of at least one cyclohexene substructure.
The PM6 and B3LYP/6-31G(d) levels were considered for
the generation of the guess TS and its refinement respectively. The generation of TSs was successful at ~ 95%,
consisting of 1912 TSs located. The remaining 5% of
unsuccessful calculations were due to basis set inconsistencies and unmet convergence criteria. Basis set errors
were returned for all the systems containing an iodine
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atom [which does not have a 6-31G(d) basis set], while
some very large systems could not achieve their convergence. A separate module is being developed to systematically address these issues. This module will be integrated
into the next release of the package. Further, about 150
of the predicted TSs were used for determining the IRC
path with a step size of 0.8 (amu)1/2Bohr. These systems
were chosen to cover a wide range of synchronicity indices (S), measured as the difference of length between the
two emerging C–C bonds at the TS. Note that synchronous reactions are those having S values close to 0, while
asynchronous ones have higher values. Figure 3 illustrates some of the results obtained for five of the systems
studied.
In line with previous findings [22], the reaction force
constant is found to be a good indicator of the synchronicity of DA reactions. For synchronous reactions for
example, κ shows only one minimum in the TS region,
while there are one and a shoulder to two minima in the
same region for moderate to very asynchronous reactions respectively (Fig. 3). The last column of Fig. 3 suggests that the global synchronicity of DA reactions can be
rationalized in terms of contributions of the two pairs of
interacting C atoms (from the diene and dienophile) to
the reaction force constant κ. In addition, the position of
their respective global maximum seems to indicate the
moment when the corresponding C–C bonds achieve
their formation. Finally, the position of the global minimum of κ with regards to that of the classical TS can be
explained in terms of the interplay between the two previous elementary processes, one tending to shift it to the
right and the other to the left.

Concluding remarks
We have presented technical details and preliminary
results of the AMADAR package. The latter is expected
to be helpful to the broad community of researchers
working on the mechanism of DA reactions. A detailed
study is being conducted on the large dataset obtained
upon the application of the AMADAR tool to 2000 likely
DA cycloadducts. This in-depth study aims at understanding common features of the mechanism of the DA
reaction through the light of the reaction force analysis
and the decomposition of F and κ. AMADAR is currently
limited to homo-DA reactions, but there is work in progress in our group to make possible the investigation of
several types of hetero-DA reactions.
Supplementary Information
The online version contains supplementary material available at https://doi.
org/10.1186/s13321-022-00618-3.
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Acknowledgements
Bienfait K. Isamura is grateful to the Department of Chemistry at Rhodes
University and the Center for High Performance Computing (CHPC) for having
provided the resources used to carry out this study (project CHEM0802).
Author contributions
The manuscript was written through the contributions of all authors. KL conceived the protocol and read the manuscript. BKI implemented the protocol
and wrote the first manuscript. All the authors read and approved the final
manuscript.
Funding
This work was supported by the BEBUC Scholarship program through the
funding granted by the Else-Kroener-Fresenius Stiftung.
Availability of data and materials
The AMADAR program is available from this GitHub repository [CMCDD/
AMADAR(github.com)].

Declarations
Competing interests
The authors declare no conflict of interest.
Author details
1
Department of Chemistry, Rhodes University, Makhanda 6140, South Africa.
2
Research Unit in BioInformatics (RUBi), Rhodes University, Makhanda 6140,
South Africa.
Received: 14 October 2021 Accepted: 25 May 2022

References
1. Truhlar DG, Garrett BC et al (1996) Current status of transition-state
theory. J Phys Chem 100:12771–12800
2. Cerjan CJ, Miller WH (1981) On finding transition states. J Chem Phys
75:2800–2801. https://doi.org/10.1063/1.442352
3. Goh GB, Hodas NO, Vishnu A (2017) Deep learning for computational
chemistry. J Comput Chem 38:1291–1307. https://doi.org/10.1002/jcc.
24764
4. Pattanaik L, Ingraham JB, Grambow CA, Green WH (2020) Generating
transition states of isomerization reactions with deep learning. Phys
Chem Chem Phys 22:23618–23626. https://doi.org/10.1039/d0cp04670a
5. Makoś MZ, Verma N, Larson EC et al (2021) Generative adversarial networks for transition state geometry prediction. J Chem Phys. https://doi.
org/10.1063/5.0055094
6. Nicolaou KC, Snyder SA, Montagnon T, Vassilikogiannakis G (2002) The
Diels–Alder reaction in total synthesis. Angew Chemie Int Ed 41:1668–
1698. https://doi.org/10.1002/1521-3773(20020517)41:10%3c1668::AID-
ANIE1668%3e3.0.CO;2-Z
7. Briou B, Améduri B, Boutevin B (2021) Trends in the Diels–Alder reaction
in polymer chemistry. Chem Soc Rev. https://doi.org/10.1039/d0cs01382j
8. Diels O, Alder K (1928) Synthesen in der hydroaromatischen Reihe. Justus
Liebigs Ann Chem 460:98–122. https://doi.org/10.1002/jlac.19284600106
9. Wang Z, Danovich D, Ramanan R, Shaik S (2018) Oriented-external
electric fields create absolute enantioselectivity in Diels–Alder reactions: importance of the molecular dipole moment. J Am Chem Soc
140:13350–13359. https://doi.org/10.1021/jacs.8b08233

Isamura and Lobb Journal of Cheminformatics

(2022) 14:39

Page 8 of 8

10. Hernández Mancera JP, Núñez-Zarur F, Gutiérrez-Oliva S et al (2020)
Diels–Alder reaction mechanisms of substituted chiral anthracene: a
theoretical study based on the reaction force and reaction electronic flux.
J Comput Chem 41:2022–2032. https://doi.org/10.1002/jcc.26360
11. Bickelhaupt FM, Houk KN (2017) Analyzing reaction rates with the
distortion/interaction-activation strain model. Angew Chemie Int Ed
56:10070–10086. https://doi.org/10.1002/anie.201701486
12. Berski S, Andŕes J, Silvi B, Domingo LR (2006) New findings on the Diels–
Alder reactions. An analysis based on the bonding evolution theory. J
Phys Chem A 110:13939–13947. https://doi.org/10.1021/jp068071t
13. Landrum G (2011) RDKit : a software suite for cheminformatics, computational chemistry, and predictive modeling. Components
14. Turney JM, Simmonett AC, Parrish RM et al (2012) Psi4: an open-source
ab initio electronic structure program. Wiley Interdiscip Rev Comput Mol
Sci 2:556–565. https://doi.org/10.1002/wcms.93
15. Gordon MS, Schmidt MW (2005) Advances in electronic structure theory:
Gamess a decade later. Theory Appl Comput Chem. https://doi.org/10.
1016/B978-044451719-7/50084-6
16. Casewit CJ, Colwell KS, Rappé AK (1992) Application of a universal force
field to organic molecules. J Am Chem Soc 114:10035–10046. https://doi.
org/10.1038/220833b0
17. Frisch MJ, Trucks GW, Schlegel HB et al (2009) Gaussian 09 (C.01). Gaussian Inc., Wallingford
18. Toro-Labbé A (1999) Characterization of chemical reactions from the
profiles of energy, chemical potential, and hardness. J Phys Chem A
103:4398–4403. https://doi.org/10.1021/jp984187g
19. Toro-Labbé A, Gutiérrez-Oliva S, Murray JS, Politzer P (2009) The reaction
force and the transition region of a reaction. J Mol Model 15:707–710.
https://doi.org/10.1007/s00894-008-0431-8
20. Jedrzejewski M, Ordon P, Komorowski L (2016) Atomic resolution for the
energy derivatives on the reaction path. J Phys Chem A 120:3780–3787.
https://doi.org/10.1021/acs.jpca.6b03408
21. Politzer P, Murray JS (2018) The Hellmann–Feynman theorem: a perspective. J Mol Model 24:1–7. https://doi.org/10.1007/s00894-018-3784-7
22. Yepes D, Donoso-Tauda O, Pérez P et al (2013) The reaction force constant
as an indicator of synchronicity/ nonsynchronicity in [4+2] cycloaddition
processes. Phys Chem Chem Phys 15:7311–7320. https://doi.org/10.1039/
c3cp44197k

Publisher’s Note

Springer Nature remains neutral with regard to jurisdictional claims in published maps and institutional affiliations.

Ready to submit your research ? Choose BMC and benefit from:

• fast, convenient online submission
• thorough peer review by experienced researchers in your field
• rapid publication on acceptance
• support for research data, including large and complex data types
• gold Open Access which fosters wider collaboration and increased citations
• maximum visibility for your research: over 100M website views per year
At BMC, research is always in progress.
Learn more biomedcentral.com/submissions

