Open Access Article. Published on 07 February 2025. Downloaded on 1/20/2026 6:57:30 AM.

Thisarticleislicensed under a Creative Commons Attribution-NonCommercial 3.0 Unported Licence.

(cc)

Dalton

Transactions

7® ROYAL SOCIETY
P OF CHEMISTRY

View Article Online

View Journal | View Issue

{ '.) Check for updates ‘

Cite this: Dalton Trans., 2025, 54,
4338

Received 10th December 2024,
Accepted 6th February 2025

DOI: 10.1039/d4dt03425b

rsc.li/dalton

1 Introduction

Exploring N, activation using novel Lewis acid/
base pairs: computational insight into frustrated
Lewis pair reactivity+

@ Jon M. Matxain *b

Xuban Gastearena, *3 and Fernando Ruipérez
The activation of dinitrogen (N5) is a crucial step in synthesizing nitrogen-based compounds and remains
a significant challenge due to its strong triple bond. Currently, industrial N, conversion relies on the
Haber—Bosch process, a highly energy-intensive method that utilizes transition metal-based catalysts.
Frustrated Lewis pairs (FLPs) have emerged as a promising alternative for N, activation without the need
for transition metals. In this work, we employ density functional theory (DFT) to investigate the activation
of N, by transition metal-free Lewis acids (LAs) and bases (LBs). Our study demonstrates that LAs play a
crucial role in capturing N, and determining the thermodynamics of activation, while LBs play a comp-
lementary role by reducing the bond order of the N, molecule, thereby promoting activation. The
efficiency of N, capture is directly linked to the electroaccepting characteristics of the LAs. A principal
component analysis (PCA) reveals that the key factors influencing the electroaccepting power of LAs are
the degree of pyramidalization and orbital occupation at the acidic site, as well as the local electrophilicity
index. The LA-N, interaction is found to be electrostatic with partially covalent character. Among the 21
LAs analyzed, triptycene-based systems exhibit the highest stability in forming LA-N, complexes, high-
lighting their potential as effective N,-capturing agents. However, the N, triple bond remains largely
intact, necessitating the involvement of LBs in LA-N,-LB complexes for full activation, in a "push—pull”
mechanism. Six LBs are analyzed in complexes with the most promising LAs. Bonding analysis indicates
that the LB-N, interaction can be regarded as a covalent bond, which may explain the main role of the LB
in the reduction of the N, bond order. Furthermore, the bond activation is significantly enhanced by
increasing the nucleophilicity of the LB. Among all the LA-LB pair combinations, only three exhibit the
defining characteristics of frustrated Lewis pairs (FLPs), with moderate interaction energies and substantial
LA-LB distances. Our findings suggest that FLPs composed of triptycene-based LAs and tris-tert-butyl-
phosphine represent the most promising candidates for N, activation.

converted or “fixed” into a more accessible form. This process
occurs naturally through two primary mechanisms. Lightning

Nitrogen is a vital element for all life forms and serves as a pre-
cursor to essential nitrogen-containing compounds such as
amino acids, DNA, and fertilizers.' It is the most abundant
element in Earth’s atmosphere, comprising 78% of the air in
its diatomic form, N,. However, most organisms are unable to
directly utilize nitrogen in its gaseous form; it must first be
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can convert atmospheric nitrogen into nitrogen oxides (NO,),>
while nitrogenase enzymes, found in certain bacteria, play a
more critical role. These enzymes facilitate the multi-electron
reduction of N, to NHj3;, a reaction catalyzed by the iron-molyb-
denum cofactor (FeMoco).** The nitrogen fixation process
requires the hydrolysis of at least 16 equivalents of adenosine
triphosphate (ATP) and achieves up to 65% selectivity.
However, biological N, fixation remains kinetically slow due to
its dependence on electron tunneling, making it inadequate to
support the demands of modern intensive agriculture.” Over
the past century, nitrogen activation has predominantly been
achieved through the Haber-Bosch process, in which atmos-
pheric N, is reduced by hydrogen gas to produce ammonia,
which is then converted into various fertilizers. Despite its
industrial success, the initial step of nitrogen reduction is

This journal is © The Royal Society of Chemistry 2025
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inherently challenging due to the extreme stability of the N,
triple bond. This necessitates harsh reaction conditions (elev-
ated temperature and pressure) and the use of a metal catalyst,
often powered by fossil fuels, leading to the emission of fossil-
derived CO, as a by-product.®® Consequently, the activation of
N, has become a focal point of scientific research, with efforts
focused on developing environmentally sustainable alterna-
tives that operate under mild conditions and utilize main-
group elements rather than transition metals.

The widespread use of transition metals in dinitrogen acti-
vation is due to their ability to provide both unoccupied and
occupied d orbitals that are energetically and symmetrically
suited for accepting electron density from N, and back-donat-
ing it into the molecule’s antibonding orbitals, thereby weak-
ening its triple bond.'®"® Recently, the “push-pull” hypothesis
has been introduced, suggesting that electron depletion
caused by Lewis acid complexation (the pull effect) enhances
the delocalization of d electrons from the metal center into N,
antibonding orbitals (the push effect), further promoting bond
weakening. A representative example involves boron, which
acts as a Lewis acid through sp® hybridization with its 2s*2p"
electronic configuration. When combined with low-valent iron
(Fe), molybdenum (Mo), and tungsten (W) centers, tris(penta-
fluorophenyl)borane (B(CsFs);) significantly enhances the acti-
vation of N, in M-N-N-B(C¢F5); complexes.'*

Conceptually, the push-pull reactivity observed in frustrated
Lewis pairs (FLPs) can be compared to that of transition metal
systems, where a Lewis acid (LA) and Lewis base (LB) cooperate
to activate small molecules. In both cases, the reactivity is
driven by the synergistic action of a strong LA pulling electron
density and a bulky LB pushing its electron pair into the anti-
bonding orbitals of a substrate, facilitating activation.'® In this
context, the combination of free LA and LB, which are pre-
vented from interacting due to steric hindrance from bulky
substituents, exhibits intriguing catalytic properties that
mimic the role of metallic catalysts (Fig. 1). The LA mimics the
empty d orbitals of a metal by interacting with nitrogen lone
pairs via o-bonding, while the LB performs the n-backdonation
into the n* antibonding orbitals of the nitrogen molecule. In
recent years, FLPs and other main group systems have demon-
strated the ability to replicate the reactivity of various tran-
sition metal complexes, enabling both stoichiometric and cata-
lytic reactions that were once thought to be exclusive to tran-

QW A
M )-—
2p = =2
N H
. W
/\O a
LAO‘L LB 25 — :—N 2s
(s
N\ i

Fig. 1 Transition metal (M-N;) vs. frustrated Lewis pairs (LA-N,-LB)
complexes (left) and N, valence molecular orbital diagram (right).
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sition metals.'® This realization has led to the hypothesis that
main group compounds could serve as viable alternatives to
transition metal complexes for N, fixation.'” Examples include
experimental studies on borylene-based FLPs, such as cyclic
alkyl(amino)carbene (CAAC)-supported borylene complexes
[(Dur)B(CAAC)].**2° Additionally, computational investigations
of N-heterocyclic carbenes (NHC) emphasize the role of aroma-
ticity in the activation process.?’>* The activation potential of
borylenes lies in the ambiphilic character of boron, which pos-
sesses a sp hybridization with one empty 2p orbital and one
filled, allowing them to function as both LA and LB, similar to
transition metals. However, most FLP systems studied so far
are based on intramolecular FLPs, where both acidic and basic
sites are incorporated into the same molecule. Moreover, these
FLPs typically involve carbenes as the basic sites and borylenes
as the acidic sites.>**> The highly reactive nature of borylenes
necessitates stabilization as Lewis base adducts, usually with
NHC or CAAC. The electronic characteristics of borylenes limit
the selection of LA and LB for N, activation, making it challen-
ging to develop alternative systems with the same activation
capacity but with greater stability and flexibility.

In the realm of metal-free N, activation, the use of common
tricoordinate borane species presents a promising alternative,
potentially broadening the range of LAs and LBs that can be
utilized. Despite this potential, attempts to develop such
systems are limited and still in the early stages. One of the pio-
neering efforts involved exploring the reactivity of diphenyldia-
zomethane (Ph,CNN) with B(CcFs);,>° where the adduct
formed can be viewed as a system where N, is effectively
trapped between a borane LA and a carbene LB. However, this
adduct was found to be unstable, often releasing N, rather
than maintaining it in a trapped state. Other approaches have
sought to capture and activate N, through LA-N, adducts. For
instance, the (N,)BF; species has been transiently generated,
albeit under specific conditions of 170 K and 600 Torr,”
suggesting that metal-free N, activation with tricoordinate
boranes may be feasible. Consequently, the binding of N, to
Lewis acids has been a focus of several computational studies.

Given the low Lewis basicity of N,, it is necessary to use
strong LAs or superacids. Computational studies have shown
examples such as the use of carboranes,® which have demon-
strated successful N, activation, although the initial LA-N,
adducts were not found to be thermodynamically stable.
Additionally, computational studies on B(SiMe;); and B(CF;);
have shown that these species can form stable adducts with N,,
with stabilization energies around —15 kcal mol~".?° The pyrami-
dalization of the acidic center has been shown to significantly
enhance Lewis acidity by lowering the reorganization energy and
reducing the structural changes required during complex for-
mation.® This decrease in reorganization energy increases the
effectiveness of the Lewis acid in accepting electron pairs from
Lewis bases.>'° Additionally, this characteristic contributes to
the stability of Lewis acid-Lewis base (LA-LB) complexes, often
resulting in higher dissociation energies for complexes involving
pyramidal Lewis acids.*® Computational studies indicate that
pyramidal boron-containing Lewis acids, such as 9-boratripty-
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cene, exhibit significantly greater Lewis acidity compared to
their planar analogs.’” For instance, pyramidal compounds like
boraadamantane and alaadamantane are capable of forming
donor-acceptor complexes with noble gases.*® Furthermore,
Lewis acidity can be enhanced through fluorination, due to the
electron-withdrawing properties of fluorine atoms,*”*° or via cat-
ionic effects.”*** Despite these advances, finding common tri-
coordinate borane species that can form stable adducts with N,
remains a significant challenge.

Based on all this previous experience and challenges, the
main goal of this work is to determine which are the key
factors that determine and improve the dinitrogen capture and
activation by LAs and LBs, respectively. In order to do so,
different complexes of dinitrogen and various tricoordinate
boron-based LAs and LBs from different families with diverse
electronic and structural characteristics have been studied.
Then, the nature of the interactions between LAs, LBs and dini-
trogen was thoroughly analyzed by means of computational
tools to understand and predict the binding patterns. These
results will allow in the design of improved LA/LB and FLP
combinations for further dinitrogen reduction to ammonia.

2 Computational details

All geometry optimizations and vibrational frequency calcu-
lations were carried out within density functional theory
(DFT)*>*"  using the Gaussian 16 program package.*’
Specifically, geometries were optimized using the ®B97XD func-
tional,” combined with the 6-31+G(d) basis set."* Harmonic
vibrational frequencies were obtained by analytical differen-
tiation of gradients, at the same level of theory, to identify if the
characterized structures were minima in the potential energy
surface. Such frequencies were then used to evaluate the zero-
point vibrational energy (ZPVE) and the thermal (T = 298 K)
vibrational corrections to the enthalpy (H) and the Gibbs free
energy (G). These corrections are calculated in gas phase, while
experiments would be carried out in solution. The simplification
of our reaction model introduces entropy overestimation errors
associated to the overestimation of the entrophy due to the
neglect of temperature-dependent solvation effects. To partially
overcome this overestimation, the Gibbs free energy correction
proposed by Finkelstein and Janin is applied:*

Gcorr =H — T[Svib + 1/2(Strans + Srot)] (1)

This correction mitigates the overestimation of entropy
changes, thus providing more accurate results for comparison
with experimental values. The non-corrected Gibbs free energy
values are available in the ESL{

To refine the electronic energies single-point calculations
with the 6-311++G(2df,2p) basis set'® were carried out in the
optimized structures. The natural charges were computed by
the natural bonding orbital (NBO) methodology.*”~*° The com-
putational approach used in this work has been validated
against higher-level theoretical data from the literature®®**>°
(see Tables S1, S2, S3 and S4 in the ESI{).

4340 | Dalton Trans., 2025, 54, 4338-4352

View Article Online

Dalton Transactions

2.1 Calculation of acidity and basicity

The electrophilicity of the Lewis acids has been estimated by
several paramters: hydride ion affinity (HIA),>" global electro-
philicity index (w)*> and local electrophilicity index (wg).>* The
HIA is defined as the enthalpy change (AH) in the reaction
between and acid (LA) and a hydride anion (H™) in gas phase:

LA+H — [LA—H]" (2)

The HIA values have been calculated using the following
isodesmic reaction:>°

LA + Me;3Si — H — [LA — H]™ + Me;Si™ (3)
after substracting the reaction:
Me;Si — H — Me;Sit + H™ (4)

The larger the enthalpy (more negative or highest absolute
value) the larger the acidity of the LA. The global electrophili-
city index (w) is a measure of the overall ability of a molecule
to accept electrons from any electron-rich species (nucleo-
phile), and is defined as:

w =" (5)

where y & —L(ey + 1) is Mulliken’s electronegativity, iy and ey,
are the energy of HOMO and LUMO orbitals, and n ~ eg — ¢,
is the chemical hardness. The local electrophilicity index (wg)
describes the electrophilic nature of specific atoms or regions
within a molecule and can be defined as the product of the
global electrophilicity with a local Fukui function (f3) on the
boron atom (or the acidic atom):

wp = of 8" (6)

where the Fukui function can be conveniently expressed from
the electron population of boron (Qg) in the system of N and N
+1 electrons:*>

fB" =Q(N+1) — Qp(N) = AQs (7)

The w and wy indexes are quantitative and base-indepen-
dent metrics of Lewis acidity and provide the electroaccepting
capacity of the LA, globally and locally (referred to the 2p
orbital of B). Larger absolute values of these parameters
should indicate a higher affinity towards binding the N,. The
basicity is estimated with the empirical global nucleophilicity
index (N), a relative scale based on the HOMO energy of the
base (LB) referred to tetracyanoethylene (TCE). This compound
shows the lowest HOMO in a large set of previously studied
molecules® and allows a positive scale of basicities:

N = en(LB) — e4(TCE) (8)

2.2 Analysis of bonding interactions

The nature of the interaction was analyzed using the Quantum
Theory of Atoms in Molecules (QTAIM)**® and Electron
Decomposition Analysis (EDA)’>**° methodologies. In QTAIM,

This journal is © The Royal Society of Chemistry 2025
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the bond critical point (BCP) of a particular bond is character-
ized by the electron density (p), its Laplacian (V?p) and the
kinetic (V), potential (G) and total (H) electron energy density.
A negative value of V?p denotes electron density concentration
in the interatomic region, corresponding to covalent bonds.
The condition |V| > 2G also denotes a covalent interaction. A
positive Laplacian indicates depletion of electron density,
which is usually attributed to non-covalent interactions. If the
Laplacian is positive but H is negative, the interaction can be
classified as partially covalent. Lastly, if the density value is
large enough (more than 0.03 a.u.) and H is negative, the inter-
action is partially covalent.

The EDA method is based on Morokuma’s energy partition-
ing scheme,® and examines the instantaneous interaction
energy (AEj,) between two fragments (A and B) within a bond
(A-B). This analysis is performed in the specific electronic
reference state and with the frozen geometry of the AB
complex. The interaction energy is typically divided into two
main components, AEjgc and AE,y,, along with an additional
dispersion term (AEgip). The term AE.q, represents the
quasi-classical electrostatic interaction between the unper-
turbed charge distributions of the prepared atoms, which is
generally attractive. Lastly, AE,,;, accounts for charge transfer
and polarization effects within the system.

3 Results and discussion

The activation of N, was studied through a two-step process:
capturing nitrogen followed by its activation. Initially, the
capture mechanism was investigated by examining inter-
actions with individual Lewis acids (LAs) or Lewis bases (LBs).
This was followed by an analysis of the activation process via
the formation of LX-N,-LX complexes, where LX denotes either
a LA or a LB. This study provides an in-depth analysis of the
electroaccepting and electrodonating capacities of LAs and
LBs, the molecular geometries of the formed complexes, their
interaction energies, and the nature of the interactions
involved.

3.1 N, capture by Lewis acids

The capture of a small molecule like N, can occur through
interactions with either a Lewis acid or a Lewis base. When
interacting with a Lewis acid, the process typically involves a o-
type interaction between the nitrogen lone pair and the empty
orbital of the acid. In contrast, interaction with a Lewis base
often involves & donation of electron density into the n* anti-
bonding orbitals of N,. In this work, we have employed a set of
21 Lewis acids (see Fig. 2) and 6 Lewis bases (see Fig. 3) to
explore their potential for capturing N,.

Attempts to capture free N, using Lewis bases have been
unsuccessful, as none of the tested bases were able to form a
stable LB-N, complex. This outcome was anticipated because a
Lewis base is unlikely to interact favorably with another Lewis
base, such as N,. As a result, the proposed mechanism invol-
ving © donation from the Lewis base to the antibonding orbi-

This journal is © The Royal Society of Chemistry 2025
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Fig. 2 Lewis acids studied in this work: boraadamantane (1), 1-borabar-
relene (2), B-cubane (3a, X = CH), B,N,N,N-cubane (3b, X = N), BN3 (4),
boratriptycene (5a, Y = B; X = CH; R = H), Al-triptycene (5b: Y = Al; X =
CH; R = H), Ga-triptycene (5¢c: Y = Ga; X = CH; R = H), cationic
S-boratriptycene (5d: Y = B; X = S; R = H), F-boratriptycene (5e: Y = B; X
= CH; R = F), cationic F-S-boratriptycene (5f: Y = B; X = S; R = F), Cl-bor-
atriptycene (5g: Y = B; X = CH; R = Cl), cage-shaped borate ester (6),
subporphyrin borenium cation (7) and the BXs derivatives (8a: X = H, 8b:
X =F; 8c: X =Cl; 8d: X = Br; 8e: X = CHg; 8f: X = CFz and 8g: X = C¢Fs).

H,N” ~NH, ©/P\© X \ﬁ
N B QO
RS T - O

Fig. 3 Lewis bases studied in this work: guanidine (1), triphenyl-
phosphine (2), tris-t-butylphosphine (3), phosphazene (4), Verkade base
(5) and cyclic bent allene (CBA) (6).

tals of N, is inefficient for capturing N,. Therefore, the analysis
of the N, capture is performed only with Lewis acids.

N, is a very weak Lewis base due to its unique electronic
structure. The lone pairs in N, are located in sp hybrid orbi-
tals, which are more localized and less available for interaction
compared to sp® hybrids or pure atomic p orbitals.
Additionally, the high electronegativity of nitrogen further
reduces the availability of these lone pairs for bonding with
other molecules. The linear structure of N, can also hinder
effective overlap with the orbitals of other molecules approach-
ing from different angles. Therefore, the acidity and electrophi-
licity of Lewis acids are crucial factors in achieving effective
capture of N,. The acidity of the LAs represented in Fig. 2 is
studied using the following parameters: hydride ion affinity
(HIA), global (w) and local (wg) electrophilicity indexes and
occupation number of the 2p empty orbital of boron atom
(7(2p)). Note that, with the exception of two, all the acids
under consideration are boron-based. The interaction of LAs
with N, is evaluated using the interaction (AH,, AGi,) and

Dalton Trans., 2025, 54, 4338-4352 | 4341
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deformation (E4er) energies, as well as the pyramidalization
angle (a). The interaction energy is estimated as both the
enthalpy (AH) and the Gibbs free energy (AG) change in the
reaction between an acid and N,, while the deformation
energy corresponds to the enthalpy change associated to the
geometry rearrangement of the acid following the formation of
the LA-N, complex. The a angle reflects the initial geometrical
configuration of the LA before interacting with N, (see Fig. 4).
The degree of pyramidalization can influence Eg.r, with higher
values expected for planar LAs. Additionally, planar LAs may
facilitate n-backbonding from substituents to the empty orbital
at the acidic site (boron), thereby increasing orbital occupation
(n(2p)) and reducing the capacity to accept electron density
from N,.

3.1.1 Electroaccepting power of the Lewis acids. In this
subsection, the acidity and electroaccepting capacity of the 21
LAs from Fig. 2 are evaluated via the HIA, w, wg and 5(2p), and
the results summarized in Table 1. General trends can be
observed for the HIA across all studied LAs. Typically, the
highest HIA absolute values are associated with compounds

Pyramidalization angle a = (6 -90)°

PLANAR

T 6=90° T

PYRAMIDAL

6 >90°

Fig. 4 Definition of the pyramidalization angle, a.

Table 1 Interaction (AHn, AGiny) and deformation (Egef) energy, in kcal
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that feature a pyramidal geometry around the boron atom and
electron-withdrawing substituents (EWGs), particularly in com-
pounds 5a-g, with HIA values ranging from -103.87 kcal
mol™ to —225.77 kcal mol™', in agreement with previous
results.’*3*%2 In contrast, lower HIA values are observed for
planar LAs with electron-donating substituents (EDGs), such
as 6 (—=76.31 kcal mol™") and 8e (—50.92 kcal mol ™).

EWG groups enhance the acidity of LAs by withdrawing
electron density from the boron atom through inductive
effects.®” This trend is evident when comparing compounds
such as 8a (R = H, —70.62 kcal mol™), 8e (R = CHj,
—50.92 kecal mol™), and 8f (R = CF;, —138.38 kcal mol™'). The
electronic nature of the substituents also impacts the occu-
pation of the boron 2p orbital, with EDGs leading to higher
values. For example, 7(2p) is larger in 8e (0.15) compared to 8f
(0.09). In general, 5(2p) is influenced by the retrodonation
ability of the ligands, which depends on both their electronic
nature (EWG or EDG) and the geometry of the acids. For 8a,
n(2p) is 0.00 due to hydrogen’s inability to participate in retro-
donation. Substituents with nitrogen, oxygen or halogens can
exhibit dual characteristics, acting as EWGs via inductive
effects (due to high electronegativity) and as EDGs through
lone-pair conjugation. Nitrogen atoms directly bonded to
boron increase both HIA and #(2p), as seen in compounds 3a
and 3b. Notably, #7(2p) values for BCl; and BBr; are not
reported due to substantial retrodonation from halogen atoms,
which leads to the formation of partial double bonds.

The importance of the local geometry at the acidic site lies
in reducing the energy penalty associated with the geometric
rearrangement during hydride ion binding.*'*”** Specifically,
non-planar geometries minimize this penalty while also hin-

mol™%, hydride ion affinity (HIA, in absolute value), in kcal mol™, global (w)

and local (wp) electrophilicity indexes, in eV, occupancy of empty 2p orbital of boron (3(2p)), pyramidalization angle (), in degrees, B-N and N—-N
bond distances (Rgy and Ryn). in A, and Wiberg bond index of the B—N (WBI,) and N-N (WBI,) bonds

LA AHipn AGine Edet HIA ) g n(2p) a Ren R WBIL, WBIL,
1 2.98 6.46 8.21 70.17 0.85 -0.48 0.15 11.0 1.616 1.103 0.656 2.874
2 -7.00 —-3.02 7.71 91.92 0.83 -1.02 0.09 15.3 1.569 1.102 0.723 2.866
3a -0.47 3.37 9.73 79.49 0.84 —0.90 0.25 30.0 1.492 1.110 0.806 2.738
3b — - — 88.25 0.87 —0.03 0.33 24.4 — — — -
4 -51.90 —47.79 9.71 169.62 3.20 -3.91 0.28 49.4 1.426 1.111 0.860 2.687
5a -10.71 —6.99 7.33 110.40 0.93 -1.25 0.08 15.4 1.565 1.101 0.727 2.876
5b -8.55 -6.98 0.63 108.56 1.18 —0.89 0.04° 21.8 2.190° 1.099 0.312° 2.991
5¢ —5.46 —-3.64 -0.01 109.24 1.20 —0.88 0.04¢ 21.9 2.276° 1.099 0.2927 2.999
5d¢ -15.36 —-11.48 7.23 200.70 3.71 —-5.22 0.07 13.8 1.589 1.099 0.706 2.908
5e —-17.78 —13.52 7.93 146.12 1.76 —2.45 0.08 16.6 1.589 1.098 0.714 2.906
5£2 —22.60 -18.17 8.43 230.47 5.05 -7.18 0.07 14.8 1.596 1.097 0.704 2.912
5g —0.42 4.78 15.86 138.68 1.60 -1.32 0.12 15.8 1.590 1.097 0.707 2.904
6 — — — 81.00 0.78 0.00 0.42 0.0 — — — —
7 — — — 153.23 4.42 0.03 0.45 0.0 — — — —
8a -5.19 -0.89 9.33 75.32 1.51 -1.82 0.00 0.0 1.579 1.102 0.860 2.687
8b — - — 72.14 1.35 -1.19 0.32 0.0 — — — -
8c — — — 96.42 1.38 —-1.22 — 0.0 — — — —
8d — — — 104.59 1.40 —0.96 — 0.0 — — — —
8e — — — 55.61 0.95 —-0.57 0.15 0.0 — — — —
8f —-12.39 —-10.99 10.88 143.07 2.72 -3.22 0.09 0.0 1.619 1.098 0.669 2.915
8g — — — 114.62 2.07 -1.05 0.21 0.0 — — — —

“ Al 3p orbital. ? AI-N bond distance. ¢ Al-N bond index. ¢ Ga 4p orbital. ® Ga-N bond distance.” Ga-N bond index. ¢ Cationic.

4342 | Dalton Trans., 2025, 54, 4338-4352

This journal is © The Royal Society of Chemistry 2025


http://creativecommons.org/licenses/by-nc/3.0/
http://creativecommons.org/licenses/by-nc/3.0/
https://doi.org/10.1039/d4dt03425b

Open Access Article. Published on 07 February 2025. Downloaded on 1/20/2026 6:57:30 AM.

Thisarticleislicensed under a Creative Commons Attribution-NonCommercial 3.0 Unported Licence.

(cc)

Dalton Transactions

dering potential retrodonation from substituents to the boron
2p orbital, which would otherwise reduce acidity. This effect is
evident when comparing the calculated HIA values for 8g
(=109.93 kecal mol™") and 5e (—141.42 kecal mol™"), where 5e
can be considered a pyramidal analogue of 8g. The non-planar
geometry of 5e leads to a higher HIA, as well as a lower 7(2p)
value (0.08 vs. 0.21), due to the orthogonal arrangement
between the triptycene aryl p-orbitals and the boron 2p orbital,
which prevents n-conjugation that would otherwise increase
n(2p) (see Fig. S1 in the ESIf). The highest HIA values are
observed for the cationic species 5f (=225.77 kcal mol™") and
5d (—=196.00 kcal mol™"), where the combined effects of EWGs,
non-planar geometry and a cationic sulfur atom, which
strongly enhances acidity through its electron-withdrawing
character, are evident. Notably, this strong acidity occurs
without affecting (2p). Finally, compounds 3b, 6, 7, 8b-e and
8g were found to not bind to N,.

When examining the electrophilicity parameters, o (global)
and wg (local), a trend similar to that observed for HIA is
apparent. The highest w values are found in pyramidal LAs
with EWGs, specifically 5a-g, where w ranges from 0.93 eV to
5.05 eV. Conversely, planar LAs with EDGs display the lowest @
values, such as 6 (0.78 eV) and 8e (1.51 eV). The largest w is
observed in cationic 5f (5.05 eV), while the smallest corres-
ponds to 6 (0.78 eV), mirroring the HIA trends. Significant dis-
crepancies between global (w) and local (wg) electrophilicity
indexes are evident in compounds like 1 (w = 0.85 eV, wg =
—0.48 eV), 3b (v = 0.87 €V, wg = —0.03 eV), 6 (w = 0.78 eV, wg =
0.00 eV) and 7 (w = 4.42 eV, wg = 0.03 eV). This difference
arises because the global index reflects the overall electron-
accepting capability of the entire molecule, while the local
index specifically measures electrophilicity at the boron site.
For example, compound 7 has a high global electrophilicity (w
= 4.42 eV), likely due to its cationic nature, but shows low
boron-site electrophilicity (wg = 0.03 €V), illustrating the non-
uniform distribution of electrophilic character across the
molecule.

3.1.2 Geometrical and electronic characteristics of the
LA-N, complexes. In this subsection, the interaction between
the N, lone pair and the empty orbital of the LAs will be ana-
lyzed using interaction (Ej,) and deformation (Eq.f) energies,
and geometric parameters of the LA-N, complex, such as bond
lengths (Rpx, Rnn) and Wiberg bond indexes (WBI;, WBI,), see
Table 1.

Firstly, it is important to note that several acids (3b, 6, 7,
8b-e and 8g) form weakly bonded van der Waals complexes
and will therefore not be considered in the discussion. These
acids exhibit shared features, such as planarity, increased
occupation of the boron 2p orbital and diminished electrophi-
licity, which contribute to their limited interaction with N,.
The remaining LAs form thermodynamically favorable LA-N,
complexes through B-N interactions in almost all cases, with
interaction energies (AG,) ranging from —0.89 kcal mol™" for
8a to —47.79 kcal mol ™ for 4, except for compounds 1, 3a and
5g which show positive values. Compounds 5b and 5c¢ exhibit
unusually low deformation energies (0.63 kcal mol™* and

This journal is © The Royal Society of Chemistry 2025
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—0.01 kcal mol ™", respectively), which can be attributed to the
highly electrostatic nature of the interaction, as will be dis-
cussed later. Compound 5g shows a relatively high positive
deformation energy (15.86 kcal mol ™), likely due to steric hin-
drance between the nitrogen and the lone pairs of chlorine
atoms, which hinders effective B-N coordination.

Regarding the geometries of the LA-N, complexes, the B-N
bond lengths range from 1.426 A to 1.619 A, with Wiberg bond
indices (WBI;) between 0.706 and 0.860, indicating a weak
single bond in most cases. However, 5b and 5c¢ exhibit signifi-
cantly longer B-N bond distances (2.190-2.276 A) and lower
WBI; values (0.292-0.312), consistent with the electrostatic
nature of the interaction. The N-N bond lengths range from
1.097 A to 1.111 A, closely matching the experimental bond
distance of 1.0977 A,°* suggesting that interaction with the LA
causes only a slight weakening of the N, bond. This minimal
weakening is further reflected in the Wiberg bond indices for
N, (WBI,), which range from 2.687 (indicating a slightly wea-
kened triple bond) to 2.999.

3.1.3 Principal component analysis of the LA-N, inter-
actions. Given the complexity of the interactions between the
LAs and N,, identifying the primary factors influencing this
interaction is challenging. To address this, Principal
Component Analysis (PCA) was employed to reduce the dimen-
sionality of the dataset and highlight the most significant
parameters governing the interaction. PCA simplifies the ana-
lysis by transforming the large set of variables into a smaller
subset, which retains the essential patterns and trends of the
interaction while reducing the overall number of variables.
Principal components are newly constructed, uncorrelated
variables formed as linear combinations of the original ones,
capturing the directions with the highest variance in the
dataset. The greater the variance within a principal com-
ponent, the more information it retains, indicating that the
component reflects a substantial amount of the underlying
structure of the interaction.

Fig. 5 illustrates the results of the PCA analysis and the
corresponding correlation matrix for the acidity and electro-
philicity parameters. In the PCA analysis (left panel), the five
original parameters have been reduced to two principal com-
ponents (PC1 and PC2). The orange dots represent LA-N, com-
plexes (labeled as 1), while the blue dots indicate LAs that do
not bind to N, (labeled as 0). The PCA results reveal that 7(2p)
and a are the most influential parameters. Specifically, a
higher 5(2p) value is associated with a reduced tendency to
bind to N,, whereas a higher a value corresponds to an
increased tendency to bind. HIA, w and wg exhibit lower vector
magnitudes in the PCA, indicating their lesser relevance in the
interaction with N,. Additionally it seems to be a connection
between the size of the lone pair and the interaction with N,
in the boratriptycenes (5a-g) and compound 2 (see Fig. S2 and
S3 in the ESIY). These findings are corroborated by the corre-
lation matrix (right panel), which shows that the parameters
most strongly correlated with interaction energy are #(2p)
(-0.68) and a (0.54). wp also shows a moderate correlation
(—0.46), while ® and HIA have the weakest correlations (—0.36
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Fig. 5 Left: results of the Principal Component Analysis (PCA). Right: correlation matrix of the acidity/electrophilicity parameters.

and 0.12, respectively). Therefore, HIA and global electrophili-
city indices alone are insufficient to fully explain the binding
patterns with N,. Instead, the trends in LA-N, interactions can
be more accurately rationalized by focusing on «a, wg, and
n(2p). Generally, non-planar compounds tend to have lower
deformation energy (Eqe) values (7.23-9.73 kecal mol™) com-
pared to planar compounds (9.33-10.88 kcal mol™"), and these
non-planar compounds also prevent back-donation to the 2p
orbital, resulting in lower #(2p) values. Additionally, higher wg
values are indicative of greater electroaccepting power.
Acoording to this results, the LAs can be classified into three
groups based on these three parameters. In Fig. 6, each circle
represents LAs that meet the following criteria: a > 0°, wg > 0.9
eV and 7(2p) < 0.09. This classification highlights how different
combinations of these parameters influence the exothermic
nature of the LA-N, binding. The group of LAs with the largest
interaction energies is found at the intersection of the three
circles. This intersection represents LAs that meet all the speci-
fied parameter thresholds. Notably, this group includes
members of the 2 and 5 families, with the exception of 5g.

E (kcal/mol)
wB -50
8g 8d
8b
’ 8c
0
No
interaction

Fig. 6 Classification of the LAs in terms of the most important para-
meters in the formation of the LA-N, complexes: a, wg and 7(2p).
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The next group of LAs includes those with a = 0°, but
meeting the conditions for the other two parameters (inter-
section of the red and green circles): 8a and 8f. These LAs are
planar, but their substituents attached to boron (H for 8a and
CF; for 8f) do not participate in back-donation of electron
density, resulting in low 5(2p) values. The third group com-
prises LAs that satisfy the criteria for @ and wg but not for
n(2p) (intersection of the green and blue circles): 3a, 4, and 5g.
Notably, 4 demonstrates a very high wg value (—3.91 eV), which
is likely due to its unusual geometry and sp” hybridization of
the boron atom, facilitating a strong interaction with N, (AGjne
= —47.79 kecal mol™). In contrast, 3a and 5g exhibit signifi-
cantly lower wg values (—0.90 eV and —1.32 eV, respectively).
Additionally, 5g shows an unusually high deformation energy
(15.86 kcal mol™"), probably due to steric hindrance between
the Cl atoms and N,, resulting in a positive interaction energy
(AGipne = 4.78 keal mol™). The remaining LAs either meet only
one of the specified parameters or none at all, leading them to
either not bind with N, or form complexes with positive AGjy¢.

3.1.4 Nature of the bonding in LA-N, complexes. The ana-
lysis of the interaction with N, using the Quantum Theory of
Atoms in Molecules (QTAIM) methodology reveals the follow-
ing (see Table 2): for all complexes, the Laplacian of the elec-
tron density is positive (V?p > 0), indicating that the LA-N,
interaction is predominantly electrostatic. Despite this, the
large values of electron density (p > 0.03) and the negative
values of the energy density (H) suggest that the interaction
also exhibits a significant covalent character. This partial
covalency arises from the donor-acceptor interaction between
the lone pair of the nitrogen atom and the empty 2p orbital of
the boron atom. The results of the EDA analysis are also sum-
marized in Table 2, providing additional complementary
insights. Notably, LAs such as 5b and 5c¢, which are character-
ized by predominantly electrostatic interactions, exhibit lower
p values, longer LA-N, distances, and weaker interaction ener-
gies. In contrast, LAs with greater orbital contributions show
higher p values, leading to stronger interaction energies and
shorter LA-N, distances, especially in the case of compound 4.
Furthermore, considering that EDA and QTAIM analyses are

This journal is © The Royal Society of Chemistry 2025
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Table 2 EDA and QTAIM analyses for selected LA-N, complexes. Electrostatic interaction (AEgstat), Orbital attraction (AE,,,) and dispersion energy
(AEgisp), in kcal mol™%. Values in brackets are the percentage contributions to the total attractive interactions: AEgeigat + AEor, + AEgisp. Electron
density (p), its Laplacian (V?p), total electron energy density (H), potential electron energy density (G) and kinetic electron energy density (V)

LA AEelstat AE()rb AEclisp P Vzp 14 G H

1 —220.65 (43.6) —271.35 (53.7) —13.51 (2.7) 0.093 0.611 -0.243 0.198 —0.045
2 —212.60 (40.3) —304.34 (57.7) ~10.33 (2.0) 0.107 0.674 —0.283 0.226 —0.057
3a —343.31 (42.6) —451.46 (56.1) —10.49 (1.3) 0.135 0.775 —0.369 0.281 —0.088
4 —214.42 (30.0) —495.90 (69.3) —5.45 (0.8) 0.169 0.867 —0.479 0.348 -0.131
5a —214.61 (39.7) —308.14 (57.0) -17.76 (3.3) 0.109 0.680 —0.288 0.229 —0.059
5b —71.78 (46.8) —72.47 (47.3) —8.99 (5.9) 0.030 0.152 —0.337 0.358 0.021
5¢ —69.21 (50.1) —59.95 (43.4) —9.09 (6.6) 0.041 0.144 -0.507 0.433 —0.073
5d° —700.39 (34.0) —1341.12 (65.1) —19.01 (0.9) 0.104 0.615 —0.267 0.210 ~0.057
5e -197.69 (37.2) —311.95 (58.7) —22.03 (4.1) 0.106 0.592 ~0.269 0.208 —0.060
51 —637.70 (32.3) —1315.59 (66.6) —22.55 (1.1) 0.107 0.553 —0.264 0.201 ~0.063
5g —239.46 (40.8) —323.09 (55.1) —24.26 (4.1) 0.107 0.583 ~0.269 0.207 —0.061
Sa ~191.55 (38.8) —297.98 (60.4) -3.95 (0.8) 0.103 0.688 -0.279 0.225 —0.053
sf ~191.02 (37.6) —300.02 (59.1) ~16.89 (3.3) 0.099 0.570 —0.249 0.196 —0.053
“ Cationic.

complementary, as supported by the literature,® the following
discussion of bonding nature will be based solely on the
QTAIM results.

3.2 Activation of N, with Lewis acids and bases

In the previous section, it was observed that several LAs can
capture N, through a donor-acceptor interaction between the
nitrogen lone pair and the empty orbital of the acid. However,
this interaction does not activate the strong N, triple bond. To
facilitate this activation, a second active species is required.
For example, a Lewis base can interact with the LA-N, complex
to form a LA-N,-LB “push-pull” complex (see Fig. 7). In this
system, the acid withdraws electron density from the N, bond
(“pull”), while the base donates electron density to the anti-
bonding n* orbitals of N, (“push”). This combined effect
weakens the N, triple bond in a manner similar to that
observed with transition metals.'>**¢”

To explore the role of the bases in activating the N, bond,
the interaction of several LA-N, complexes with the LBs shown
in Fig. 3 was investigated. Initially, the basicity of these LBs
was assessed using the global nucleophilicity index (N), as this
property is expected to be critical for the activation process.
The most basic LBs identified are LB-5 and LB-6, with nucleo-
philicity values of 4.80 eV and 4.79 eV, respectively (see
Table 3). Compound LB-6 is a cyclic bent allene (CBA), a type
of pyrazolin-4-ylidene with two nitrogens in the ring. This
structure transmits a strong o-donation capacity to the central
carbon atom.®®7° LB-5 is Verkade’s base, a triaminophosphine
known for its exceptionally high basicity, which surpasses

@ @ 120° /LB@
LA-N=N /N:(;
180° Lé 120°

Fig. 7 Representative molecular geometries of the LA-N, (left) and
LA-N,-LB (right) complexes.

This journal is © The Royal Society of Chemistry 2025

many traditional bases.”* LB-4 is a phosphazene (R,P=N type
compound), whose basicity is significantly attributed to the
resonance stabilization and the electronic characteristics of
the P=N bond, which increases electron density over the nitro-
gen.”” Additionally, the well-known guanidine (LB-1), tri-
phenylphosphine (LB-2), and tris-tert-butylphosphine (LB-3)
were also included in the study for comparison.

3.2.1 Geometrical and electronic characteristics of the
LA-N,-LB complexes. In order to investigate the effect of the
Lewis bases, only the complexes that showed the strongest
LA-N, interactions have been selected, namely, LA-4, LA-5a,
LA-5b, cationic LA-(5d-f) and LA-8f. In Table 3 are collected
the LA-N,-LB interaction energies, defined as the enthalpy
(AH) and Gibbs free energy (AG) change in the following
reaction:

LA+LB+N, —LA—N, —LB (9)

LA-4, as well as the cationic acids LA-5d and LA-5f, form
stable LA-N,-LB complexes with all bases, except for LA-5d
with LB-1, which exhibits a slightly positive interaction energy
(AGint = 2.22 keal mol™). Similarly, LA-5e and LA-8f form
stable complexes with all LBs, except LB-1 and LB-2. On the
other hand, LA-5a and LA-5b only form stable complexes with
the exceptionally nucleophilic LB-6. The results show a corre-
lation between the capacity of the LAs to capture N, (AGipt,
Table 1) and the stability of the LA-N,-LB complexes (AGiy,
Table 3), with the most favorable LA-N,-LB interactions follow-
ing this order (except for the exchange between LA-5e and cat-
ionic LA-5d): LA-4 > LA-5f > LA-5d > LA-5e > LA-8f > LA-5a >
LA-5b. For the triptycenes (LA-5 family), these trends can be
attributed to the wg parameter, due to their identical geo-
metric structure. Besides, for the same acid, the interaction
energy appears to correlate with the nucleophilicity index (N),
reflecting the influence of the base. Stronger bases yield more
negative interaction energies. LB-6 shows significantly more
negative interaction energies, notable greater than LB-5,
despite having similar strength, even for LA-5a, which shows

Dalton Trans., 2025, 54, 4338-4352 | 4345
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—44.45

-13.06
—40.97

—32.68 —25.24 —20.05

16.81
-12.39

9.65
—18.94

6.11
-17.71

0.15
—25.52

—-50.52
-72.71

—-57.65

4.80

LB-5

—75.04

—-83.77

—54.64 —49.27

—62.46

—-80.50

4.79

LB-6

¢ Cationic.
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unfavorable interactions with the rest of the LBs and a stable
complex is found with LB-6. This suggests that the remarkable
stability provided by LB-6 is also linked to the nature of the
interaction, as will be explained later. Thus, both the electronic
characteristics of the LA and LB determine the feasibility and
strength of the interaction.

The degree of activation of the N, molecule can also be
deduced from the geometry of the complexes, especially from
the N, bond length. Upon reaction with a Lewis base, the
LA-N, complex undergoes a significant geometry rearrange-
ment (see Fig. 7). Specifically, while the LA-N=N bond angles
in LA-N, complexes are nearly linear (close to 180°), the
LA-N=N and N=N-LB bond angles in the resulting LA-N,-LB
complexes shift to around 120°, and can also be represented
as the zwitterionic form LA™-N,-LB". This structural transform-
ation reflects the formation of a covalent bond between the
Lewis base and N,.

In Table 4 are collected selected bond distances and bond
orders. The N-N bond length oscillates between 1.208-1.281 A,
notably longer than the bond length in the isolated molecule
(1.10 A). This feature is reflected in the reduction of the bond
order from triple to double (WBI;, around 2.000), clearly indi-
cating an effective bond activation. Furthermore, in some
cases a weakened double bond is observed, as in the com-
plexes formed by the acid LA-4 and bases LB-2, LB-3, LB-5 and
LB-6 (WBI; less than 1.800). The LA-N, bond distances range
between 1.415-1.563 A and WBI, values of 0.756-1.002, indi-
cating a bonding interaction. For LA-5b, notably longer dis-
tances and lower WBI; values are calculated, suggesting a
weaker interaction with this acid. LB-N, bond distances
between 1.370-1.786 A and WBI, values between 0.790-1.111
are calculated, therefore, a bonding interaction is also
expected.

3.2.2 Nature of the bonding in LA-N,-LB complexes.
QTAIM methodology has been employed to understand the
interactions in LA-N,-LB complexes. The results for the LA-N,
and LB-N, bond critical points are collected in the ESI (see
Table S47). Regarding the LA-N, interaction, the same pattern
observed in the LA-N, complexes is reproduced here in all
cases (V?p > 0, |V| < 2G and p > 0.03) and, therefore, the inter-
action can be regarged as electrostatic with partially covalent
character. On the other hand, all the LB-N, interactions can be
considered as covalent (V?p > 0 and |V| > 2G), which may
explain the main role of the base in the reduction of the bond
order of N,. The remarkable c-donation ability of LB-6 is
reflected in larger p values and bond orders, and shorter bond
lengths.

In summary, the results support the proposed model of N,
activation, where the Lewis acid plays a key role in capturing
N, and is primarily responsible of the thermodynamics of the
process, stabilizing the complex and influencing the overall
energy profile of the reaction. On the other hand, the Lewis
base is primarily responsible for the kinetics of the activation,
since the weakening of the bond directly impacts the rate at
which the N, molecule is activated. To investigate the kinetics
of the Lewis base attack on the LA-N, complex, we computed

This journal is © The Royal Society of Chemistry 2025
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Table 4 Interaction energy with N, (AGiny), in kcal mol™, LA-N, (Ry), LB-N, (R,) and N—=N (Rs) bond distances, in A, and Wiberg bond index of the
LA-N, (WBIy), LB-N, (WBI,) and N-=N (WBI3) bonds

LA LB AGin R, R, R, WBL, WBI, WBI,
4 1 —21.97 1.445 1.442 1.236 0.906 0.970 1.812
2 —34.05 1.415 1.715 1.281 1.002 0.933 1.630
3 —43.35 1.420 1.723 1.277 0.979 0.893 1.657
4 —-33.29 1.468 1.455 1.231 0.850 0.986 1.873
5 —50.52 1.423 1.699 1.278 0.980 0.880 1.660
6 —-72.71 1.450 1.416 1.261 0.906 1.069 1.768
5a 1 32.33 1.563 1.490 1.208 0.756 0.899 2.021
2 22.50 1.536 1.783 1.233 0.790 0.868 1.930
3 13.93 1.535 1.764 1.245 0.792 0.854 1.903
5 6.11 1.533 1.727 1.249 0.800 0.834 1.889
6 -17.71 1.536 1.416 1.249 0.804 1.066 1.868
5b 5 16.81 1.965 1.761 1.242 0.417 0.806 1.987
6 —12.39 1.947 1.417 1.253 0.441 1.063 1.912
5d“ 1 2.22 1.553 1.436 1.219 0.782 0.976 1.975
2 —9.35 1.544 1.781 1.233 0.793 0.845 1.963
3 —15.37 1.545 1.777 1.241 0.795 0.825 1.944
4 —-14.76 1.545 1.436 1.224 0.796 1.007 1.939
5 —25.24 1.540 1.750 1.243 0.804 0.785 1.938
6 —54.64 1.536 1.410 1.250 0.816 1.072 1.872
5e 1 13.85 1.540 1.326 1.214 0.790 0.961 1.984
2 3.11 1.541 1.783 1.229 0.793 0.852 1.972
3 —4.02 1.547 1.778 1.234 0.797 0.845 1.956
4 —-1.39 1.541 1.461 1.213 0.798 0.964 1.984
5 —-13.06 1.541 1.740 1.240 0.800 0.805 1.944
6 —40.97 1.533 1.405 1.247 0.821 1.088 1.860
5f* 1 —14.15 1.532 1.415 1.219 0.811 1.005 1.958
2 —25.93 1.540 1.784 1.231 0.798 0.829 1.987
3 —29.91 1.548 1.786 1.234 0.813 0.823 1.972
4 —32.99 1.527 1.409 1.228 0.823 1.052 1.905
5 —35.65 1.538 1.783 1.235 0.816 0.756 1.972
6 —75.04 1.526 1.370 1.250 0.830 1.111 1.843
8sf 1 10.87 1.555 1.439 1.215 0.783 0.967 1.984
2 1.15 1.548 1.774 1.231 0.792 0.859 1.968
3 —-8.36 1.550 1.766 1.238 0.792 0.831 1.950
4 —6.24 1.547 1.412 1.228 0.794 1.035 1.918
5 —-9.33 1.543 1.759 1.239 0.804 0.790 1.944
6 —42.80 1.544 1.410 1.246 0.816 1.081 1.877
“ Cationic.

the transition states corresponding to this process in selected transition states of various Lewis bases attacking different
systems. Table 5 summarizes the calculated energies of the LA-N, complexes reveal significant variations in reactivity.
transition states. The Gibbs free energy values (AGrs) for the Across all systems, LB-1 and LB-2 consistently show higher

Table 5 Energy of selected transition states (AHrs, AGrs), in kcal mol™, corresponding to the reaction of a LB with the LA-N, complex

LA-4 LA-5a LA-5d° LA-5e LA-5f° LA-8f

AHyg AGrs AHrg AGrs AHys AGrs AHyg AGrs AHys AGrs AHys AGrs
LB-1 24.46 28.70 34.25 39.86 11.72 16.93 24.22 30.06 5.13 8.34 19.97 25.87
LB-2 17.85 23.51 24.62 31.82 1.14 8.46 14.99 22.46 —5.28 1.58 11.61 18.98
LB-3 11.15 15.59 17.48 23.57 —2.24 3.53 8.40 14.82 —8.55 —2.73 4.00 10.29
LB-5 9.59 14.56 16.57 22.76 —-5.62 0.75 7.45 14.21 —4.58 1.23 7.21 13.90

¢ Cationic.
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-71.82 —63.78 —94.58 —86.20 -71.97 —66.08
—60.51
—81.61

—-74.90

—82.08

—59.58 —52.54

—114.80
—101.93
—139.00

—-119.84
—-104.97
—143.94

B-4
B-5
B-6

—49.61 —46.26 -76.49 -70.79 —64.56 —58.21 —-81.73 —75.37 —64.53
—105.83 —-100.11 —123.49 —-117.99

—-53.41

—58.66

L

—84.93

—88.89

-95.07

—-71.51 —78.30 —74.05

—-77.27
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AGrs values, indicating less favorable transition states and
slower reaction kinetics. For instance, with LA-4, the AGyg
values are 28.70 kcal mol™" for LB-1 and 23.51 kcal mol ™" for
LB-2. In contrast, LB-3 and LB-5 exhibit lower values,
suggesting more favorable interactions with the LA-N, com-
plexes. For example, LA-5d shows the lowest values, especially
with LB-5 (0.75 kcal mol™"), highlighting its high reactivity in
facilitating the Lewis base attack. On the other hand, LA-5a
and LA-4 complexes present higher AGps values, such as
39.86 kcal mol™* for LA-5a with LB-1 and 28.70 kcal mol ™" for
LA-4 with LB-1, indicating relatively less favorable transition
states. These trends underscore the significant influence of
both the Lewis base and the Lewis acid on the energetics of
the transition states.

3.2.3 Other LX-N,-LX complexes. For the sake of complete-
ness, we have also investigated the possibility of capturing and
activating N, by means of two acids (LA-N,-LA) and two bases
(LB-N,-LB) as previously reported in the literature.”>”* The
results are collected in Table 7. For the LA-N,-LA complexes,
only the acids LA-4, LA-5a, LA-5e and LA-8f formed thermo-
dynamically stable complexes, with interaction energies that
are approximately twice as large as those calculated for the
corresponding LA-N, complexes. The N-N bond distances
remain basically unchanged with respect to the LA-N, com-
plexes (1.094-1.131 vs. 1.097-1.111 A), although the Wiberg
bond indexes are slightly reduced (2.202-2.798 wvs.
2.687-2.999), especially for the complex with LA-4, where the
bond order corresponds to a double bond (2.202). This
suggests an enhancement of the electron-withdrawing effect
on N,, making it easier to weaken its triple bond. Nevertheless,
it may be concluded that, in general, the activation of N, only
with LAs is difficult.

When only Lewis bases are involved (LB-N,-LB), the bond is
significantly activated, resulting in bond orders corresponding
to a single bond (ranging from 1.004 to 1.443). However, all

Table 7 Interaction energy with N, (AGiny), in kcal mol™, LX-N, (Ry),
N>-LX (R2) and N—N (Rs) bond distances, in A, and Wiberg bond index of
the LX-N, (WBI3), N»-LX (WBI,) and N—N (WBIs) bonds for the LX-N,-LX
complexes

LX AGime Ry R, R, WBL, WBIL, WBIL
LA-N,-LA

LA-4 —97.72 1.389 1.389 1.131 0.959 0.959 2.202
LA-5a —15.63 1.530 1.530 1.105 0.753 0.753 2.643
LA-5d“ 27.49 1.562 1.562 1.102 0.716 0.716 2.710
LA-5e —25.09 1.568 1.568 1.096 0.713 0.713 2.744
LA-5f* 12.37 1.609 1.609 1.094 0.676 0.676 2.798
LA-8f —12.16 1.642 1.641 1.096 0.625 0.625 2.794
LB-N,-LB

LB-1 132.45 1.363 1.363 1.417 1.117 1.117 1.055
LB-2 53.41 1.588 1.588 1.457 1.197 1.197 1.015
LB-3 4417 1.596 1.596 1.456 1.146 1.146 1.011
LB-4 131.81 1.620 1.514 1.402 0.969 0.965 1.063
LB-5 29.08 1.576 1.576 1.465 1.214 1.214 1.004
LB-6 38.57 1.349 1.399 1.303 1.071 1.306 1.443
% Cationic.

This journal is © The Royal Society of Chemistry 2025
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LB-N,-LB complexes were found to be thermodynamically
unstable. Therefore, as concluded in the previous subsection,
both a Lewis acid and a Lewis base are necessary for effective
activation of N,.

3.2.4 Analysis of the frustration in the LA-LB interaction.
The interaction energies between the LA and LB were com-
puted to assess if the LA-LB complexes can be regarded as fru-
strated Lewis pairs (FLPs). The results, summarized in Table 6,
reveal notably high interaction energy values for the majority
of LA-LB pairs, suggesting strong binding and limited frustra-
tion. However, exceptions were observed for pairs involving
LB-3 and the acids LA-5a (—14.24 kcal mol™") and cationic
LA-5f (—10.87 kcal mol™"), whose interaction energies fall
within the range characteristic of frustrated Lewis pairs
(FLPs),” and LA-5e, with a slightly positive interaction energy
(2.78 kecal mol™"). The LA-LB bond distances are available in
Table S12 in the ESL.}

Comparing these results with those available in the litera-
ture,®® which focus on boratriptycene-based Lewis acids and
triphenylphosphine or tri-t-butylphosphine Lewis bases, our
computations show a strong overall agreement with the refer-
ence data, reinforcing the reliability of the chosen method-
ology (see Table S13 in the ESIf). The B-P bond distances
exhibit only minor deviations, with differences mostly within
~0.02 A, supporting the structural consistency between both
approaches. Similarly, the computed enthalpy and Gibbs free
energy values follow the expected trends, further validating the
accuracy of our results. While some discrepancies are noted,
particularly for LA-5e-LB-3, the overall qualitative agreement
remains strong. These findings provide additional support to
the assessment of LA-LB interactions and their potential
classification as frustrated Lewis pairs (FLPs).

For the formation of an energetically favorable LA-N,-LB
complex from an FLP, the LA-LB interaction energy must be
lower than that of the LA-N,-LB complex. In all cases, the LA-
LB interaction energies were higher than those of the LA-N,-LB
complexes, with the exceptions of LA-5f-N,-LB-3 and LA-5e-N,-
LB-3, where the LA-LB interaction is very weak (slightly posi-
tive). These findings suggest that 5e-N,-3 and 5f-N,-3 offer the
most potential for further exploration due to their enhanced
stability and frustrated interaction profile among the tripty-
cene family.

In identifying the most promising compounds, it is crucial
to acknowledge that many of the studied Lewis acids,
especially triptycene-based derivatives, are not isolated in their
free form. These acids are typically stabilized by complexation
with Lewis bases. For instance, 9-boratriptycene is isolated in
complexes with diethyl ether, pyridine or triphenyl-
phosphine.*” Similarly, sulfur-containing cationic boratripty-
cenes require counterions such as [B(CeFs)y]” for stabiliz-
ation.”® This highlights the importance of considering these
stabilization factors when transitioning from computational
predictions to experimental synthesis. Despite these chal-
lenges, the computational findings provide valuable insights
into the design of novel Lewis acids with enhanced properties,
guiding future experimental efforts.

This journal is © The Royal Society of Chemistry 2025
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4 Conclusions

The activation of N, was studied by analyzing its interaction
with a set of transition metal-free Lewis acids (LA) and bases
(LB). The results indicate that the LAs are primarily respon-
sible for capturing the nitrogen and ensuring the thermo-
dynamic stability of the resulting complexes, whereas the LBs
facilitate the activation of the N, molecule by weakening its
bond. To understand the capturing process, we first analyzed
the electroaccepting properties of 21 LAs using various para-
meters, including hydride ion affinity (HIA), global (w) and
local (wg) electrophilicity indexes and occupation of the 2p
empty orbital of the boron atom (17(2p)). The electrophilicity is
related to the capability of the Lewis acids to capture N,,
reflecting the strength of the LA-N, interaction. Principal
Component Analysis (PCA) revealed that the trends in inter-
action energy can be explained by three key parameters: a (the
pyramidalization angle), wg and 5(2p). Additionally, the local
geometry of the boron atom, as indicated by the pyramidaliza-
tion angle, plays a crucial role. A pyramidalized acidic site
reduces the deformation energy associated with the rearrange-
ment of the acid upon forming the LA-N, complex and limits
the potential retrodonation of electron density by the ligands,
which would increase ;(2p) and decrease the electrophilicity of
the acid. In summary, LAs that meet the following criteria: wg
> 0.9 eV, n(2p) < 0.09 and a > 0° are effective in capturing N,
and forming thermodynamically stable LA-N, complexes,
specifically LA-2, LA(5a-5f) and LA-8f. EDA and QTAIM ana-
lyses indicate that the interaction is predominantly electro-
static, with a partial covalent character due to the donor-
acceptor interaction between the nitrogen lone-pair and the
empty 2p orbital.

The LAs are responsible for capturing N,; however, analysis
of the N=N bond shows that it remains unactivated, with
bond lengths and orders comparable to those of the free N,
molecule. Effective activation of N, requires the presence of a
Lewis base. To explore this, six LBs were investigated to form
LA-N,-LB complexes with the LAs demonstrating the highest
N, capture efficiency. Many of these complexes were found to
be thermodynamically stable and led to a reduction in the
nitrogen bond order from triple to double. The kinetics were
explored by calculating the transition state energies for
selected systems. The transition state analysis reveals that LB-3
and LB-5 show more favorable reactivity, as indicated by lower
AGrs values, while LB-1 and LB-2 lead to higher values,
suggesting slower reaction kinetics. Notably, the reaction of
LB-5 with LA-5d displayed the lowest AGys, highlighting its
high reactivity. The extent of bond activation and the inter-
action energies of the LA-N,-LB complexes increased with the
nucleophilicity of the LB. This reduction in nitrogen bond
order is likely due to a more covalent nature of the inter-
actions, as revealed by the QTAIM analysis.

Among all the LA-LB pair combinations, only three exhibi-
ted characteristics typical of frustrated Lewis pairs (FLPs),
showing moderate interaction energies and large LA-LB dis-
tances. Notably, the combinations of LA-5e and cationic LA-5f
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with LB-3 were the only complexes that demonstrated greater
stability when binding N, compared to the corresponding LA-
LB complexes. Although the computational results suggest
that the 5e-N,-3 and 5f-N,-3 complexes are promising candi-
dates for effective nitrogen activation, experimental challenges
may arise, since the triptycene-based acids have been only iso-
lated as complexes with Lewis bases.’® Nonetheless, these
systems stand out as potential candidates for further explora-
tion in nitrogen activation.
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