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Acetylenes are essential building blocks in modern chemistry due to their remarkable modularity. The
introduction of heteroatoms, such as pnictogens (X), is one of the simplest approaches to altering the
C=C bond. However, the chemistry of the resultant dipnictogenoacetylenes (DXAs) is strongly
dependent on the nature of X. In this work, rigorous theoretical chemistry tools are employed to shed
light on the origin of these differences, providing a detailed evaluation of the impact of X on the
geometrical and electronic features of DXAs. Special emphasis is made on the study of the carbene
character of the systems through the analysis of the interconversion mechanism between the linear and
zigzag isomers. Our results show that second-period atoms behave drastically differently to the
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remaining X: down the group, a zwitterionic resonance form emerges at the expense of decreasing the
carbenoid role, eventually resulting in an electrostatically driven ring closure. Furthermore, our findings
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1. Introduction

Multiple chemical bonds are ubiquitous entities in Chemistry,
being present in a wide variety of relevant compounds and
materials.”” Within these interactions, triple bonds, generally
depicted as E=E, are particularly paradigmatic cases of peculiar
chemical moieties, with chemistry and properties that are
heavily dependent on the nature of E. This is clearly reflected
in the scarcity of easily accessible main-group compounds with
E=E bonds, exhibiting very heterogeneous abundances and
properties even across the same group. As an example, whereas
carbon based triple bonds (C=C) are well-known, the first
stable molecule bearing a Si=Si bond was reported for the first
time in the early 2000s.> Besides synthetically challenging,
heavy tetrel (i.e. Si, Ge, Sn, and Pb) compounds behave drama-
tically different than their second-period analogs (e.g. C,H, and
Si,H, display linear and double bridged geometries in the
energy minima, respectively).” These striking discrepancies
have motivated the study of the impact of substituting the
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pave the way to potentially unveiling novel routes for the promotion of free-radical chemistry.

element (E) involved in the E=E scaffolds, with most of the
structural differences being attributed to the larger role and
flexibility exhibited by their outermost valence orbitals.” On the
other hand, alkynes, being archetypal examples of the simplest
of these molecules (with an HE=EH pattern), are essential
building blocks in state-of-the-art synthetic chemistry.®™*" In
fact, their remarkable reactivity and modularity make them
ideal reagents for the construction of a plethora of intricate and
valuable products, including biologically active compounds,*?
agrochemicals'® or advance materials,"”"® to name a few.
A thoroughly documented review of the pivotal role played by
alkynes in modern synthetic strategies is available to the reader
in the literature."®"”

The chemical reactivity of alkynes is mostly dictated by the
high electron density attributed to the C=C bond which,
coupled with its tendency to get delocalized across nearby
conjugated systems, allows the formation of new chemical
bonds by the interaction, for instance, with Lewis acids, such
as metal cations. In this context, alkyne functionalization has
gained a lot of attention owing to its ability to alter their
chemical properties and reactivity of the latter."”*° For instance,
substitution at the immediately neighboring positions to the
C=C bonds has been widely used as a strategy to enhance and
direct such reactivity. Understanding of the electronic factors
governing the reactivity of C=C bonds has recently acquired
further relevance owing to the rise of bio-orthogonal chemistry,
which required the development of activated substrates capable
of operating in the absence of metal catalysts.>®*! Following this
trend, the design of activated alkynes has been dominated by
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two main aspects: (i) the introduction of steric effects over the
linear geometry of the alkyne, something which is commonly
achieved through the formation of cyclic structures in which the
ring strain can disturb the stability of the C=C interaction and
(ii) the electron donating/withdrawing character of the substitu-
ents, which polarizes the alkyne electron density. While ring
strain has dominated the design of copper-free click chemistry,
the use of substituent effects for the activation of C=C bonds
remains relatively unexplored, despite holding great promise.

Indeed, mono-substituted acetylenes, such as aminoalkynes
and generally depicted as RR'R> C-C=CX (X # H, C), have been
recently put into the spotlight owing to their peculiar reactivity
and applicability as valuable organic synthons.***” Unfortu-
nately, the synthesis of XC=CX moieties is often challenging,
being hampered by particularly pronounced reactivity and
promiscuity, making their wide-range application difficult.
However, it is known that the nature of the heteroatom deter-
mines the stability and properties of these compounds, even
when the former belongs to the same group of the periodic
table. For instance, obtaining nitrogen-based derivatives of
some of these families of compounds is far from trivial,
becoming even more challenging in the particular case of
disubstituted acetylenes. Actually, the synthesis of the proto-
typical model of the latter, diaminoalkynes (DAAs) in general
and 1,2-diaminoacetylene in particular, is quite challenging,
often requiring the introduction of bulky chemical moieties in
the skeleton as highlighted in a recently reported and extensive
review of the topic.>® Moreover, the resultant DAAs are prone to
tautomerism to produce the corresponding ketenimine deriva-
tives, hampering the isolation of the acetylenic isomers of this
family of compounds. In contrast, diphosphinoacetylenes
(DPAs) are far more common and stable, while being frequently
used as valuable ligands in the synthesis of a wide variety of
transition-metal compounds.zg_31 These, and other, marked
differences between DAAs and their heavier analogs, such as
DPAs or other dipnictogenoacetylenes (DXAs) in general, are
intriguing. Although empirical evidence has sketched some
trends in the underlying electronic origin of such divergences,
this topic has been very scarcely studied from theoretical
perspectives. Additionally, shedding light on to these trends
requires the rigor and insights offered by state-of-the-art theo-
retical chemistry tools, whose large computational cost pre-
vents their extensive applications.

With this motivation in mind, in this work, we use a wide
variety of state-of-the-art computational chemistry tools to
provide a thorough analysis of the electronic, energetic and
geometric features of this peculiar family of compounds. In this
way, our study contributes to the elucidation of the effects of
introducing heteroatoms on the E=E scaffold. Special empha-
sis is made on the impact of changing the nature of the
pnictogen on the behavior of the underlying acetylenic struc-
ture as well as on the topology of the energy landscape of
different DXAs. Furthermore, the tautomerism between two of
the most relevant isomers of DXAs is studied in detail by
analyzing the ongoing electron rearrangements. Altogether,
these results improve the understanding of the periodic
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properties of pnictogenic-compounds paving the way towards
new developments in the rational design of activated alkyne
moieties.

The work is organized as follows: first, a brief overview of the
theoretical tools employed in this study is presented. Then, the
stability of the different isomers of DXAs is analyzed, and the
reaction pathways for the interconversion between the linear
and zigzag isomers are discussed. Special emphasis is made in
this section to the carbene nature of the resultant species, as
well as in the Coulombic collapse of the reaction intermediates
for heavy pnictogen derivatives. The final section of the manu-
script comprises the conclusions that can be drawn from
our work.

2. Methods

The abstract nature of Quantum Chemical Topology (QCT)
techniques has slowed down their spread outside the theore-
tical chemistry realm. However, and unlike the more commonly
known orbital-based descriptions,*> QCT provides an extremely
rigorous picture of the chemical nature of a system, free of the
bias induced by the use of external references. Hence, the
current section attempts to provide a grasp of the basic founda-
tions behind the QCT tools employed here, while a more
extensive review is available to the reader in the literature.**
QCT is a branch of theoretical chemistry which partitions
the real space (R*) occupied by a chemical system relying on the
topological features of a certain scalar field. In this way, the
critical points of a field allow the clear-cut decomposition of R?
in a collection of well-defined domains {Q} which, by extension,
provide a partition of molecular properties into local (e.g
atomic or pairwise) terms. Naturally, different scalar fields
can be used resulting in different QCT flavors, as gathered in
Fig. 1. Partitioning R*® according to the electron density, p(r),
yields the so-called Quantum Theory of Atoms in Molecules
(QTAIM) developed by R. F. Bader.** In QTAIM, Q are attraction
basins of p(r) corresponding, with the particular exception of non-
nuclear attractors, to atoms embedded in a molecule. In this way,
atomic and inter-atomic properties readily emerge, for instance,
the molecular electron count, N, can be decomposed in localized
(atomic) and delocalized (inter-atomic) contributions giving rise

Fig. 1 (left) Isosurface of the ELF function of the C,H, molecule, with an
isovalue of 0.86 units, showing the spatial distribution of the bonding ELF
domains. (right) QTAIM basins of the C,H, molecule.
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to each of the M atomic electron population, Ny,

M M M M
N = EA:NA = EA:LI(A) +§A: > DI(A,B), (1)

B> A

where A and B are any of the M atoms in the system. LI(A), known
as the Localization Index, measures the number of electrons
solely localized in A, whereas DI(A, B), the Delocalization Index,
estimates the electrons simultaneously shared between two atoms
A and B.

For the same reason, the Electron Localization Function
(ELF), first introduced by Becke and Edgecombe,*” provides an
alternative analysis to QTAIM in terms of electron-pair localiza-
tion regions. In this way, the ELF is directly linked to the
Lewis’s valence theory, disguising the space in a collection of
core, bonding and lone-pair (valence) basins. Even a simple
study of the populations and covariances of the ELF basins has
been proven to provide very valuable and easy-to-interpret
perspectives on the chemistry of many systems.*® In fact, ELF
analyses have gained a lot of popularity outside the QCT field in
recent years due to their simplicity and straightforward
interpretation.*”>°

Finally, the local expectation values of the squared spin
operator, (Sx) = Sa(Ss + 1), attributed to an atom or chemical
fragment can be used to provide a description compatible with
the more naive resonance theory. The local spin concept was
introduced by Clark and Davidson in 2001*° via atomic projec-
tion operators as a means to access information about spin
localization in singlets (e.g. singlet diradicals), where the spin
density vanishes everywhere in space. It later suffered several
transformations*’ and was also generalized to real space
decompositions.*> Recently, some of us have shown*® that the
original definition of Clark and Davidson is the one that
emerges from the theory of open quantum systems in real
space. The local spin can thus be rigorously estimated under a
real space perspective from the spinless 2-particle reduced
density matrix (p,) and the electron density (p) as,

<SA2> = %JAp(r)dr

1
- —J J {p2(r1, 12571, 12) + 2,5 (¥1, 12512, 11) }dr1dry,
A

4)a
(2)

where the integrals are performed within the real space
domains attributed to the atoms of the molecular skeleton
(i.e. A). This descriptor, as well as similar interatomic spin
coupling terms, not described here, is invariant under orbital
transformations and can be obtained at mean-field and corre-
lated levels.

Local spins are valuable descriptors that provide a direct
mapping to the explicit electron configurations in molecules.
This can be very easily exemplified using the archetypal H,
molecule: as shown in Fig. 2, the overall bonding arises from
two ionic (Hy~ + Hg" and Hy~ + H,") and two purely covalent
forms (H, + Hg). Both ionic forms, comprising either 0 or a
couple of paired electrons, have null contributions to the local

7720 | Phys. Chem. Chem. Phys., 2024, 26, 7718-7730

View Article Online

Paper
Covalent lonic

y SA:E y . y . s2=0 /
( l z_; T l T 2o

s2=
M, " Ha Hy H*

sz2== ; 2 = /
PP Pud

He = Hg H*s Hg

Fig. 2 Schematic representation of the covalent and ionic contributions
to the bonding of the ground state H, molecule. 5 shows the expectation
value of the local spins of both atoms.

spin, owing to their singlet spin multiplicity. On the other
hand, each atom in the pure covalent distributions behaves as a

doublet, leading to (Sa%) = % Altogether, and accounting for

equal weights for the ionic and covalent contributions, the
expectation value of the local spin of each atom in the simplest
mean-field description of H, becomes (Sy?)=0.25-0+

3 3 3
0‘25’04_0'25'1—%0'25‘17@

3 Computational details

Geometry optimizations, normal mode analysis, single point
calculations and wavefunction generation were achieved using
the Gaussian09 quantum chemistry package.** All calculations,
unless otherwise specified, were performed at the DFT level of
theory using the well-known B3LYP functional*>*® in combi-
nation with the def2-TZVP basis set in the gas phase. Addition-
ally, the GD3 Grimme empirical correction was employed, as
implemented in Gaussain09,** to account for dispersion
effects. Such a level of theory was selected on the basis of a
small benchmarking study relying on the reproducibility of the
energetic and geometrical features of the systems under study
(see S1 for more details, ESIT). We also note in passing that
the B3LYP functional has been successfully employed in the
past to shed light on complex chemical phenomena of a similar
nature.*’” > In the particular case of Sb, MWB46 pseudo-
potentials®® were employed as included in Gaussian09** to
replicate the effect of the electron cores of the many-electron
systems. The relevant structures were characterized as minima
or first-order saddle points through the analysis of the eigenva-
lues of the Hessian Matrix. Gas-phase intrinsic reaction coordi-
nate (IRC) calculations® were performed as implemented by
default in the Gaussian09 code.** The same level of theory was
used throughout. The Local quadratic approximation (LQA)’*
was employed to explore extremely flat energy landscapes com-
monly encountered as one moves down a group.

Quantum Theory of Atoms in Molecule (QTAIM) calculations
were accomplished using the PROMOLDEN®’ and AIMAII®®
codes. On the other hand, the computation and analysis of the
electron localization function (ELF) was performed using the
TopMod package.”” The local spin, (S,*), was calculated using
the in-house made NRDM code. A thorough conformational

This journal is © the Owner Societies 2024
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search was achieved with the CLUSTER program.’® Starting from
the energetically minimized linear (acetylene-like) structure of
DAA, the conformational space was explored using the default
genetic algorithm implemented in the latter package for up to
30 generations. Afterwards, the nature of the resultant structures
was evaluated, and those not corresponding to true minima of
the Potential Energy Surface (PES) were discarded resulting in
five dominant isomers of DAA. Finally, the analogous structures
for the remaining DXAs were optimized starting from the pre-
viously minimized geometries of DAA.

The energetic and electronic properties are generally
reported in keal mol ™" and electrons, respectively, throughout
the upcoming tables and figures of this manuscript. All mole-
cular representations and iso-surfaces were rendered with the
Jmol suite.> For the sake of clarity and simplicity, the symbol X
is generally used to denote elements belonging to the pnictogen
group (e.g. N, P, and As).

4. Results and discussion

4.1. Relative stability of DXA isomers

Let us start by exploring how the relative stability of different
DXA isomers evolves with the nature of the heteroatom. As
detailed in Computational details, a conformational search was
performed starting from the plain acetylene structure of DAA
and yielding a total of five main isomers, as shown in Fig. 3. We
note in passing that two main groups can be found within the
latter: structures having an X-X connectivity along with these
isomers exhibiting explicit C-C bonding, shown in blue and
red, respectively, in Fig. 3 being the latter the only ones formally
related to the common acetylenic skeleton studied in this work.

The relative stability of these five DXA isomers, gathered in
Fig. 4, shows quite interesting trends. First of all, it is worth
noting that the acetylene-like linear scaffold does not represent
the most stable species in any of the here explored DXAs. As for
DAA, the cis, trans and linear DAA isomers display similar
stabilities, whereas it is the zigzag structure, bearing two imine
moieties, the most stable out of all the studied ones. On the
other hand, the bridge-like butterfly geometry is notably less
stable than any of the other species, being +30 kcal mol " above
the linear DAA, taken as a reference. Substituting the N atom
for a heavier pnictogen dramatically distorts the topology of the
energy landscape, resulting in diametrically opposed relative
stabilities. In fact, the remaining DXAs show very uniform
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Fig. 4 Relative stability, in terms of the electronic energy, of the here
considered isomers of DXAs for different pnictogens (X). All the energies
are reported, in kcal mol™, relative to the linear (acetylenic) structure.

trends, with a structural stability dictated by the sequence
butterfly > trans > cis ~ zigzag > linear. We note in passing
that similar trends in the relative stability of the DXAs isomers
have been found at different levels of theory (see S1, ESIT),
further validating the reliability of the here reported results.

These large discrepancies found when going beyond the
second period are in well agreement with previously reported
trends in the tetrel family, where heavy analogs tend to form
structures than those exhibited by lighter
elements. Such an abrupt change in the geometrical
features when going beyond the second period is often explained
attending to the increasing contribution of high angular
momentum flexible orbitals to the underlying chemical bonds.

At this point, it is worth mentioning that the reactivity of
DAA and related compounds is commonly understood accounting
for the interplay between the more common acetylenic structure
and a hidden dicarbenoid/diiminium scaffold, as represented by
the resonance forms shown in Fig. 5. Interestingly, this hypothe-
tical intermediate structure is also structurally related to the zig-
zag conformer found in the C-C connected isomers.

In fact, such a dicarbene character has been reported for
other alkyne derivatives,®”*® being highly enhanced by the
inclusion of heteroatoms in the o or f positions or when the
C=C interaction is embedded in a non-linear chemical
environment.®® In such a way, distortion of the linear alkyne
geometry should promote the reactivity at the C atoms, leading

more exotic
4,60-66

AP g Y| A poee

butterfly trans

mgzag linear

Fig. 3 Butterfly, cis, trans, zigzag and linear isomers of DAA. Representations rendered with Jmol.

connectivities are highlighted in blue and red, respectively.
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Fig. 5 Acetylenic (left) and dicarbenoid (right) resonance forms of DAA.

to highly active species which can be trapped upon interaction
with electron deficient compounds such as Lewis acids. Based
on our findings, and in agreement with these trends, the
presence of highly localized and directional lone electron pairs,
such as those found in N, would ease the distortion of the
linear geometries. Such deformation, would in turn localize
some electron density to the C atom, increasing the reactivity of
the latter and explaining the low stability and promiscuity of
DAA, specially when devoid from additional substituents. Alto-
gether, these findings, consistent with the unusually large
stability of the zigzag DAA isomer, point out that the contribu-
tion of the dicarbenoid form to the whole resonance hybrid of
DXAs should decrease when moving down the group.

4.2 Mechanistic study of the linear and zigzag tautomerism

From the previous section, it is evident that the aforementioned
dicarbenoid character could be playing an active role in the
stabilization of the zigzag isomer and, more importantly, its
tautomerism with the linear (acetylenic) analog. Trying to
further gain insights on to the origin of the marked differences
between N and the heavier pnictogens, we have decided to
explore the zigzag/linear tautomerism mechanism between
these two structures, paying special attention to the role played
by the potential carbenoid character of DXAs. Given that all the
pnictogens from the third period or above are expected to
exhibit a similar behavior, DAA and DPA will be used as
prototypical models, whereas the results for the remaining
DXAs are explicitly gathered in the ESIL.{

Fig. 6 and 7 comprise the stationary states (reactants,
transition states, intermediates and products) involved in the
DAA and DPA tautomerism reactions whereas Fig. 8 shows the
reaction energy profiles for both chemical transformations. In
both cases, the tautomerism mechanism seems to proceed by
means of a step-wise intra-molecular proton (H")/hydride (H")
transfer reaction between the XH, (X = N, P) moieties and the
neighboring sp C atom.

A brief inspection of the geometries of the stationary points
involved reveals some notorious structural differences, some-
thing which becomes specially pronounced in the actual
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reaction intermediate. More specifically, the DAA intermediate
displays a remarkably bent structure around the spectator
C atom, characteristic of a sp* hybridization. This feature, which
is also observed to a lower extent in DPA, points out to the
formation of a carbene-like structure, in agreement with
chemical intuition and previously reported results. Additionally,
the activated complexes involved in the first step of the DPA
tautomerism strongly resemble the corresponding product,
something which is also found for the remaining heavy DXAs
(see S2.1, ESIt). Unlike in the case of DAA, this observation
highlights the very late nature of the transition states of the
former. Actually, these findings are in perfect agreement with the
Hammond postulate, as reflected in the energetics of the first H
transfer of the reaction energy profile, comprised in Fig. 8 and
S2.1 (ESIt). Further insights into the nature of the underlying
reaction mechanisms can be obtained from the analysis of the
QTAIM electronic metrics throughout the reaction, as gathered
in Fig. 10 and S2.2 (ESIf). The nomenclature used throughout
the latter, with A and B labels being used to refer to the H, C and
X atoms involved in the first and second H transfers, respec-
tively, is shown in Fig. 9.

In the case of DAA, the C,—Cy bond experiences a very rapid
weakening, as evidenced by the decrease in the electron delo-
calization, measured by DI (C-C), from 2.4 to just 1.2 electrons
in a single step. Such an abrupt drop in the electron population
shared between both C atoms would correspond to the anni-
hilation of two standard covalent bonds, going thus from a
triple to almost a single covalent interaction. This process is
accompanied by a noticeable strengthening of the C-N bonds,
something which is particularly pronounced for the atomic pair
directly involved in the H transfer (Ny—C,) showing DI values of
up to 1.7 electrons characteristic of an N—C double bond. The
latter effect is further evidenced by a moderate decrease in the
local electron density around the C, atom, resulting in a
noticeable increase in its atomic charge of about 0.30 electrons.
Such an electronic impoverishment seems to arise almost solely
from a drop in its localized electron count, as shown in green in
the middle left panel of Fig. 10. In contrast, the neighboring Cy
atom (not directly involved in the first H transfer) experiences a
very large electron localization of almost 0.40 electrons, as
highlighted by the monotonously increasing trend shown by
the LI (Cg), in blue. The latter finding arises as a straightfor-
ward manifestation of the presence of a strong electron-rich
carbenoid character in the product of the first H transfer of
DAA, compatible with the formation of a carbene at the Cgy
atom of DAA inter. Furthermore, the first H transfer in DAA

DAA linear DAA TS1

DAA inter

DAA TS2 DAA zigzag

Fig. 6 Stationary points involved in the DAA tautomerism reaction.
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Fig. 7 Stationary points involved in the DPA tautomerism reaction.
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H,X—C=C—XH,

X=N, P, As, S

A1
228

Fig. 8 Reaction profile for the DXA tautomerism, all values are reported in
terms of the Gibbs free energy at 298.15 K in kcal mol™t. The energies are
computed relative to that of the isolated references.

Yosd s ped Spad

Fig. 9 Nomenclature used to refer to the C, H and X atoms directly
involved in the first (A) and second (B) H transfers under consideration,
shown in red and green, respectively. The schematics for DAA (left), DPA
(center) and DASA (right) are collected.

seems to proceed in an almost perfectly concerted way, with the
synchronous Ny-H, and C,-H, bond cleavage and formation,
respectively. In fact, this is clearly reflected in the evolution of
the electron delocalization, comprised in the left panel of
Fig. 12, which shows that, in the TS, the H, atom exhibits
two half-formed covalent bonds with ~0.5 electrons each.

On the other hand, DPA seems to undergo a different
electron redistribution throughout the tautomerism: the C,-
Cg delocalization drops only to about 1.5 electrons, corres-
ponding to an intermediate bond order between a C-C and a
C—C scenario. At the same time, besides the previously men-
tioned electron localization experienced by the spectator Cg
atom, the localized electron count of the main P, atom gets
notably enhanced at the expense of decreasing that of its
neighboring analog, Py (shown in black and red, respectively).

This journal is © the Owner Societies 2024

Moreover, such a drift in the electron localization promotes a
net transfer of electron density between both P atoms of about
—0.8 and +0.4 electrons, evidencing an increase in the Zwitter-
ionic nature of the resultant intermediate. It is worth noticing
that a similar electronic redistribution is found for DAsA and
DSDbA, as reflected in Fig. S14-S16 (ESIt). Additionally, the drop
in the C5,—-Cp delocalized electron population accompanying the
first H transfer becomes less pronounced throughout the P >
As > Sb series, with limiting values of 1.50, 1.75 and 2.25
electrons for the reaction intermediates. Moreover, and unlike
in the case of DAA, the very late nature of the first transition
state in DPA results in almost fully depleted and formed P,-Hy
and C,-H, bonds, respectively. These trends are further rein-
forced by the DI metrics, comprised in the right panel of
Fig. 12, which reveal that the activated complex exhibits fully
formed C,-H, contacts, as evidenced by the almost 0.8 elec-
trons shared between both atoms at this state of the reaction.

These observations evidence that, in agreement with our
initial hypothesis, DAA and DPA (along with the remaining
DXAs) follow different mechanistic pathways for the tautomer-
ism process, as proposed in Fig. 11 and 15. We note in passing
that the intricacies of the here presented transformations
cannot be adequately represented by classical electron push-
pull diagrams and so the here proposed mechanisms are just
an educated approximation. For DAA, the electron density
attributed to the original C=C bond would shift to produce
an imine group with the simultaneous intra-molecular proton-
like H transfer to the sp> Cg atom. The latter rearrangement is
likely to be assisted by the highly contributing ionic forms of
the reactant. Simultaneously, this process triggers an electron
flow chain reaction, depicted in Fig. 11, which ultimately
results in the inevitable localization of electron density around
the spectator Cg atom, affording, thus, a carbene-like inter-
mediate, in accordance with previously reported studies.®”
Such a carbene character is further supported by the ELF’s
topology of the DAA intermediate, shown in the left panel in
Fig. 13, which reveals the presence of a very well-defined (highly
localized and particularly prominent) valence basin on the Cg
atom, V(Cg), with an estimated population of x2.1 electrons
(S2.3, ESIY). Actually, the topology of the latter is identical to
that shown by an amino-stabilized singlet (S = 0) carbene, see
Tables S45 and S46 in S5.1 (ESI{), with an estimated population
of 2.2 electrons for V(Cg).

Trying to shed light on to the true nature of such reaction
intermediate, the evolution of the local spin of the Cy atom,
(Scs?), was monitored, as shown in Fig. 14. At this point, it
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participating in the first H transfer involved in the DAA (left) and DPA (right) tautomerism reactions. All values are reported in electrons. For Q and LI, the
values are reported relative to the reactant complex. The A and B labels are used to indicate those C, H and X atoms directly involved in the first and
second H transfers, respectively, as shown in Fig. 9. The black vertical line shows the transition state region.
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should be mentioned that even a naive classical picture allows us
to get a grasp of the expectation values of the corresponding local
spins. As such, standard homopolar covalent bonds contribute

3 3 3
with 3= 0.25-(0) +0.25- (0) + 0.25 - it 0.25- 7t the local spin

7724 |
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of an atom. Whereas a radical (1 or |), singlet carbene (1 |) and

triplet carbene (71 or ||) would account for

3
— 0 and 2
47 an ’

respectively. It is worth noting that in real systems the spin
statistics will be biased by different phenomena, such as the shift
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throughout the first H transfer of the DAA (left) and DPA (right) tautomerisms.

Fig. 13 ELF = 0.86 isosurfaces of the DAA (left) and DPA (right) inter-
mediates formed upon the first H transfer reaction.

of the ionic contributions to the bonding arising from the
electronegativity differences between the bonded atoms, which
will perturb the aforementioned (S,*) values. Starting from an

3
almost pure covalent bonding (S?) ~ 1.5 =4 - 3 2 shown in the

left panel of Fig. 14, the Cp atom of DAA undergoes a very
notorious decrease in its local spin. Indeed, the latter drops down
to about (S§*) & 1.10 in the DAA intermediate. The partial
depletion of some of the original covalent bonds involving the
Cg atom, coupled with the enhancement of these resonance forms
with a dominant electron pairing, would explain such a notorious
impoverishment in the local spin values. As such, these findings,

Cp local spin
B T \ T T ]
1.60 I DAAH 1 DAAH 2 DPAH1 — DPAH2-"
1.50 [= jemPmEmmmmTIS s ~
n 140 [0 -
DN il CT S /l |
D130 e -
1.20 [~ 1
1.10 [ o
1.00 ' ‘ ‘ ‘
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Fig. 14 (left) Evolution of the local spin, (Sx%), of the Cg throughout the first

being in perfect agreement with the expected values for an amino-
stabilized carbene ((Scg®) & 1.0, see Table S50, ESIY), evidence the
formation of a singlet (S = 0) carbene character at the Cp
throughout the first H transfer of the DAA tautomerism. For the
same reason, the Hy atom being transferred in the processes
undergoes a subtle increase in its local spin, going from a polar
chemical interaction to the ideal covalent bond attributed to the

C-H pair, (Sp,*) =0.40 ~ %’ as shown in orange in the right

panel of Fig. 14.

On the other hand, the more accessible lone electron pair of
the P atom of the spectator PH, moiety would assist the H
transfer in DPA. In this scenario, using a simple electron push-
pull diagram allows us to quickly obtain a mechanistic proposal
yielding a keteniminium intermediate (DPA inter Ionic B in
Fig. 15) with a prominent charge separation which would be in
equilibrium with its carbenoid analog, as shown in Fig. 15.

In this regard, the much smaller and distorted V(Cg) ELF
basin, shown in the right panel of Fig. 13 and integrating to
about 1.8 electrons (52.3, ESIt), coupled to the considerably less
bent structure of the C-C-PH, scaffolds, suggests a lower
dominance of the carbene structure for the stability of the
DPA intermediate. Similar findings are observed for the DAsA

H local spin
0.60 T
0.55 7
0.50 7
X 0.45 .
7 -
v 0.40
0.35 7
0-30 'DAAHA1 ~ DAAHg2 " DPAHA1 —DPAHg2 =~ |
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(H 1) and second (H 2) H transfers involved in the DAA and DPA tautomerism

reactions. (right) Evolution of the local spin of the Ha and Hg atoms throughout the first (1) and second (2) H transfers involved in the DAA and DPA
tautomerism reactions. For the H atom, a representation of the ELF = 0.9 isosurface of the local maxima and minima in the evolution of (SAZ), marked

with black squares, is also shown.
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Fig. 15 Mechanistic proposal for the DPA tautomerism. Dashed arrows are used to indicate the electron rearrangement involved in the interconversion
between different resonance structures. The terms Neutral and lonic are used to refer to different resonance structures of the DPA linear isomer.

and DSbA analogs, showing distorted and underpopulated
basins for the Cgz atom in the reaction intermediates (see
S2.3, ESIY). Actually, these trends are also in agreement with
the evolution of the local spins in DPA, shown in magenta in
Fig. 14. Interestingly, the Cg carbon experiences only a slight
drop in its local spin, being very far from the expected values for
a singlet phosphino carbene (see Table S50, ESIt). The latter
seems to be quenched by the very polar C-P bonds, assisting
the dominant zwitterionic form of the DXA species.

A significant observation emerges from the local spin beha-
vior of the migrating H atoms during the involved H transfers.
In contrast to DAA, where (Sy”) exhibits a steady increase, this
quantity shows a notable spike near the DPA transition states.
This spike, with limiting values of approximately 0.48 a.u., is
associated with the formation of a covalent C,-H, bonding
from a hydride-like H atom. In this scenario, the ionic con-
tribution of the proton-like H' bonding increases at the
expense of the originally dominant hydride-like form (H™).
Despite both forms having null contributions to local spin
((Ses®) = (Sy_?) = 0), their interchange promotes electron
delocalization, decreasing fully localized electron counts. This
interplay results in the formation of a fully delocalized H

3
radical with (S3.) = 7 causing the observed spike in (Sy?).

This reasoning aligns with trends in the ELF field shown in
Fig. 14, leading to unbound V(H,) basins with an estimated
population of approximately 1.6 electrons (see Table S9, ESIT).
The shift in the reaction mechanism is further emphasized by
the distinct character of the H atoms in DAA and DPA, behaving
essentially as H" and H™, respectively, as evidenced by their
local charges of +0.38 and —0.50 electrons, respectively, in the
linear isomers. This hydride character extends to other pnicto-
gens, with atomic charges of —0.28 and —0.32 electrons for H
atoms in the linear isomers of DAsA and DSbA, respectively.
Besides supporting our mechanistic proposals, the latter
findings pave the way towards unveiling novel chemical routes
for the obtention of radical species. To the best of our knowl-
edge, this radical character in DXAs has not been experimentally
reported yet, however, we expect carbanion-like scaffolds to

7726 | Phys. Chem. Chem. Phys., 2024, 26, 7718-7730

undergo similar spikes in their spin when transitioning from a
highly polar bond to a more covalentrich interaction. The
emerging radical character that accompanies this transforma-
tion could give rise to highly reactive pseudo-intermediaries,
opening the door to previously unknown patterns of reactivity.

Accounting for the very different nature of DAA and the
remaining DXA intermediates, the second H transfer to yield
the final zigzag structure would follow drastically different
mechanistic proposals: in DAA, the lone electron pair of the
carbene traps Hg of the neighboring NH, moiety to yield a
second imine scaffold and leaving behind a plain C,-Cy single
bond. This is in consonance with the evolution of the QTAIM
metrics, S2.2 (ESIt), showing a remarkable boost in the DI
(Cp-Npg) values at the expense of decreasing the electron popu-
lation of the carbenoid Cg and the C-C interaction. Instead, the
lone electron pair of the P, atom in DPA induces an electron
redistribution cascade to strengthen the Pg-Cp and P,-Cp
bonds in the final product while weakening the C-C inter-
action, see S2.2 (ESIf). Such a shift results in a prominent
increase in the localized electron count on the Py atom
and, with it, a local accumulation of electron density on this
(previously cation-like) P atom, in agreement with the pre-
viously proposed mechanistic paths, shown in Fig. 15.

4.3. Electrostatically driven ring closure

The large charge separation attributed to the increase of the
Zwitterionic character of the previously shown reaction inter-
mediate when moving down the group opens the way towards
alternative tautomerism reactions. Indeed, in the particular
case of the DAsA and DSbA reactions, the product of the first
H transfer depicted in Fig. 8 is not a true minimum of the PES.
Instead, the latter structure tends to collapse in an electrosta-
tically driven process to yield a cyclic isomer. In this section, we
will study this additional ring closure phenomenon and its
impact on the net linear to zigzag isomerization, using the
DASA as a prototypical model.

For such a purpose, extended IRC calculations were per-
formed starting from the TS structures of the first H transfer
involved in the DAsA tautomerism, as comprised in Fig. S7
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Fig. 16 Evolution of the electronic energy of the DAsA reaction inter-
mediate throughout the ring-closure phenomenon to form a stable
cyclic structure. The x-axis is reported in terms of the evolution of the

reaction coordinate attributed to the ring closure reaction (y), reported in
atomic units.

(S2.1, ESIt). The evolution of the geometrical features through-
out the latter reveals that, beyond the plateau of the plain
reaction intermediates, the system undergoes a very pronounced
decrease in the electronic energy as represented in Fig. 16. Such
an extra stabilization, accounting for ~35 kcal mol* for both
DAsA and DSbA, corresponds to a barrierless transformation to
yield a stable three-membered ring, resembling the more com-
mon aziridines, as gathered in the embedded panel of Fig. 16.

Additionally, the resultant mono-bridged ring resembles pre-
viously reported stable isomers of heavy tetrel derivatives.®®> On
the other hand, the lack of a saddle point connecting the open
and closed DAsA intermediate points out that their interconver-
sion may be driven by the mere Coulombic attraction arising
from the prominent buildup of partial charges.

The evolution of the total and localized electron counts, shown
in Fig. 17, reveals that the ring closure is assisted by the fuzzy lone
electron pair of the As, atom. Actually, the latter undergoes a quite
remarkable decrease in its local electron density, as reflected by
the increase in the partial charge of about 0.17 electrons. This
finding is accompanied by a noticeable interplay of the localized
electron counts of both As atoms: LI (Asg) is enhanced at the
expense of decreasing the LI (As,) and LI (Cg) values.

Furthermore, the cyclization phenomenon reinforces the C-
C interaction while weakening the Cz-Asg and C,—As, bonds, as

DAsA ring closure

0.40 Asp — Cp Asg — Cp —

0.20

—
0.00 = e
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Table 1 Change in the atomic charges (Q), localization (LI) and deloca-
lization (DI) indices of the As and C atoms of the DAsA reaction inter-
mediate upon ring closure. All values are reported relative to the non-
cyclic structure in electrons

Atom AQ ALI Bond ADI
Asp 0.17 —0.21 Cp-Asp —0.30
Asg —0.06 0.16 Co—Cp 0.25
Ca 0.02 0.00 Cp-Asg —0.19
Cp —0.09 —0.16
H .. H
®../ AAS
AAS e /Ha /_\
OTGAST = g
Ha H Ha * 8 ASBHZ
lonic A Ring

Fig. 18 Mechanistic proposal for the electrostatically driven ring closure
of the DASA reaction intermediate. The term lonic is used to refer to a
particular resonance structure of DAsA.

pointed out by the large fluctuations found in the electron
delocalization, comprised in Table 1. Altogether, these results,
also observed in the case of DSbA (see S2.2, ESIT), allow us to
depict a reasonable mechanism for this transformation, as
represented in Fig. 18. The original Zwitterionic (open) inter-
mediate would be in equilibrium with a 1,3-dipole resulting in
a prominent charge separation between the As, and Cy frag-
ments. In such a resonance form, the negative formal charge at
the former will get partially delocalized to form the emerging
As,—Cg bond. This process, which will eventually result in the
ring closure, promotes the accumulation of localized electron
density at the Asp atom at the expense of weakening the original
Cg-Asg and C,-As, interactions which become single C-X
bonds, with DIs slightly below 1.0 electrons (see S2.2, ESIt).
The latter mechanistic proposal, consistent with the QTAIM
metrics, proves that, as expected, this ring closure tautomerism
is electrostatically driven, explaining the lack of an actual
reaction barrier. Furthermore, the cyclization of the intermedi-
ate reinforces the C-C interaction by about 0.25 electrons
leading to an almost pure C—C bond (DIs of 2.00 electrons,

DAsA ring closure

0.40 Asp — Cp Asg — Cp —

0.20
-0.20

-0.40

AlLl(e?)

0 10 20 30 40 50 60 70 80 90
IRC step (au)

Fig. 17 Evolution of the change in atomic charges (left) and localization index (right) for the main atoms and bonds involved in the DASA ring closure
phenomenon. All values are reported, in electrons, relative to the starting non-cyclic intermediate. The nomenclature used to refer to the atoms is shown

in Fig. 9.
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Fig. 19 ELF = 0.86 isosurfaces of the open (left) and cyclic (right) inter-
mediate structure of the DAsA tautomerism reaction.

see Fig. S22 and S23, ESIY). This observation would annihilate
the previously observed carbene character, in agreement with
the aforementioned drop in the electron localization at the C
atom. Indeed, this is further evidenced by the ELF topology of
the cyclic intermediate, right panel of Fig. 19, showing how
V(C), characteristic of the carbene, disappears upon cyclization.

5. Conclusions

Acetylenes are fundamental organic synthons in state-of-the-art
chemistry, being crucial building blocks for the synthesis of a
wide range of valuable compounds. Decorating their skeleton
with different functional groups, such as heteroatom-containing
scaffolds, can dramatically tune their reactivity and stability,
something which becomes particularly handy for the obtention
of tailor-made molecules. However, the features and properties
of these systems vary strongly when moving down a group, with
the second-period elements behaving in a diametrically different
way when compared to their heavier analogs. In this work,
several high-level theoretical chemistry tools are used to shed
light on to the origin of these differences, using dipnictogenoa-
cetylenes (DXAs) as prototypical models.

As for the potential energy landscape, the structural isomers
of DAA show completely different relative stabilities when
compared to the remaining DXAs. Whereas the doubly bridged
butterfly isomer is the most stable conformation for the latter,
the global energy minimum for DAA was found to be the
unusual zigzag structure, resembling the dicarbenoid/diimi-
nium scaffold often claimed to be responsible for the peculiar
reactivity of DAAs. It should be noted that the linear isomer,
corresponding to the common acetylenic scaffold, did not
represent the most stable species for any of the DXAs.

Additional insights into the origin of these marked differ-
ences were obtained through the computation of the intercon-
version pathways between the linear and zigzag conformers.
The study of the tautomerism reactions revealed that DAA and
other DXAs proceed by means of step-wise proton-like (H') and
hydride-like (H™) reaction mechanisms, respectively. The intra-
molecular H migrations are assisted by the original C=C
electron density which promotes a notorious accumulation of
localized electron count at the  carbon (not directly involved in
the first H migration). Such an electron enrichment results in
the formation of a singlet carbene in the reaction intermediate,
clearly evidenced by the ELF and local spin calculations.
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Moving down the group enhances the zwitterionic character
of the DXAs at the expense of reducing their carbenoid nature.
Actually, these trends result in a significant build up of local
charges in the product of the first H transfer, increasing across
the N > P > As > Sb series. For As and above, the charge
separation becomes large enough to yield an electrostatically
driven ring closure, resulting in the formation of highly stabi-
lized three-membered heavy aziridine-like derivatives.

Finally, the transition from a weakly bounded hydride (H™)
in the X-H bonding of heavy DXAs to the vanilla C-H covalent
bonding in the zigzag isomers inevitably results in the spurious
formation of a short-lived delocalized H*® radical. Hence, not
only do our results shed light on the pnictogen effects on
simple acetylene derivatives, but they also pave the way towards
new routes for the obtention of tailor-made radical species with
potential synthetic applicability.
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