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Abstract: The large and significant increase in carbon dioxide concentration in the Earth’s atmosphere is a
serious problem for humanity. The amount of CO, is increasing steadily which causes a harmful greenhouse
effect that damages the Earth’s climate. Therefore, one of the current trends in modern chemistry and chemical
technology are issues related to its utilization. This work includes the analysis of the possibility of chemical
consumption of CO, in Diels-Alder processes under non-catalytic and catalytic conditions after prior activation
of the C=0 bond. In addition to the obvious benefits associated with CO, utilization, such processes open up the
possibility of universal synthesis of a wide range of internal carboxylates. These studies have been performed
in the framework of Molecular Electron Density Theory as a modern view of the chemical reactivity. It has been
found, that explored DA reactions catalyzed by Lewis acids with the boron core, proceeds via unique stepwise
mechanism with the zwitterionic intermediate. Bonding Evolution Theory (BET) analysis of the molecular
mechanism associated with the DA reaction between cyclopentadiene and carbon dioxide indicates that it
takes place thorough a two-stage one-step mechanism, which is initialized by formation of C-C single bond. In
turn, the DA reaction between cyclopentadiene and carbon dioxide catalysed by BH; extends in the envi-
ronment of DCM, indicates that it takes place through a two-step mechanism. First path of catalysed DA
reaction is characterized by 10 different phases, while the second by eight topologically different phases.

Keywords: Carbon dioxide; ChemRAWN; Diels-Alder reaction; Molecular Electron Density Theory.

Introduction

At the beginning, the natural greenhouse effect was a precursor to life moving from the ocean to the land, and
constantly it is important to human beings. It occurs in the lower atmosphere layer, the troposphere. Due to the
natural greenhouse effect, the heat is partially accumulated in the atmosphere. That is causing the natural
Earth warming which determines the possibility of life existence on the planet. In the absence of natural
greenhouse effect, the average temperature on Earth’s surface is estimated around —19 °C, to compare current
average temperature is approximately 14 °C [1-4]. However, human activities are strengthening the natural
greenhouse effect causing irreversible climate change [5]. One of the greatest threats, related to the greenhouse
effect, is the constantly progressive rise in the temperature of the Earth. Since the beginning of the pre-
industrial period, the surface temperature of our planet has already risen by more than 1 °C. Moreover, if the
greenhouse effect and global warming will not be reduced, then by 2030 the temperature of the Earth’s surface
will greatly rise to even around 2 °C above pre-industrial levels [5, 6].
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Human activity is mainly responsible for the growing greenhouse effect [5]. The grow of greenhouse gases
(GHG) concentration is caused by burn fossil fuels like coal, oil and gas, which are used on large scale to
produce electricity and also for transportation [7]. When the fossil fuels are burnt, the carbon stored inside is
released. Sequentially, carbon combines with oxygen, from the air, and create a carbon dioxide. Furthermore,
large scale of industrial development has resulted in cutting down many trees and forests. It is well known, that
plants intake carbon dioxide and release oxygen, through the process of photosynthesis, which is essential for
humans and animals to survive. The wood burning process also produces carbon dioxide [8, 9]. What is more,
population growth has become a significant problem. This has resulted in increased demand for food, clothes
and homesteads [5]. In the cities, there were created new manufacturing hubs which industry causes release of
harmful gases into the atmosphere there by causing greater greenhouse effect. Huge population growth
resulted increasing agricultural and industrial waste and landfills and hence concentration rise of methane
and nitrous oxide [9, 10].

There are many heat-trapping gases such as methane or water vapor, but carbon dioxide is a key green-
house gas puts at the greatest risk of irreversible climate changes [8, 11, 12]. Other greenhouse gases which are
emitted as a result of human activities are more potent heat-trapping per molecule than CO,, but they are
simply far less abundant in the atmosphere and stay therefore much shorter [8, 13]. For example, it takes about
a decade for methane emissions to leave the atmosphere and about a century for nitrous oxide [8, 14, 15]. To
compare, 40 % of the emission of CO, will remain in the atmosphere for 100 years, 20 % will reside for 1000
years, and the last 10 % will take 10000 years to leave the atmosphere [15].

Current levels of CO, in the atmosphere are at the highest level ever recorded. The emission in the last year
was 36.81mld tons [16]. It is about 0.6 % more than in 2018 [17] (Fig. 1). Therefore, the attempts to reduce carbon
dioxide emissions are still take up. The scientists have been working on various ways to prevent the accu-
mulation of atmospheric CO, [18] including removal, sequestration, utilization, and also conversion into fuels
[19] to reduce our dependence on petrochemicals. One of the main approaches to recycle CO, is its capture and
use (CCU) technique [20, 21]. For this purpose, one of the most popular method to capturing carbon dioxide in
industry is an amine scrubbing technology [21]. Carbon dioxide can also useful to production of chemicals
[22-24]. To the most popular research directions related to the use of carbon dioxide can be included pro-
duction of carboxylic acid e.g. salicylic acid [25] or urea [26], acrylates [27], cyclic carbonates [28] and poly-
propylene carbonate [29]. On industrial scale CO, elimination can also be carried out via carbon capture and
storage (CCS) technology [30, 31]. The method involves injection of carbon dioxide, captured from large
stationary sources, into deep geological formations. So, it is the only viable technology to mitigate carbon
emissions while allowing continued large scale use of fossil fuels. Also the CCS determine potentially
important methodology in the transition on carbon free energy sources [30, 31].

In the present paper, we carried out theoretical studies about the possibility of the synthesis of six-
membered, internal lactones via Diels—Alder (DA) reaction between cyclopentadiene 1 and carbon dioxide 2
(Scheme 1). Generally, DA reaction is one of the most important and widely used method for making six-

37
g .* ‘l'-" -
,E .““i
s
O
o 36 —
=) +*
e
2 o
E | "r-----l"-“‘
-

35

2015 2016 2017 2018 2019

Fig. 1: Global CO,emission from

Year fossil flues and industry.



DE GRUYTER K. Kula et al.: Mechanism of carbon dioxide consumption =—— 429

membered carbo- and hetero- cyclic [32], due to their feasibility to create regio- and/or stereo- selectively cyclic
organic molecules [33]. DA reaction is carried out with “full atomic economy” and under mild condition giving
high yields [34-36]. These conditions approach one of the main principles of green chemistry. The advent of
computational chemistry at the beginning in the 20" century has gradually attracted theoretical chemists to
analyze the reactivity and selectivity of organic molecules. In 2016 Domingo proposed the Molecular Electron
Density Theory (MEDT) as anew theoretical outlook for organic reactions after interpretation of a wide spec-
trum of organic reactivity for 20 years, majority of them dedicated to [3 + 2] cycloaddition and also Diels-Alder
reactions [37, 38]. MEDT establishes that changes in the electron density, are responsible for the feasibility of
an organic reaction [39]. In MEDT, several quantum-chemical tools, such as the analysis of the Conceptual
Density Functional Theory (CDFT) [40] indices, and the topological analysis of the Electron Localization
Function (ELF) [41] are used to rigorously characterize the molecular mechanism of the studied reactions.

Lactones are heterocyclic esters which are widely spread out as biological substances [42]. They exhibit,
among others, a cytostatic [43, 44], an antibacterial [45], an antiviral [46] or an antifungal [47] effect, so
therefore, they can used in medicine. Moreover, sensory properties make them useful in the production of
cosmetics and in the food industry, where they are responsible for the smell and taste of many products [48].
On the other hand, lactones are the repellent activity and they can be used in the production of insect-control
agents [49].The natural source of lactones are plants [50] but they are also found in microorganisms [51]and
animals [52].0wing to the high costs of extracting lactones from nature, methods for their preparation through
chemical synthesis [53, 54] and by using biotechnological methods [55] are still being developed. This inter-
esting group of compounds also attracted our attention.

Results and discussion

In the first part of our study, we analyzed simple case of non-catalyzed reaction between cyclopentadiene 1and
carbon dioxide 2. Formally, this process can be considered as typical DA reaction [56] involving oxygen
containing heteroanalog of dienophile (Scheme 1).
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It was found, that in the gas phase, the first reaction stage is the formation of molecular, pre-reaction
complex (MC) (Fig. 2), which include cyclopentadiene 1and CO, 2 substructures. Within MC, new single bonds
are not formed (Table 1). Key interatomic distances are equal about 3.3 A, and are beyond of the range which is
typical for new bonds in transition states. At this stage, any global electron density transfer (GEDT [57])
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Table 1: Key parameters of critical structures of non-catalyzed reaction between cyclopentadiene 1 and carbon dioxide 2 in the
light of M062X/6-311G(d) calculations.

Solvent (g) Structure Interatomic distances [A] GEDT [e] Imaginary frequence [cm™]

C1-C2 C2-C3 (3-C4 C4-05 05-C6 C6-07 Cé6-C1

Gas phase (1.00) 1 1.342 1.470 1.342

2 1.155 1.155

MC 1.343 1.473 1.343 3.275 1.155 1.155 3.359 0.00

TS 1.435 1.382 1.404 2.086 1.238 1.200 1.753 0.24 -587.42
DCM (8.93) 1 1.343 1.471 1.343

2 1.155 1.155

MC 1.344 1.473 1.344 3.284 1.155 1.155 3.375 0.00

TS 1.449 1.377 1.405 2.174 1.241 1.215 1.683 0.38 -435.83
MeNO, (36.56) 1 1.343 1.471 1.343

2 1.155 1.155

MC 1.344 1.473 1.344 3.287 1.155 1.155 3.379 0.00

TS 1.449 1.377 1.405 2.174 1.241 1.215 1.683 0.41 -409.79
Water (78.36) 1 1.344 1.472 1.344

2 1.155 1.155

MC 1.344 1.473 1.344 3.287 1.155 1.155 3.379 0.00

TS 1.452 1.376 1.406 2.186 1.242 1.218 1.669 0.41 —-405.08

between substructures are not observed (GEDT = 0.00 e). So, the MC can be not classified as electron density
transfer complex (EDTC). This transformation is realized without any of the activation barrier, and resulted the
reduction of the enthalpy of reaction system by 4.4 kcal-mol ™. Similar, molecular complexes was detected
recently in the case of other DA reactions [33, 58, 59].

Further transformation of the reaction system lead to the transition state (TS) (Fig. 2). Within TS, inter-
atomic distances C1-C6 and C4—05 are substantially reduced (up to 1.753 and 2.086 A respectively) (Table 1). In
the first case, the new single bond is formally almost formed [57]. Generally, the reaction course is determined,
by the attack of most nucleophilic centre at the cyclopentadiene molecule to most electrophilic centre within
CO, (Scheme 1). This is accompanied with the transfer of the electron density between substructures. This effect
(GEDT = 0.24 e) suggest moderately polar nature of the considered structure. The IRC calculations connect this
TS with the valley of the MC, and, on the other hand, with the valley of product. This confirm a one-step
mechanism of analyzed transformation (Fig. 3, Scheme 2). However, it should be underlined that the
considered process should be treatment as kinetically difficult from a experimental point of view, because the
activation Gibbs free energy is equal almost 51 kcal-mol'(!) (Table 4). This exclude the practical sense of these
type transformations. In the next step, we analyzed similar process in the presence of solvents characterized by
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Scheme 2: The non-catalyzed reaction between cyclopentadiene 1 and carbon dioxide 2 in
the gas phase and in solutions.

1+2— [MC] - [TSF > 3

different polarity. It was found, that the geometries of optimized MCs as well as TSs are general close to
obtained for the gas phase. This is a consequence of rather moderately polar nature of the considered process.
The activation barrier is decreased with increasing solvent polarity. However, not so much that the analyzed
process could be considered as allowed from the kinetic point of view.

The ELF topological analysis shed light on the molecular nature of described transformation. The Bonding
Evolution Theory (BET) [60], has proven to be a very useful methodological tool to establish the changes along
the reaction path. This approach has been used to establish many reaction mechanisms [36, 61-63]. In order to
explain the formation of bonding along the DA reaction, a BET study of the DA reaction cyclopentadiene 1 with
carbon dioxide 2 was conducted. ELF valence basin populations of the selected structures of the IRC are
assembled in Table 2. In Fig. 4, the most important structures involved in the formation of one double and two
single bonds was presented. In turn Scheme 3 shows the molecular mechanism of the DA reaction between
cyclopentadiene 1 with carbon dioxide 2.

BET analysis permitted to distinguish eight different phases (Table 2), associated with rupture and for-
mation of bonds along the DA reaction cyclopentadiene 1 with carbon dioxide 2. Phase I starts at MC, which
corresponds with the first point of the IRC. The ELF basin attractor positions of MC features five disynaptic
basins, connected with two C1-C2 and C3-C4 double and one C2—-C3 single bonds in the most important region
derived from molecule 1, one 05-C6 partial double bond and one V(05) monosynaptic basin relate to molecule
2. Phase II, begins at P1in which the two V(C1,C2) and V’(C1,C2) disynaptic basins have connected into one new

Table 2: ELF valence basin populations, distances of the forming bonds, M06-2X/6-311G(d) relative® electronic energies of the
IRC structures, MC-3, defining the eight phases characterizing the molecular mechanism of the DA reaction between cyclo-
pentadiene 1 and carbon dioxide 2. MC, TS and 3 are also included. Distances are given in angstroms, A, electron populations in
average number of electrons, e, and relative energies in kcal-mol™.

Points 1 2 mcC P1 P2 P3 P4 P5 TS Pé6 P7 3
Phases 1 mn v vi vil viii
d(C2-C3) 1.470  1.462 1.434  1.431 1.420 1.408 1.382 1.358 1.355 1.331
d(C4-05) 3.275  2.519 2,312 2.300 2.250 2.200 2.086 1.953 1.929  1.462
d(C6-C1) 3.359  2.423 2.063  2.038 1.962 1.888 1.753 1.644 1.630 1.528
AE 0.0 9.7 18.4 28.3 36.4 41.5 43.1 39.7 29.3 19.6
V(C1,C2) 1.76 1.74 3.24 3.16 3.15 2.79 2.61 2.34 2.14 2.13 1.94
V'(C1,C2) 1.63 1.60

V(C2,C3) 2.23 2.21 2.23 2.39 2.43 2.47 2.58 2.90 1.70 1.65 1.75
V(C2,C3) 1.46 1.54 1.70
V(C3,C4) 1.76 1.69 1.65 1.66 3.10 3.03 2.94 2.64 2.30 2.22 2.04
V'(C3,C4) 1.63 1.68 1.64 1.47

V(05,C6) 3.05 2.84 2.83 2.70 2.66 2.53 2.37 2.13 1.95 1.91 1.58
V(05) 4.68 5.03 5.06 3.74 3.57 2.93 3.13 3.93 4.96 4.98 4.68
v'(05) 1.41 1.59 2.28 2.15 1.45 0.49

V(C6) 0.17 0.21 0.38

V(C1) 0.36

V(C6,C1) 1.07 1.54 1.86 1.87 2.11
V(C4) 0.02

V(C4,05) 0.58 1.48

?Relative to the first point of the IRC, MC.
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Fig. 4: Attractor positions of the ELF valence basins of the most important structures P2, P4, P5, P6 and P7 participating in the
C2-C3 double and C6-C1, C4-05 single bonds formation along the DA reaction cyclopentadiene 1 with carbon dioxide 2.
The electron populations, in average number of electrons, are given in e.
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V(C1,C2) disynaptic basin, integrating 3.24 e. This topological change is associated with rupture of C1-C2
double bond (see point P1 at Table 2). In Phase III we follow the creation a new V(C6) monosynaptic basin
integrating 0.17 e, as a results of the depollution of V(05,C6) disynaptic basin. This change is related to
formation of a pseudoradical centre at the C6 carbon (Fig. 4). In this phase we also observed the formation of a
new V’(05) monosynaptic basin as a result of division the V(05) monosynaptic basin present in previous phase.
Phase IV, starts at P3 in which the two V(C3,C4) and V’(V’(C3,C4) disynaptic basins have connected into one
new V(C3,C4) disynaptic basin, integrating 3.10 e. This topological change is related to rupture of the second
C3-C4 double bond in molecule 1. Along the Phase V we remark formation of a new V(C1) monosynaptic basin,
integrating 0.36 e, related to formation of a second pseudoradical centre at the C1 carbon (see P4 at Fig. 3).
Phase VI, begins at P5 in which the first most relevant change along the IRC path takes place. At this phase, the
first C6—C1 bond is formation. The two C6 and C1 pseudoradical centers have merged into new C6—C1 bonding
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region with an initial population of 1.07 e (see V(C6,C1) in Table 2, Fig. 4 and Scheme 3). Formation of C6-C1
single bond begins at a distance of d(C6-C1) = 1.888 A (Table 2). In this phase we find a transition state (TS,
d(C2-C3) = 1.382 A, d(C4-05) = 2.086 A and d(C6-C1) = 1.753 A) of the DA reaction cyclopentadiene 1 with
carbon dioxide 2, which is bonded with high energy cost of 43.1 kcal-mol . The consecutive Phase VII, starts at
P6. At this phase, the notable topological change is the split of the single V(C2,C3) disynaptic basin present at
the previous phase into two new V(C2,C3) and V’(C2,C3) disynaptic basins, integrating 1.70 e and 1.46 e
(Table 2). This topological change is the consequence of an electron density reorganisation within the C2-C3
double bond region. In this phase we also observed formation of a new V(C4) monosynaptic basin, which is
connected with formation of a new pseudoradical C4 centre (see P6 at Fig. 4). Finally, the last Phase VIII, begins
at P7 and ends at 3. At this phase, while the V(C4) and V’(05) monosynaptic basins current at P6 are missing, a
new V(C4,05) disynaptic basin is created, integrating 0.58 e. This topological change is associated with
formation of a second C4-05 single bond in molecule 3 (Table 2, Fig. 4 and Scheme 3).

Searching for the conditions for the easier from the kinetic point of view transformation of carbon dioxide 2
in reaction with cyclopentadiene 1, we decided to analyze the processes with the participation of Lewis
catalysts with a boron core such as BHs, BCls, BBr; (Schemes 4 and 5).These type of catalysts are easy available,

2 + BH;—>[2/BH;]
1+ [2/BH3] - [MC] — [TSAJ* — 3 + BH;
or

1 + [2/BH3] — [MC] — [TSBJ* — 3 + BH;

Scheme 4: The LA-catalyzed reaction between cyclopentadiene 1 and
carbon dioxide 2 in the gas phase.

2 + BH;—[2/BH;]
1 + [2/BHs] - [MC1] - [TS1A} — [IA] — [TS2A]* -3 + BH;

or
Scheme 5: The LA-catalyzed reaction between cyclo-

1+ [2/BH;] — [MC1] — [TS1B]"— [IB] — [TS2B]"—>3 + BH; pentadiene 1 and carbon dioxide 2 in the solution.

and popular in the organic synthesis [64, 65]. For example, they were tested by us regarding to the nitrous acid
extrusion from A2-nitroisoxazoline systems [66].

The BHj;-catalysed transformation is started by the formation of 2/BH; complex. This process is realized
without barrier of the activation, and its resulting to reduction of the enthalpy of the reaction system about a
few kcal-mol ™. This cycloaddition with the cyclopentadiene 1 molecule proceed firstly via pre-reaction, mo-
lecular complex MC (Fig. 5). The nature of optimized MC is similar as in the case of described above non-
catalyzed reaction. In particular, MC not exhibits nature of charge-transfer complex (GEDT = 0.00 e). The
formation of MC is accompanied with the reduction of the enthalpy of the reaction system about a few kcal-
mol . The transformation of MC in to product is realized via single transition state (Scheme 4). Dependently of
the relatively orientation between [2/BH;] and 1, this can be TSA or TSB transition state (Fig. 5). Within TSA
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Table 3: Key parameters of critical structures of LA-catalyzed reaction between cyclopentadiene 1 and carbon dioxide 2 in the gas
phase in the light of M062X/6-311G(d) calculations.

LA catalyst Structure Interatomic distances [A] GEDT [e] Imaginary
frequence [cm™]

C1-C2 C2-C3 (3-C4 C4-05 C4-C6 05-C6 C6-07 C6-C1 0O7-C1

BH; [2/BH;] 1.150 1.159

MmC 1.343 1.473 1343 3.268 3.359 1.151 1.160 3.343 3.810 0.00

TSA 1.447 1381 1.398 2.254 2.697 1.214 1.238 1.670 2.420 0.42 -300.21

TSB 1.403 1376 1.453 2.450 1.656 1.191 1.279 2.743 2.210 0.45 -353.48
BCl; [2/BCl5] 1.157 1.157

MC 1.343 1.472 1.343 3.247 3.298 1.152 1.157 3.394 3.900 0.00

TSA 1.461 1375 1.403 2.268 2.678 1.206 1.265 1.622 2.399 0.52 -206.24

TSB 1.425 1360 1.483 2.437 1.579 1.184 1.332 2.677 2.090 0.56 -283.79
BBr; [2/BBr3] 1.157 1.153

McC 1.343 1.472 1343 3.266 3.368 1.157 1.153 3.347 3.821 0.00

TSA 1.463 1375 1.404 2.267 2.675 1.205 1.268 1.617 2.396 0.53 -199.76

TSB 1.429 1358 1.487 2.436 1.571 1.183 1.340 2.662 2.063 0.54 -283.86

and TSB, key interatomic distances are substantially reduced (Table 3). It should be underlined however, that
considered TSs are relatively lower synchronically than TS optimized in non-catalyzed process. Similarly
however as in the case of non-catalyzed process, the reaction course is determined, by the attack of most
nucleophilic center at the cyclopentadiene 1 molecule to most electrophilic center within CO, (Scheme 6).

The less of the synchronicity of new single bond formation is accompanied with the dramatically reduction
of the activation Gibbs free energy. This is a logical consequence of the electrophilical activation of CO,
molecule in the complex with LA. The quantitative description of this effect is illustrated clearly by reactivity
descriptors collected in the Table 6 and in the Scheme 4.

The kinetic aspects of the non-catalyzed reaction discussed above, showed that the presence of the solvent
should to some extent accelerate the cycloaddition process. With this in mind, we decided to check if this
principle also applies to the LA catalyzed reaction. Additionally, it was found, that in DCM solution these-type
transformation are realized via stepwise mechanism with acyclic intermediate (Scheme 5). The first stage of the
reaction is — analogously as in the gas phase — a formation of pre-reaction MC complex. The further trans-
formation of MC proceed however via two transition states. Dependently of the relatively orientation between
[2/BH;] and 1 moieties, this can be TS1A + TS2A or TS1B + TS2B transition states (Fig. 6). Maximums connected
with the existence of TSs on reaction profiles are separated by valley of intermediate (IA or IB respectively),
which exhibit evidently zwitterionic nature (GEDT > 0.6 e). It should be underlined at this point, that some
examples of zwitterionic 6-71-electron cycloaddition processes was recently reported [67-69]. Is most impor-
tant, that energetically favored reaction path (Scheme 5) is realized via barrier of the activation, which is not
exceed twenty-something kcal-mol . In the consequence, the described transformation are full allowed under
mild conditions. For comparison, very close values of Gibbs free energies of activation was recently measured
experimentally regarding to cycloaddition involving electrophilically activated 2-m-components, which are
realized easy at room temperature (Table 9).

To completely understand the molecular mechanism of the DA reaction between cyclopentadiene 1 and
carbon dioxide 2 catalysed by BH; extends in the environment of DCM, a BET [60] study was performed. ELF
valence basin populations of the selected structures of the IRC are assembled in Table 7. In Fig. 7, the most
important structures involved in the formation of one C2-C3 double and two C6—C1 and C4-05 single bonds
was presented. In turn Scheme 7 shows the molecular mechanism of the DA reaction between cyclopentadiene
1 and carbon dioxide 2 catalysed by BH; in the simulated presence of DCM.
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Table 4: Key kinetic parameters of non-catalyzed and LA-catalyzed reactions between cyclopentadiene 1 and carbon dioxide 2 in
the light of M062x/6-311G(d) calculations.

LA catalyst Solvent (g) Transition AH [kcal-mol™] AS [cal-mol K™ AG [kcal-mol™]
- Gas phase (1.00) 1+2- MC —4.4 -27.1 3.7
1+2->TS 38.7 -40.5 50.7

DCM (8.93) 1+2- MC -3.4 -26.9 4.6

1+2->TS 33.3 -40.6 45.4

MeNO, (36.56) 1+2-MC -3.3 -26.7 4.7

1+2->TS 32.4 -40.7 44.5

Water (78.36) 1+2 - MC -3.2 -26.7 4.7

1+2->TS 32.2 -40.7 44.3

BH; Gas phase (1.00) 1 + [2/BH5] — MC -4.5 -32.7 5.2
1+ [2/BH;5] — TSA 22.2 -54.6 38.5

1 +[2/BH;] — TSB 24.0 -55.2 40.5

DCM (8.93) 1+ [2/BH3] —» MC1 -3.3 -30.8 5.9

1 +[2/BH;5] — TS1A 7.1 -49.6 21.9

1+[2/BHs5] — IA 5.6 -50.4 20.6

1+ [2/BH;] — TS2A 8.2 -57.0 25.1

1+ [2/BH;5] — TS1B 8.3 -48.6 22.7

1+ [2/BH;] — IB 6.9 -49.6 21.7

1 +[2/BH;] — TS2B 12.5 -53.0 28.3

BCl3 Gas phase (1.00) 1 +[2/BCl5] —» MC -5.3 -28.3 3.1
1 +[2/BCl5] — TSA 18.8 -54.3 34.9

1 +[2/BCls] — TSB 19.6 -55.4 36.1

DCM (8.93) 1 +[2/BCl5] —» MC1 -4.1 -28.7 4.5

1+ [2/BCls] — TS1A 9.9 -43.9 23.0

1+ [2/BCls] — IA -3.1 ~47.6 11.1

1+ [2/BCl5] — TS2A 1.3 -55.7 17.9

1 +[2/BCl;] — TS1B 9.1 -43.8 22.2

1+ [2/BClL] — 1B -2.7 —47.1 11.3

1+ [2/BCl;] — TS2B 6.5 -56.3 23.3

BBrs Gas phase (1.00) 1 +[2/BBr3] — MC -4.9 -30.6 4.2
1 +[2/BBr3] — TSA 17.5 -53.4 33.4

1+ [2/BBrs] — TSB 17.8 ~54.0 33.9

DCM (8.93) 1 +[2/BBr3] — MC1 -5.4 -31.6 4.0

1 +[2/BBr3] — TS1A 7.4 -48.47 21.8

1+ [2/BBrs] — IA -6.5 -46.1 7.2

1 +[2/BBr3] — TS2A -13 -56.1 15.4

1 +[2/BBr3] - TS1B 7.4 -45.3 20.9

1 +[2/BBrs] — IB -6.3 -53.7 9.7

1 +[2/BBr3] — TS2B 4.2 -55.9 20.9

BET analysis allows to highlight 10 topological different phases (see Table 7), related to rupture and
formation of bonds along the DA reaction between cyclopentadiene 1 and carbon dioxide 2 catalysed by BHs.
Phase I begins at MC1, where the interacting reagents are far apart from each other, the ELF picture of MC1 is
very similar to those of individual 1 and 2/BHj3. Phase II starts at P1A in which the two V(05,C6) and V’(05,C6)
disynaptic basins, presented in previous phase, have connected into one new V(05,C6) disynaptic basin,
integrating 3.03 e. This topological change is connected with rupture of the 05-C6 double bond in 2/BH;. At
this point we also note that two V(05) and V’(05) monosynaptic basins, related to nonbonding electron pair on
the 05, have merge into one new V(05) monosynaptic basin, integrating 4.86 e (see point P1A at Table 7). In
Phase III, which starts at P2A, the two V(C1,C2) and V”(C1,C2) disynaptic basins present at P1A have merged into



436 —— K. Kula et al.: Mechanism of carbon dioxide consumption DE GRUYTER

_..-BH;

0.081 0.081 0.150 O -0.044 -0.006 021 _0.001 g BPrs Scheme 6: The local
0.272) (0.272) (0.147) ” (0.073)” (0.012)” (04002)” electronic properties of
(gtggg) (gézg) (gtgg;) (g'g;) cyclopentadiene 1, carbon
0.473 0.473 0.150 ” 0.035 ” 0.030 ” 0.005 ” dioxide 2 and BX;-catalysed
(1.589) (1.589)  (0.147) (0.058) (0.059) 0010 €O, complexes according to
1 2 [2/BH;] [2/BCLy] [2/BBr;] B3LYP/6-31G(d) theory level in
the gas phase. The nucleo-
philic Py given in blue and the
electrophilic P," given in red.
The indexes of local nucleo-
philicity N, and local electro-
philicity wy giving in brackets.
IA TS2A
C3

J

C1 .':
C6 05 -}
05
Cé
GEDT=0.64e GEDT=0.58e

07 %
ot
TS1B TS2B
c2
I~ C3
ci )
ic4 9 Fig. 6: Views of key structures

of BHs-catalysed reaction

between cyclopentadiene 1
and carbon dioxide 2 in the
DCM solution in the light of

> *& @
GEDT=0.41e GEDT=0.68e GEDT=0.62e  M062X/6-311G(d) calcula-
J J J tions.

o
~
}
(@)
[}

.

>~

a new V(C1,C2) disynaptic basin, whose valence basin population at P2A is 3.26 e. The described topological
change is related to rupture of C1-C2 double bond in the molecule of cyclopentadiene 1. The next Phase IV,
starts at first transition state (TS1A) of the DA reaction cyclopentadiene 1 with carbon dioxide 2 catalysed by
BH,,with energy cost of 10.3 kcal-mol ™ (TS1A (d(C2-C3) = 1.439 A, d(C4-05) = 3.017 A and d(C6-C1) = 2.014 A).
In this phase, a new V(C6) monosynaptic basin is created on the C6 carbon atom with a population of 0.30 e.
The electron density form creation of V(C6) monosynaptic basin comes from the 05-C6 bonding region which
experiences depopulation from 3.08 e at P2A to 2.85 e at TS1A. This topological change is linked to formation of
a pseudoradical centre at C6 carbon atom (Fig. 7). Subsequent Phase V, starts at P3A, which is linked with
formation of a new V(C1) monosynaptic basin integrating 0.36 e. In this phase, we observed the formation a
second pseudoradical centre at C1 carbon atom, as a result of depopulation of V(C1,C2) disynaptic basin.
Formation the first C6—C1 single bond occurs in Phase VI, through the merged two V(C6) and V(C1) mono-
synaptic basins, with an initial population 1.04 e (see P4A in Table 7, Fig. 7 and Scheme 7). Formation of C6-C1
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carbon dioxide 2 catalyzed by BH; in the simulated presence of DCM. The electron populations, in average number of electrons,
are given in e.
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single bond begins at a distance of d(C6—C1) = 1.760 A (Table 7). Phase VII, starts at IA, is associated with a
minor change related to split the V(05) monosynaptic basin into two new V(05) and V’(05) monosynaptic
basins, integrating 2.72 e and 2.52 e. In this phase, we find second transition state (TS2A) of the DA reaction
between cyclopentadiene 1 and carbon dioxide 2 catalysed by BH;,with energy cost of 11.4 kcal-mol ™ (TS2A
(d(C2-C3) = 1.368 A, d(C4-05) = 2.221 A and d(C6-C1) = 1.592 A). Phase VIII, begins at P5A and is related with
division of one V(C2,C3) disynaptic basins into two new V(C2,C3) and V’(C2,C3) disynaptic basins, integrating
1.59 e and 1.52 e, respectively. This topological change is related to formation of a double C2—-C3 bond (see P5A
in Fig. 7). The formation of a new V(C4) monosynaptic basin takes place in Phase IX, which is a connect with
formation a pseudoradical centre at C4 carbon atom (Fig. 7 and Scheme 7) as a consequence of the
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depopulation of V(C3,C4) disynaptic basin. Finally, the last Phase X, is located between points P7A and final
product 3. At this phase, while the V(C4) and V’(05) monosynaptic basins current at P6A are lacking, a new
V(C4,05) disynaptic basin is formed, integrating 0.78 e. This topological change is related to formation a
second C4-05 single bond with distance of d(C4-05) = 1.939 A (Fig. 7, Table 7 and Scheme 7).

A BET study of the second path of the DA reaction cyclopentadiene 1 and carbon dioxide 2 catalysed by
BHs, was also carried out, in order to perceive the bonding changes in this reaction and compare it with the
antecedent reaction path. ELF valence basin populations of the selected structures of the IRC are assembled in
Table 8. In Fig. 8, the most important structures involved in the formation of one C2—-C3 double and two C4—C6
and C1-07 single bonds was presented. In turn Scheme 8 shows the proposed second path of molecular
mechanism of the DA reaction between cyclopentadiene 1 and carbon dioxide 2 catalyzed by BHs.
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Table 5: Key parameters of critical structures of LA-catalyzed reaction between cyclopentadienel and carbon dioxide 2 in DCM
solution in the light of M062X/6-311G(d) calculations.

LA catalyst Structure Interatomic distances [A] GEDT [e] Imaginary
frequence [cm™]

C1-C2 C2-C3 (3-C4 C4-05 C4-Cé6 05-C6 C6-07 C6-01 07-C1

BH; 1 1.343 1.471 1.343
[2/BHs] 1.159 1.150
MC1 1.344 1.473 1344 3.271 3.363 1.159 1.150 3.371 3.851 0.00
TS1A 1.384 1.439 1.354 3.017 3.254 1.169 1.223 2.014 2.586 0.38 -237.72
1A 1.444 1395 1.378 2.963 2.963 1.200 1.265 1.648 2.393 0.64
TS2A 1.473 1.368 1.412 2.221 2.650 1.223 1.259 1.592 2.408 0.58 -240.73
TS1B 1.355 1.436 1.388 2.619 1.979 1.174 1.223 3.348 3.033 0.41 -271.04
IB 1.378 1.394 1.448 2.429 1.638 1.200 1.267 3.259 3.027 0.68
TS2B 1.419 1.363 1.483 2.438 1.579 1.201 1.297 2.682 2.141 0.62 -284.67
BCl, [2/BCLs] 1.157 1.152
Mmc1 1.344 1.473 1.344 3.273 3.321 1.157 1.153 3.423 3.943 0.00
TS1A 1361 1.460 1.346 3.118 3.460 1.144 1.205 2.420 2.829 0.18 -239.98
1A 1.467 1.386 1.384 3.215 3.226 1.193 1.306 1.581 2.367 0.78
TS2A 1.488 1.360 1.424 2.117 2.564 1.218 1.283 1.562 2.411 0.64 -238.18
TS1B 1.348 1.455 1.366 2.863 2.329 1.148 1.210 3.443 2.995 0.24 -241.89
IB 1.385 1.383 1.472 2.419 1.572 1.192 1.312 3.324 3.109 0.81
TS2B 1.446 1.350 1.505 2.447 1.540 1.185 1.368 2.584 1.943 0.67 -296.22
BBrs [2/BBrs] 1.157 1.153
Mmc1 1.344 1.473 1344 3.274 3.381 1.157 1.153 3.274 3.381 0.00
TS1A 1.360 1.461 1.346 3.142 3.484 1.142 1.206 2.456 2.845 0.17 ~241.26
1A 1.474 1.383 1.384 3.944 3.547 1.193 1.318 1.549 2.343 0.81
TS2A 1.489 1.359 1.426 2.106 2.555 1.217 1.285 1.560 2.412 0.64 -237.86
TS1B 1.348 1.457 1.363 2.905 2.387 1.145 1.209 3.480 3.013 0.65 -248.59
IB 1.385 1.382 1.473 2.421 1.570 1.191 1.315 3.321 3.099 0.81
TS2B 1.450 1.348 1.508 2.447 1.536 1.183 1.380 2.569 1.916 0.20 -295.46

BET analysis mentioned reaction path, allows to describe this path by eight topological different phases
(Table 8), associated with rupture and formation of bonds along the DA reaction between cyclopentadiene 1
and carbon dioxide 2, catalysed by BHs. Phase I begins at MC1, which is the first point along the IRC path. In
this phase, the ELF picture of MC1 is looks like to those of individuals 1 and 2/BHj3. The next Phase II, which
starts at P1B, is associated with rupture of the first C1-C2 double bond in 1 molecule. The two V(C1,C2) and V
’(C1,C2) disynaptic basins, have merged into one new V(C1,C2) disynaptic basin, integrating 3.29 e. In P2B,
Phase III begins. In this phase a new V(C6) monosynaptic basin is created on the C6 carbon atom with a
population of 0.24 e. The electron density form creation of V(C6) monosynaptic basin comes from the C6-07
bonding region which experiences depopulation from 2.76 e at P1B to 2.35 e at P2B. This topological change is

Table 6: Key electronic properties of carbon dioxide 2 and its complexes with selected LA according to B3LYP/6-31G(d)
theory level in the gas phase.

Component Electronic potential Chemical hardness Global electrophilicity

u[ev] n[ev] w [eV]
2 -4.63 10.88 0.98
[2/BHrs] -5.17 8.10 1.65
[2/BClrs] -5.23 6.96 1.97

[2/BBrs] -4.95 5.81 2.11
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connected with formation of a pseudoradical centre at C6 carbon atom (Fig. 8). Phase IV, begins at first
transition state (TS1B) of the DA reaction cyclopentadiene 1 and carbon dioxide 2, catalysed by BH; with
energy cost of 11.5 kcal-mol™ (TS1B (d(C2-C3) = 1.436 A, d(07-C1) = 3.033 A and d(C4-Cé6) = 1.979 A). In this
point, we observed the formation a new V(C1) monosynaptic basin, integrating 0.34 e. This topological change
is related to formation of a second pseudoradical centre at C1 carbon atom as a result of depopulation of
V(C1,C2) disynaptic basin (see TS1B in Fig. 8). Formation the first C4—C6 single bond occurs in Phase V, through
the merged two V(C4) and V(C6) monosynaptic basins, with an initial population 0.93 e (see P3B in Table 8,
Fig. 8 and Scheme 8). Formation of C4—C6 single bond begins at a distance of d(C4—C6) = 1.925 A (Table 8).
Phase VI, begins at IB in which the two V(C3,C4) and V’(C3,C4) disynaptic basins have connected into one new
V(C3,C4) disynaptic basin, integrating 2.84 e. This topological change is associated with rupture of C3-C4
double bond. In this phase, we find second transition state (TS2B) of the reaction cyclopentadiene 1 and carbon
dioxide 2 with energy cost of 15.8 kcal-mol™ (TS2B (d(C2-C3) = 1.363 A, d(07-C1) = 2.141 A and d(C4-
C6) = 1.579 A). The ELF picture of next point P4B, in which Phase VII begins, presents formation of a C2-C3
double bond. The V(C2,C3) monosynaptic basin, present in previous point, have split into two new V(C2,C3)
and 17(C2,C3) disynaptic basins, integrating 1.66 e and 1.55 e (Fig. 8). Finally, the last Phase VIII, is located
between points P5B and 3. In this phase, we observed formation of a new V(07,C1) disynaptic basin, inte-
grating 0.96 e, as a results of the depopulation of V(07) monosynaptic basin. This topological change is related
to formation a second 07—C1 single bond with distance of d(07-C1) = 1.943 A (Fig. 8, Table 8 and Scheme 8).

Finally, on similar way we examined, analogous processes in the simulated presence of other borium-core
LA catalysts (Tables 3-5). It was found, that in all cases, similar acceleration of the cycloaddition process are
observed. Next, all of these reactions are realized via stepwise mechanism with the participation of zwitterionic
intermediate. Our extended studies showed additionally, that according to similar manner, react with CO, also
functionalized analogs of cyclopentadiene. In the consequence, the presented methodology can be treated as
general and universal method for the preparation of internal lactones with the consumption of carbon dioxide.

Table 8: ELFvalence basin populations, distances of the forming bonds, M06-2X(PCM)/6-311G(d) relative® electronic energies of
the IRC structures, MC1-3, defining the eight phases characterizing the molecular mechanism of the DA reaction between
cyclopentadiene 1 and carbon dioxide 2 catalysed by BH;, MC1, TS1B, IB, TS2B and 3 are also included. Distances are given in
angstroms, A, electron populations in average number of electrons, e, and relative energies in kcal-mol™.

Points 1  2/BHs mc P1B P2B TS1B P3B IB TS2B P4B P5B 3
Phases I n mn v v vi vil viii
d(C2-C3) 1.470 1.467 1.446 1.436 1.431 1.394 1363 1.351 1.349 1.332
d(07-C1) 3.254  3.105 3.042 3.035 3.032 3.027 2141 1.964 1.943 1.494
d(C4-Cé) 2.948 2.578 2.087 1.979 1.925 1.638 1.579 1.552 1.549 1.519
AE 0.0 3.5 7.9 11.5 10.9 10.2 15.8 8.7 4.6 3.2
V(C1,C2) 1.74 1.68 1.68 1.61 1.59 1.59 2.84 2.57 2.32 2.30 2.07
V(C1,C2) 1.63 1.67 1.67 1.60 1.58 1.53

V(C2,C3) 2.22 2.21 2.24 2.33 2.37 2.39 2.61 3.01 1.66 1.68 1.75
V'(C2,C3) 1.53 1.54 1.71
V(C3,C4) 1.74 1.76 3.29 3.08 2.72 2.62 2.27 2.11 2.04 2.02 1.92
v(C3,C4) 1.63 1.58

V(C6,07) 3.01 2.89 2.76 2.35 2.30 2.25 2.03 1.87 1.74 1.73 1.50
V(07) 3.78 3.80 3.91 3.75 3.76 3.75 3.72 3.72 3.26 2.29 2.17
V(C6) 0.24 0.42

V(C4) 0.34

V(C4,Cé6) 0.93 1.66 1.94 2.03 2.04 2.14
v(07,C1) 0.96 1.47

?Relative to the first point of the IRC, MC1.
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Table 9: Gibbs free energies of the activation for selected cycloaddition processes involving electrophilically activated 2-
nm-components.

Components Conditions AG” [kcal-mol™] Ref.

OMe
NO,
| OMe j 25 °C toluene 22.6 [70]

ﬁ 25 °C chloroform 21.3 [71]

@ @J/ 25 °C chloroform 21.0 [72]
MeOOC
J 25 °C toluene 20.3 [73, 74]

It is worth mentioning that the conversion of CO, into various heterocycle constitute a very important area
of research, e.g. carbon dioxide can be used in a reaction with epoxides into various cyclic carbonates using by
boronic acids together with onium salts, which provide highly efficient [75].

Conclusions

MEDT computational study shed valuable light on the possibility of carbon dioxide consumption in the
Diels-Alder (DA) involving very popular and good available cyclopentadiene. The simple, non-catalytic re-
action in the gas phase is realized via high barrier of activation, which exclude the experimental sense of
realization of this type transformation. On the other hand, similar processes in the presence of good known
Lewis acids (LA) with the boron core, proceed in the solutions via about 60 % lower activation barriers. In the
light of our previous experimental study on the kinetic aspects of different type cycloaddition reactions, this
level of values of activation parameters are sufficient for the realization of the process at room temperature.

When different Lewis acids are included, the barriers and the activation Gibbs free energies are lower than
in the gas phase, but unreachable yet. The LA-catalyzed reactions in the solution are however allowed from
kinetic point of view. Is very interesting, that the introduction of LA catalysts to the reaction environment in the
solution change dramatically the molecular mechanism of the reagents transformations. In particular, under
these-type conditions, the stepwise zwitterionic mechanism successfully replaces the one-step mechanism
observed generally regarding to most examples of DA reactions. The detailed study about the reorganization of
the electron density in the cycloaddition course was examined in the framework of BET analysis. Analysis of
the molecular mechanism associated with the DA reaction between cyclopentadiene and carbon dioxide
indicates that it takes place thorough a two-stage one-step mechanism [76], which is initialized by formation of
C6—-C1 single bond through the connection of two pseudoradical centers. The second C4-05 single bond was
formed in Phase V by joining the V(C4) and V’(05) monosynaptic basins. BET analysis of the DA reaction
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cyclopentadiene and carbon dioxide catalyzed by BH; extends in the environment of DCM, indicates that it
takes place through a two-step mechanism. First path of the catalyzed DA reaction is characterized by 10
different phases, while the second by eight topologically different phases. In the first path, we observed the
formation a C6—C1 single bond, through the merged two V(C6) and V(C1) monosynaptic basins. While the
formation of the second C4-05 single bond takes place in the last phase, in effect of merging two V(C4) and
V(05) monosynaptic basins. In the second path, we observed the formation of the C4-C6 single bond through
the merging of two pseudoradical centers at C4 and C6 carbon and the formation of the second 07-C1 single
bond occurs in Phase VII. Based on the topological analysis of the ELF along the reaction paths we can notice
that the C-C single bonds formation takes place by sharing the while the new C-0 single bonds are formed by
the donation.

It should be finally underlined, that the proposed strategy of the CO, consumption is proceed with full
atomic economy, which is one of most important postulate of modern Green Chemistry. Additionally,
regarding to similar reactions, we tested also some substituted analogs of the cyclopentadiene. Our results,
suggest similar mechanism and kinetic conditions for all considered transformations. In the consequence, the
proposed synthetic strategy can be applied for to a wider range of different functionalized internal lactones.

Computational procedure

All quantum chemical calculations were performed using ‘Prometheus’ cluster (CYFRONET regional compu-
tational centre). The MO6-2x functional [77] included in the GAUSSIAN 09 package [78] and the 6-311G(d) basis
set including polarization functions for all relevant atoms was used. Similar level of the theory was recently
applied for the resolving of some similar structural/energetical problems (such as synthesis of heterocycle via
[3 + 2] and Diels-Alder cycloadditions reactions [79-83]). All localised stationary points have been charac-
terized using vibrational analysis [84]. It was found that starting molecules as well as products had positive
Hessian matrices. On the other hand, all transition states (TS) showed only one negative eigenvalue in their
Hessian matrices. For all optimized transition states, intrinsic reaction coordinate (IRC) calculations have been
performed. The presence of the solvent in the reaction environment has been included using IEFPCM algorithm
[85], with full optimisation of all key structures.

The global reactivity indices (electronic potential y, chemical hardness 1 and global electrophilicity w)
were estimated by using theoretical reactivity indices based on the conceptual density functional theory
(CDFT) according to the equations recommended by Parr [86] and Domingo [87-89]. In the calculation are used
the correlation-exchange functional B3LYP on the basis 6-31G(d) level set in the gas phase [87, 88]. In
particular, the electronic chemical potential pand chemical hardnessn of the reactants studied here were
evaluated in terms of the one-electron energies of the frontier molecular orbitals using the following equations
[40, 87-89]:

pu= (eH +e€L)/2
and
n= (€L - EH) >
where €H and €L may be approached in terms of the one-electron energies of the frontier MOs respectively
HOMO and LUMO.
The global electrophilicity w is given by the following expression [87-89]:
w = (W/2n).

Electron Localization Function (ELF) [41] research were carried out with the TopMod package [90] considering
the standard cubical grid of step size of 0.1 Bohr. The changes in bonds along the respective reaction paths
were analyzed in accordance with the Bonding Evolution Theory [60], by carrying out the topological analysis
of the ELF for DA reaction between cyclopentadiene 1 and carbon dioxide 2 in gas phase for 154 nuclear
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configurations along the IRC path and for two path of the DA reaction between cyclopentadiene 1 and carbon
dioxide 2 catalyzed by BH; in environment of DCM for 267 and 240 nuclear configurations, respectively. A
comparable attitude has been successfully used to study the molecular mechanism of different types of
reactions [36, 61-63, 91].
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