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Abstract: A theoretical study of the substituent and solvent effects on the reaction of phosphines with
CO; has been carried out by means of Moller-Plesset (MP2) computational level calculations and
continuum polarizable method (PCM) solvent models. Three stationary points along the reaction
coordinate have been characterized, a pre-transition state (TS) assembly in which a pnicogen bond or
tetrel bond is established between the phosphine and the CO, molecule, followed by a transition state,
and leading finally to the adduct in which the P-C bond has been formed. The solvent effects on the
stability and geometry of the stationary points are different. Thus, the pnicogen bonded complexes
are destabilized as the dielectric constant of the solvent increases while the opposite happens within
the adducts with the P-C bond and the TSs trend. A combination of the substituents and solvents
can be used to control the most stable minimum.
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1. Introduction

In the field of weak interactions, the initial level of the calculations was devoted to complexes
formed by two molecules, A and B, of complementary properties, e.g., an electron donor and an
electron acceptor. The next step were studies concerning the effect of a third molecule, C, that through
a weak interaction with A (or B) modifies the first complex properties. Since A, B, and C can be the same
molecule, these A---A---A trimers are the start of clusters, A,,. Since the interaction of small molecules,
such as drugs, with proteins involve the perturbation of the weak interactions present in proteins by a
third molecule acting also by weak interactions, these studies are of paramount importance.

In the field of solvent effects there are specific and bulky effects. The specific effects are due to weak
interactions, mainly hydrogen bonds, which are theoretically studied building up supramolecules,
for instance, proton transfer in pyrazoles being assisted by two linked water molecules [1-3].
The general solvent effects consider the solvent as bulk and are studied empirically using solvent scales
(Kamlet et al. [4], Reichardt [5], Abraham [6], Catalan [7]), as well as theoretically using the polarizable
continuum model, PCM (Tomasi et al. [8]), the conductor-like screening model, COSMO (Orozco
and Luque [9]), and Density Functional Solvation Model, DGSOL (Zhu et al. [10]). Note that several
authors have studied solvent effects on weak interactions using the PCM approximation [11-16].

Concerning the carbon dioxide greenhouse effect, after some previous attempts by scientists
like John Tyndall, Svante Arrhenius, Guy Stewart Callendar and others, it was Charles David
Keeling in the early 1960s that established definitely that CO, produces a greenhouse effect [17-24].
There are numerous studies related with CO; including in catalysis [25], processing polymers [26],
engineering [27], absorption processes [28,29], crop development [30], fuels [31], lasers [32], and
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combustion research [33]. Also, the CO, molecule has been the subject of investigation from the
theoretical point of view [29,34,35]. Our previous studies concerning A---B complexes with B being
CO; are reported in references [36—41].

Simulation of phosphorous/boron frustrated lewis pair complexes (FLP) with CO, in explicit
solvent proposed a two-step mechanism [42]. The effect of the solvent has been considered on the
carbene + CO; reaction [43,44] and in the anion + CO; one [45].

Dielman et al. reported the interaction of phosphines with CO; [46,47]. Among the reversible
CO;, binding by zwitterionic Lewis base adducts (cyclic guanidines, N-heterocyclic carbenes, NHCs)
the authors describe the behavior of electron-rich phosphines (Figure 1) [46]. The ability of these
compounds to form adducts with CO;, has been rationalized based on the Tolman electronic
parameter [48].
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Figure 1. Imidazolin-2-ylidenamino substituted phosphines (IAPs).

In this article, we have carried out a computational study of the reaction of six phosphines
(Figure 2) with CO, to form the corresponding phosphine-CO, adducts in the gas phase and in eight
solvents of increasing polarity (hexane, toluene, chloroform, 1-octanol, acetone, dimethylsulfoxide,
water, and formamide). Three stationary points in the energy profile have been characterized, two of
them are energetic minimum which corresponds to the non-covalent complexes between the phosphine
and CO,, and to the adduct with a P-C bond. In addition, the transition states linking both minima
have been located. The effect of the substituents on the reaction has been considered by replacing one
of the methyl groups of trimethylphosphine by amidine and by two different guanidines. In addition,
the phosphines bonded to two and three guanidine groups have been examined.
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Figure 2. Schematic representation of the phosphines studied.

2. Results

In this section, the nomenclature used within the article will be briefly outlined, followed by an
in-depth discussion of the stationary points within the 1 + CO; energy profile, and finally the rest of
the cases—2 to 6 (Figure 2)—will be discussed.

In order to differentiate the three stationary structures characterized within the manuscript, the

7, “-", and “/” symbols between the phosphine and the CO, molecule will be used to indicate
the complex, adduct, and transition structure, respectively. Thus, 1:CO,, 1-CO,, and 1/CO, will
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correspond to the three stationary points in the 1 + CO, energy profile (complex, adduct, and transition
state (TS), respectively).

2.1. (CH3)3P + COZ (1)

The reference phosphine molecule [(CH3)3P, 1] shows only one stationary point in its reaction with
CO, in gas phase. It corresponds to the non-covalent pnicogen complex [49-51] with one of the oxygen
atoms of the CO, acting as an electron donor towards one of the o-holes of the phosphine [1:CO,].
All attempts to obtain the adduct compound with a P-C bond evolves towards the non-covalent
complex spontaneously. However, with the inclusion of the solvent effect, both minima, pnicogen
complex, and adduct, are obtained and the corresponding TS were located (see Figure 3 for the
stationary points with chloroform as solvent). The binding energy (Eb) of the 1:CO;, complex decreases
uniformly from —14.5 kJ-mol ! in gas phase to —10.6 in formamide as the dielectric constant of the
solvent increases (Table 1). In contrast, the opposite trend is observed for the relative energy of the
adduct in which the P-C bond is present vs. the isolated phosphine plus CO,. The 1-CO, adduct in
hexane shows the largest positive binding energy of 34.2 k]-mol ! as an indication that this structure
is less stable than the isolated monomers. This is also observed for other solvents (toluene, chloroform,
1-octanol, and acetone) while in the most polar solvents (DMSO, water, and formamide), the relative
energy is negative as an indication that the structure is more stable than the isolated molecules (—0.4,
—1.3,and —1.6 kJ-mol 1, respectively). However, since the non-covalent complex, 1:CO,, is always
more stable than the adduct one, it is expected that the population of the last one should be very small.
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Figure 3. Optimized stationary points along 1 + CO, energy profile using continuum polarizable
method (PCM)-chloroform solvent model.

The relative energy of the TS that connects both minima also decreases as the dielectric constant of
the solvent increases from 38.5 kJ-mol~! in hexane to 28.1 kJ-mol~! in formamide. Linear correlations
between the energetic values (Eb) of each stationary point and the inverse of the dielectric constant
of the solvent show good R? correlations (R? > 0.94, see Figure S1 of the Supplementary Materials).
However, the curvature observed in the values indicates that a more complex relationship, like a
second order polynomial, should provide a better fitting (R> > 0.9999).
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Table 1. Binding energy, Eb, (kJ-mol~1) and P---C and P---O intermolecular distances (A) of 1+ CO,
stationary points in different solvent models.

Solvent 1:CO, 1/CO, 1-CO,

Eb P.--C P---O Eb P.--C Eb P---C
Gas —14.5 3.365 3.306

Hexane —13.1 3.367 3.323 38.5 2.206 34.2 1.959
Toluene —-12.6 3.372 3.332 36.0 2.245 28.7 1.946
Chloroform —11.6 3.387 3.349 31.6 2.318 15.7 1.926
1-Octanol —-11.1 3.397 3.362 29.5 2.358 7.0 1.917
Acetone —-10.8 3.405 3.370 28.7 2.377 2.2 1.914
Dimethylsulfoxide, DMSO —10.6 3.409 3.374 28.2 2.387 —-0.4 1.912
Water —10.6 3.410 3.375 28.1 2.390 -1.3 1.911
Formamide —10.6 3.410 3.374 28.1 2.391 —-1.6 1.911

An inspection of the dipole moment of the different stationary points provides clues of the
energetic trends upon solvation. The pnicogen bonded complex (1:CO;) shows small dipole moment
ranging between 1.5 and 2.0 Debyes depending on the solvent considered. These values are similar to
the dipole moment of the isolated phosphine (notice that the dipole moment of the isolated CO, is 0.0
Debyes). In contrast, the dipole moment of the 1-CO; adduct presents values between 10.0 and 12.4
Debyes which is much larger than the sum of the two isolated monomers. Thus, a larger stabilization
of 1-CO; due to solvation should be expected when compared to that of 1:CO,. The situation of the TS
(1/COy) is intermediate with a dipole moment that goes from 7.9 to 7.2 Debyes.

The intermolecular P---C and P---O distances in the complex increase as the dielectric constant of
the solvent does. The P-C distance in the adduct decreases with the solvent polarity. These two effects
are in accordance with the energetic variation observed due to the different solvents. In the case of the
TSs, the intermolecular distance increases with the solvent in agreement with the Hammond postulate
since the energy difference between the adduct and the complex decreases with the solvent polarity
and the TS should tend to resemble more the complex.

The analysis of the electron density within the quantum theory of atoms in molecules (QTAIM)
framework (Table S1) shows the presence of an intermolecular O-:-P bond critical point (BCP) in the
1:CO, complex while it is a C---P BCP in the 1-CO, adduct and 1/CO; TS. The former shows the
typical characteristic of a weak interaction: small value of the electron density at the bond critical
point, pgcp, (between 0.0087 and 0.077 au) and positive Laplacian values, V2pgcp, (between 0.026 and
0.023 au) and total electron energy density, Hpcp, approximately 0.001 au. In contrast, the P-C BCP in
the adduct shows value characteristics of a polar bond with pgcp between 0.156 and 0.145 au, V2ppcp
between —0.365 and —0.272 au, and Hgcp between —0.143 and —0.100 au. The electron densities
descriptors at the BCP in the TSs present values in between a covalent bond and a weak interaction.
A more detailed analysis of the properties of the BCPs will be discussed later.

The electron density shift maps (obtained as difference of the electron density on the complex
minus the electron density of the monomers in the geometry of the complex) [52] clearly show the
polarization of the two interacting systems as the reaction process from the complex to the adduct
is in good agreement with the dipole increment previously indicated. Please notice that the electron
density shift (EDS) maps in Figure 4 for the complex are one order of magnitude smaller (£0.0002 au)
than those of the TS and adduct (£0.002 au). Thus, a significant increment of charge (blue regions) is
accumulated around the oxygen atoms of the CO; in 1/CO, adduct, mainly due to a loss of electron
density on the hydrogens of the methyl groups of 1. In the region between P and C atoms, where the
P-C bond is being formed, a loss of the electron density (yellow area) is shown within the area where
the lone pair of the phosphorous was located, while an increase on the electron density (blue area)
close to the carbon atom on the CO, moiety is observed.
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Figure 4. Electron density shift maps for the stationary points of the 1 + CO, energy profile. Positive and
negative values are shown in blue and yellow, respectively. The surfaces for the complex correspond to
40.0002 au and in the transition state (TS) and adduct to £0.002 au.

2.2. RR'R”P + CO; (2-5)

Once the smallest model of the reaction has been analysed the rest of the cases under study (2 to 6
in Figure 2) will be discussed. Three stationary points (complex, TS, and adduct) were found for all the
rest of the systems considered in gas phase and regarding the solvent used, except for 3 + CO, in gas
phase where only the 3:CO, complex with the pnicogen interaction was located. All the attempts to
obtain 3-CO, adduct in gas phase reverted spontaneously into the complex configuration. The binding
energy of the stationary points in the different PCM models has been gathered in the Supplementary
Material (Table S2).

The complexes 2—4:CO, show a pnicogen bond between the electrons of the oxygen atom of
the CO; and one of the o-holes of the phosphorous atom of the phosphine, as in the case of 1:CO;.
In contrast, complexes 5:CO; and 6:CO, present a tetrel bond [53-55] in which the lone pair of one
of the nitrogen atoms directly connected to the phosphorous atom interacts with the n-hole of the
carbon atom of CO,. These results are confirmed by the molecular graphs (Figure 5) in which a
bond path connecting both atoms is shown. Transition states (/) and adducts (-) show in all cases an
intermolecular BCP connecting the phosphorous atom of the phosphine and the carbon of the CO,.

2:COn

4:COn 5:CO2 6:CO2

Figure 5. Molecular graphs for the 1-6:CO, complexes. The small green and red spheres represent the
position of the bond and ring critical points, respectively.

The evolution of the binding energies of the complexes and adducts considered vs. the solvent
dielectric constant (Figure 6) is similar to the ones already described for the 1 + CO, case; destabilization
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of the complex as the dielectric constant of the solvent increases (Figure 6a) and the other way around
for the adduct (Figure 6b). Significant energetic variations from gas phase (¢ = 1) to ¢ = 10 while the
curves present a plateau for € > 20 values have been observed. However, the different values obtained
in gas phase that depend on the substituents of the phosphine are translated to the values in the plateau
region. The binding energies obtained for all the complexes studied range between —26 (6:CO;) and
—11 KJ-mol~! (2:CO,), being the minimum and maximum values of each family as follows (Table S2):
2:CO, (—14.9, —10.7), 3:CO, (—18.2, —11.4), 4:CO, (—16.4, —11.3), 5:CO, (—22.2, —15.6), 6:CO, (—26.2,
—21.8). The energy range for n-CO, adducts is larger than in the n:CO, complexes between +35 and
—39 kJ'mol !, and also with respect to the complexes within the same family. Again, the extreme
values correspond to 1 and 6. As mentioned above, solvation effects are different when complexes and
adducts are considered. Complexes decrease on their binding energy with the increase of the dielectric
constant in the solvent, while in adducts the tendency is the opposite: the larger the dielectric constant,
the more negative binding energy. Also, as occurred for 1 + CO,, these results are associated to the
small and large dipole moments found for the complexes and adducts, respectively.
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Figure 6. (a) Evolution of the binding energies of the complex; (b) Adduct vs. the dielectric constant
of the solvent; (c) Relative energy between the complex and adduct for each system vs. the dielectric
constant of the solvent. In-plot: zoom into the inner region with low dielectric constant.

The relative energy between the complex and the adduct with the dielectric constant of the solvent
is shown in Figure 6¢. As observed, for systems 1 and 2, curves are always positive, which indicated
that the complex is always more stable than the adduct independently of the solvent considered.
The 3:CO, complex is more stable than the 3-CO, adduct in solvents with ¢ < 10 but the adduct
becomes more stable when ¢ < 10. Similar features were found for systems 4, 5, and 6 in which there is
an inversion of the relative stability between complex and adduct from a certain value of the dielectric
constant. Probably, the most interesting cases are 5 and 6 in which even at small values of ¢ the adduct
is more stable than the complex.
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A further inspection on the effect of the substituent on the binding energies has been carried out.
When the substitution of methyl by amidine (from 1 to 2) is done, a decrease on the binding energies is
observed in the complexes, TSs, and adducts across all the different solvents, being more pronounced
in the latter than in the former. The substitution of a methyl by a guanidine (from 1 to 3) produces
a larger decrease on the Eb in the complex independently of the solvent considered. In the adducts
and TSs, this decrease is only observed for solvents with & > 2.37, while in hexane and toluene, an
increase on the Eb is shown for both type of structures. This is indicative of the dependency of more
polar substituent with the solvents. Finally, when the c-Gua is considered, there is a drastic decrease
on the Eb in all the systems.

Consider the series with an increasing number of guanidine substituents: 1, 3, 5, and 6 (Figure 7).
In the absence of any solvent (Figure 7a, ¢ = 1) there is a linear decrease of the Eb in the complexes
with the increase of the number of guanidine substituents (R? = 0.9997). The Eb (complex) decreases
(more negative) with the number of guanidines up to three (compound 6) where all the Eb becomes
very similar. At any number of guanidines, the largest the dielectric constant of the solvent, the more
positive is the Eb in the complex. Similarly, in case of adducts, the larger number of guanidines,
the more negative Eb. However, in the limit case of three guanidines (compound 6) in the complex,
the Eb was found very similar across the different solvents, while in the adduct, there is a clear
separation between curves more pronounced at solvents with small dielectric constant values.

-10 40
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£=1-Octanol
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Eb(complex), kJ/mol
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(Compound) (Compound)

Figure 7. Evolution of the binding energies of the complex (a) and adduct (b) vs. number or guanidine
substituents for systems 1, 3, 5, and 6.

In the general case, the energetic variations of the two minima (complex and adduct) with
the solvent are associated with a lengthening of the intermolecular distance in the complexes and
with a shortening of the P-C bond in the adducts (see Table S3) as the dielectric constant of the
solvent increases.

The transition barrier for the reaction accounted as the difference of energy between the complex
and the TS structures (Figure 3) decreases with the polarity of the solvent due to the larger dipole
moment found in the TS than in the complexes (Figures S2 and S3). Thus, the largest transition barrier
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is found for 1 + CO, reaction in n-hexane model (52 k]-mol~!) and the smallest one corresponds to 5 +
CO, reaction in formamide (25 kJ-mol~1). In fact, if we considered the evolution of the TS barriers
with the number of guanidine groups across the different solvents (Figure S4), it is observed that
the substitution of methyl groups by guanidines decreases considerably the transition barriers up to
Me(Gua),P:CO, system. When the third methyl group is substituted there is an increase on the TS
barriers, which may be due to sterical effects.

Regarding the interatomic P---C distance within the TS structures, the larger the interatomic
distance, the larger the dielectric constant of the solvent, as was aforementioned for the 1 + CO; case.
If we analyse systems 2-6, there is a significant increase on the P---C distance (up to 0.2 A) when moving
from gas phase to n-hexane, and also increases with the dielectric constant of the solvent considered.

Excellent linear correlations are found between the P-C distance in the transition state geometries
and the inverse of the dielectric constant of the solvent for the six cases considered (R? > 0.99).

Since all the adducts and transition structures show a P-C BCD, it is possible to analyze the
evolution of the electron density properties between 1.9 and 2.50 A. Excellent exponential relationships
are obtained between the P-C distance with ppcp (R? = 0.999) and with Hpcp (R? = 0.998), in agreement
with previous reports [56-58].

Finally, to provide a more detailed view and feasibility of the reaction, Gibbs free energies (AG)
have been obtained and summarized in Table S4. As observed, AG values are always positive when
they are obtained with respect to the isolated monomers (entrance channel). This is well-known
due to entropic effects of going from a more disordered system into a less disordered system (i.e.,
complexes, TSs, or adducts), but for all the stationary points, positive values of AG are obtained but for
the most polar solvent, and for 6:CO, adduct, the values are about 10 k] /mol more stable than the ones
obtained for the corresponding complexes as an indication that it should be possible to obtain such
adducts. The AG values with respect to the complex, i.e., the configuration which leads eventually to
the adduct connected by the transition barrier, show a different view. First, the reaction is more likely
to be carried out under polar solvents as the TS barriers decrease with the dielectric constant of the
solvent. Also, the adducts become more and more stable with the polarity of the solvent, showing an
exothermic behaviour for compounds 5 in water and formamide and 6 in n-octanol, acetone, DMSO,
water, and formamide. Again, the effect of the solvent is crucial in the stabilisation of the complexes,
TSs, and adducts.

3. Methods

The geometry of the stationary points has been optimized at the Moller-Plesset
MP2/aug’-cc-pVDZ computational level [59,60]. The aug’-cc-pVDZ basis set is built using the
aug-cc-pVDZ basis set for heavy elements (C, N, O, and P in this article) and the cc-pVDZ for the
hydrogens. In addition to the calculations in vacuum (e = 1.0), the solvent effect on the reaction
profile has been taken into account by means of the continuum polarizable method (PCM) [8] and
the parameters of the hexane (¢ = 1.88), toluene (¢ = 2.37), chloroform (e = 4.71), 1-octanol (e = 9.86),
acetone (¢ = 20.49), dimethylsulfoxide (e = 46.83), water (¢ = 78.36), and formamide (e = 108.94). In all
cases, frequency calculations have been carried out to confirm that the geometry of the minima and TSs
shows zero and only one imaginary frequency, respectively. Binding (electronic) energies and Gibbs
free energies have been obtained as the difference between the energy of the complex (TS or adduct)
minus the energy of the isolated monomers in the most stable configuration. All these calculations
have been carried out with the Gaussian-16 program [61].

The electron density of the systems has been analyzed within the Atoms in Molecules (AIM)
methodology with the AIMAII program [62]. The electron density shifts have been calculated using
the Gaussian-16 facilities and represented with the Jmol program [63].
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4. Conclusions

A thorough investigation of solvent effects on the reaction of different substituted RR'R”P
phosphines with CO; has been carried out by means of MP2 calculations under PCM solvent models.
For each energy profile, three different stationary points have been found. Of those, two correspond to
minima structures, i.e., a pnicogen or tetrel bonded complex and a P-C bond adduct, and the third one
was identified as a transition structure, which connects both minima structures.

The solvent effects on the stability and geometry of the stationary points are different. Thus,
the complexes are destabilized as the dielectric constant of the solvent increases while the opposite
happens with the adducts and the TSs.

Considering the substitution of one methyl group of (CH3)3P (1) by amidine (2), guanidine (3),
or c-Gua (4), it was observed that replacing a CHs by any of those leads to a decrease on the binding
energies (more negative) in all the three modes (complexes, adducts, and TSs) across all the solvents.
These effects are particularly pronounced when more than one CHj is substituted (5 and 6).

Finally, AG values show that while the reaction is not favourable across some of the compounds
(1-4), the solvent stabilises the adducts and TSs, mainly for polar solvents. Thus, compounds 5 and 6
showed negative values of AG indicating exothermic reactions.
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points in the 1 + CO, surface, Figure S2: Evolution of the transition barriers vs. the dielectric constant of the
solvent, Figure S3: Evolution of the transition barriers vs. the complexes 1, 2, 3, and 4, Figure S4: Evolution of
the transition barriers vs. the number of guanidine substituent for complexes 1, 3, 5, and 6, Table S1: Electron
density properties (au) of the intermolecular BCP in the stationary points of the 1 + CO, energy profile, Table S2:
Binding energies (kJ-mol~!) and Linear relationship R? vs. 1/¢ of all the stationary points, Table S3: Interatomic
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