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The synthetic insertion of carbon dioxide into organic scaffolds typically requires the reaction of CO, with
a carbanion (carboxylation step), with the latter being generated through chemical, electrochemical, or
photochemical routes. Still, little is known about the energetic and structural requirements of this step. In
this work, we unveil the reactivity of CO, with a selected set of 28 carbanions through DFT calculations
and provide linear free-energy relationships that correlate the AG® and the AG* of the carboxylation
step. These reveal a Leffler—-Hammond parameter a = 0.26 + 0.02 and an intrinsic barrier AGH =127 +
0.3 kcal mol™ (wb97XD/aug-cc-pvtz//wb97XD/def2tzvp level of theory), indicative of smooth reactivity
of carbanions with CO,. This reactivity is further associated with the basicity of the carbanions
(expressed as the pK,n of the conjugate acid), in a linear Bronsted plot between calculated AGH and

. dath A 2024 experimental pK,y (slope 8 = 0.40 + 0.04 kcal mol™). According to the Mayr—Patz equation,
eceived 4th August . . . . .
Accepted 26th September 2024 calculations allow the extrapolation of electrophilicity values for CO, in the range from —15.3 to —18.7, in

good agreement with a single reported experimental value of —16.3. Concerning the structural changes

DOI: 10.1039/d4se01065e occurring in the transition state, the major energy penalty comes from the distortion of CO,. These
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Introduction

Carbon dioxide is a by-product of many anthropogenic activi-
ties, and its current increase in the atmosphere is causing
severe climate changes.' On the other hand, CO, is a cheap,
non-toxic and renewable single carbon atom building block that
can be exploited for fuel production or for organic synthesis.
Strategies to capture and reconvert CO, into fuels or chemicals
are thus important targets for achieving carbon neutrality,” in
line with the United Nations sustainable development goals.®
Current carbon dioxide capturing technologies exploit amine
solutions, with the formation of carbamate salts;** CO, is then
released by an energy demanding thermal step involving heat-
ing of the solution up to 100-125 °C. Electrochemical methods
are considered as possible alternatives to avoid the need for an
external high temperature energy source; they can operate
through electrochemically induced displacement reactions
(such as in the case of electrochemically modulated amine
regeneration) or through CO, binding to electrochemically
reduced nucleophilic capturing agents, such as quinones.*®
Concerning carbon dioxide reconversion, some strategies
target CO, reduction to C; or C,. products.”” For instance,
a cobalt phthalocyanine molecular catalyst was exploited to

Department of Chemical Sciences, University of Padova, via Marzolo 1, 35131 Padova,
Italy. E-mail: Catia.nicoletti@phd.unipd.it; Andrea.sartorel@unipd.it

f Electronic supplementary information (ESI) available: Details of calculations
and additional tables and figures. See DOI: https://doi.org/10.1039/d4se01065¢

5050 | Sustainable Energy Fuels, 2024, 8, 5050-5057

findings can be useful in designing novel reactivity targeting carbon dioxide fixation.

mediate CO, to CO formation in a zero-gap membrane flow
reactor with selectivity >95% at an impressive current density of
150 mA cm 2.1 Examples of reduction of CO, to C, products
include the use of a 3D dendritic copper-cuprous oxide
composite for acetic acid and ethanol production™ and the use
of single site metal catalysts. In this field, the use of DFT
calculations for a thermodynamic and kinetic analysis of the
relevant steps is considered a powerful tool for catalyst
design.®**

Finally, carbon dioxide is a single carbon atom building
block to be exploited in organic synthesis.’**® In this regard,
processes involving CO, are already industrialised for the
preparation of linear and cyclic carbonates (from alkynes or
epoxides), for urea synthesis," and in the Kolbe-Schmitt reac-
tion**** for the preparation of salicylic acid and 3-hydroxy-2-
naphthoic acid (from sodium phenolate and 2-naphtholate,
respectively).

CO, is however a thermodynamic sink of the carbon cycle
and its conversion requires highly reactive chemicals, transition
metal catalysis®*** and/or severe reaction conditions.'*** An
appealing strategy is the formation of new C-C bonds through
the polar reaction of CO, with nucleophilic carbanions gener-
ated through chemical,>?® electrochemical,””*® or photochem-
ical routes.*?' This strategy enabled the preparation of
products of pharmaceutical interest — although obtained as
racemic mixtures — such as amino acids,*** the anti-epilepsy
and absence seizure drug ethosuximide precursor (syn-
thesised via electrochemical hydrocarboxylation in flow),** and

This journal is © The Royal Society of Chemistry 2024
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benzylic carboxylic acids such as fenoprofen, flurbiprofen,
ibuprofen and naproxen.*

However, while earlier reports rationalised the conversion of
CO, to formate using metal and organic hydrides,*® its reactivity
with carbanion nucleophiles is still poorly understood, due to
very limited kinetic data available.’” In a seminal work by Ofial
and Mayr, a rate constant for the carboxylation step was re-
ported only for the indenide anion (bimolecular k = 2.09 £ 0.07
10° M s7%, in dimethylsulfoxide at 20 °C).*” Therefore, the
rationalisation of the thermodynamic, kinetic and structural
requirements that govern the reactivity of carbanions with CO,
is an important target, from the perspective of designing novel
carboxylation processes. In particular, the prediction of free
energy barriers and reaction rates on the basis of physical
parameters of carbanions would be a powerful tool for an
a priori evaluation of the envisaged reactivity.

In this work, we sought to unveil the reactivity of CO, with
carbanions by exploiting DFT calculations. We thus considered
a selected set of 28 organic carbanions (R, ) and calculated both
the standard free energy (AG®) and the activation free energy
(AGY) of the carboxylation step (eqn (1) and Scheme 1). Products
and transition states will be denoted as R-COO~ and R;TS,
respectively.

R, + CO, = R-COO~ AG®, AGH (1)

We will show that AG® and AG* correlate in linear free-energy
relationships (also known as rate-equilibrium relationships®),
whose slope « provides the Leffler-Hammond parameter
(describing the fraction of the change in the Gibbs energy of the
reaction reflected in the change of the Gibbs energy of activa-
tion®) and the intercept AG} is the intrinsic barrier (i.e. the
activation free energy for an isoergonic reaction). Compared to
other organic reactions, these parameters indicate low AG* for
the carboxylation step with a slight dependence on AG, iden-
tifying CO, as a powerful electrophile. The reactivity of the
carbanions in terms of AG* correlates with their basicity, in
a Brensted plot. Distortion/interaction analysis using the model
developed by Bickelhaupt and Houk groups* reveals that the
carboxylation step is controlled by both carbanion/CO, inter-
action and distortion of the reactants. The interaction is
correlated to the basicity of the carbanion; concerning the
distortion, the most important contribution to the activation

Q
CO0 . . .
co, /7 Linear Free-Energy relationship
AGH = o AGO + AGF = - B-pKyy + const
R;” R.-COO ~ Leffler-Hammond Intrinsic Brénsted plot
! + ! parameter barrier
o.. Distortion-Interaction analysis
LO interaction <— basicity of R;”
1 AGH
distortion <— CO, bending
R;-TS

Scheme 1 Schematic representation of the carboxylation step of
a carbanion R;” to R;-COO™, and representation of the transition state
R-TS. Linear free-energy relationship and distortion—interaction
analysis explored in this work.
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energy penalty is made by the distortion of CO,, in terms of the
reduction of the O-C-O angle and the C(R; )---C(CO,) distance
in the transition states. Both these geometric parameters line-
arly correlate indeed with AG*.

Computational methods

Calculations were performed with Gaussian16 software.** Most
carbanions included in this study possess few rotatable bonds.
In the cases of anions with possible multiple conformations
that may impact the target C-site reactivity (i.e. anions Ry; ™,
Rz4, Rys ™, and R,,>7), an initial conformational search was
performed with a semiempirical pm3 method*™** including
a solvation model for acetonitrile to identify the most stable
conformers that were then optimized with DFT methods (see
ESI, Fig. S1-S47). In the manuscript and in the correlations
presented, we report AG* and AG° data for the most stable
conformer of these anions. We have corroborated this
assumption by performing calculations and analysing the AG*
and AG° data also for the second most stable conformer of Ry; ™,
R,, and R,5 . From the results reported in Table S1 in the ESI,
the variations of the calculated activation and standard free
energy of carboxylation resulting from changes in the nature of
the initial conformer are in a range of 0.16-0.65 and 0.73-
2.14 kecal mol ™", respectively, minimally impacting the correla-
tions presented in this work.

Structures were optimized with DFT methods including
a continuum solvation model for acetonitrile (or dimethylsulf-
oxide) using the integral equation formalism variant
(IEFPCM).**** Analysis of the frequencies was performed to
assess the nature of the stationary points; in particular, for the
transition states, the presence of a single imaginary frequency
was confirmed, and the reliability of the transition states was
corroborated by intrinsic reaction coordinate (IRC) analysis. For
all calculations, a pruned (99 590) integration grid was used. For
all the species, a correction of +1.90 kcal mol " was applied to
the computed free energy values to convert the standard state
from 1 atmosphere to a 1 M solution.*”*® When specified,
corrections for entropy were applied according to the Truhlar
model,* using a frequency cut-off value of 100.0 wavenumber.

The following levels of theory were employed:

wb97XD/def2tzvp//wb97XD/def2tzvp: geometries optimised
using the wb97XD** hybrid functional taking advantage of
Grimme's dispersion model with Ahlrichs’ triple-zeta basis set
def2tzvp;>-**

wb97XD/aug-cc-pvtz//wb97XD/def2tzvp: geometries opti-
mized at the wb97XD/def2tzvp level, followed by a single point
energy calculation performed using the same functional and
the aug-cc-pvtz basis set>*** including diffuse functions;

b2plypd/aug-cc-pvtz//wb97XD/def2tzvp: geometries opti-
mized at the wb97XD/def2tzvp level, followed by a single point
energy calculation performed using the double hybrid b2plypd
functional,® with the aug-cc-pvtz basis set;

b3lyp/6-311g(d,p)//b3lyp/6-311g(d,p): geometries optimised
using the b3lyp functional (without dispersion correction) with
a Pople®® 6-311¢g(d,p) basis set (not including diffuse functions).

Sustainable Energy Fuels, 2024, 8, 5050-5057 | 5051
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Results and discussion
Evaluation of the level of theory

The availability of an experimental AG* value of 10.0 kcal mol *
for the carboxylation of the indenide anion R, from a bimo-
lecular rate constant of 2.09 + 0.07 10° M~"' s™" (in dime-
thylsulfoxide at 20 °C)*” allowed the evaluation and the selection
of the suitable level of theory among the four levels discussed in
the “Computational methods” section. The four levels of theory
(continuum model for dimethylsulfoxide solvent) provided
calculated AG* for the carboxylation of R, in the range 11.9-
15.2 keal mol ™, in good agreement with the experimental value
(Table S2 in the ESIf). The best match was found at the
wb97XD/aug-cc-pvtz//wb97XD/def2tzvp level (calculated AG* =
11.9 kecal mol '), which was chosen as the level for the calcu-
lations discussed in this work. Corrections for entropy accord-
ing to the Truhlar model*® lead to an increase of +0.7 kcal mol *
in the calculated activation free energies and thus were not
further applied.

Calculations of AG® and AG* for the carboxylation step

The carbanions R;,” were selected from our previous investiga-
tion,*” and the corresponding carboxylated species R-COO™ are
represented in Fig. 1. Since several reports exploit acetonitrile as
the solvent for carboxylation reactions, this was chosen as the
medium for the calculations presented in this work. Fig. 2A
reports the plot of AG* vs. AG° values for the carboxylation step
(wb97XD/aug-ce-pvtz//wb97XD/def2tzvp  level of  theory,
including a continuum model for acetonitrile solvent; data
including the calculations at the other levels are reported in
Tables S3-S7 and Fig. S5 in the ESIf). The geometries of the
transition states R4-TS and Ry5-TS are also shown in Fig. 2A as
representative cases.
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NC” CN Ph” “Ph
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1 2 3 4RH 552 6 7R CN 853
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Fig. 1 Representation of R;-COO™ considered in this work (i is indi-
cated below each structure), together with AG® and AG* values for the
carboxylation step at the wb97XD/aug-cc-pvtz//wb97XD/def2tzvp
level of theory.
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Fig. 2 (A) Plot of AG* vs. AG® values for the carboxylation of carb-
anions R, (wb97XD/aug-cc-pvtz//wb97XD/def2tzvp level of theory,
including a continuum model for acetonitrile solvent). The shaded
ranges represent the 95% confidence interval of the correlations.
Geometries of R4-TS and Ry7-TS (wb97xd/def2tzvp level) are shown as
representative cases of transition states with low and high AG*. (B) Plot
of AG* (wb97XD/aug-cc-pvtz//wb97XD/def2tzvp) vs. experimental
pKan of carbanions R;™.

Clearly, considering that charged species are involved in eqn
(1), solvation impacts the AG® and AG* values. While this was
addressed by the inclusion of an implicit solvation model, any
possible deviation from an ideal explicit solvation could be
neglected assuming that such an effect would be similar
through the anion series, thus preserving the sought-after linear
correlations. Also, the impact of cations possibly present under
real reaction conditions could impact the structure and the
reactivity of carbanions; this is particularly relevant for the case
of enolate like anions in the presence of small alkali cations.*®

The data plot of AG* vs. AG® values shows a good linear trend
according to eqn (2) (R*> = 0.88).

AG* = a x AG® + AGH (2)

This journal is © The Royal Society of Chemistry 2024
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a=0.26 + 0.02; AG§ = 12.7 & 0.3 kcal mol ™!

The slope « of 0.26 £ 0.02 corresponds to the Leffler-Ham-
mond parameter a = 6AG*/6AG®, describing the fraction of the
change in the Gibbs energy of the reaction reflected in the
change of the Gibbs energy of activation.® It is worth noting
that o has long been exploited as an indication of the position of
the transition state along the reaction coordinate (with « close
to 0 indicating an early transition state and « close to 1 indi-
cating a late transition state), until Bordwell's observation of an
« value of 1.31 for the deprotonation of substituted 1-nitro-1-
phenylethanes (nitroalkane anomaly)® evidenced that the
former interpretation was wrong and that « cannot be
a measure for the position of the transition state.

The intercept of the fitting in Fig. 2 AGH = 12.7 +
0.3 kecal mol ™" provides the intrinsic barrier, i.e. the activation
free energy for an isoergonic reaction (with AG® = 0).1 Impor-
tantly, quadratic fitting of the data in Fig. 2 according to the
Marcus model for group transfer reactions (eqn (3)) leads to
consistent values of AG} of 14.2 + 0.4 kcal mol™?, see ESI
Fig. S6.1 According to the Marcus model for group transfer in
bimolecular reactions, the AG} is associated with the reorga-
nization energy A (2 = 4 x AG#), with 2 being estimated to be
50.8 + 1.2 keal mol .

AGH = AGH + 0.5 x AG® + {(AG)*(16 x AG§)} 3)

Comparable « and AG} values were found with the other
levels of theory employed (Fig. S5 in the ESIf). Importantly,
« and AGH parameters determined from the fittings are in line
with those reported for the decarboxylation reaction of organic
carboxylates in water (i.e. the microscopically reverse reaction of
eqn (1));* the value of « reported in this case was 0.76/0.78
(experimental/computed; note that the sum of « for the
forward and for the backward step must be 1.00,*° while the
intrinsic barrier was 15.5/16.8 kcal mol ' (experimental/
computed).® The « and AG} parameters extrapolated from the
data in Fig. 2A indicate smooth reactivity of carbanions with
CO,,** characterised by low energy barriers and by a slight
dependence on AG’; these identify CO, as a powerful electro-
phile, comparable to carbonyl compounds®”** and support the
recent observation of the exchange of the COO group from
carboxylate salts, occurring under an atmosphere of CO, at
room temperature and in the absence of catalysts.®*** As
a comparison, in nucleophilic substitutions « values between
0.48 and 0.73 were found for the reaction of several types of
nucleophiles with benzhydrylium ions,* while the intrinsic
barriers AG} reach up to 45 kcal mol~* for carbanion nucleo-
philes.®** An intrinsic barrier of 14.1 kecal mol ' was reported
for the addition of enolate ions to the carbonyl group of

1 The existence of a linear correlation between AG* and AG° is indicative of
a constant AG,’ throughout the reaction series or of a AG§ varying
proportionally to AG®.

This journal is © The Royal Society of Chemistry 2024

View Article Online

Sustainable Energy & Fuels

benzaldehyde.®” Lower intrinsic barriers have been observed for
proton and hydride transfer (1-10 kcal mol™*).%s7

Four further points are worth mentioning.

(i) We previously reported a linear correlation between vari-
ations in AG® and the change of the basicity of the carbanion
R;  expressed as the pK,y of the conjugate acid (eqn (4));*
combination of eqn (2) and (4) allows the direct correlation of
variations in AG* with pK,, in a Brensted type plot (eqn (5)).
Indeed, a good linear correlation of calculated AG* with exper-
imental pK,y™* is observed in Fig. 2B (R*> = 0.83), providing
a powerful prediction tool of AG*.

6(AG®) = —1.30 kecal mol™" x 6(pKap) (4)

AGH = -8 x pKau + const (5)

with 8 = 0.40 + 0.04 kcal mol™' and const = 19.3 =+
0.9 kecal mol .

(ii) The calculated AG* values can be exploited to con-

textualise the carboxylation step on a more general

nucleophilic/electrophilic scale, exploiting the Mayr-Patz
equation (eqn (6)),”

logk (20 °C) = sp(N + E) (6)

where k& (20 °C) is the reaction rate constant at 20 °C, N is the
nucleophilicity parameter, E is the electrophilicity parameter,
and sy is a nucleophile-specific sensitivity parameter. By
obtaining log k (20 °C) from AG* through the Eyring equation
and exploiting the reported Sy and N parameters for carbanions
R, , R;, Ry;, Ry;~ and R, ,7® it is possible to extrapolate
electrophilicity values for CO, in the range from —15.3 to —18.7,
while a value of —16.3 was reported according to a single
experimental kinetic data with the indenide anion (R, )*” (Table
S8 in the ESIt). Many reports have discussed the theoretical
prediction of nucleophilicity/electrophilicity.**7*7¢

(iii) The variations of AG® and AG* values for the carboxyla-
tion step represented in Fig. 2 are mainly related to enthalpic
contributions, while the TAS® and TAS* terms are found to be
almost constant in the carbanion series (Tables S4-S7 and
Fig. S7 in the ESIY), with average values of —10.6 + 0.8 and
—9.95 + 0.8 kecal mol ™", respectively (the error is given as the
standard deviation).

(iv) In the reactivity investigated, the formation of a reactant
complex between the anion and carbon dioxide could in prin-
ciple occur,*”” in particular for highly basic carbanions. Based
on our calculations and IRC analysis, we do not have evidence
for the formation of such a reactant complex; the calculated
energy barriers refer then to the isolated reactants.

Distortion interaction analysis

We rationalised the molecular factors that impact the energetic
barrier of the carboxylation step by employing the distortion/
interaction model (also known as the activation/strain model)
for bimolecular reactions, developed independently by the
Bickelhaupt and Houk groups.* Accordingly, the potential
energy AE along the reaction coordinate is given by the sum of

Sustainable Energy Fuels, 2024, 8, 5050-5057 | 5053
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the energy due to the distortion of the reactants (AEg;stortion > 0)
and the energy given by the interaction of the two reactants
(AEinteraction < 0)7 eqn (7)

AE = AEdislorticm + AEinteraction (7)

Fig. 3A reports the AE versus the C(R;”)---C(CO,) distance as
the reaction coordinate for the carboxylation step of R;™, Ry,

T T T T T
8 26 24 22 20 18 16 14
C-C distance(A)
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B
80+ AEdistortion
60
40
~ 204
©
E o]
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Fig. 3 (A) Plot of AE vs. the C(R;)---C(CO,) distance as the reaction
coordinate for Rz~, R4, Ry, Ry~ and R282* as representative cases.
(B) Dissection of AE into AEgistortion aNd AEinteraction- (C) Dissection of
AEdistortion into AEgistortion (Rii) and AEgistortior\ (COZ) In all graphs, the
empty dots indicate the transition states.
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R,y , Ry;~ and R,g®™ as representative cases, spanning the
entire range of AG* explored. As can be visually perceived, the
profiles show a switch from a late to an early transition state
along the seriesR;; ~R3™ = Ry — Ry, — R,s>~, consistent
with the progressive decrease of activation energy. When the AE
is dissected into the AEgjsiortion aNd AFEjnteraction CONtributions
(Fig. 3B and Table S9 in the ESIt), the profiles suggest that the
carboxylation step is both distortion- and interaction-
controlled,”®” with an evident contribution from the interac-
tion of the carbanions with CO,.

According to energy decomposition analysis, with some
software the AEjceraction could be dissected into separate
contributions from electrostatic interaction, Pauli repulsion,
orbital interaction and dispersion interaction.” In the present
case, the previous correlation between the activity and basicity
of carbanions (Fig. 2B) identifies pK,y; as the physical parameter
impacting the interaction. This is also supported by a smooth
correlation between nucleophilicity and proton affinity among
nucleophiles belonging to the same class.”

Concerning the distortion, the AEgistortion can be decom-
posed into the contributions of the carbanion R;” and CO,
reactants (eqn (8)); the AEgisiortion fOr €ach reactant along the
reaction coordinate is given by the single point energy differ-
ence between the geometry of the reactant at each point and the
geometry of the isolated reactant.*»”®7®

AEdislortion = AE«.iisloru'on (Ri_) + AEdislortion (COZ) (8)

Splitting the AEgisortion along the reaction coordinate
according to eqn (8) shows that the major energy penalty arises
from CO, for the five cases investigated, Fig. 3C. Consistently,
by expanding the analysis by evaluating the AEgisortion (R ) and
AEgistortion (CO,) contributions with the transition state geom-
etries of all R;~ species, it is observed that the AEgistortion Of CO,
exceeds the AEgisiortion Of carbanions by ca. 5 times (Fig. S8 in
the ESI;t note that for rigid “sp” carbanions such as R, and
R; the AEgiswortion (Ri ) is almost negligible).

From a structural point of view, the distortion of carbon
dioxide in the transition states is obviously described by the
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Fig. 4 Plot of the AG* for the carboxylation of the carbanions versus
the O-C-0O angle and the C(R;7)---C(CO,) distance in the transition
states.
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bending of CO, and by the contraction of the O-C-O angle,
while the carbanion nucleophile approaches and the C(R; )---
C(CO,) distance decreases. Calculations show indeed a linear
trend in the carbanion series between the AG* of carboxylation
and the O-C-O angle (see Fig. S9 in the ESIT), predicting that
one kcal mol™' of penalty in the AG* is associated with
a decrease of 1.41 £ 0.09° of the O-C-O angle in the transition
state.

Fig. 4 shows the AG*, the O-C-0 angle and the C---C distance
in a single graph, demonstrating that the higher the free energy
of activation, the higher the required distortion of CO, in
a “late” transition state, with a small O-C-O angle and a short
C(R; )---C(CO,) distance.

Conclusions and perspectives

In conclusion, we have reported energy and structural correla-
tions for the carboxylation step of carbanions with CO,. These
allow linking the basicity of the carbanion (pK,y), the standard
and activation free energies of the carboxylation step (AG° and
AGi) and the distortion of CO, in the transition state (O-C-O
angle and C(R; )---C(CO,) distance), deriving reactivity
descriptors such as the Leffler—Hammond coefficient, the
intrinsic barrier and the electrophilicity of CO,.

These tools are instrumental for the design of experimental
chemical, electrochemical or photochemical fixation of CO,
into organic compounds. The a priori evaluation of the reaction
barrier (and consequently the rate constant) between a carb-
anion and CO, should be pivotal in driving the envisaged
carboxylation reactivity with respect to undesired competitive
pathways. In particular, these may include irreversible proton-
ation of the carbanion or its reactivity with other electrophiles
(as documented in the case of electrochemical carboxylation of
ao,B-unsaturated ketones®”). The regioselectivity of the carbox-
ylation step could also be a challenge and should be considered
when involving extended organic scaffolds, as in the case of
electrochemical carboxylation of dienes** and naphthalene
derivatives.® Thus, we hope to provide a guide for future studies
on carbon dioxide reconversion.
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