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The reactivity of 5,10-disubstituted dibenzoazaborines and
dibenzophosphaborines towards carbon dioxide was studied at
the DFT, M06-2X/def2-TZVP, computational level. The profile of
this reaction comprises of three stationary points: the pre-
reactive complex and adduct minima and the transition
state(TS) linking both minima. Initial results show that diben-
zoazaborines derivatives are less suitable to form adducts with
CO2 than dibenzophosphaborine systems. The influence of the

basicity on the P atom and the acidity on the B center of the
dibenzophosphaborine in the reaction with CO2 was also
explored. Thus, an equation was developed relating the proper-
ties (acidity, basicity and boron hybridization) of the isolated
dibenzophosphaborine derivatives with the adduct energy. We
found that modulation of the boron acidity allows to obtain
more stable adducts than the pre-reactive complexes and
isolated monomers.

Introduction

The concepts of acidity and basicity are of paramount
importance in chemistry, with different definitions found in the
literature. The Lewis acidity/basicity concept, defined by Lewis
himself in 1923,[1] is possibly the most popular describing a
Lewis acid (LA) as an electron-pair acceptor, and a Lewis base
(LB) as an electron-pair donor. This definition enables the
understanding of the direct formation of the F3B:NH3 Lewis
adduct by the interaction between BF3 (a Lewis acid) and NH3 (a
Lewis base). In this adduct, the N atom donates its pair of
electrons to the B atom which is the electron acceptor.[2] The
prevention of this contact or donation is known as Frustrated
Lewis Pair (FLP), a concept introduced by Stephan et al. in
2006.[3] From an electronic structure point of view, preventing
the contact between a LA and a LB creates a “frustration” in the
system. The use of large substituents on the LA and LB units,
and/or the modification of the molecule skeleton separates the
acid and basic centers which partially blocks the electron-

transfer between the base and the acid, thus enhancing their
simultaneous reactivity toward a third molecule.

The use of FLP as metal-free catalysts is part of the “green
chemistry” tendency. In the last decade, FLPs have been used
to chemically activate a large set of small molecules,[4–6]

considering that the electron density of the small molecule,
generally known to be very stable, is disturbed by a bilateral
attack of the FLP. This simultaneous attack facilitates the
rupture of small molecules such as H2 or the capture of small
systems such as CO2. In particular, the capture and sequestra-
tion of CO2 is of great relevance for global warming as has been
highlighted in recent reviews.[7–12] In fact, a combined search of
the “frustrated Lewis pair” and “carbon dioxide” terms in the
Web of science provides 400 results, 49 of which are review
articles.

The ability of FLPs to capture CO2 is known experimentally
since 2009.[13,14] Nowadays, effective FLPs used to capture CO2

expand from the typical N/B and P/B FLPs,[13–18] to some
rhenium based,[19] bridged,[20] and cyclic FLP,[21] passing through
more exotic ones containing germanium,[22] aluminum,[23,24] or
copper,[25–28] and even including them in polymers.[29,30] In
addition, FLPs are being used to activate CO2 and reduce it to
useful chemicals,[5,31–33] like for example methanol,[24,25,34]

methane,[35] formates,[17,31] methoxysilane,[36] in a catalytic fash-
ion or not. Theoretical studies were added to those experimen-
tal results, to better understand the reaction mechanism behind
the capture and reduction of CO2, as well as proposing a
systematic way to improve the existing FLP playing with the
intrinsic properties of the atoms involved.[18,22,37–51]

Considering phosphorus as a LB, boron as a LA, and that the
distance between both atoms, may be imposed by a ring
structure and/or large substituents, it is possible to design FLP
systems to capture CO2. Among potential intramolecular FLPs,
the tricyclic derivatives of 9,10-dihydroanthracene (DHA) with
different substituents in positions 9 and 10 should be
mentioned (Figure 1).[52–58] The presence of the aromatic rings
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connecting the acid and basic center can enhance their
properties as electron acceptor/donor, respectively. Searching
the Cambridge Structural Database (CSD), twelve X-ray struc-
tures of DHA derivatives with N/B and P/B pairs in positions 9
and 10 linked to a variety of substituents (i.e from a H atom to
large groups such as mesityl) were found.[53–58] From these, nine
contain the N/B pair (Refcodes: COYNEK, FUTBAX, MUKLAI,
QIXYUU, QIXZAB, QIXZEF, QIXZIJ, RERPEK, YAGKUM), whereas
three contain the P/B pair (Refcodes: QAYDUQ, RERPOU,
YIHBEX). In all structures, the pnictogen atom is linked to a H
atom, a methyl group or an aromatic ring and the B atom is
bonded to a substituted aromatic ring, hydroxyl groups, or Cl
atoms. Analogous saturated six-membered rings with the
phosphorous and boron groups in 1/4 positions has been
shown to react as FLP vs. alkenes, alkynes and CO2.

[59]

In the present study, the corresponding stationary points
(minima and TSs) for the reaction between DHA derivatives
containing P/B and N/B pairs in positions 9/10 with a variety of
substituents and CO2 have been obtained utilizing quantum-
chemical computations. Based on these studies, an equation
has been developed linking the acid and basic properties of the
isolated DHA derivatives to their ability to form CO2 adducts.

Computational Details
Optimizations were carried out with the M06-2X DFT functional[60]

and the def2-TZVP basis set[61] using the scientific software
Gaussian16.[62] Frequency calculations of all optimized systems at
the same level of theory confirm that they were minima (no
imaginary frequencies) or TSs (one imaginary frequency).

The Natural Bond Orbital method[63] was applied on some
compounds to explain the orbital interactions utilizing the NBO-7.0
program.[64] For example, the charge transfer stabilization energy
between the bonding and anti-bonding orbitals of the π-system
indicates the strength of the π-delocalization. All the NBO
calculations were performed using the M06-2X/def2-TZVP level of
theory.

The Molecular Electrostatic Potential (MEP) was computed on the
0.001 a.u. electron density isosurface with the Multiwfn[65] software,
using the M06-2X/def2-TZVP wavefunction. The MEP corresponds
to the interaction energy of a non-polarizing positive charge (+
1.0 e) with the molecule on the 0.001 a.u. electron density isosur-
face. Analysis of MEP allows to localize nucleophilic molecular
regions (minima of the MEP), or electrophilic ones (maxima of the
MEP). For the systems studied in this work, a MEP minimum on the
pnictogen atoms (P and N) and a maximum on the boron atom are

expected for the DHA derivatives. Ideally, the MEP of the DHAs
should be complementary to that of CO2 which presents a MEP
maximum around the carbon atom, and two MEP minima on the
oxygen atoms.[66]

The topological properties of the systems’ electron density were
analyzed by means of the quantum theory of Atoms In Molecules
(QTAIM)[67,68] model as implemented in the scientific software
AIMAll.[69] The electron density critical points (CPs) were localized by
the computation of the density gradient. Using the signature of the
second derivative matrix (Laplacian), the CPs were classified as
attractor, bond, ring or cage critical points; from a chemical point of
view, the most interesting CPs are the Bond Critical Points (BCP).
The Laplacian, the potential density energy and the kinetic density
energy at these BCPs give information about the covalent character
of the interaction.[70,71] The molecular graphs were also computed
and plotted with the AIMAll software[69] at the M06-2X/def2-TZVP
level of theory.

The complexes’ binding energy (Eb) was calculated as the difference
between the energy of the complex (Ecomplex) and the energy of the
optimized monomers (EDHA and ECO2) (Equation 1). Similarly, the
interaction energy (Eint) was obtained using the energy of the
monomers with the geometry within the complex (E’DHA and E’CO2)
(Equation 2). The difference between the binding energy and the
interaction energy is the total deformation energy (Edef) (Equa-
tion 3). Both Eint and Edef parameters were used to analyze the
complex formation as the monomers approach each other.[72–74]

Eb ¼ Ecomplex � EDHA � ECO2 (1)

Eint ¼ Ecomplex � E0DHA � E0CO2 (2)

Edef ¼ EDHA � E0DHAð Þ þ ECO2
� E0CO2

� �
¼ Eb � Eint (3)

The basicity and acidity of the isolated DHA derivatives was
evaluated from its proton affinity (PA) and fluoride ion affinity
(FIA),[75–77] respectively (Eqs. 4 and 5). The enthalpies (H) of the
different compounds in Eqs. 4 and 5 are used to calculate the PAs
and FIAs. Using the parameters defined by Eqs. (1–5), we are able
to rationalize the reactivity of the DHAs derivatives with CO2.

LB � H½ �þ ! LBþ Hþ; PA ¼ H LBð Þ þ H Hþð Þ � H LB � H½ �þð Þ (4)

LA � F½ �� ! LAþ F� ; FIA ¼ H LAð Þ þ H F�ð Þ � H LA � F½ ��ð Þ (5)

Results and Discussion

Isolated DHA Derivatives with N/B and P/B Pairs

A simplified nomenclature for the DHA derivatives (i. e. LB-
LBsubs-LA-LAsubs) will be used from here on. As shown in Figure 2,
LB stands for Lewis base (N or P), LA for Lewis acid (B) and LBsubs

and LAsubs stand for the substituent on the LB and LA,
respectively.

Four DHA derivatives were chosen (N-H-B-Cl, P-H-B-Cl, N-Ph-
B-Cl, and P-Ph-B-Cl, Figure 2) based on those synthesized by
Ishikawa et al.[56] (N-H-B-Cl, Figure 2) and Agou et al.[53] (P-Ph-B-
Mes, Mes=Mesityl). Based on literature reports, when a FLP
captures CO2 the interaction is bilateral meaning that the FLP-
base attacks the σ-hole of the C atom and the FLP-acid accepts
electron density from one of the O atoms. In general, the
strongest interaction corresponds to the attack of the FLP-base

Figure 1. Scheme of the N/B and P/B ring systems 5,10-dihydrodibenzo
[b,e][1,4]azaborine (left) and 5,10-dihydrodibenzo[b,e][1,4]phosphaborine
(right) showing the corresponding numbering.
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to the C atom, what can be corroborated by the fact that some
phosphines and N-heterocyclic carbenes (NHC)[78–80] are able to
capture CO2 without the need of an acid. In addition, nitrogen-
containing compounds are experimentally used to capture CO2

without the help of any Lewis acid.[81–83] For this reason, we
focused our attention on the effect of the FLP-base (P or N) and
its substituents (i. e. H or Ph). As regards to the FLP-acid center
(B), we chose the smallest substituent found in the CSD for
these systems (i. e. Cl) for computational considerations.

The optimized geometries of the four monomers studied
(N-H-B-Cl, N-Ph-B-Cl, P-H-B-Cl, P-Ph-B-Cl) are shown in Figure 3.
Significant differences are observed in the geometries of N and
P derivatives; thus, the N-containing central ring of the tricyclic
core is flat, while in the systems with P that ring is not planar.

These differences can be explained based on the delocaliza-
tion of the pnictogen lone pair. Thus, the lone pair on the N
atom is delocalized into the lateral phenyl rings, while this
delocalization is weaker in the case of P-containing DHA
systems. This feature can be verified by NBO calculations. For
instance, in the N-Ph-B-Cl system, the interaction between the
natural lone pair of the N atom and the natural π-anti-bonding
orbitals C(4a)-C(9a) and C(8a)-C(10a) amounts to 243 kJ ·mol� 1.
However, in the case of the P-Ph-B-Cl derivative, these
interaction amounts to 36 kJ ·mol� 1, almost seven times lower
as compared to the N-Ph-B-Cl system.

Furthermore, the electron density at the BCP of the N� C
bond in the N-[H/Ph]-B-Cl systems is close to that found for the
pyridine [BCPpyridine(N� C)=0.35 a.u.; BCPN-H-B-Cl(N� C)=0.31 a.u.;
BCPN-Ph-B-Cl(N� C)=0.30 a.u.], indicating the presence of an
aromatic bond. It can be assumed that the delocalization of the
N lone pair will limit the electron donation to the CO2 carbon
atom.

As mentioned, the MEP on the 0.001 a.u. electron density
isosurface of the selected DHA derivatives were calculated and
the results indicating the MEP maxima and minima associated
to the LA and LB centers are shown in Figure 4. These maxima
and minima (represented by singular points in Figure 4) vary in
magnitude and position as a function of the different
substituents and nature of the acidic/basic centers. Hence, in
the N-H-B-Cl system, all the values observed are negative, being
that of the maximum on the B atom of � 6 kJ ·mol� 1 and that of

Figure 2. Structures of the DHA derivatives studied in this section indicating
the nomenclature used.

Figure 3. Optimized structures and QTAIM molecular graphs of the (A) N-H-
B-Cl, (B) N-Ph-B-Cl, (C) P-H-B-Cl, and (D) P-Ph-B-Cl DHA derivatives. BCP and
RCP are represented by green and red dots, respectively.

Figure 4. Molecular Electrostatic Potential (MEP) of the (A) N-H-B-Cl, (B) N-
Ph-B-Cl, (C) P-H-B-Cl and (D) P-Ph-B-Cl DHA systems on the 0.001 a.u.
electron density isosurface. A MEP range between � 40 to 130 kJ ·mol� 1 was
used for the plot. The positive regions are represented in blue and the
negative ones in red. Only the most interesting MEP extrema were plotted
and are indicated with dots (light blue for the minima and black for the
maxima), and their values are given in kJ ·mol� 1.
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the minimum associated to the lone pair of the N,
� 14 kJ ·mol� 1. Additionally, a maximum close to the middle of
the central ring is found to have a value of � 8 kJ ·mol� 1. As it
can be observed in Figure 4, substitution of H by a phenyl ring
in N-H-B-Cl leads to the loss of the minimum associated to the
N atom as well as the maximum found in the middle ring.
However, a negative maximum of � 10 kJ ·mol� 1 on the B atom
still is observed in the N-Ph-B-Cl system.

The P-H-B-Cl system presents a MEP minimum on the P
atom, with a value of � 68 kJ ·mol� 1. Two maxima were also
found in the B atom and the center of the ring with values of
+38 and +37 kJ ·mol� 1, respectively. In this case the substitu-
tion of a H atom by a phenyl ring increases the absolute value
of the MEP minimum on the P atom, and it reduces the values
of the positive maxima. It should be noticed that given the
hybridization of P, the minimum on the pnictogen atom is not
localized on top of it, as in the case of the B atom, but it points
towards the outer part of the molecule. Additionally, substitu-
tion of the P atom with a phenyl ring reduces the distance
between the MEP minimum and the maximum; indeed, in the
case of the P-H-B-Cl system these are separated by 4.26 Å while
in the case of P-Ph-B-Cl they are separated by only 3.62 Å.

Therefore, the main differences between the DHA systems
with N and P are: (i) the sign of the B atom MEP maxima,
implying in the case of the nitrogen systems a repulsive
interaction between the boron and the oxygen, before the
polarization plays its role, (ii) the absolute values of the MEP
extrema, being larger, in absolute value, in the P-containing
systems.

Reactivity of CO2 with DHA Derivatives with N/B and P/B Pairs

In the calculated coordinate of the reaction between the
selected DHA derivatives and CO2 three stationary points were
found, a minimum corresponding to a complex, another
minimum corresponding to an adduct and a TS connecting
them (Figure 5). Similar profiles have been described for other
reactions with CO2.

[22,78–81,84]

From the Monomers to the Complexes

As shown in Figure 5, all complexes are more stable than the
entrance channel, and very close in energy (around
� 15 kJ ·mol� 1). The complexes formed with phenyl derivatives
(i. e. N-Ph-B-Cl and P-Ph-B-Cl) are more stable than those
unsubstituted in the pnicogen atoms (N-H-B-Cl and P-H-B-Cl) by
3 kJ ·mol� 1 and 1 kJ ·mol� 1, respectively. Even though these
energy differences are rather small, the corresponding geo-
metries are very different, as shown in Figure 6. In the case of
complexes with the N systems, the CO2 molecule is located on
top of the central ring, thus enabling interactions between the
O and N atoms with the B atoms. In the case of complexes
formed by the P systems, the CO2 molecule is tilted and located
on top of one of the side rings.

A feature common to all the complexes formed by the
charge transfer from the base lone pair towards the C� O anti-
bonding orbitals is that the CO2 molecule does not undergo
any significant distortion. In fact, in the four systems the CO2

molecule exhibits a C� O bond length around 1.16 Å, and a
O� C� O angle around 179°, similar to the isolated system (i. e.
1.15 Å and 180°, respectively).

The positive sign of the MEP maxima on the B atom of the
N-containing systems implies a repulsive interaction between
the B and the O atoms of the CO2 even before any polarization
effect takes place (Figure 4). Therefore, it is interesting that
even though the MEP values of P-containing monomers
indicate a better disposition of these systems to interact with
CO2, the complexes formed show the weakest interactions.

Figure 5. Reaction energy profiles for the reaction between compounds N-H-
B-Cl, P-H-B-Cl, N-Ph-B-Cl, P-Ph-B-Cl and CO2.

Figure 6. Optimized structures and QTAIM molecular graphs of the (A) N-H-
B-Cl, (B) N-Ph-B-Cl, (C) P-H-B-Cl, and (D) P-Ph-B-Cl complexes with CO2. BCP
and RCP are represented by green and red dots, respectively.
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Additionally, one of the major differences found in the MEPs of
P- and N-systems was the positive maximum in the middle of
the central ring in the P-derivatives (Figure 4); this prevents the
positioning of the CO2 molecule over the central ring, thus
explaining the weak interactions.

The QTAIM molecular graphs of the four compounds are
depicted in Figure 6. In the N-H-B-Cl :CO2 complex, two bond
paths are found between the DHA and the CO2 molecule: one
between one O and the N atom, and another between the
other O and the B atom. In these two bond paths the
corresponding BCP were found with electron density (1BCP)
values of 0.007 a.u. and 0.006 a.u., respectively. The presence of
a phenyl substituent in the N atom of the DHA (N-Ph-B-Cl :CO2)
results in three intermolecular bond paths, the two previously
mentioned plus an additional one between one of the O atoms
and the H in ortho to the phenyl ring with a 1BCP of 0.006 a.u.
This third BCP could explain the extra stabilization observed in
the N-Ph-B-Cl:CO2 vs. the N-H-B-Cl :CO2 complexes.

As for the P-H-B-Cl:CO2 complex, only one bond path is
found between one of the CO2 O atoms and the C(4a) atom of
the naphthalene system with a 1BCP of 0.009 a.u. The introduc-
tion of a phenyl ring on the P atom results in an extra bond
path between the same O atom and the P atom of the DHA
with a 1BCP of 0.007 a.u.

From the Complexes to the Adducts

As mentioned before, the mechanism of the reactions studied
involves the complexes discussed above to evolve towards the
adducts through a TS (Figure 5). Several parameters of the

calculated TSs and adducts are compiled in Figure 7 and
Table 1.

With regards to the TS, the energy profiles of the reactions
of P-containing DHA systems show lower energy barriers than
those of the N-containing systems (Figure 5). The energy
decomposition values indicate that the total energy of the TSs
of the N-derivatives includes larger deformation energies, thus
increasing the energy barrier (Table S6). This is directly related
to the π-delocalization of the N atom penalizing the geometric
deformation. It can also be pointed out that the introduction of
a Ph ring destabilizes the N-containing TS but stabilizes the P-
containing TS. This fact can be related to the hydrogen bond
(HB) formation in the P-Ph-B-Cl:CO2 TS, as opposed to the N-Ph-
B-Cl:CO2 TS, since in the latter this HB already existed in the
original complex N-Ph-B-Cl:CO2. QTAIM analysis showed that
the 1BCP of the HB in the N-Ph-B-Cl:CO2 TS increases by
0.012 a.u. compared to the 1BCP in the complex. The 1BCP at the
HB in the P-Ph-B-Cl···CO2 TS has a value of 0.010 a.u. Hence, the
stabilization brought to the system by the formation of a HB in
the TS is similar to that provided by forming the HB early in the
complex.

Looking at the geometry of the TSs, major differences are
observed upon Ph substitution in the pnictogen atoms.
Contrary to the case of the complexes, where the introduction
of a Ph substituent does not affect the DHA geometry, the
changes observed between the unsubstituted and Ph substi-
tuted TSs are intrinsic to the TS, i. e. the substituents start to
influence the system energy and geometry in the TS. Thus, in
the TS of the N-substituted DHA derivatives, the introduction of
a Ph ring induces a reduction of the N-C and B···O distances, the
interaction energy increases by 41 kJ ·mol� 1 (in absolute value),
and the DHA and CO2 deformation energies increase respec-
tively by 31 kJ ·mol� 1 and 33 kJ ·mol� 1. Specifically, the increase
in deformation energy is larger than the increase in interaction
energy (64 kJ ·mol� 1 vs. 41 kJ ·mol� 1) and therefore the activa-
tion barrier is larger. In the case of the P derivative TS, the
introduction of a phenyl substituent decreases the P-C bond
and elongates the B···O distance. This correlates with a
strengthening of the P-C bond (as reflected in the increase of
the 1BCP from 0.068 to 0.111 a.u.), causing a larger deformation
in the geometry of the CO2 molecule. However, the weakening
of the B···O interaction reduces the deformation energy of the
DHA, as the B atom remains in the plane of the central ring as
reflected from the distance between the B atom and the plane
defined by the central ring carbon atoms C(4a), C(8a), C(9a), and
C(10a) (seen labels in Figure 1). Indeed, for the N-H-B-Cl and N-
Ph-B-Cl systems, this B···O distance increases from 0.90 to
0.92 Å, respectively. In the P-H-B-Cl system this distance is
0.86 Å, and decreases to 0.81 Å for P-Ph-B-Cl.

Regarding the adducts, they present very similar geo-
metries, and in particular the B···O distances are very analogous;
thus, in the N-containing systems this distance is 1.58 Å and
1.55 Å for the P-containing ones. Similar to what was observed
in the TSs, the N/B adducts are less stable than the P/B ones,
and the introduction of a phenyl group had the same effect as
in the TSs. However, now the energy difference between the
CO2 adducts with the N/B and P/B pairs is due to the interaction

Figure 7. QTAIM molecular graphs of the TSs and Adducts of the systems (A)
N-H-B-Cl, (B) N-Ph-B-Cl, (C) P-H-B-Cl, and (D) P-Ph-B-Cl.

Table 1. Distances of the P/N···C and B···O contacts in Å and the energy
decomposition analysis (EDA) of the DHA–CO2 interaction in kJ ·mol� 1.

System Interatomic distances EDA
N/P···C B···O Eint Edef (DHA) Edef (CO2)

N-H-B-Cl (TS) 1.94 1.81 � 84.2 115.7 84.5
N-Ph-B-Cl (TS) 1.91 1.68 � 125.4 146.9 117.1
P-H-B-Cl (TS) 2.32 1.89 � 75.7 70.9 86.3
P-Ph-B-Cl (TS) 2.08 2.29 � 116.0 49.0 129.2

N-H-B-Cl (add.) 1.59 1.58 � 294.0 195.7 197.6
N-Ph-B-Cl (add.) 1.66 1.58 � 269.9 199.7 204.5
P-H-B-Cl (add.) 1.89 1.55 � 409.8 199.0 249.9
P-Ph-B-Cl (add.) 1.89 1.55 � 442.5 188.8 260.3
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energy between the two molecules and not to the deformation
energy. Actually, the interaction energy in the adduct of the P/B
system is about 1.5 times larger than that in the N/B systems
(Table 1). This is related to the largest affinity of the P/B pair for
the CO2 molecule, because the P atom tends to be more
hypercoordinating than the N atom.

Relationship Between the DHA Substituents and Adduct
Stability

As mentioned in the previous section, the DHA derivatives with
the N/B pair are not ideal for the capture of CO2 due to the high
TS energy barrier and low stability of the adducts. Accordingly,
only the P/B systems will be further discussed.

Our study indicates that the reaction between the DHA
derivatives and CO2 proceeds in a one-step reaction from the
pre-reactive complex because the contact between CO2 and the
acid and basic centers is simultaneous. These results agree with
some previously described reactions involving preorganized P/B
and P/Al FLPs[85,86] and contrast with other reactions described
in the literature where no pre-reactive complex is formed[85] or
the reaction proceeds in two steps.[86] In order to understand if
these differences result from the P basicity and B acidity already
mentioned in previous works,[52,87] we studied the effects of
introducing different substituents in the DHA system. Thus, we
analyzed the influence of the P basicity on the stability of the
adduct, the effect of introducing a substituent in the B atom on
the reaction profile, and the influence of the P basicity and B
acidity on the adduct energy.

Phosphorus Basicity

The influence of the substitution on the P atom on the stability
of the DHA CO2 adducts was studied with no substituent (i. e. P-
H-B-Cl) and with phenyl, methyl and tert-butyl substituents (i. e.
P-Ph-B-Cl; P-CH3-B-Cl, and P-tBu-B-Cl). The relative stabilities
obtained for the corresponding adducts and the proton
affinities of the P atoms within the different DHAs are gathered
in Table 2. Accordingly, the most basic system is P-tBu-B-Cl with
a PA of 987 kJ ·mol� 1, and the less basic is P-H-B-Cl with a PA of
928 kJ ·mol� 1. We observe that even though the basicity
window of trisubstituted phosphines is wider than that in the
DHAs here studied (233 kJ ·mol� 1 for the P(R)3 series considered

vs. 59 kJ ·mol� 1 in the DHAs, see Table 2), the ranking of basicity
for the PR3 series is analogous to that of the DHA series for
similar substituents; thus, the calculated PA in DHA derivatives
shows a linear relationship (R2=0.97; Figure S1) with the
experimental PA of the corresponding PR3 . In addition, we
found a second order polynomial correlation (R2=0.98) between
the stability of the DHA-CO2 adducts and the PA of the isolated
DHA. This correlation is also observed in the case of the P-R-B-F
and P-R-B-Br series (Figure S2). Curiously, the tBu substituted
DHA is the most basic, but it does not lead to the most stable
adduct.

Boron Acidity

Next, the reactivity of a series of DHA derivatives differently
substituted on the B atom (F, Cl, Br, CH3, CN, CF3, NO2, SiH3, AlH2

and OH) while maintaining the phenyl substituent on the P
atom was studied. The relative energy of the adducts formed
range from +42 to � 35 kJ ·mol� 1 (Table 3). The calculated
energy profiles of the reactions between DHAs with CF3, NO2

and CN as B-substituents and CO2 show that the formation of
the adduct is favored with respect to the isolated monomers
(Figure 8). Depending on the substituent on the B atom we
observe different scenarios. In the case of P-Ph-B-CN the
calculated adduct is less stable than the complex; for the P-Ph-
B-NO2 DHA, we observe that the adduct obtained is slightly
more stable than the complex; finally, in the case of the P-Ph-B-
CF3 DHA, the adduct with CO2 is much more stable than the
corresponding complex.

Considering that the activation energy of the reaction with
P-Ph-B-CF3 is around 50 kJ ·mol� 1 and that the corresponding
adduct has a lower electronic energy than the complex, the
preferred formation of the adduct was expected. In the case of
the reactions with P-Ph-B-NO2 and P-Ph-B-CN an equilibrium
between complexes and adducts, limited by kinetic factors, is
expected. As it can be observed in Figure 8, the corresponding
adducts and complexes have similar energies; however, the
activation energy is greater than 50 kJ ·mol� 1 in both cases.
Therefore, since the CO2 adduct with P-Ph-B-NO2 is more stable,
the equilibrium will be displaced toward the adduct, as it
happened in the case of the P-Ph-B-CF3 adduct. If the free

Table 2. Adduct stability (with respect to the isolated monomers),
computed proton affinity (PA) of the isolated DHA and experimental PA of
the trisubstituted phosphines � NIST values.[18] All PA values are in
kJ ·mol� 1.

R substituent in the
P-R-B-Cl systems

Adduct
Energy

PA PA (PR3)
NIST

H 39.3 927.6 785.0
Ph 6.8 975.9 972.8
CH3 1.6 968.4 958.8
tBu 4.5 986.8 1017.9[*]

[*] Computed value with the G4 method.

Table 3. Adduct stabilities (kJ ·mol� 1), fluorine affinities (kJ ·mol� 1), and
boron p/s ratios of the isolated DHAs.

System Adduct stability[a] FIA p/s ratio

P-Ph-B-F 18.9 368.5 3.04
P-Ph-B-Cl 6.8 392.0 2.65
P-Ph-B-Br 1.4 405.1 2.73
P-Ph-B-CH3 2.7 351.4 1.92
P-Ph-B-CN � 10.2 417.4 2.70
P-Ph-B-CF3 � 34.6 428.4 2.52
P-Ph-B-NO2 � 20.9 444.1 3.02
P-Ph-B-SiH3 7.8 382.5 1.99
P-Ph-B-AlH2 � 0.7 370.0 1.98
P-Ph-B-OH 42.1 327.8 2.43

[a] Calculated as the energy difference between the adduct and the
isolated monomers (DHA+CO2).
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energy is used instead of the electronic energy, a similar plot
would be obtained (see the correlation between free and
electronic energies in Figure S4) only with more positive values
(by a factor around 58.0 kJ ·mol� 1). Only a shift around
58.0 kJ ·mol� 1 toward positive values will be observed. More-
over, considering that in this reaction two species (one of them
being a gas) are converted into one, the large entropy
contribution will make the reaction non spontaneous.

We can hypothesize that the stability changes observed are
related to the acidity of B, which is modulated by its
substituents. Thus, in order to evaluate the acidity of the
isolated DHAs, the fluoride ion affinity (FIA) was calculated
(Table 3). The results obtained indicate that the most acidic B
atom corresponds to the P-Ph-B-NO2 compound (FIA=

444 kJ ·mol� 1) while the less acidic is P-Ph-B-OH (328 kJ ·mol� 1),
being the obtained FIA range of 116 kJ ·mol� 1 approximately
twice the range of the calculated P basicity (see Table 2).
However, the correlation between the FIA and the adduct
energy is not straightforward and more parameters are
required. When comparing the N/B and P/B couples, we
mentioned that the geometry of the monomers had an
influence on the adducts energy. For that reason, we propose
including as an independent variable the ratio between the p
and s orbitals contribution (p/s ratio) in the B-LAsubs bond orbital
as evaluated from the monomer NBO calculation.[87] The p/s
ratio provides information about the hybridization of the B
atom; for instance, a p/s ratio close to 3 indicates an sp3 B atom.
Considering that this parameter provides information about the
geometry surrounding the atom, we can expect that a planar B
atom with a vacant p orbital (i. e. with a p/s ratio close to 2) will
be ideal for accepting electron density from one O atom of CO2.
Using the values listed in Table 3, the relative energy of the

adducts can be correlated with the FIA and the p/s ratio
(Equation 6).

Adduct Energy ¼ 27:0� 6:0ð Þ � 72:0� 11:0ð ÞFIA

þ 23:0� 9:0ð Þp=s
(6)

n ¼ 10 R2 ¼ 0:87

According to Equation 6, the more acidic the B, the more
stable the adduct. Therefore, if the B atom shows an sp3

hybridization (i. e. p/s=3) the formation of the adduct will be
less favorable than with an sp2 hybridized B. A similar equation
using the p/s ratio, the van der Waals volume and the B charge
was proposed by García-Lopez et al.[88] to predict the nucleophi-
licity of trivalent boron compounds.

Acidity/Basicity: Who is the Winner?

We have just discussed that for a given substituent on the B
atom the stability of the adduct correlates with the P basicity by
a second order polynomial, and for a given substituent on the P
atom, the stability of the adduct correlates with the acidity of
the B atom and the orbital contribution of the B� X bond.

Next, we try to assess the relative importance of the B
acidity (i. e. FIA) and P basicity (i. e. PA) on the adduct stability
using all the systems included in this work (i. e. the twelve
already mentioned DHA systems plus P-H-B-F, P-H-B-Br, P-CH3-
B-F, and P-CH3-B-Br). Thus, the ranges observed for each
property and their average values are found to be different
from one property to another. For comparative purposes, all
parameters were normalized between 0.0 and 1.0 and they
show average values between 0.5 and 0.7 (0.52 for FIA, 0.67 for
PA, and 0.64 for the p/s ratio) and similar standard deviations
(0.28 for FIA and PA, and 0.33 for the p/s ratio).

The resulting equation Equation (7) and the computed vs.
fitted values plot are displayed in Figure 9, and a t-test was run
to confirm that the statistical terms were significant (Table S5).

Figure 8. Reaction energy profiles for the reaction between compounds P-
Ph-B-CN, P-Ph-B-NO2, and P-Ph-B-CF3 with CO2 in vacuum.

Figure 9. Fitted values of the adduct energy (kJ ·mol� 1) using Equation 7 vs.
those calculated at the M06-2X/def2-TZVP level of theory.
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Adduct Energy ¼ 99:0� 15:0ð Þ � 87:0� 11:0ð ÞFIA

� 68:0� 12:0ð ÞPAþ 4:0� 9:0ð Þp=s
(7)

n ¼ 16; R2 ¼ 0:84

Following the results obtained with Equation 7 several
conclusions may be reached. First, the main components
controlling the stability of the adducts are the B acidity and the
P basicity, being the former slightly more important than the
latter in agreement with previous reports.[89] Second, the P
basicity and B acidity are related, meaning that if the acidity of
B increases, the basicity of P decreases and vice versa. In fact,
removing the P-H-B-X compounds, a linear correlation with a
negative slope can be found between the FIA and PA values,
due to the delocalization of the P lone pair. Hence, when the B
acidity increases, this atom is more able to accept electron
density, thus pushing the P to share its lone pair with the π
electrons in the central ring, thus decreasing its basicity. For
example, by considering the monomers P-Ph-B-OH (FIA=

327.8 kJ ·mol� 1), P-Ph-B-Cl (FIA=392.0 kJ ·mol� 1) and P-Ph-B-
NO2 (FIA=444.1 kJ ·mol� 1) and looking at the interactions
between their P lone pair and the π system (from NBO
calculations), we found that the larger the FIA, the larger the
second order perturbation energy associated to those particular
interactions [P-Ph-B-OH: 33.0 kJ ·mol� 1; P-Ph-B-Cl: 35.7 kJ ·mol� 1;
P-Ph-B-NO2: 36.5 kJ ·mol� 1]. The inverse is also observed. Third,
to understand why the P unsubstituted compounds do not
follow this trend, we hypothesize that when the P lone pair is
delocalized, a certain electron deficiency appears on the
pnictogen atom. This deficiency can be compensated by the
electronic effect of the P substituents, but in the case of the
unsubstituted systems, this offset cannot be observed, or is very
weak. Then, the unsubstituted P atom does not recover part of
the electrons given to the π-system, thus lowering its basicity.
This is the reason why, for a given FIA, the unsubstituted P
compounds present a lower basicity than expected.

Finally, a correlation between the reaction energy barrier
and the parameters of Equation 7 was found. The correspond-
ing correlation coefficient is not too high (R2=0.79), but it can
be considered as acceptable (Table S6). Similar to what we
observed for the adduct energy, the B acidity and P basicity are
stabilizing the TS, but now, we found that the B acidity is more
important. Also, the relevance of the B hybridization increases.
Therefore, the stability of the adduct and TS can be described
using the same statistical terms, but their relative importance is
different.

Conclusions

The reactivity of substituted DHA towards carbon dioxide was
studied using the M06-2X/def2-TZVP computational level,
which includes dispersion corrections, and accordingly, the
following conclusions can be reached. First, the P/B pair in
position 9/10 of the DHA is the most suitable for capturing CO2

as compared to the N/B pair. Second, B acidity and P basicity

are the major components governing the stability of the final
adduct, being the former slightly more relevant. Third, the acid
and basic centers of the molecule are related; thus, an increase
in B acidity reduces P basicity due to electron delocalization.
Finally, it is possible to obtain adducts more stable than the
complexes by modulating the B acidity, thus favorably tuning
the CO2 capture.
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