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Small molecule activation processes are central in chemical research and cooperativity is a valuable tool
for the fine-tuning of the efficiency of these reactions. In this contribution, we discuss recent and
remarkable examples in which activation processes are mediated by bimetallic compounds featuring
apolar or weakly polar metal-metal bonds. Relevant experimental breakthroughs are thoroughly ana-
lyzed from a computational perspective. We highlight how the rational and non-trivial application of
selected computational approaches not only allows rationalization of the observed reactivities but

Received 15th November 2023, also inferring of general principles applicable to activation processes, such as the breakdown of
Accepted 14th December 2023 the structure—reactivity relationship in carbon dioxide activation in a cooperative framework. We finally
DOI: 10.1039/d3cc05614g provide a simple yet unbiased computational protocol to study these reactions, which can support

experimental advances aimed at expanding the range of applications of apolar and weakly polar bonds
rsc.li/chemcomm as catalysts for small molecule activation.

Introduction

Activation of inert and abundant small molecules is a central topic
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challenging, particularly because these substrates can be rela-
tively inert. This has engaged researchers for decades: a multi-
tude of successful approaches have been developed over the
years, resulting in a myriad of strategies to activate small
molecules both in heterogeneous and homogeneous phase.
The latter processes, especially, are highly desirable since
they usually enable high selectivity towards these substrates,
as well as allowing the implementation of flexible design rules
for improving the activity of the species. In this context, well-
established and successful approaches encompass (among
others) frustrated Lewis pairs,>® main group ambiphiles,*
low-valent main group species,”” transition metal complexes
with redox-active ligands® and homo- or heterobimetallic
compounds.® ™ Particularly, for CO, capture and conversion,
attempts by photochemical activation in catalytic transforma-
tions deserve to be mentioned."”” "

Bimetallic species have received a lot of attention in this
scenario since the introduction of a second metal moiety
implements an additional tunable parameter that makes the
design of these compounds even more flexible. In fact, coop-
erative reactivity in metal-metal bonds can be also finely
modulated by tuning the degree of cooperativity between the
two centres (single-site vs. multi-site reactivity) and the metal-
metal bond order and polarity.”*°

When dealing with such activation processes, there is an
intricate relationship between the structure and the electronic
properties of the bimetallic compound and their matching with
the electronic properties of the small molecule substrate.
In this context, a synergic effort between experiments and
theoretical calculations is essential to sketch such a complex
picture. Computational endeavours aim at providing not only
an accurate description of the possibly unusual and intricate
reaction mechanisms that occur in this environment, but also an
unbiased description of the electronic properties of the species
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involved - both the small molecule and the active species - so that
they can reinforce and drive experimental discovery.

In this Contribution we report relevant recent break-
throughs in the cooperative activation processes mediated by
either weakly polar or apolar bonds in electron rich bimetallic
compounds. By discussing the activation of relevant small
molecules separately (carbon dioxide, dihydrogen, nitrous
oxide, alkynes, water, ammonia), we illustrate the main experi-
mental advances together with detailed theoretical insights,
highlighting findings that subvert previously established para-
digms both in small molecule activation and in traditional
catalytic processes mediated by a single metal moiety. Ulti-
mately, we provide, based on our recent findings, a combined
computational protocol that should help the readership navi-
gate through the intricate realm of cooperative activation
processes by relying on the ad hoc application of popular and
available electronic structure analysis tools.

Carbon dioxide activation

The activation of carbon dioxide is a central and urgent matter
in chemical research. CO, is, indeed, on one hand a hazardous
greenhouse gas (its atmospheric concentration increased dra-
matically in the last few years over 400 ppm).'® On the other
hand, it is, from a thermodynamical standpoint, an extremely
stable molecule (AH; = —94.0 kcal mol~' "), thus its activation,
capture and eventual use as a C1 building block are mostly
hindered by its inertness.

Several cooperative CO, activation processes have been
reported. Most of these reactions feature the presence of homo-
bimetallic compounds in homogeneous phase, where the apolar
M-M bond (M = block s, p or d metal) acts to capture and/or
reduce carbon dioxide. A couple of relevant and representative
examples are given in Scheme 1, consisting in the cooperative
reactivity towards CO, of two Mg(1) units in a Mg-Mg complex
(1, Scheme 1), that results in the high yield formation of the Mg(u)
carbonate complex 2,'® and the reductive oxygenation of CO, by a
Ti-Ti double bond in the dititanium complex 3."

These examples are instructive since, in both cases, compu-
tational studies have followed experimental findings to eluci-
date the central role of the M-M (M = Mg, Ti) ¢ non-polar
bonds serving as an electron reservoir populating the LUMO of
carbon dioxide and driving its activation.>®>"

Further evidence in this direction comes from the extensive
experimental and computational insights into the activation of
carbon dioxide mediated by apolar bonds that has been
obtained upon the study of CO, capture and reduction by
p-block cooperation in Group 14 dimetallenes and dimetallynes
featuring apolar E-E (E = Si, Ge, Sn) bonds.*” One of the first
examples is the reactivity of a sterically hindered digermyne 6
(Scheme 1), which has been reported to insert CO, into the
Ge-Ge bond (intermediate 7) and to further reduce it to CO at
temperatures as low as —40 °C (8).”?

In the pivotal work by Frenking and coworkers, the mecha-
nism of this reduction has been thoroughly explored using

Chem. Commun., 2024, 60, 1222-1238 | 1223
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Scheme 1 Relevant examples of cooperative CO, activation with s- (1),
d- (3) and p-block (6) homobinuclear compounds featuring apolar E-E
bonds. (R = Si'Prs; Ar* = CgHL{C(H)Ph,},Me-2,6,4).

spectroscopic and computational techniques. Subsequently,
various examples of the reactivity of CO, with apolar bonds in
the field of homodinuclear main-group element species have
been reported. For instance, pincer-ligand supported dimetal-
lynes [ArNEt,E], (E = Ge, Sn, ArNEt, = C¢H;3(CH,NEt,),-2,6) have
been shown to reversibly react with CO, under mild conditions
to generate insertion compounds of the type [ArNEt,E(CO,)-
EAINEt,].>* Analogous to digermynes, the products are not
stable at ambient temperature and, after uptaking of a second
CO, molecule, they convert into the corresponding carbonate
compounds with accompanying generation of CO.

Only very recently, a few examples of unconventional hetero-
bimetallic compounds featuring weakly polar M-M’ bonds,
i.e. metal-aluminyls, have been reported to insert CO, into
their M-Al bonds (see 9-14 in Scheme 2).

In 2019, Hicks and coworkers reported the CO, insertion
into an Al-Au bond in the ["‘BuzPAuAl(NON)] (NON = 4,5-bis(2,6-
diisopropylanilido)-2,7-di-tert-butyl-9,9-dimethylxanthene) complex
(11 in Scheme 2).*® Subsequently, in 2021, Aldridge and coworkers
disclosed analogous reactivity of the Al-Cu and Al-Ag bonds in
the [Bu;PMAI(NON)] (M = Cu, Ag) analogues (9 and 10 in
Scheme 2).2° A closely related set of Al-Cu bond reactions with
CO, were reported by Liu and coworkers (12 in Scheme 2).”
In 2021, Roy and coworkers reported CO, insertion into an Al-Zn
bond (13 in Scheme 2).”® Finally, in 2022, Mankad and coworkers
reported CO, insertion into an Al-Fe bond by a [LYPP(Me)Al-
FeCp(CO),] (L¥PP = HC{(CMe)(2,6-i-Pr,CeH;N)},, Cp = 1°-CsHs)
complex (14 in Scheme 2).%°

In these examples, the CO, insertion into M-Al bonds occurs
in mild conditions, always yielding an insertion product where
the CO, carbon atom is coordinated to M and the two oxygen
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Scheme 2 Experimentally reported examples of complexes derived from
CO; insertion into Al-M (M = Cu, Ag, Au, Zn, Fe) bonds.

atoms are bonded to the aluminyl moiety. For coinage metal
aluminyl complexes (9, 10, 11 in Scheme 2), depending on the
Group 11 metal nature, the product of carbon dioxide insertion
is stable to further reaction for the ["‘BusPAuAI(NON)] complex,
whereas for the silver analogue [‘BuzPAgAI(NON)] the insertion
product leads to the corresponding carbonate complex (and
CO0), and for the copper system [‘BusPCuAl(NON)] it proceeds
rapidly to the carbonate and CO even at low temperatures.

Assessing the polarity of these M-Al bonds is not as trivial
as in the previously discussed E-E homobinuclear compounds
for obvious reasons. Notably, however, some experimental
evidence here suggests that we are dealing with low-polar
M-Al bonds. For instance, compounds 9-11 exhibit a very
similar reactivity despite the different electronegativities of
Cu, Ag and Au, while the formation of 13 via a covalent Zn-Al
bond was discussed in close relationship with its ionic Li-Al
counterpart. Furthermore, a thorough mechanistic investiga-
tion via EPR spectroscopy for the formation of 14 highlighted
that CO, is activated by initial formation of Al" and Fe'
metalloradicals, as a result of the homolytic dissociation of
the weak low-polar Al-Fe bond.

Further characterization of the features of these peculiar
M-Al bonds came after our recent computational exploration of
the mechanistic pathway for CO, insertion into the Au-Al bond
in [‘BuzPAuAl(NON)], where we found striking analogies
between the Au-Al and Ge-Ge reactivity for the reduction of
CO, to CO by [LGe-GelL] (see Fig. 1).*°

For both [LGe-GeL] and [‘BusPAuAl(NON)], the reaction
mechanism is a two-step process, where the nucleophilic attack
to the CO, carbon atom (rate-determining step) has a relatively
low free energy activation barrier (well below 20 kcal mol™'), a
stable intermediate is formed and a second transition state is
located with a lower activation barrier associated with the CO,
rearrangement leading to the thermodynamically stable inser-
tion product.

Such analogies hold even stronger in terms of electronic
structure of these compounds. In the case of digermynes, it is
often accepted that their high reactivity can be attributed to

This journal is © The Royal Society of Chemistry 2024
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Fig. 1 Sketched structures of the stationary points along the reaction
profile calculated for the CO, insertion into the Ge—Ge bond leading to 7
(left)?® and into the Au—Al bond leading to 11 (right).*° TSI = transition state
for step I, INT = intermediate, TSIl = transition state for step Il, PC =
product complex.

their nonnegligible biradical character.*** Furthermore, com-
putational studies on their reactivity suggest a central role of
their electron-sharing Ge-Ge bond acting as a nucleophilic site,
supported by the presence of empty p orbitals on the Ge atoms
acting as electrophiles.®*

To shed light into the nature of the [‘BusPAuAI(NON)]-CO,
interaction, we used the energy decomposition analysis (EDA)**
and natural orbitals for chemical valence (NOCV)***” methods,
revealing striking analogies with digermynes, as shown in Fig. 2.

For [‘BusPAuAl(NON)] complex, we have in fact demon-
strated that the nucleophilic behaviour of the electron-
sharing, weakly polarized Au-Al bond combined with Al acting
as electrophile is the driving force for the CO, insertion
reactivity occurring via a cooperative radical-like mechanism.
To help the readership to understand the concept of “radical-
like mechanism”: with this term we refer to a singlet closed-
shell pathway, along which, upon homolitic dissociation of the
electron-sharing bond, the substrate insertion (and/or dissociation)
is stabilized by the two resulting fragments behaving as radicals
would. The main interaction in the CO, insertion process has been
shown by us to be electron donation from the Au-Al ¢ bond
towards the CO, LUMO, assisted by a secondary interaction where
electron donation occurs from the CO, HOMO towards the Al
centre (mostly an empty 3p, orbital). Notably, a later study employ-
ing high-level multireference ab initio calculations further con-
firmed the low polarity and high covalency of the Au-Al bond as
a driving force for the reactivity.*®

This journal is © The Royal Society of Chemistry 2024
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Fig. 2 Left: Isodensity surfaces associated with the Ap; and Ap, NOCV
deformation densities for the transition state structure TSI. The charge flux
is red-to-blue. The isodensity value is 5 me ao > for both surfaces. Right:
Most significant contributions from the [‘BusPAUA(NON)] and CO, frag-
ments molecular orbitals (MOs) to the interactions described by the
NOCV deformation densities. Isodensity values for all MO isosurfaces is
30 me ap . All isosurfaces are taken and adapted with permission from ref.
30 Copyright 2021, American Chemical Society.

In the same context, we have also analysed the Cu-Al bond
in [‘BusPCuAl(NON)] and Ag-Al bond in [‘Bus;PAgAl(NON)],
which have been found to have a similar electron-sharing
nature, explaining the qualitatively analogous mechanism, in
agreement with the experimental features for the CO, activa-
tion with M-Al (M = Cu, Ag, Au) compounds.

These metal-aluminyl heterobimetallic complexes, in ana-
logy with main-group homonuclear E-E compounds, do not
present intrinsic polarization at the M-Al bond, although
exhibiting cooperative reactivity towards CO, (and other small
molecules) in a way that may resemble heterobimetallic polar-
ized M-M’' bonds. These compounds thus represent a unique
and particularly interesting playground to learn more about
how to assess bond polarization and its effects on the reactivity
of heterobimetallic compounds. The simplest way to evaluate
bond polarity in such compounds would be resorting in
descriptors as simple and effective as atomic electronegativity
and atomic charges which, however, may be too simple for
some systems. If we think of the gold-aluminyl complex, Au has
a much higher electronegativity than Al (2.54 vs. 1.61 on the
Pauling scale), thus suggesting a strong Au(é—)-Al(6+) polariza-
tion. However, some inconsistencies become immediately clear
from Fig. 3a: Cu and Ag, for instance, are much less electro-
negative than Au but a practically identical reactivity is
observed for the corresponding Cu/Ag-Al complexes; the com-
parison between Zn and Al electronegativities (1.65 vs. 1.61,
respectively) suggests no bond polarization, yet an analogous
reactivity of Zn-Al compounds has been reported experimen-
tally (and similarly for Fe-Al). Likewise, the computation
of QTAIM charges on the gold-aluminyl complex reveals an
exceptional —0.83 e charge on Au, which would fully support
the Au(d—)-Al(6+) bond polarization. Yet, as shown in Fig. 3b,
the charge on Au spans an extremely wide range of values
depending on the approach used for their computation (—0.83/
+0.22 e), because of, as we demonstrated, the diffuse nature of

Chem. Commun., 2024, 60, 1222-1238 | 1225
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Fig. 3 (a) Pauling electronegativities for relevant elements of the periodic
table. (b) Atomic charge on the Au atom for the [‘BusPAUAI(NON)] complex
calculated with different approaches (data taken from ref. 30).

the aluminyl anion that makes the atomic charge assessment
particularly challenging in this context.

The computational design of metal-aluminyl compounds
for carbon dioxide insertion further assesses and confirms the
central role of the weak bond polarity in this type of reactivity.
For instance, switching from Au-Al to Au-Ga and Au-In bonds,
we expect, according to Fig. 3a, no relevant changes in the
reactivity: there is no reason not to expect Au(o—)-Ga(o+) and
Au(0—)-In(d+) polarization based on atomic electronegativities
(1.81 for Ga and 1.78 for In). We demonstrated, however, that a
kinetically and thermodynamically favourable reactivity with
CO, should only be expected for the gold-aluminyl complex.*
Upon further analysis with several computational approaches,
we demonstrated that the Au-Al bond features the most (non-
polar) electron-sharing character among the Group 13 anions,
which is, in turn, responsible for its highest efficiency and
analogous conclusions can be drawn for boryl compounds as
well.*

Another evidence for the uniqueness of metal-aluminyl
compounds (and, again, for the importance of critical bond
polarity assessment) comes from a comparison between alumi-
nyl and carbene coordination bonds. It has been extensively
reported that there is a strong isolobal analogy between

1226 | Chem. Commun., 2024, 60, 1222-1238
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Scheme 3 Schematic representation of the (a) isolobal analogy between
singlet carbenes and aluminyls: lone pair and vacant 2p/3p orbitals on the
X = C and X = Al” sites of carbenes and aluminyls, respectively; (b)
electron-sharing bond in a gold—aluminyl complex; (c) Dewar—Chatt—
Duncanson bonding model in a gold—carbene analogue (dative bond).

aluminyls and carbenes, both featuring (i) a lone pair on the
Al/C atom, respectively, associated with their donating ability,
which is responsible for their nucleophilic behaviour and (ii) an
empty p orbital (3p for Al and 2p for C), associated with their
acceptor capability, which is, in turn, responsible for their
electrophilicity (see Scheme 3a).*!

We quantitatively compared the two ligands in terms of
bonding with gold and reactivity towards CO,, resulting in two
clear different trends. While all aluminyls feature non-tunable
Au-Al bonds and a similarly exergonic and kinetically accessi-
ble CO, insertion, Au-C bonds are of dative nature and tunable
via carbene structural modification and, therefore, no insertion
reactivity can be expected thermodynamically.**

These facts highlight the first important take home message
of this Feature Article. In these systems the weak (or absent)
bond polarity is the key ingredient for an efficient and feasible
CO, activation process and thus the unbiased assessment of
bond polarization is critical for their understanding, as will be
more extensively discussed from a computational perspective
in the last section of this article.

In this framework, the shortcomings of other paradigms
related to carbon dioxide activation emerge. For instance, the
feasibility and efficiency of CO, activation is conventionally
described in terms of a merely structural and/or electrostatic
perspective ie. (i) bending of the OCO angle from 180°,
(ii) elongation of at least one of the two CO bonds, and
(iii) polarization of the charge on C and O, including the charge
transfer to or from the outside. The first type of CO, activation
through the bending of the OCO angle is what is more
commonly considered as a good indicator of the nature and
extent of the metal-CO, interaction.*?

This journal is © The Royal Society of Chemistry 2024
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Scheme 4 Qualitative Walsh diagram for the OCO angle bending from
180° to 120°. Most important frontier molecular orbitals of CO, are
depicted.

Scheme 4 displays a partial Walsh diagram for CO,, which
clearly shows how the molecule can be activated by its geome-
trical (bending) modification. This schematic diagram depicts
the energy levels of the most important CO, frontier molecular
orbitals as a function of the OCO angle. The most stable state is
the linear shape. As the angle decreases, the frontier orbitals
change their energy levels, followed by the orbital topological
mixture of each other. It is known that when the angle becomes
close to 90°, the HOMO and LUMO orbital energies become
almost the same value, i.e. the molecule is so activated that
theoretically electrons can be accepted and released without
barrier. The degree of activation of CO, is thus often monitored
by following its bending distortion along the reaction path. The
interpretative framework lies exactly on Walsh diagram, which
shows that, upon reduction, gas-phase CO, accepts electron
charge in its LUMO, which is of antibonding (n*) character and
becomes energetically more favoured in a bent structure.

This simplified interpretative scheme unfortunately neglects
one very important factor involved in the activation process,
that is the substrate mode of activation. In the presence of
apolar or weakly polar M-M' bonds, the cooperative activation
equally involves two centres (M and M’) through the electron-
sharing M-M’ bond that serves as a nucleophilic site for
the reaction, possibly leading to non-trivial topologies of the
potential energy surfaces (PESs). This is exactly the case for
[‘BusPAUAI(NON)], as shown in Fig. 4.

In a work by us, we explored the potential energy surface
around TSI (see Fig. 1), revealing that the Au-Al bimetallic CO,
activation occurs in a PES which is extremely flat in a wide
range of interfragment distances, indicating that similar ener-
gies correspond to very different structures.’* Remarkable
changes in the structural parameters characterizing the coor-
dination of carbon dioxide to the complex (i.e. Au-C and Al-O
distances, as well as the CO, bending angle) correspond to
almost negligible changes in their energies (all structures in
Fig. 4 are located within a 3 kcal mol " range). The PES is so flat
(Fig. 4) that two different transition states (TSI and TSI') could
be located along the same reaction coordinate. The two

This journal is © The Royal Society of Chemistry 2024
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state TSI for complex [‘BusPAUAIINON)I. Insets: Position on the PES and
schematic structure of TSI and TSI”. Energy has been shifted in each case
according to the minimum energy structure. Reproduced with permission
from ref. 39 Copyright 2022, American Chemical Society.

TSs have very different structures: TSI features shorter Au-C
(2.403 A) and longer Al-O (2.569 A) contacts with respect to TSI’
(2.818 and 2.314 A, respectively). Most importantly, TSI’
features a much larger OCO bending angle (159.5°) with respect
to TSI (146.3°), which, according to discussion of Scheme 4,
would suggest a more efficient activation pathway through TSI'.
Instead, the two transition states lie extremely close in energy
(TST' is 0.9 kcal mol " higher than TSI in terms of Gibbs’ free
energy), meaning that CO, activation is equally efficient from a
kinetic standpoint along both pathways, despite the remark-
able structural differences. Thorough exploration reveals that,
along the PES, the cooperative nature of the process induced by
the weakly polar nucleophilic Au-Al acts so that the orbital
interactions between [‘BusPAUAI(NON)] and CO, always effi-
ciently counterbalance the variable and increasing distortion
penalty of CO,, leading to an efficient activation along multiple
directions.

These findings reveal how, generally, in the framework of
cooperative activation processes, using simple structural
descriptors to monitor and/or design new activation processes
may lead to an erroneous interpretation of the results (notably
similar conclusions on the OCO bonding angle have been
drawn recently for activation processes mediated by semi-
conductor oxides*?).

Dihydrogen activation

Dihydrogen is a promising alternative fuel source due to its
potential to provide energy with minimal environmental
impact.*”> One of the drawbacks for its large-scale use as a fuel
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is its difficult storage and transportation. Thus, the possibility
of relying on cooperative activation processes to reversibly
capture H, is surely attractive, but its high kinetic and thermo-
dynamic inertness make such processes particularly compli-
cated to implement.*®

Several examples of cooperative activation mediated by
apolar E-E bonds have been reported and, notably, very early
examples of such reactivity involve aryl- and amido-digermynes
analogous to 6. In the pivotal work by Power and coworkers,
Ar'GeGeAr’ (Ar' = [C6H3—2,6(C6H3—2,61Pr2)2]) has been reported
to easily activate H, under mild experimental conditions
(1 atm, 25 °C) in solution (hexane) delivering H-H bond disso-
ciation on the apolar Ge-Ge bond.*” Following this pioneering
contribution, Jones and coworkers reported on a dihydrogen
facile activation by a RGeGeR compound (R = [N(SiMe;)-
(CeH;Me{C(H)Ph,},-4,2,6)]), which occurs both in solution
(toluene or de-benzene, 1 atm, 20 °C) and the solid state at
temperatures as low as —10 °C.*® Later on, the amido diger-
myne RGeGeR (R = [N(Si'Pr;)(2,6-[C(H)Ph,]2-4-'PrCsH,)]) has
also been shown to easily activate H, in solution in mild
conditions (toluene, 20 °C).*® For all compounds, experiments
and theoretical investigations outline a reaction mechanism
that proceeds via a singly-bridged intermediate [RGe(u-H)-
GeHR] species (see 15 in Scheme 5), which subsequently, upon
isomerization, yields different hydrogenation products, experi-
mentally revealed depending on the steric hindrance of
the substituents.>® Since then, several examples of analogous
reactivity have been reported for Group 14 dimetallenes and
dimetallynes, performing H, activation mediated by apolar
Si-Si and Sn-Sn bonds (see 16 and 17 in Scheme 5 for two
relevant examples)."®

Computational studies on these compounds and their
reactivity have shed light on the features of the dihydrogen
activation. EDA-NOCV-based analysis by Frenking and cow-
orkers highlighted that the reactivity towards H, is induced
by the population of the antibonding ¢* LUMO of H, by the
Ge-Ge centred HOMO of the digermyne, supported by popula-
tion of the LUMO of the digermyne by the bonding c HOMO of H,.

a) R H NS,k
Ge=—G¢ Rir-Snl  Sn—=R  (TM8)sSimm~gi—gjmNH|BY
“H H “H
g )
K e i Si(TMS)3
'Bu
b) Q N/Dlpp tBu
_Dipp
\ I\,
O—Al - — \A‘“H,,,,_
/ O—AI M—PBu,
H
J /
O “Dipp N
1By Dipp

'Bu

M = Cu (18), Ag (19), Au (20) M = Cu (21), Ag (22)

Scheme 5 (a) Experimentally reported examples of complexes formed
from H, insertion into E-E (E = Ge, Sn, Si) bonds; (b) computationally
predicted complexes formed from H, insertion into Al-M (M = Cu, Ag, Au)
bonds.
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The reaction mechanism has been described as a two-step H atom
abstraction from H, followed by radical pair recombination
induced by the substantial diradical character of digermynes.**

Inspired by this experimental evidence and by the strong
analogy between the apolar Ge-Ge and weakly polar M-Al
(M = Cu, Ag, Au) bonds, very recently we reported that analo-
gous H, activation by [‘Bu;PMAI(NON)] complexes may be in
principle feasible and ideal for the use of [‘BusPAuUAI(NON)] as
hydrogenation catalyst.>® In our computational work, we pre-
dicted that ['Bu;PMAI(NON)] (M = Cu, Ag, Au) complexes should
indeed react with dihydrogen, with a very similar mechanism to
that computed by Frenking and coworkers for digermynes. The
first hydrogenation was reported to occur in a single step which
leads to the formation of the singly bridged [‘BusPM(p-H)-
AIH(NON)] species (18-20, Scheme 5), with a relatively low
energy barrier. Calculations have predicted the experimentally
accessible formation of a singly-bridged [‘BusPM(u-H)AI(H)-
(NON)] species for all the metal-aluminyl complexes and an
additional and preferred doubly-bridged [‘Bu;PM(p-H),Al(NON)]
product for copper and silver (21-22, Scheme 5).

The striking resemblance with digermynes appears even
more evident in terms of electronic structure. We analyzed
the nature of the complex-H, interaction along the reaction
path, revealing that it consists in (i) the depletion from the
Au-Al 6 bonding orbital (HOMO) to the empty o* MO of H, and
(ii) the population of the LUMO of the complex (mainly of Al 3p,
character) from the HOMO of H,, consistent with digermyne-
H, interactions as described earlier. Notably, interactions
between [‘BuzPMAI(NON)] (M = Cu, Ag) at the corresponding
transition states are of analogous nature, with NOCV results
showing analogous depletion/accumulation patterns.

These analogies lead to two notable implications. The first is
of a more practical nature and concerns possible usage of these
compounds as catalysts for a combined H, activation and
subsequent substrate hydrogenation. The role of gold molecu-
lar complexes in catalysis is mainly known in the n-activation of
unsaturated substrates,® and therefore this catalytic applica-
tion would be clearly novel. In particular, the H, cleavage with
gold-aluminyl complex has been calculated to be thermo-
neutral (AG = 3.3 keal mol™"): this is ideal for its use as catalyst
in hydrogenation reactions. In our work, by selecting ethylene
as a substrate, we have modelled the alkene hydrogenation
process catalysed by [‘Bu;PAUAI(NON)], which has been found
to occur in a single, exergonic step (AG = —25.6 kcal mol ™), via
a concerted transition state, where both hydrogens are simulta-
neously transferred to the substrate, forming ethane and
regenerating the gold-aluminyl catalyst, with a kinetically
accessible barrier (AG” = 21.7 kcal mol™?).

Secondly, this computational exploration allows to further
characterize this type of reactivity mediated by weakly polar
bonds compared to polarized dative bonds. Bourissou and
coworkers experimentally and computationally characterized
the reactivity of a Pt(0)-Al(m) compound featuring a dative Pt —
Al bond towards H, (Fig. 5a).”>

In their work, a two-step mechanism for the formation of the
product, which strongly resembles complex 20 (Fig. 5), with a

This journal is © The Royal Society of Chemistry 2024
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Fig. 5 (a) Experimentally reported reactivity of a Pt — Al complex with

H2.22 (b) and (c) Isosurfaces of the HOMO of the gold—aluminyl complex
(b) and platinum—aluminium complex (c). The isovalue is 3 me ao >. The
isosurfaces have been taken and adapted with permission from ref. 50
Copyright 2023, Royal Society of Chemistry.

bridging hydrogen between Al and Pt and a hydride on Pt, is
reported. These analogies prompted us to compare the
complex-H, interaction in the two complexes, revealing that
the apparent similarities arise from substantial differences in
the electronic structure of the two complexes.

At a first sight, the complex-H, interaction is analogous: we
find it to be mainly driven by the population of the o*
antibonding LUMO of H, by the bonding HOMO of the Pt-Al
complex. However, at a qualitative level, the nature of the MO is
different, being mainly located on the Pt moiety of the complex
in Al-Pt and almost equally shared between the two metals in
Al-Au (Fig. 5b and c). The atomic orbital contributions to the
MO corroborate this picture, showing a mostly Pt-centered MO
(72.2%) with negligible contributions from Al (3.0%), consis-
tent with a dative bond and a Pt(d—) polarization. In the case of
the gold-aluminyl complex, instead, the HOMO is centred
on both Au and Al, contributing almost equally (19.5% and
15.9%, respectively), consistent with the electron-sharing bond
described above. Consequently, while the former reactivity can
be formally described as an oxidative activation at the Pt(0)
centre, the latter is most likely a radical pair stabilization
reactivity, similar to digermynes. An unusual picture of the
reactivity with heterobimetallic compounds clearly emerges
from these results, that can be exploited to discover new routes
for cooperative homogeneous activation processes.

Nitrous oxide activation

Nitrous oxide (N,O) is a greenhouse gas with a global warming
potential of more than 300 CO, equivalents,”® with extensive
anthropogenic emissions mainly due to agricultural activities.**”*
It is currently the main responsible for ozone depletion,>"® so
clearly efficient strategies for its activation are highly desirable,
also because it is a valuable synthetic tool behaving as an oxygen-
atom transfer agent, with release of non-hazardous N, as by-
product.””*® The main drawback regarding its activation and

This journal is © The Royal Society of Chemistry 2024
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Scheme 6 (a) Experimentally reported examples of complexes derived

from N,O activation with E-E (E = Ge, Si) bonds; (b) computationally
predicted complex derived from N,O activation with the Al-Au bond.

reduction to N, (which is highly exergonic) is that this process
is kinetically hindered, with an associated activation barrier of
more than 60 kcal mol *.%97%!

Notably, kinetically favourable N,O reduction ubiquitously
occurs in nature mediated by metalloenzymes equipped with
multiple metal centres acting cooperatively, such as the four
copper sites in nitrous oxide reductase (N,OR).>>* Inspired by
them, several biomimetic and multicopper compounds, as well
as homo- and heterobimetallic (and -trimetallic) species, have
been reported to efficiently reduce N,O cooperatively'' and
notably, efficient reduction mediated by Group 14 dimetallenes
and dimetallynes has been extensively explored,®* as shown in
Scheme 6.

In a very recent computational work by us, we reported that
analogous N,O activation with weakly polar, electron-sharing
Au-Al bond in [‘BusPAuAl(NON)] complex may be feasible,
resulting in the formation of the [‘BusPAuOAI(NON)] oxo-
species (see 25 in Scheme 6) and N, extrusion.®® This reaction
has been predicted to be accessible from a kinetic point of view
in mild conditions (Gibbs’ free energy activation barrier of
15.2 kcal mol™"). The reaction mechanism is qualitatively
different from those illustrated so far for coinage metal-alumi-
nyl reactions with CO, and H,. In this case, the reaction is
reported to occur through a one-step mechanism with a con-
certed transition state, where N,O coordinates to the two active
Au and Al sites with a p-1,2-O,N binding mode.

A thorough analysis of the electronic structure and interac-
tions occurring along this reaction pathway has been carried
out within a similar approach as previously discussed for the
other substrates. The analysis revealed, once again, that the
main driving force of such favourable predicted activation lies
in the electron-sharing Au-Al bond serving as a nucleophilic
site for the reaction and populating the m* LUMO of N,O,
assisted by the population of the 3p, orbital of Al by the
terminal 1,0-coordination of N,O. Furthermore, computational
catalytic modelling indicates that the resulting Au-O-Al
complex may serve in this context as a catalyst for several
oxidation processes, including the challenging oxidation of
phosphines.
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Scheme 7 (a) Proposed N,O binding mode at the two copper centres of

the nitrous oxide reductase enzyme. (b) and (c) Observed N,O binding
modes over copper centres in biomimetic dicopper compounds.

Interestingly, the p-1,2-O,N coordination mode we reported
for the activation is highly unusual. Generally, there has been
an effort in the literature to try to understand the various N,O
binding modes occurring at bi- or multimetallic centres."* For
instance, the mechanism of action of nitrous oxide reductase
has been studied thoroughly, suggesting that the reduction
proceeds with an 1’-1,3-N,O binding at the two active copper
centres (Scheme 7a).%*

The same reactivity with a biomimetic multicopper assembly
has been proposed to proceed via a p-1,0 binding (Scheme 7b),*
while the reactivity of a biomimetic mixed-valence dicopper
complex has been proposed to proceed via an 1*-1,0 coordination
(Scheme 7¢).%® The p-1,2-O,N binding mode at the transition state
unveiled by our calculations appears to be really uncommon in
this framework. For this reason, in analogy with carbon dioxide
activation, we explored the PES around the concerted transition
state. As shown in Fig. 6 (and in analogy with carbon dioxide) the
topology of the PES is particularly flat around this transition state.

Our calculations show indeed a flat topology of the PES in a
wide range of Au-N and Al-O distances around the transition

N
115011 105
1.327\¢

1519 N

1.257)°%%
N BN 140
087, 2.822

TS

N20

E (kcal/mol)

Q)

X o

Fig. 6 Potential energy surface (PES) in the region neighbouring the
transition state TS for the reaction of complex [‘BusPAUAIINON)] with
N,O. Insets: Position on the PES and schematic structure of TS and TSI*.
Energy has been shifted in each case according to the minimum energy
structure. Reproduced with permission from ref. 63 Copyright 2023,
Wiley-VCH GmbH.
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state, leading eventually to locate an alternative almost isoener-
getic transition state (TS]*\]ZO) along the same reaction coordi-

nate where, however, nitrous oxide is coordinated to the
complex with a more common p-1,0 binding mode. Notably,
electronic structure analyses unravel that, despite the structural
difference, the main interaction between nitrous oxide and the
complex remains the charge transfer from the Au-Al bond
towards the N,O LUMO, supported by the population of the
vacant 3p, orbital of Al by N,O HOMO.

These findings further highlight that, while inspection of
N,O binding modes has been often subject of study since
considered to be revealing of the nature of the complex-N,O
interaction, in the case of such bimetallic cooperative reactivity,
the topology of the PES allows different binding modes to
coexist towards the same reaction coordinate.

Other small molecule activation
processes

As mentioned in the Introduction, one of the advantages of
using bimetallic compounds in the framework of small mole-
cule activation processes is that the addition of a second metal
moiety modifies the properties of the first, paving the way for
unconventional reactivity patterns. In the case of gold, for
instance, examples of reactivity of mononuclear gold complexes
towards carbon dioxide are scarce,®” in sharp contrast with the
facile CO, capture by the bimetallic Au/Al complex.

An even more striking example of this paradigm breakdown
involves the reactivity of coinage metal compounds with
alkynes. Coinage metal (and particularly gold) complexes are
widely used in organometallic chemistry as powerful n-acid
catalysts, with their soft Lewis acid behaviour enabling the
facile activation of alkynes (and generally unsaturated sub-
strates) towards nucleophilic attack.>

A recent work by Aldridge and coworkers showed how the
[‘Bu;PCuAl(NON)] complex reacts with internal alkynes leading
to the formation of syn alkyne insertion products under kinetic
control, with following formation of the thermodynamic anti
insertion product (Scheme 8).°®

In a following computational work by us, we have both
rationalized the experimental results for the copper-aluminyl
complex, which more favourably forms the syn insertion pro-
duct than the anti, and also predicted a similar, although less
efficient, reactivity with gold-aluminyl.®® The reaction mecha-
nism for 3-hexyne insertion into AI-M (M = Cu, Au) bonds has
been reported to be qualitatively very similar to those illu-
strated for coinage metal-aluminyl reactions with CO,, H,

Et—=——Et Et Et 45°C Et CuP'Buy
(NON)AI— CuP'Bu, — — —
rt.Smin - (NON)AI CuP'Buj 6h (NON)AI Et
syn anti

insertion product insertion product

Scheme 8 Experimental insertion of internal 3-hexyne in the Cu—-Al bond
of the ['BusPCUAINON)] complex.®®
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and N,O. Despite a different geometrical rearrangement of
both the complex and alkyne moieties, the analysis of the
substrate-complex interaction at relevant transition states
along the reaction path has revealed that analogous alkyne-
complex interaction occurs. Namely, (i) the electron sharing
M-Al bond acts as a nucleophile by donating electron charge to
the n* LUMO of the alkyne in a radical-like mechanism and
(ii) a second significant component of the interaction is repre-
sented by a reverse alkyne HOMO-to-complex (mainly empty Al
3p, orbital) charge transfer.

While perfectly consistent with the previously reported
reactivity of metal-aluminyl complexes, this type of reactivity
is in striking contrast with the “classical” reactivity of mono-
nuclear coinage metal complexes towards alkynes. In fact, while
the more electrophilic and soft gold centers are more efficient
than copper ones in the m-activation of alkynes, in this context
we observed an inverted trend, where the copper-aluminyl
complex is more efficient towards alkyne insertion, consistent
with experimental results. As shown in Scheme 9, this can be
rationalized by the remarkable difference in the electronic
structure of the bimetallic complexes induced by the aluminyl
moiety.

The electronic structure analysis we carried out has high-
lighted that the difference has a common origin, namely the
relativistically stabilized 6s atomic orbital of gold. In fact, it has
been extensively discussed - and widely accepted - that the
exceptional reactivity of gold towards alkynes is related to the
stabilization of the 6s orbital of gold induced by relativistic
effects (Scheme 9a).”' The atomic ns (n = 4, 6 for Cu and Au,
respectively) orbital is involved in the formation of the empty
[LM]" fragment orbital, and the exceptionally stable 6s orbital
of Au makes it more suitable for accepting electron density
from a substrate, thus enhancing the electrophilic power of
gold [LAu]'-type complexes.

This becomes, however, a detrimental feature in the case of
the nucleophilic reactivity of M-Al compounds (Scheme 9b).

Nu”

2 4 o

g—=g

U

M* electrophilic M

g—1W©

[LM]———Al

l nucleophilic M-Al bond
L

Au > Cu Cu> Au

Scheme 9 (a) Electrophilic behaviour of [ML]* (M = Cu, Au) complexes for
alkyne activation (Au more efficient than Cu); (b) nucleophilic behaviour of
the M-Al (M = Cu, Au) bond in coinage metal-aluminyl complexes
towards alkynes (Cu more efficient than Au).
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In these compounds, the ns atomic orbital is involved in the M-
Al bonding, but in the case of Au, the 6s orbital is less engaged
in the bonding with respect to the 4s orbital of Cu, leading to a
lowered contribution to the bond from the gold fragment with
respect to copper. As a result, the Au-Al bond is less nucleo-
philic than the Cu-Al bond and, consequently, a less efficient
alkyne insertion should be expected.

Such trend inversion in standard reactivity paradigms can
be also expected beyond small molecule insertion into M-M’
bonds. One interesting example is the activation of the N-H
bond in ammonia. A few examples of N-H bond activation
processes mediated by apolar bonds, such as Group 14 dime-
tallenes and dimetallynes are available.>” On the other hand,
examples of such activation mediated by mononuclear transi-
tion metal complexes are scarce, due to the strong coordinating
ability of NH; that prevents the activation process to occur.”®

Our computational studies on gold-aluminyl compounds
revealed that the introduction of the aluminyl moiety and the
subsequent low polarity of the resulting Au-Al bond could
create an ideal scenario for using transition metal compounds
for this scope. We demonstrated that the [‘Bu;PAuAl(NON)]
complex could, in principle, activate the N-H bond in ammonia
in mild conditions, through a kinetically and thermodynami-
cally favourable one-step process (Scheme 10).%

The N-H bond activation has been found to be exergonic by
9.3 kecal mol™?, with an activation barrier of 13.3 kcal mol™.
We also computed the O-H bond activation process of water
finding an even more favourable process, that is exergonic by
20.8 keal mol ', with an even smaller activation barrier of
5.5 keal mol™t. The H,O- and NH;-complex interactions have
been shown to arise from the same components of the CO,-,
H,-, N,O- and alkyne-complex ones, i.e. the electron donation
from the Au-Al covalent bond towards the O-H/N-H antibond-
ing molecular orbital is the driving force of the reaction,
combined with a sizable electron donation from the lone pair
on the O/N atom towards the LUMO of the complex.

All these examples provide interesting evidence for a sce-
nario in which the introduction of a second metal moiety and
subsequent formation of a low-polar M-M’ bond can induce
changes in established paradigms for the reactivity of mono-
nuclear transition metal compounds. This means that pre-
viously inaccessible reactivity of coinage metal mononuclear
compound can become feasible, paving a new direction for the
molecular design of these compounds towards small molecule
activation.

HoO/H3N

Log

OH/NH,
1% H
t BU3P—Au—AI\~:

A \"'A/I/ ’N

u |

: Bu;F’/ N
PC

RC - TS

Scheme 10 Sketched structures of the stationary points along the
reaction profile calculated for the O-H/N-H bond activation of H,O/
NHz with the Au—Al bond. RC = reactant complex, TS = transition state,
PC = product complex.
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Theoretical tools for cooperative small
molecule activation

At this point, we have hopefully convinced the reader that
computational insights on cooperative small molecule activa-
tion processes are essential to provide a proper rationalization
of the observed reactivity, as well as to give valuable insights
into the molecular design of multicentre compounds with
improved reactivity. However, a black-box use of computational
tools in this framework may lead to pitfalls and, eventually, to
an erroneous picture of the interactions at play. For this reason,
in this last section, we would like to illustrate a composite
computational setup to use in these situations that may help
the readership in rationally characterizing these reactions.

The steps of the proposed computational protocol are
reported in Fig. 7. We divide the scheme in three major blocks,
being (1) bond nature/polarity assessment, (2) reaction mecha-
nism and (3) complex-substrate interaction analysis. We dis-
cuss below the computational tools which are of invaluable use
across each block in more detail, focusing on the reaction of the
gold-aluminyl complex [‘Bu;PAuAl(NON)] with carbon dioxide as a
case study.

(1) Bond nature/polarity assessment

(a) Comparative energy decomposition analysis (EDA). One
crucial step for providing the least biased description of a
chemical bond is based on an empirical screening using the
widely popular energy decomposition analysis (EDA)*> scheme
(1a in Fig. 7).

1-BOND POLARITY

geometry
< ]
v
e
]
2 - REACTION
MECHANISM

Stationary
points

3 - COMPLEX-SUBSTRATE
INTERACTION

A

A

<
<

Fig. 7 Schematic workflow for the application of the composite protocol
for the theoretical analysis of cooperative small molecule activation
processes.
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In general, the EDA scheme aims to provide a simple yet
effective description of chemical bonds. For the bond between
two generic E and E’ fragments, their interaction energy (AEj,,)
at their in-adduct geometry can be decomposed within the EDA
framework as follows:

AEint = AEPauli + AVelst + AEcvi + AEdisp (1)

where AE"™! corresponds to the Pauli repulsion interaction
between occupied orbitals on the two fragments, AV, repre-
sents the quasiclassical electrostatic interaction between the
unperturbed charge distribution of the fragments at their final
positions, AEg;;, takes into account the dispersion contribution
and AE,; is the orbital interaction, which arises from the orbital
relaxation and the orbital mixing between the fragments, and
accounts for electron pair bonding, charge transfer, and polar-
ization. EDA calculations can be easily carried out with com-
monly used and available quantum chemistry softwares, such
as ADF,”' ORCA”?> and BERTHA,”® where the recent relativistic
4-component EDA implementation including spin-orbit cou-
pling is available.”* For less experienced users, we note that
that ADF also provides a step-by-step tutorial for the setup of an
EDA calculation.”

One crucial step for the analysis of a generic E-E’ bond is the
definition of the separate E and E’ fragments (and the overall
complex) in terms of charge and spin multiplicity. While for
the overall complex this is straightforward, in the case of the
fragments, their definition requires caution. As previously
discussed by Frenking, Schwerdtfeger and coworkers, the least
biased way to describe the fragments in an EDA calculation
is to empirically test the EDA results with different possible
fragmentation schemes, i.e. starting either from closed shell
[E]”~ and [E']* or open shell doublet [E]* and [E']"
fragments.”® They showed that the most suitable E-E’ bond
fragmentation is the one with an associated less stabilizing
AE,; value, corresponding to the fragments with an electronic
structure which more closely resembles that they acquire upon
bond formation.

Taking the previously discussed [‘Bu;PAuAl(NON)] complex
as an example, the most obvious choice for describing the
formation of the gold-aluminyl bond would be choosing singlet
closed shell cationic gold (["BuzPAu]’) and anionic aluminyl
(JA(NON)]") fragments. As shown in Table 1, this fragmenta-
tion results in a AE,; value of —105.3 kcal mol . If we choose
the [‘BuzPAu]™ and [AI(NON)]" fragments, as expected, we get
a more unlikely fragmentation scheme, with an associated
orbital interaction energy of —225.6 kcal mol .

Instead, starting from doublet open-shell gold and aluminyl
fragments, [‘BuzPAu]® and [AI(NON)]*, respectively, we get a

Table1 Comparative EDA results for the [‘BuzPAUAI(NON)] complex from
ref. 30

Fragmentation scheme AE,; (kcal mol ™)

[‘BusPAu]" + [AI(NON)]~ —105.3
[‘BuzPAu] ™~ + [Al(NON)]* —225.6
[‘BusPAul* + [AI(NON)J* —-71.5
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much less stabilizing AEy; value (—71.5 kcal mol™"), clearly
indicating that the Au-Al bond in this complex is best
described by open-shell fragments, i.e. as an electron-sharing
bond.

(b) Natural orbitals for chemical valence (NOCV) analysis.
Once selected the most suitable fragmentation scheme for
describing the bond of interest, a qualitative and quantitative
assessment of the bond nature and polarity can be performed
by coupling the EDA results with the natural orbitals for
chemical valence (NOCV)***” and charge displacement (CD)”’
approaches.

Briefly, the NOCV approach is based on the rearrangement
of the electron density occurring when a chemical bond is
formed (Ap’). This deformation density can be brought into
diagonal contributions in terms of NOCVs. In the NOCV
scheme, the charge rearrangement taking place upon bond
formation is obtained from the occupied orbitals of the two
fragments suitably orthogonalized to each other and renorma-
lized (promolecule). The resulting electron density rearrange-
ment can be expressed in terms of NOCV pairs which are
defined as the eigenfunctions of the so-called ‘‘valence opera-
tor””878° ag follows:

A =S (ol ~looP) =D a0 @)
k

where ¢, and ¢_j are the NOCV pairs orbitals and v, are the
corresponding eigenvalues. When the adduct is formed from
the promolecule, a fraction v} of electrons is transferred from
the ¢_ to the ¢, orbital, which are envisaged as donor and
acceptor orbitals, respectively.

The NOCV approach can be coupled with the EDA decom-
position within the ETS-NOCV framework.®" With this tool, the
EDA orbital interaction term AE,; can be further decomposed

into NOCV pairwise orbital contributions (AEOi = ZAE{;)
k

which associate an energy contribution (AE%) to each NOCV
deformation density (Ap}). NOCV calculations can be easily
carried out using ORCA, BERTHA or ADF softwares and we
refer the reader to a detailed tutorial on how to setup NOCV
calculations.”

In practice, following the gold-aluminyl example, after
applying the EDA for the Au-Al bond formation starting from
[‘BusPAu]® and [AI(NON)]* fragments, we compute the NOCV
deformation densities and employ the ETS-NOCV decomposi-
tion of the orbital interaction energy term (Fig. 8).

The application of the NOCV approach yields one main
component (k = 1) of the Au-Al interaction in the complex
(which in this case, since we are starting from open shell
fragments, consists of two components, i.e. o and B). At first,
a qualitative inspection of the associated isosurfaces is needed,
revealing that the two components are of analogous nature
(accumulation/depletion regions are mainly localized on Au
and Al and have a ¢ cylindrical symmetry) but describe charge
fluxes in opposite directions. Ap}, is an aluminium-to-gold
charge flux, while Ap', represents a gold-to-aluminium charge
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Ap1u,
v, | = 0.45
AEoi" = -32.7 kcal/mol

AEoi" = -24.5 kcal/mol

Fig. 8 Isodensity surfaces (1 m. ao~>) of the two main NOCV deformation

densities Apf, (top) and Apj, (bottom) (charge flux is red — blue) for the
Au-Al bond in ['‘BusPAUAL(NON)] together with the corresponding eigen-
value (| ) and associated orbital interaction energy contribution (AEX)
adapted and reprinted with permission from ref. 30 Copyright 2021,
American Chemical Society.

transfer. A first semi-quantitative perspective on the bond
nature and polarity can be obtained by inspecting the eigen-
values (||, see eqn (2)) and the orbital interaction energy
contribution (AEY;) associated to each. In this case, similar
values are associated to both Ap', and Apjy (|vx| = 0.45 and
0.42 e, respectively), while AEX; is —32.7 and —24.5 kcal mol ?,
respectively, (see Fig. 8) suggesting that the two opposite charge
fluxes may result in a weak bond polarization.

(c) Charge displacement (CD) analysis. A quantitative mea-
sure of the bond polarization in these systems can be obtained
by coupling the NOCV scheme with the charge displacement
(CD) analysis, resulting in the CD-NOCV scheme.®* The CD
analysis allows to quantify the amount of electronic charge that
is transferred between the two fragments upon formation of the
E-E’ bond. The charge displacement function (Ag) is defined as
the partial progressive integration on a suitable z-axis of the
deformation density Ap':

z +00 p+o0
Aq(z) = J dz’J J Ap'(x,y,2)dxdy (3)
—00 —o0dJ =0
The CD function, Ag(z), quantifies at each point of the bond
axis the exact amount of electron charge that, upon formation
of the bond, is transferred from the right to the left across a
plane perpendicular to the bond axis through z. In the CD-
NOCV scheme, the density rearrangement due to the bond
formation between two fragments, (Ap’), can be partitioned
into different NOCV deformation densities (Ap;) and therefore
one is able to quantify the charge transfer (CT) associated to
each different component. It must be noted that only few of the
NOCV pairs contributes to the chemical bond. Therefore, when
the CD-NOCYV analysis is carried out, usually only the first Ap),
components are investigated in order to understand which
significant chemical contribution to the bond they represent.
In eqn (3), the integration axis is usually conveniently chosen as
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the bond axis between the two fragments constituting the
adduct and usually, we choose to evaluate the charge transfer
between E and E’ by taking the CD value at the “isodensity
boundary”, ie. the z-point where equally valued isodensity
surfaces of the isolated fragments become tangent.”””®* The
application of CD-NOCV scheme is quite straightforward, con-
sisting in the orientation of the bond of interest along the
integration axis and subsequent integration of the NOCV
components calculated in the previous step. All can be done
by printing the NOCV deformation densities on cube files and
then proceeding with integration (and/or manipulation) with a
set of publicly available tools.?*

As a result, one obtains CD-NOCV curves, as shown for the
gold-aluminyl complex in Fig. 9. The CD-NOCV curves reflect
what could be qualitatively inferred from the NOCV isosurfaces.
The curve associated to Ap}, (red curve in Fig. 9) is positive
over the whole molecular region, indicating an aluminium-
to-gold charge transfer, while the Ap'; curve (blue curve in
Fig. 9) is entirely negative, consistent with an opposite gold-to-
aluminium charge transfer. In this case, however, we can
associate a charge transfer (CT) value to each component by
evaluating its extent at the isodensity boundary. As a result, we
find a CTy, value of 0.30 e and CT, value of —0.27 e, confirm-
ing that the two charge fluxes are quantitatively close. To
definitively assess bond polarization, we can compute the CD
curve associated to the overall deformation density (grey curve
in Fig. 9), which indicates the overall amount of charge
transferred between the two fragments. The curve approaches
zero in the bond region and the associated CT value is 0.05 e,
definitively confirming that the net polarization of the Au-Al
bond is extremely weak, consistent with a poorly polarized
electron-sharing bond.

0.3
0.2

0.1

Aqg(z)/e

-0.1

-0.2

-0.3

-10 -5 10 15

°2z(ap)
Fig. 9 CD-NOCV curves associated to the first two NOCV deformation
densities (Ap!,, in red and Ap'g, in blue) for the analysis of the Au-Al bond
in the ['‘BusPAUAIINON)] complex. The grey curve is associated to the
overall deformation density Ap’. The red dots indicate the position of the
nuclei along the z axis. The vertical solid line marks the isodensity
boundary between the fragments. Positive (negative) values of the curve
indicate right-to-left (left-to-right) charge transfer. Adapted and reprinted
with permission from ref. 30 Copyright 2021, American Chemical Society.
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2 Reaction mechanism

(a) Structures computation. After bond characterization,
the second step of the protocol consists in computationally
characterizing the reaction mechanism of the process under
study. There are several ways to account for experimental
conditions (e.g. implicit solvation, temperature, etc...), allow-
ing to simulate activation processes as much accurately as
possible. This step allows to also computationally screen the
feasibility of such processes in terms of thermodynamics and
kinetics based on Gibbs’ free energies. Computing reaction
mechanisms can be non-trivial, since a lot of input from the
scientist is required in choosing appropriate reaction coordi-
nates for exploring the reaction pathway. This is especially true
in the case of cooperative activation processes, since the not
necessarily known interplay of the features of the involved
active centres can make the identification of an appropriate
reaction coordinate complicated.

Note that there are some automated tools that can be helpful
to assess the proper reaction coordinate, but we advise that they
should be used with extreme caution in the case of cooperative
activation processes mediated by apolar or weekly polar bonds.
One of these tools is the intrinsic reaction coordinate (IRC)
approach.®®> The minimum energy reaction path can be in
general defined as the steepest-descent path from a transition
state to the neighbouring local minima. The IRC approach uses
a similar definition, but it relies on mass-weighted coordinates,
following the maximum instantaneous acceleration to deter-
mine the features of the reaction path.®® In practice, the IRC
approach uses as input a transition state (or a structure that is
reasonably close to it) and determines the energy profile and its
length, shape and curvature automatically.

While particularly attractive, the IRC approach can fail in
circumstances where the potential energy surface has a
complex topology around the transition state. It has been
discussed in the literature that a single IRC cannot define a
particular preferred reaction pathway when the potential
energy surface is flat®” and we already encountered the same
issue before when studying computationally CO, activation
processes.®®

The case of the carbon dioxide activation by a gold-aluminyl
complex is a textbook example of this type of situation. We
extensively discussed the particularly complex topology of the
flat PES in the case of this reaction, and this prevented the
possibility for us to use the IRC to help providing insights into
the connectivity between transition states and local minima. As
shown in Fig. 10, when we used the IRC approach on TSI (see
Fig. 1), it resulted in a non-physical shape of the reaction path,
basically with a transition state connecting two identical local
minima, which is obviously an unphysical result due to the flat
topology of the PES.

While particularly helpful in the computational exploration
of reaction pathways, this example shows that tools like the IRC
approach can lead to unphysical results for cooperative activa-
tion processes featuring apolar bonds, where a non-black-box
PES exploration should always be preferred.

This journal is © The Royal Society of Chemistry 2024


http://creativecommons.org/licenses/by/3.0/
http://creativecommons.org/licenses/by/3.0/
https://doi.org/10.1039/d3cc05614g

Open Access Article. Published on 15 N’ wendzamhala 2023. Downloaded on 2025-11-08 18:33:12.

Thisarticleislicensed under a Creative Commons Attribution 3.0 Unported Licence.

(cc)

Feature Article

0.015
-Relative Energy

0.01
o
4
5

< 0.005
>
o
o
C
w

0

-0.005

-4 3 2 1 0 1 2 3 4

Path Length (&)

Fig. 10 One-dimensional IRC minimum energy reaction path for the first
step of the reaction of the [‘BusPAUAI(NON)] complex with CO,. Insets:
IRC-optimized geometry for the two minima adjacent to TSI. Adapted and
reprinted with permission from ref. 40 Copyright 2022, American
Chemical Society.

(b) Activation strain model (ASM) analysis. Once the reac-
tion mechanism has been computed, it is useful to characterize
the pathway in more detail to grasp more information on
the computed energetics. A straightforward yet effective way
to do so is by decomposing the relative energy of the calculated
stationary points by using the activation strain model (ASM).**™"

The model has a practically analogous starting point to that
of the EDA approach. It allows to decompose the relative energy
of a stationary point in two contributions: a penalty arising
from the distortion of the reactants from their relaxed geometry
to their in-adduct one (AEg) and a (usually) stabilizing
interaction contribution arising from the interaction between
reacting fragments (AE;,). Thus, the relative energy of a
stationary point (AE) can be expressed as follows:

AE() = AEqisi(0) + AEind(() (4)

where ( represents the reaction coordinate. For a detailed
protocol describing the necessary calculations to be carried
out within the ASM scheme, we refer the reader to ref. 91.

In the case of the gold-aluminyl complex reacting with CO,,
the ASM approach was particularly useful to understand the
factors behind such favourable reaction kinetics. As shown in
Fig. 11, we applied ASM to decompose the first part of the
reaction pathway, ie. the first activation barrier, by using
eqn (4) to decompose the relative energies of “RC” and TSI”
stationary points.

The results of the ASM analysis revealed a few important
features that keep this barrier acceptably low to enable the
reaction to proceed as fast at room temperature. ASM results
unveil that, while the overall distortion penalty AEy;s for this
step is high (21.8 kcal mol '), this is efficiently counterba-
lanced by the stabilizing interaction between the complex and
carbon dioxide (AEj, = —12.9 kcal mol "), resulting in a
particularly low activation barrier. Furthermore, decomposition
of the distortion penalty revealed that most of it arises from the
geometrical distortion (bending and anti-symmetric C-O bond
stretching) of CO, (20.3 kcal mol ™). This means that the gold-
aluminyl complex, despite undergoing a notable geometrical
distortion upon approaching TSI, has a very small associated

This journal is © The Royal Society of Chemistry 2024

View Article Online

ChemComm
. 21.8
i e e et
204 1% !
B : : -=-- AE 1
P )
] 1 === AEgist |
515_ : : —— AEdistcoz : -12.9
E . : : i AEdistcomplex :
S L === AEjp I
210 i
8- !!203 o
) 1 -
810
5 11 ,/”
| 1 -~ 89
11 g
- 11 -
1 .-
0_. d
| |
RC TSI

Reaction Coordinate

Fig. 11 Activation strain model (ASM) decomposition of the electronic
energy activation barrier between RC and TSI for the reaction of [‘Bus.
PAUAI(NON)] complex and carbon dioxide. Adapted with permission from
ref. 26 Copyright 2021, American Chemical Society.

energy penalty (1.5 kcal mol %), revealing that the complex is
particularly flexible, thus favouring the kinetically accessible
CO, activation process.

3 Complex-substrate interaction analysis

(a) Energy decomposition analysis (EDA). In the previous
step, we discussed the positive effect of the complex-CO,
interactions in stabilizing the activation barrier at TSI. The
interaction energy term (AE;,,) is defined as the interaction
energy between the two fragments (CO, and complex) at their
in-adduct (RC and TSI) geometry, i.e. it has the same definition
as the EDA approach illustrated in step 1. This means that we
can characterize these interactions by relying on EDA approach.

The application of the EDA analysis is totally analogous to
that discussed in step 1a. In this case, however, we have a much
simpler situation. At both RC and TSI the two fragments are
interacting, but no actual bonds are formed, so we can con-
fidently assign neutral charges to both the complex and carbon
dioxide, avoiding additional fragmentation screening in step 1a
(note that this may vary from case to case and caution should
always be used).

(b) Natural orbitals for chemical valence (NOCV) analysis.
Based on the same considerations made in step 3a, we can
obtain the relevant chemically intuitive components of the
complex-substrate interactions by decomposing the overall
deformation density with the NOCV approach.

Similar to the EDA approach, the resulting NOCV calculation
is analogous to that for the M-M’ bond shown in step 1b, since
we can decompose deformation densities in terms of NOCV
according to eqn (2) and use the ETS-NOCV approach to
decompose the orbital interaction energy term accordingly.
Note, however, that it is often useful to bring the analysis one
step further in this context. As a reminder, the NOCV ¢_; and
¢+ are envisaged as donor and acceptor orbitals, respectively.
For the sake of interpretation, a population analysis can also be
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performed in order to single out, for ¢_; and ¢, orbitals,
which molecular orbitals (MOs) of the two constituting frag-
ments contribute to the interaction (with a resulting associated
coefficient accounting for the magnitude of the contribution).
In the context of small molecule activation this is particularly
useful since it allows to bring the discussion and interpretation
at the MO level, which is particularly common in this frame-
work (see Walsh diagram in Scheme 4) by, however, relying on
an unbiased approach.

(c) Charge displacement (CD) analysis. The use of the CD
analysis (eqn (3)) in this case is less trivial, since multiple
substrate-complex interactions occur, and it is often not pos-
sible to unambiguously define an integration axis (bond axis).
It is possible, however, to use the CD approach to calculate the
complex-to-substrate (and vice versa) charge transfer by relying
on a slightly different formalism.**

Within this approach, the electron density rearrangement
(Ap'), which typically shows charge accumulation regions
(positive values) and charge depletion regions (negative values),
defines two different positive functions, Ap* and Ap~, each
equal to the magnitude of the appropriate portion, i.e.:

Ap"™ = max[+Ap(r),0] (5)
so that
Ap(r) = Ap™(r) = Ap™ (1) (6)

By defining two arbitrary regions that are associated with the
interacting fragments, we can evaluate the charge transfer as
follows:

CT = J Ap(r)dr = 7J~ Ap(r)dr (7)
c N
By combining eqn (6) and (7), CT can also be expressed as:

cT = JCAp+(;')dr - JCAp’(r)dr
(8)

- | ot ar+ | - ar

Ultimately, this approach can also be applied in the CD-NOCV
framework. By combining eqn (2) and (7), we can use this
approach for calculating the charge transfer associated to each
NOCV deformation density as follows:

CTi= | anar == Apetriar ©)

Despite the spatial regions associated to the two interacting
fragments being arbitrarily defined, this approach is particu-
larly suitable for the analysis of the interaction between the
complex and the substrate when the two fragments are well-
separated in space.

In the case of the gold-aluminyl complex, the combination
of the approaches illustrated in steps 3a-c allowed to charac-
terize the interaction between the gold-aluminyl complex and
carbon dioxide at TSI in fine detail. We chose TSI since it is
the first stationary point along the PES in which significant
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interactions between the two fragments occur, allowing, how-
ever, to unambiguously define them in space.

Firstly, the application of the EDA approach (step 3a) reveals
that the overall interaction energy (—12.9 keal mol ', Fig. 11) is
made favourable (negative) by a strong orbital interaction
between the two fragments (—53.3 kcal mol™'). Then, we move
to step 3b, where we use the NOCV and ETS-NOCV approaches
to characterize qualitatively and quantitatively the nature of
such strong orbital interaction.

On a qualitative ground, the NOCV approach is in perfect
agreement with the nature of the Au-Al bond we outlined in
step 1.

From the NOCV analysis, we find that only two NOCV
pairs (k = 1, 2) contribute significantly to the complex-CO,
interaction. We already showed the isosurfaces for these two
deformation densities and discussed the molecular orbital
contributions in Fig. 2. We were able to achieve the results by
going through step 3b. We visualized at first the donor/acceptor
NOCV pairs (¢_i/@., k = 1, 2 see eqn (2)) associated to the
related deformation densities. By inspection of ¢_; and ¢,
we confirmed that Ap; is a complex-to-CO, charge transfer
since ¢_, (donor) is mainly localized on Au and Al, while ¢4
(acceptor) is almost entirely localized on CO,. Furthermore, we
break down the contributions to both from the MOs of the
fragments by population analysis, revealing that the donor ¢_
shows mainly contributions from high-lying occupied MOs
(HOMO and HOMO-2) of the complex centred on both Au
and Al, while the acceptor has contributions mostly from the
LUMO of carbon dioxide, as one expects.

Similarly, inspection of ¢_, and ¢,, confirmed a CO,-to-
complex charge flux for Ap,. In particular, the donor ¢_,
(centred on CO,) has mainly contributions from the HOMO
of the substrate, while the acceptor ¢., is centred on the
complex and has contributions from both the low-lying LUMO
of the complex and a high-lying unoccupied orbital (LUMO+15),
both displaying mainly contributions from the empty 3p,
atomic orbital of Al.

Both step 3b (ETS-NOCV analysis) and step 3c (CD) analysis
allow to provide a quantitative perspective on the extent of
these interactions, which becomes crucial when comparing
reactivity of slightly different complexes (different Au-M com-
plexes, for instance, as we studied in ref. 39). The analyses
report that Ap, has an associated AE.; of —41.2 keal mol ™" and
an associated CT' of 0.33 e, while the second component,
smaller in magnitude yet not negligible, has a AEZ of
—4.0 keal mol™" and an associated CT" of 0.05 e.

Note that these approaches are not new, yet they have proven
to be effective in characterizing a wide variety of reactivities
(see, for instance, ref. 93 for a recent Feature Article on their use
in the framework of frustrated Lewis pairs by Fernandez).
Furthermore, some additional tools may be useful to give an
even more insightful picture of the forces at play. For instance,
in previous works, we also relied on using tools from concep-
tual density functional theory (CDFT) to describe the mole-
cular electronegativity and nucleophilic/electrophilic areas
of the complex,”® or intrinsic bond orbitals (IBO)*® for a
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complementary characterization of the metal-metal bond
nature. However, while the plethora of approaches within
DFT and post-Hartree-Fock methods can surely be useful and
insightful, we believe that the composite protocol presented
here is a versatile, unbiased, accessible and easy-to-use way
to quantitatively characterize homogeneous cooperative small
molecule activation processes.

Conclusions and outlook

The efficient activation of small molecules is nowadays a press-
ing environmental and technological challenge due to their
atmospheric abundance and their advantageous chemical reuti-
lization. Cooperativity in small molecule activation has emerged
as a particularly flexible and valuable tool to improve these
processes. In this framework, an accurate and unbiased compu-
tational description of these reactions is essential to further
drive the experimental exploration and discovery of novel
increasingly efficient processes. In this Feature Article, we pre-
sent recent experimental advances on cooperative small mole-
cule activation processes mediated by weakly polar or apolar
bonds together with our recent extensive work on the theoretical
characterization of these reactions. We show how a thorough
and unbiased theoretical characterization of the electronic
structure of the involved species is essential for rationalizing
the experimentally observed phenomena. Furthermore, we also
demonstrate how theoretical approaches allow to inductively
extract general principles and knowledge on an entire class of
processes from single cases, sometimes resulting in unveiling
unexpected shifts in previously established paradigms. The
experimental work in this field has been intense due to the
promising and tunable features of cooperative processes and we
have reason to believe that the attention towards these systems
will continue to increase. In this scenario, this Feature Article
hopefully provides the readership with a broad overview of these
processes, as well as with a simple and effective modus operandi
to offer solid computational support to experimental discovery.
We aim to inspire chemists to explore species containing apolar
o weakly polar bonds and expand the range of their applications
as catalysts for small molecules activation.
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