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ABSTRACT: Molecular-level insights into reactive separations are crucial for the design of

CO, in carbon Carbon capture solvent

|
new conversion pathways of carbon dioxide (CO,). This work explores a postulated pathway capture solvent A >
that directs CO, to undergo inverse-electron-demand Diels—Alder reactions to produce - f s 498 Ry
heterocycles using the CO, chemically fixed on water-lean solvent molecules. Density ,{ ‘&k g;o@

Do Diels—Alder %

functional theory calculations are applied to evaluate the lowest unoccupied molecular orbital

(LUMO) energies of three types of reactants (1,3-butadiene, 1,3-cyclohexadiene, and 1,2,4,5- reaction?
tetrazine) with various functional substituents. These calculations also provide a data set

' Cycloaddition
1,3-butadiene product

(5.8k data) for developing a machine learning model to efficiently predict LUMO energies. A

computational screening of LUMO energies for an additional 47k diene and tetrazine candidates is performed, and a list of
candidates with lowered LUMO energies by electron-withdrawing substituents is provided. These candidates are further examined
by their reaction energy barriers computed from the interatomic potential or density functional theory. Two major energy barriers
are identified, one for the proton transfer within the water-lean solvent and the other for the CO, transfer from the solvent molecule
to the reactant candidate (diene or tetrazine). The functional substituents have a more significant impact on the second barrier but a
very slight one on the first barrier. This exploratory work demonstrates a new possibility for guiding experimental efforts toward the

chemical conversion of fixated CO, to value-added compounds.

B INTRODUCTION

The utilization of common feedstocks is crucial for the efficient
production of valuable chemicals. A key obstacle in the
chemical conversion of abundant feedstocks such as CO, is the
kinetic and thermodynamic stability of C=O bonds
(dissociation energy ~ 5.5 eV) arising from its highly stable,
m-conjugated structure.' " Additional hurdles, such as
competing side reactions with more favorable thermodynamics
and mass transfer limitations due to the low solubility of CO,,
further hinder its activation and make the process economically
uncompetitive.”® Overcoming these challenges often requires
extreme reaction conditions, such as high temperatures or
pressures, complex catalysts based on metals or metal oxides,
or external driving forces such as ultraviolet light.””"
Regardless, before we can evaluate possible synthetic routes,
a detailed understanding of the thermal chemistry and which
products and reaction paths are likely is necessary. While
notable advances have been made in CO, conversion using
metal—organic frameworks'” and in the photocatalytic
conversion of CO,+H,O to solar fuels,'® these technologies
are still plagued by the energetic bottleneck of CO, activation
and its separation from the capture media.

An alternative approach is reactive separations, which, by
design, couple separation and conversion processes in the same
medium for increased energy efficiency.'* However, this
requires the design of new reaction pathways for CO, in
diverse environments, including organic solvents and catalyst
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surfaces, for which molecular-level control is crucial. The
chemical conversions of CO, are typically restricted to
nucleophilic or electrophilic attack, limiting the choice of
available reagents to high-energy species (e.g., H™, epoxides,
etc.), which in turn greatly limits the products that can be
made.”” While the water-lean carbon capture solvents are
promising media for the thermo-catalytic production of C1
products such as methanol or methane,"*'® CO, utilization
approaches will need to move beyond CO,-neutral products to
have any meaningful impact on the efficient utilization of C1
feedstocks.">"”

To address this need, we postulate that the unsaturated
bonds of “captured” CO, could participate in a concerted
Diels—Alder (DA) [4 + 2] cycloaddition, which would utilize
CO, in its entirety without energy-intensive bond breaking as
commonly done in other CO, utilization approaches. This new
reactivity with dienes could significantly contribute to negative
emission strategies by widening the field of valuable products
that CO, could be made into, such as lactones, which are used
industrially for flavor and fragrance additives.'® Lactones are
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Figure 1. Schematic diagram of normal and inverse-electron-demand DA reactions, where EDG and EWG denote electron-donating and electron-
withdrawing groups, respectively. The HOMO and LUMO energies of 1,3-butadiene and CO,-loaded EEMPA as the dienophile and the proposed
reaction are shown on the right side. Three types of molecules are considered: 1,3-butadiene, 1,3-cyclohexadiene, and 1,2,4,5-tetrazine.

also attractive because they are a platform to produce
polyesters via ring-opening polymerization,'* enabling the
synthesis of a commodity polymer that can be a sizable and
durable CO, sink that has not yet been made directly from
CO,.

To our knowledge, there are limited accounts of CO, being
introduced in cycloaddition reactions.”” For example, Zhang
and Lu”' and Fernandez-Hererra and Merino”” have
demonstrated 1,3 dipolar cycloadditions of CO, and
hydrazonyl chloride to 1,3,4 oxadiazole-2-(3H)-ones from
hydrazonyl chloride. Similarly, Hamlin showed a 1,3 dipolar
cycloaddition with CO, into nitrilimines, suggesting the
mechanism is stepwise, with activation by F~ providing
hybridization of CO, from sp into a more reactive nucleophilic
trigonal planar sp* anion.”® Additionally, Lu et al. showed that
bis(aminoguanidines) can be used for 1,3 dipolar cyclo-
additions of “captured” CO, with propargylamidine.”* We note
that these pioneering examples of cycloadditions are stepwise
cycloadditions that proceed via nucleophilic attack of an
activated CO,-containing anion to a small subset of hydrazonyl
chlorides and prop-argylamines, which are distinctly different
from a concerted DA [4 + 2] cycloaddition reaction where a
common diene would react with captured CO, (carbamate)
acting as a dienopbhile.

CO, can be fixated as a carbamic acid/carbamate or alkyl
carbonic/alkyl carbonate species that are in dynamic
equilibrium in solution® in organic solvents such as the
leading water-lean carbon capture solvent N-(2-ethoxyethyl)-3-
morpholinopropan-1-amine (EEMPA).”**” The anionic alkyl
carbonates and carbamates (as dienophiles) favor electron
donation, and the captured CO, should in principle undergo
primarily inverse-demand DA reactions, as illustrated in Figure
1. Here, the frontier molecular orbital theory suggests the
greater the overlap between the highest occupied molecular
orbital (HOMO) of the electron donor and the lowest
unoccupied molecular orbital (LUMO) of the electron
acceptor, the lower the reaction barrier.”* *° Consequently,
the HOMO/LUMO energy gaps can indicate the kinetics of
DA reactions, although the actual energy barrier is impacted by
more complex factors.’** In single-component CO, capture
solvents (e.g, EEMPA, IPADM,” IPATFMM,” etc.), the
captured CO, may carry a negative charge in an sp*-hybridized
state, allowing for the necessary orbital overlap for CO, to act
as a dienophile. Further, the energies of HOMO/LUMO of
dienes can be effectively tuned via functionalization: the
HOMO energy is increased by adding electron-rich groups to
the electron-donating reactant and the LUMO energy is
decreased by adding electron-deficient substituents to the

electron-accepting reactant.”® However, the impact of multiple
functional groups at the same time (e.g, the types and
locations of more than two functional groups) is still a
knowledge gap for CO, fixated on EEMPA.

In this work, we aim to understand how functionalization in
dienes can be leveraged to lower their LUMO energies to
facilitate the inverse demand of DA reactions with fixated CO,
in EEMPA. A data set of 5839 dienes with their corresponding
HOMO/LUMO information was assembled from density
functional theory (DFT) calculations. A machine learning
(ML) model based on the light gradient boosting machine
(LGBM) framework was subsequently developed to screen the
LUMO energies of more diene candidates for the inverse-
demand DA reactions with EEMPA. Previous studies™* >’
have demonstrated successes in applying ML to understand
and predict DA reactions, but they are not aimed at chemically
fixated CO,. To further verify the ML results, our proposed
diene candidates based on LUMO screening are examined by
transition state calculations using DFT and force fields to
evaluate the changes in the reaction energy barriers. Our
results serve as a starting point for future experimental
investigations. Since DA cycloadditions with molecular or
chemically fixated CO, in solution (i.e., carbamate) have yet to
be thoroughly studied, experimental research in this area will
greatly benefit from the design of an optimal coreactant
(diene) through computational screening and rnodeling.‘j’g_40

B METHODS

Since we did not find databases that contain significant
numbers of dienes, we constructed our own data set by
functionalizing three types of molecules with various
substituents. The first type is aliphatic functionalized 1,3-
butadiene as shown in the example in Figure 1. To explore the
influence of stereochemistry, the second type is nonaliphatic
functionalized 1,3-cyclohexadiene. The third type is function-
alized 1,2,4,5-tetrazine because it has been reported for
inverse-demand DA reactions in many previous studies.*' ~**
For substituents, we considered 10 common organic functional
groups, including electron-donating groups (EDGs) such as
—N(CH;),, —NH,, —SCH;, —OH, —OCHj;, and —CH; and
electron-withdrawing groups (EWGs) such as —CHO,
—COOH, —SO,H, and —CN, in our DFT calculations. Then
we used the Simplified Molecular-Input Line-Entry System
(SMILES) representation of molecules and functional groups
to add one, two, or three functional groups to the molecules.
The resulting SMILES of the functionalized molecule were
converted to three-dimensional coordinates using Open-
Babel® and RDKit.*® The generated structures, as well as
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EEMPA, were geometrically optimized by DFT calculations to
obtain their HOMO and LUMO energies. All DFT
calculations were carried out with ORCA*” using the B3LYP
functional,**’ Grimme’s D3°° van der Waals corrections, and
the def2-TZVP basis set.”’ A preoptimization using the xTB
software’”? with the GFN2-xTB>® method was performed to
obtain initial structures before DFT optimizations. The xTB-
optimized structures were screened to remove unphysical
structures due to stereochemistry, and eventually, we obtained
5839 structures containing 48 molecules with one substituent,
692 with two substituents, and 5099 with three substituents.
The details of the numbers of molecules in each type are
provided in Table S1 in the supporting materials.

The DFT-derived LUMO values of dienes and tetrazines
were used to parametrize ML models to evaluate the LUMO
values of molecules more efficiently. The RDKit descriptor
containing 122 features was generated based on the SMILES
strings. The molecular features were further condensed by
removing the variables with high correlations (Pearson's
correlation coefficients R > 0.7). For three-substituted dienes,
we used only 40% of the data during the development of the
ML model, and the rest 60% of the data was left unseen for
prediction evaluation only. As a result, 2779 data are used in
the development stage of ML (as training/testing/validation
data) and 3060 data are filtered out for future use. The details
of the numbers of data in each type of molecule are provided in
Table S2. We first split the 2779 data into training, testing, and
validation data sets by 60%/20%/20%. To select an
appropriate ML algorithm, the data sets were passed into 40
ML algorithms (see Table S3) to parametrize predictive
models to estimate the LUMO energies. The algorithm
demonstrating the lowest root-mean-square error (RMSE)
and the highest correlation coefficient (R*) value was selected,
and a hyperparameter fine-tuning using a S-fold cross-
validation method was performed to finalize the model
parameters. All ML training and prediction were performed
with the Python package Scikit-learn.>*

A computational screening of more diene/tetrazine
candidates was carried out using our developed ML model.
Here, we considered a wider range of functional groups based
on previous studies of DA reactions (—N(CH;),, -NHCHj,,
—NH,, -NHCOCH;, —OH, —OCH,, —OC,H;, —OCOCH;,
—CH;, —COH, —COCHj;, —COOH, —COOCH;, —CH,0H,
—CONHCH;, —-SCH;, —-SO,H, —-SO;H, —NO,,
—CN)*»°3%957, 5% yp to three substituents on diene/tetrazine.
In total, 47560 diene/tetrazine candidates were built and
screened. The top ten candidates with the lowest LUMO
energies in each type of one-/two-/three-substituted dienes
(either butadiene or cyclohexadiene) and one-/two-substituted
tetrazines were identified, and their LUMO energies were
further verified by DFT calculations again. Then the top five
candidates of each type were used to evaluate reaction energy
barriers.

The nudged elastic band (NEB) calculations using DFT as
implemented in ORCA were first performed for 1,3-butadiene,
1,3-cyclohexadiene, and 1,2,4,5-tetrazine to search for the
transition states and compute reaction energy barriers. Since
NEB calculations by DFT are extremely time-consuming, the
resulting structures of reactants, transition states, and products
from these DFT NEB calculations were used to evaluate the
accuracy of several MACE force fields reported in the
literature®” ™" and the semiempirical GFN2-xTB method.”
The energies of given structures from DFT were compared to

energies computed by these methods, and the method showing
the highest accuracy was used to compute the reaction energy
landscape after the original dienes and tetrazines were replaced
by the top candidates identified in the last step. For transition
states, the geometric optimization using the force field was
performed by Sella® within the framework of ASE. For other
states, the geometric optimization was performed using the
BFGS optimizer implemented in ASE. All scripts and codes are
provided in the GitHub repository https://github.com/
zhangdf07/Diels-Alder-CO2.

B RESULTS AND DISCUSSION

We first analyzed our 5839 DFT calculations of functionalized
1,3-butadiene, 1,3-cyclohexadiene, and 1,2,4,5-tetrazine mole-
cules. The overall distribution of their LUMO energies is
illustrated in Figure 2. Varying the type and position of
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Figure 2. (A) Distribution of LUMO energies in three types of
molecules based on substituted 1,3-butadiene, 1,3-cyclohexadiene,
and 1,2,4,5-tetrazine. (B) LUMO energy changes with different
numbers of EWG and EDG functionalities on various types of
molecules. The color scheme of the data points is the same as that of
(A). Shaded colors in the background highlight regions with different
EWG/EDG ratios.

functional groups significantly impacts the LUMO energies of
all three types of molecules, ranging from —4.5 to 1 eV. The
tetrazine-based molecules (red, Figure 2A) generally show
lower LUMO energies than diene-based molecules (blue and
green, Figure 2A). Furthermore, the LUMO energy change
with different numbers and types of EWG/EDG groups is
highlighted in Figure 2B. It is not surprising that for all three
types of molecules increasing the numbers of EWG groups
gradually lowers the LUMO energies. For the same numbers of
EWG/EDG groups, tetrazine-based molecules (red) show
about 1-2 eV lower LUMO energies than diene-based
molecules (blue and green). The results of substituted 1,3-
butadiene (blue) and substituted 1,3-cyclohexadiene (green)
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algorithms. The algorithm with the lowest RMSE and the highest R? is highlighted. (C) ML-predicted LUMO energies using the LGBM method
after a hyperparameter tuning with 5-fold cross-validation. Data points are colored by their local distribution density, with red indicating dense data
points and blue indicating loose data points. (D) LUMO prediction of dienes outside the data used in the ML parametrization stage. Data points

are colored by their local distribution density.

strongly overlap across different functional groups, suggesting a
minor impact of stereochemistry on their LUMO energies.

To explore even more substituent groups in dienes or
tetrazines and avoid the computational cost of tens of
thousands of DFT calculations, we used our DFT data to
develop an ML model that can quickly evaluate the LUMO
energies of a functionalized 1,3-butadiene, 1,3-cyclohexadiene,
or 1,2,4,5-tetrazine. As stated in the Methods section, here, we
only used 2779 data in the development stage of ML, while the
remaining 3060 data were saved as unseen data to examine the
predictive accuracy of our ML model. As shown in Figure 3A,
the data in each type of dienes and tetrazines are split into
training, testing, and validation data sets to reduce any bias
during evaluation. Their combined training set was used to
parametrize 40 ML models of different algorithms without any
hyperparameter tuning. The combined testing and validation
sets were used to examine the predictive power of the
parametrized ML models to avoid overfitting. The average
performance on the testing and validation sets is demonstrated
in Figure 3B, and the full names and numerical values of these
models are provided in Table S3. We identified several ML
algorithms with similarly high accuracy, such as gradient
boosting, hist gradient boosting, and LGBM. Since LGBM
showed the lowest time cost and memory usage as well as the
lowest RMSE and highest R it was selected to be further
refined.

A hyperparameter tuning was then performed on the LGBM
model using S-fold cross-validation to optimize parameters
including the maximum tree leaves, the maximum tree depth,
boosting learning rate, the number of boosted trees, sample
numbers for bins, and subsample ratios of trees. The optimized
model and parameters are provided in our shared GitHub
repository. The performance of the refined model is provided
in Figure 3C. Both RMSE and R® metrics were further
improved after hyperparameter tuning. The specific breakdown
performance of each type of molecule (butadiene, cyclo-
hexadiene, and tetrazine) is provided in Figure S1. All data sets
and molecule types show similar accuracy due to the
application of cross-validation. The developed LGBM model
is also not biased toward a particular molecule type regardless
of the number of data points (Figure S1d). Moreover, to
further examine the predictive power of the refined LGBM
model, we used the model to compute the LUMO energies of
the 3060 unseen molecules we saved at the beginning (outside
the data used in ML parametrization) as shown in Figure 3D.
The 3060 ML-computed LUMO energies show comparable
accuracy to the 2779 data sets used in the parametrization
stage. Therefore, we believe our refined LGBM model is
adequately precise to evaluate the LUMO energies of
functionalized butadiene, cyclohexadiene, and tetrazine, and
it is suitable for conducting a computational screening of
additional molecules.
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respectively. (B) Comparison of LUMO energies between ML and DFT for the selected candidates. The color scheme of data points is the same as
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We considered a wider range of substituent groups in the
screening by the ML method as discussed in the Methods
section. In particular, 30070 functionalized 1,3-butadiene
(labeled as B1, B2, or B3 to indicate one-/two-/three-
substituted butadiene), 17260 functionalized 1,3-cyclohexa-
diene (labeled as C1, C2, or C3 to indicate one-/two-/three-
substituted cyclohexadiene), and 230 functionalized 1,2,4,5-

tetrazine (labeled as T1 or T2 to indicate one-/two-substituted
tetrazine) molecules are included in our screening. The
distribution of these molecules and the corresponding ML-
predicted LUMO energies are illustrated in Figure 4A. For
each type of molecule (B, C, or T marked in Figure 4A), the
LUMO energies span a wider range as the number of
substituent groups increases. Overall, the lowest possible
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colors, respectively.

LUMO energies decrease with an increasing number of
substituent groups. The three-substituted 1,3-butadiene and
1,3-cyclohexadiene, as well as the one-/two-substituted
tetrazine, generally provide lower LUMO energies than the
others. We then selected the candidates in each type with the
lowest LUMO energies and recomputed their LUMO energies
at the DFT level to support the fidelity of ML predictions and
to further narrow down the list of candidates. Figure 4B
highlights the five candidates in each category with the lowest
LUMO energies. Again, the ML-predicted LUMO energies
agree well with the DFT-computed values. The full list of these
candidates is provided in Figure S2, and four examples of these
candidates are visualized in Figure 4C. Functionalization by a
strong EWG is important for achieving lower LUMO energies
in all cases. For 1,3-butadiene and 1,3-cyclohexadiene, we find
that the functionalization of positions 1 and 4 is often
necessary. For 1,2,4,5-tetrazine, two substituent groups often
lower LUMO more than one substituent group, but their
difference is less significant than the dienes’ case. The typical
HOMO/LUMO energy gaps for inverse-demand DA can be as
low as 1.5 eV based on previous reports,”*~*” which is close to
our candidates (gaps around 1.4—2.2 eV).

Up to this point, we have narrowed down the candidates to a
list of 40 molecules including three categories (functionalized
1,3-butadiene, functionalized 1,3-cyclohexadiene, and function-
alized 1,2,4,5-tetrazine), each of which contains one-, two-, or
three-substituent groups in the molecules. The lowest LUMO
energies are mostly found in bisubstituted tetrazine and
trisubstituted butadiene and cyclohexadiene. On the other
hand, the HOMO/LUMO gap alone does not capture the full
complexity of the reaction energy landscape including the
reaction energy barrier of the transition state. Therefore, we
further examine these candidates by evaluating their reaction
transition states and energy barriers along the pathway via DA
cycloaddition reactions.

We performed NEB calculations for 1,3-butadiene, 1,3-
cyclohexadiene, and 1,2,4,5-tetrazine at the DFT level of
theory. The identified DA reaction pathways and transition
states are listed in Figure S. The 1,3-butadiene and 1,3-

cyclohexadiene show pathways similar to those illustrated in
Figure 5A,B, where the reaction occurs in a two-step pattern.
The first step is initiated by the proton transfer (from state 1 to
state 2) within the CO,-loaded EEMPA molecule, which has a
transition state (TS1) energy barrier of 0.98 + 0.01 eV. The
second step is the binding of CO, to the diene molecule (from
state 2 to state 3) with a transition state (TS2) energy barrier
of 1.61 + 0.02 eV. Compared to our previous calculation on
the DA reaction energy barrier of CO, gas molecules with 1,3-
butadiene (2.7 eV), utilizing EEMPA-captured CO, reduces
the energy barrier by 1.1 eV. The final product of 1,3-
cyclohexadiene (green) shows higher energy than that of 1,3-
butadiene (blue) because more stereometric distortion is
introduced, as shown in Figure SC. A similar DA reactivity
with out-of-plane distortion has also been quantified in a
previous work.”> Nonetheless, the LUMO of the diene and the
HOMO of the dienophile remain accessible for the DA
reaction to proceed in all cases, despite the presence of steric
repulsion between the two molecules. This suggests that
fundamental orbital interactions required for cycloaddition are
at play. However, it is important to recognize that while
HOMO/LUMO energy levels can serve as an initial indicator
of the likelihood of the reaction, they do not fully account for
the complexity of molecular interactions in these reactive
systems. Additional factors, including electrostatic interactions,
polarization effects, dispersion forces, and steric hindrance, can
substantially alter the spatial arrangement of atoms in the
transition states. These effects, in turn, play a critical role in
modulating the reaction energy barriers and, ultimately, the
selectivity of the DA process. We also note that reasonable
reaction rates may require elevated pressures or mildly elevated
reaction temperatures or the use of a catalyst. For 1,2,4,5-
tetrazine, the first two steps follow the same mechanism as
dienes, but the reaction energy barrier of the second step (TS2,
2.35 eV) is higher than that of dienes due to the stabilization of
the conjugated structure in tetrazine. In addition, we also
observed a third step (from state 3 to state 4) with a low
energy barrier (TS3, 0.13 eV), resulting in the retro-DA
reaction that releases a N, gas molecule, as illustrated in Figure
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SC. Such retro-DA reactions have been observed in previous
studies of DA reactions using tetrazine.*>**

To mitigate the computational cost of NEB calculations at
the DFT level of theory, we explored several computationally
cheaper methods such as semiempirical GEN2-xTB®* and
pretrained MACE force fields.””®" We used the structures
identified in the DFT/NEB calculations and compared their
energies between DFT and other methods, as shown in Figure
S3. Overall, only the MACE-ANI-CC force field®! demon-
strates consistently reliable performance across the three types
of molecules. The energies of stable states (i.e., nontransition
states) computed by MACE-ANI-CC correlate linearly well
with DFT, but the transition state energies are slightly
overestimated by MACE-ANI-CC. This is not too surprising
because MACE-ANI-CC was mostly parametrized by stable-
state conformers and involved fewer transition state structures.
Nonetheless, we believe that MACE-ANI-CC is still the proper
option among the methods we considered here. In addition,
since only C, H, O, and N elements are considered in the
MACE-ANI-CC force field, molecules containing S elements
are neglected in energy landscape evaluation by the force field.

We then computed the energy landscapes of the original
three molecules (1,3-butadiene, 1,3-cyclohexadiene, and
1,2,4,5-tetrazine) used in Figure SA and the new candidate
molecules from ML screening using the MACE-ANI-CC force
field. The results of the original three molecules are illustrated
in Figure 6A. In general, the two-/three-step patterns in DFT/
NEB results were reproduced, and the trends of reactants,
intermediates, and products were consistent with DFT results.
However, as discussed in the last paragraph, the force field
overestimated most transition state energies, leading to
estimated energy barriers of 1.81 + 0.06 eV (TS1), 2.25 +
0.47 eV (TS2), and 0.47 eV (TS3 for tetrazine). Compared to
DFT/NEB results, these barriers were overestimated by 78%—
95% for TS1, 10—40% for TS2, and 2.6 times for TS3.

The TS1 and TS2 energy barriers of the new candidate
molecules from ML screening are highlighted in Figure 6B.
The addition of functional substituent groups could influence
both energy barriers for all three types of molecules. The
effects on the TS1 and TS2 energy barriers are independent.
For the TSI barrier, the magnitude of impact is less significant
for all molecules, and the TS1 energy barriers were only
changed within the 0.5 eV range (from 1.47 to 1.96 eV). For
the TS2 barrier, the functionalized butadiene and cyclo-
hexadiene molecules could vary more significantly within the
1.8 eV range (from 1.3 to 3.1 eV), but the functionalized
tetrazines only demonstrated changes within a limited range of
0.4 eV (from 2.5 to 2.86 eV). Moreover, unlike the computed
LUMO energies, the energy barriers do not follow a generally
decreasing trend with an increasing number of added EWG
groups. This agrees with our understanding that LUMO
energy cannot fully describe the change of transition state
energy barriers, although computational screening of LUMO
energy is much easier. The TS2 barrier demonstrates more
adjustable behavior by the organic functionalization of diene/
tetrazine molecules, and a single substituent group seems to be
a more effective way to lower the overall energy barriers.

Since TS2 is more tunable than TS1 by functionalization, we
selected a candidate that drastically lowered the TS2 barrier
and verified its reaction pathway by the more accurate NEB
calculations at the DFT level. As shown in Figure 6C, although
there is a quantitative discrepancy, the DFT/NEB calculation
qualitatively validates the MACE force field’s suggestion that

the proper functionalized diene reduces the reaction energy
barrier of TS2 (from 1.63 to 1.45 eV) but has a limited impact
on the TSI barrier. To further reduce these kinetic barriers
along the reaction pathway, additional methods other than
functionalization will no doubt be needed, such as catalysts,
but this is beyond the scope of this work.

B CONCLUSIONS

In this work, we employed first-principles DFT calculations
and ML to explore the conversion pathway of CO, into
heterocycles via the inverse-electron-demand DA reaction
between dienes/tetrazines and EEMP-fixated C1 feedstock
(here, CO, acted as the dienophile). We assembled a DFT-
based data set of LUMO energies, allowing for the develop-
ment of an ML model to perform a rapid screening of LUMO
energies for additional diene/tetrazine molecules. Increasing
the number of electron-withdrawing substituents reduces the
LUMO energies of diene and tetrazine molecules, making
them more electron-deficient to enable the captured CO, to
act as the electron donor. The trisubstituted 1,3-butadiene and
1,3-cyclohexadiene and the single-/bisubstituted tetrazine
molecules generally demonstrated lower LUMO energies
than the others. The reaction energy barriers of the selected
candidates from ML screening were further examined by the
force field and DFT methods. A two-step reaction pathway was
identified, where the first step is initiated with a proton transfer
within EEMPA. In a second step, the C1 reactant decouples
from the activating agent (EEMPA) and transfers to diene/
tetrazine. The functionalization of diene/tetrazine shows a
significant impact on the energy barrier of the second step and
only limited influence on the first step. We envision that the
predictions presented here can serve as input to experimental
works to synthesize new candidates and encourage subsequent
experimental investigations of reaction conditions that can
mitigate side reactions and expand Cl-feedstock conversion
into valuable target chemicals. A more focused analysis
involving the free energy landscape in the reaction medium
using molecular dynamics or enhanced sampling methods is
also warranted to fully reveal the underlying mechanisms and
kinetics for the selected candidates.
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