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Abstract: The electronic features of gold-aluminyl complexes
have been thoroughly explored. Their similarity with
Group 14 dimetallenes and other metal-aluminyl complexes
suggests that their reactivity with small molecules beyond
carbon dioxide could be accessed. In this work, the reactivity
of the [tBu3PAuAl(NON)] (NON=4,5-bis(2,6 diisopropylanili-
do)-2,7-ditert-butyl-9,9-dimethylxanthene) complex towards
water, ammonia, sulfur dioxide and nitrous oxide is computa-
tionally explored. The reaction mechanisms computed for
each substrate strongly suggest that all activation processes
are in principle experimentally feasible. Electronic structure
analysis highlights that, in all cases, the reactivity is driven by
the presence of the poorly polarized electron-sharing gold-
aluminyl bond, which induces a radical-like reactivity of the

complex towards all the substrates. A flat topology of the
potential energy surface (PES) has been found for the reaction
with N2O, where two almost isoenergetic transition states can
be located along the same reaction coordinate with different
geometries, suggesting that the N2O binding mode may not
be a good indicator of the nature of N2O activation in a
cooperative bimetallic reactivity. In addition, the catalytic
potentialities of these complexes have been explored in the
framework of nitrous oxide reduction. The study reveals that
the [tBu3PAuAl(NON)] complex might be an efficient catalyst
towards oxidation of phosphines (and boranes) via N2O
reduction. These findings underline recurring trends in the
novel chemistry of gold-aluminyl complexes and call for
experimental feedbacks.

Introduction

Recently, an experimental work has been reported describing
the unique reactivity of the gold-aluminyl complex 1 (see
Scheme 1) with carbon dioxide, yielding the CO2 insertion
product 2.[1] The Au� C coordination mode in 2 led to suggest
the presence of an unprecedented nucleophilic gold site in the
complex.[1] Several works by us have followed, where, by
combining mechanistic studies and extensive electronic struc-
ture analysis, we demonstrated that this unusual reactivity is
actually a cooperative radical-like reactivity induced by the
presence of an electron-sharing poorly polarized Au� Al bond in
1.[2–7]

Consistently with the small degree of polarization of the
Au� Al bond in 1, this reactivity is very similar to the reactivity of
Group 14 dimetallenes and dimetallynes[8] such as digermylene
compounds 3, which have been reported, driven by the
covalent non-polarized Ge� Ge bond, to insert CO2 (4) within a
very similar fashion with respect to 1.[9] Furthermore, this class
of compounds has been shown to efficiently activate other
substrates by relying on these electron-sharing E� E (E=Si, Ge,
Sn) bonds.[8] For instance, digermylenes have been shown to
activate dihydrogen in relatively mild experimental conditions
via the formation of the singly-bridged [RGe(μ-H)Ge(H)(R)]
intermediate (5).[10–13] Inspired by this evidence and by the strict
analogy between Ge� Ge and Au� Al bonds, we very recently
reported that analogous H2 activation by 1 via formation of the
singly-bridged [tBu3PAu(μ-H)Al(H)(NON)] (NON=4,5-bis(2,6 dii-
sopropylanilido)-2,7-ditert-butyl-9,9-dimethylxanthene) species
is in principle feasible and ideal for the use of 1 as hydro-
genation catalyst.[14]

Analogies between coinage metal-aluminyl complexes and
Group 14 dimetallenes and dimetallynes in the framework of
alkyne activation recently emerged as well. Indeed, amido-
digermylene 3 has been reported to be involved in cyclo-
addition reactions with terminal alkynes, such as phenylacety-
lene, leading to the formation of syn alkyne insertion products
such as 7.[16,17] Recently, Aldridge and coworkers showed, again
in strict analogy with 3, that the copper-aluminyl complex 8
(which possesses an electron-sharing poorly polarized Cu� Al
bond[2] and reacts with CO2 similarly to 1[20,21]) reacts with 3-
hexyne in a very similar fashion to 3, leading to the formation
of the syn alkyne insertion product 10 under kinetic control.[18]
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The eye-catching analogies illustrated here between E� E
and Au/Cu� Al bonds, in terms of both bonding features and
related reactivity, suggest that gold-aluminyl complexes may be
versatile systems for activating either stoichiometrically or
catalytically a wide range of small molecules. Note that, on a
more general context, the interest around small molecule
activation processes mediated by bimetallic systems in a
cooperative way is currently of extreme interest due to the high
tunability of the metal-metal bonding features.[22,23]

One attractive perspective concerns the activation of E� H
(E=O, N) bonds in water and ammonia, respectively. An
efficient activation of O� H bonds in water, for instance, is a
crucial initial step for the production of dihydrogen from water
splitting.[24–26] Similarly, in situ production of dihydrogen via
liquid organic hydrogen carriers (LOHCs) requires an efficient
O� H bond activation to work in mild conditions.[27,28] In general,
it is clear that increasing the efficiency of such processes is key
in nowadays critical environmental scenario, allowing to
produce fuel, dihydrogen, from extremely abundant and cheap
sources, such as water. Similarly, N� H activation processes of
the primary amine feedstock, ammonia, are extremely impor-
tant from an industrial perspective. In principle, NH3 could be
easily used as a versatile starting building block for a plethora
of chemicals (pharmachemicals, polymer additives, base chem-
icals, industrial amines).[29,30] The issue is that the processes that

target the N� H activation in NH3 are in general very limited and
become practically unexplored in the framework of transition-
metal homogeneous catalysis, due to the high coordinating
ability of NH3.

[29,31] Clearly, this state-of-the-art demonstrates the
high importance of finding new strategies for its synthetic
utilization, especially via selective homogeneous catalysis. Note
that, for instance, disilene 11 (Scheme 1) has been reported to
efficiently activate N� H bonds in ammonia, leading to the
hydroamminated species 12.[19]

On the other hand, activation and capture of environ-
mentally problematic small molecules is of high interest due to
their increasing anthropogenic emissions. Among others, sulfur
dioxide (SO2) is a reactive molecule that is not only a source of
environmental pollution, but it also represents an hazard to
human health.[32–34] SO2 comes as a waste from several anthropic
activities and the plans for reducing its emissions are not
homogeneous worldwide.[34] Furthermore, SO2 is an S-contain-
ing feedstock for chemicals, thus strategies for its activation and
capture are of high interest.[34]

The situation is even more critical for nitrous oxide (N2O).
This compound is a greenhouse gas with a global warming
potential of more than 300 CO2 equivalents

[35] and it represents
the main contribution to ozone depletion.[36,37] Agricultural
activities represent the main source of anthropogenic N2O in
the atmosphere[35,38] and, unfortunately, N2O is kinetically inert,

Scheme 1. Experimental reactivity of the [tBu3PAuAl(NON)] complex with CO2 (1-2).
[1] Examples of experimental reactivity of Group 14 diamido-metallenes

(R=N(Ar#)(SiMe3); Ar
#=2,6-(CHPh2)2-4-MeC6H2)) with small molecules (CO2, H2, phenylacetylene, N2O) (3–8).[8–13,15–17] Experimental reactivity of the

[tBu3PCuAl(NON)] complex with 3-hexyne (9–10).[18] Examples of experimental reactivity of disilenes (Tip = 2,4,6-triisopropylphenyl, TMOP = 2,4,6-
trimethoxyphenyl, NHI = N-heterocyclic imine) with NH3 and N2O (11–14).[19]
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since its reduction to N2 features a very high activation barrier
(60 kcal/mol ca.)[39–41] Clearly new strategies for its capture,
activation and removal are particularly attractive, especially
since it can be in principle also used as a synthetic reagent, for
instance with the role of O-atom donor.[42,43] Note, again, that
the efficient reduction of N2O with Group 14 dimetallenes has
been extensively reported (see as examples 8 and 14 in
Scheme 1)[8,9,19] and that, in general, there is considerable
interest around the exploration of novel N2O cooperative
bimetallic activation processes, both from a biomimetic and a
synthetic perspective.[44]

Considering the unique properties of electron-sharing
Au� Al bonds in gold-aluminyl complexes and their reactivity
with small molecules of various nature, the aim of this work is
to explore their reactivity with other small molecules, namely
NH3, H2O, SO2 and N2O, exploiting the electronic structure of
the involved species and their features, while also trying to
explore possible catalytic routes in this context. The results are
encouraging, showing that the activation of these substrates is
in principle both thermodynamically and kinetically feasible in
all cases. Furthermore, a computational screening reveals that
gold-aluminyl complexes may be ideal catalysts for oxygen-
atom transfer catalysis involving reduction of N2O and oxidation
of substrates such as phosphines and boranes. Experiments
validating these results are clearly desirable.

Results and Discussion

O� H and N� H bond activation in H2O and NH3

In Figure 1 the pathways for the reaction of the
[tBu3PAuAl(NON)] complex with NH3 (blue and dark cyan paths)
and H2O (orange and red paths) are reported. The involved
stationary point structures are depicted in Figure 2.

Inspection of the reaction profiles clearly reveals that the
two reactions present qualitatively similar features.

Both reactions consist of a one-step activation of the N� H
and O� H bonds of ammonia and water, respectively, leading to
the formation of the corresponding H singly-bridged products
PCNH3 and PCH2O. In these products, complete E� H (E=O, N)
bond dissociation has occurred, with the NH2/OH moieties
bound to the aluminium site. Furthermore, in both cases, the
product can be formed via two different pathways, i. e. with
NH3/H2O interacting closer either with the gold (TSNH3 and TSH2O,
blue and orange pathway, respectively) or aluminium (TSNH3’
and TSH2O’, dark cyan and red pathway, respectively) sites.

Quantitatively, the results reported in Figure 1 suggest that,
independently of the pathway, the activation of E� H bonds is
both kinetically and thermodynamically feasible. The formation
of PCNH3 and PCH2O is exergonic (� 9.3 and � 20.8 kcal/mol,
respectively) and the activation barrier is found to be lower
than 15 kcal/mol for all pathways, suggesting an accessible
process even in mild experimental conditions.

Differences between the O� H and N� H bond activation
pathways arise on a quantitative ground. According to the
results reported in Figure 1, the O� H bond activation reaction
for water is found to be more favorable for both pathways: the

Figure 1. Free energy reaction profiles for the N� H (blue and dark cyan profiles) and O� H (orange and red profiles) bond activations in ammonia and water,
respectively, by the [tBu3PAuAl(NON)] complex. ΔG values refer to the energy of the separated reactants taken as zero. Activation free energy barriers are
reported in parentheses.
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activation barriers (5.5 and 0.4 kcal/mol via TSH2O and TSH2O’,
respectively) are significantly lower than those for the N� H
activation (13.3 and 14.9 kcal/mol via TSNH3 and TSNH3’, respec-
tively). Analogously, PCH2O is found to be significantly more
stable than the corresponding PCNH3 (� 20.8 vs. � 9.3 kcal/mol,
respectively).

Analogies and differences in the reaction pathways can be
rationalized by carrying out the Activation Strain Model[45–47]

(ASM) analysis. To this aim, we performed a relaxed scan of the
Potential Energy Surface (PES) in the vicinity of each TS and
then carried out the ASM analysis on each relaxed PES point
(see the Computational Details section for insights on the PES
scan). The resulting Activation Strain Diagrams (ASDs) are
reported in Figure 3, while the related numerical data are
collected in Table S1 in the Supporting Information.

The ASM results agree with the free energy pathways
reported in Figure 1, depicting an overall more favorable
activation via TSH2O/TSH2O’ with respect to TSNH3/TSNH3’. The ASM
decomposition reveals that the balance between distortion
penalty and interaction stabilization is clearly favoring the O� H
bond activation in water via TSH2O/TSH2O’. In detail, as shown in
Figure 3 (and in Table S1 in the Supporting Information), the
distortion penalty (top right in Figure 3), while being slightly
lower for TSNH3, is generally comparable in all the reaction
pathways. As a result, (see Figure 3, bottom), the stabilizing
interaction energy is discriminating the overall relative energy

of the pathways. In fact, it can be clearly seen that, for most
parts of the sampled PES, the interaction energy is significantly
lower (more negative) for TSH2O/TSH2O’, thus being able to more
efficiently counterbalance the unfavorable strain penalties and,
eventually, to lead to a lower activation barrier (and related
energy path) for both TSH2O and TSH2O’.

Clearly, the complex-water interactions are crucial in
providing a more efficient formation of PCH2O via TSH2O/TSH2O’.
For this reason, it is worth analyzing in detail the nature of the
interactions occurring between the substrate and the gold-
aluminyl complex at each transition state through the Energy
Decomposition Analysis (EDA, results are collected in Table S2
in the Supporting Information),[48–50] Charge Displacement
(CD)[51–53] and Natural Orbitals for Chemical Valence[54] (NOCV)
tools. Complete NOCV results are reported in Figures S1–S8 in
the Supporting Information. Main results are compared in
Figure 4.

From inspection of Figure 4 (and Figures S1–S8 in the
Supporting Information) it can be easily inferred that the H2O-
and NH3-complex interactions are qualitatively analogous for all
transition states. In both cases, two main NOCV deformation
densities (Δ11’ and Δ12’) are found to be the driving forces of
the interaction at the transition states under study. The analysis
reveals that these components are very much analogous to
those discussed in previous works concerning the CO2-
[tBu3PAuAl(NON)]

[2] and H2-[
tBu3PAuAl(NON)]

[14] interactions. In

Figure 2. Sketched stationary point structures along the paths of Figure 1 with selected interatomic distances (Å) and bond angles (degrees).
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Figure 3. Activation Strain Diagrams (ASD) for the Potential Energy Surface (PES) region neighboring TSH2O, TSH2O’, TSNH3, TSNH3’. Overall relative energies (ΔE,
top left), overall distortion penalties (ΔEdist, top right) and interaction energies (ΔEint, bottom) are reported for each point of the relaxed PES. See the
Computational Details section for details on the PES relaxed scan and the Methodology section in the Supporting Information for a brief overview of the
Activation Strain Model.

Figure 4. Main results of the NOCV analysis of the [NH3]� [
tBu3PAuAl(NON)] and [H2O]� [

tBu3PAuAl(NON)] interaction at TSNH3/TS’NH3 and TSH2O/TS’H2O,
respectively. Charge flux is red!blue. Isovalue is 3 me/a0

3 for all isosurfaces.

Chemistry—A European Journal 
Research Article
doi.org/10.1002/chem.202203584

Chem. Eur. J. 2023, 29, e202203584 (5 of 13) © 2023 The Authors. Chemistry - A European Journal published by Wiley-VCH GmbH

Wiley VCH Montag, 03.04.2023

2321 / 291949 [S. 132/140] 1

 15213765, 2023, 21, D
ow

nloaded from
 https://chem

istry-europe.onlinelibrary.w
iley.com

/doi/10.1002/chem
.202203584 by U

niversita D
i Perugia, W

iley O
nline L

ibrary on [29/11/2024]. See the T
erm

s and C
onditions (https://onlinelibrary.w

iley.com
/term

s-and-conditions) on W
iley O

nline L
ibrary for rules of use; O

A
 articles are governed by the applicable C

reative C
om

m
ons L

icense



detail, Δ11’ consists of an accumulation of electron density at
the LUMO of water and ammonia, mainly localized on the O� H
and N� H bonds, respectively. Depletion regions are clearly
visible on both gold and aluminium sites, indicating actual
depletion of electron density from the highest σ occupied
molecular orbitals of the complex, mainly localized at the Au� Al
bond site (see Figures S1, S3, S5 and S7 in the Supporting
Information). The second deformation density, Δ12’, is induced
by the Lewis behavior of Al, as can be envisaged by the
accumulation pattern at the Al site. In particular, accumulation
of electron density occurs at the LUMO of the complex, which
displays large contributions from Al 3pz empty orbital, which is
found to be populated by the lone pair on the N/O atom (see
Figures S2, S4, S6 and S8 in the Supporting Information).

Ultimately, it is interesting to explore if the gold-aluminyl
complex is prone to induce a homolytic or heterolytic bond
breaking, resulting in a radical pair stabilization mechanism, in
analogy with the reactivity with H2 we reported very recently.[14]

To verify this hypothesis, we evaluate the relative stability of
[tBu3PAu(μ-H)Al(NON)] and [tBu3PAuAl(EHx)(NON)] species (EHx=

OH, NH2) in their open-shell radical and closed-shell charged
forms. This simple model allows us to assess the extent of
stabilization provided by the gold-aluminyl complex to H·/H+,
OH·/OH� , NH2·/NH2

� species, to evaluate the most suitable E� H
bond fragmentation scheme (i. e. homolytic or heterolytic).

The results, reported in Figures S9 and S10 in the Support-
ing Information, suggest that the reactivity of the
[tBu3PAuAl(NON)] complex with H2O and NH3 is indeed best
described as a radical pair recombination mechanism resulting
from a homolytic E� H bond dissociation. In fact, from Figures S9
and S10 it can be inferred that the formation of the open-shell
[tBu3PAu(μ-H)Al(NON)]· species from OH· dissociation has an
associated energy of 241.0 kcal/mol, while the formation of
closed-shell [tBu3PAu(μ-H)Al(NON)]

+ species from OH� dissocia-
tion is less favorable, with an associated energy of 324.4 kcal/
mol. Similarly, formation of the [tBu3PAuAl(OH)(NON)]· species is
favored over [tBu3PAuAl(OH)(NON)]

� (the associated formation
energies are 84.2 and 272.9 kcal/mol, respectively). Analogously,
the formation of the [tBu3PAu(μ-H)Al(NON)]· species from NH2·
dissociation has an associated energy of 107.2 kcal/mol, while
the dissociation of NH2

� produces a less stable [tBu3PAu(μ-
H)Al(NON)]+ species (formation energy is 141.6 kcal/mol).
Similarly, the dissociation of H· leading to the
[tBu3PAuAl(NH2)(NON)]· radical is more favored energetically
(83.7 kcal/mol) with respect to the formation of the anionic
[tBu3PAuAl(NH2)(NON)]

� species from H+ dissociation
(275.4 kcal/mol).

The enhanced ability of the gold-aluminyl complex to
cooperatively stabilize H·, OH· and NH2· species is consistent
with the spin density associated with the [tBu3PAuAl(OH)(NON)]·
and [tBu3PAuAl(NH2)(NON)]· species (Figure S10), where the
unpaired electron is found to be almost entirely localized on
gold and aluminium atoms with no unpaired electron density
on the bound OH and NH2 moieties.

These results predict the gold-aluminyl complex to effi-
ciently activate and induce homolytic N� H and O� H bond
breaking in both H2O and NH3. This finding, coupled with the

previously reported radical-like reactivity of the complex,[2–5,14]

as well as with the actual diradical reactivity of analogous iron-
aluminyl species with CO2,

[55] leads to a reactivity model in
which the electron-sharing Au� Al bond is the driving force of
an efficient radical-like mechanism towards E� H bond activation
in water and ammonia.

SO2 capture and N2O reduction

In Figure 5 the profiles for the reaction of [tBu3PAuAl(NON)]
with SO2 and N2O are reported. Structures of all the stationary
points are sketched in Figure 6.

As shown by the red profile in Figure 5 (and corresponding
structures of the stationary points in Figure 6), the reaction of
SO2 with the [tBu3PAuAl(NON)] complex is strongly reminiscent
of the reactivity of the same complex with CO2. Indeed, the
reaction profile consists of the SO2 approach at both the Al and
Au sites of the complex, resulting in the formation of a cyclic
stable intermediate (INTSO2). Subsequently, the second ring-
opening step, with the formation of two O� Al bonds and
breaking of the Au� Al bond, leads to the insertion product
PCSO2. The overall process is highly exergonic (� 31.4 kcal/mol)
with very low activation barriers for the two steps (3.1 and
5.2 kcal/mol at TSISO2 and TSIISO2, respectively), suggesting that
the reaction may be easily feasible in mild experimental
conditions both kinetically and thermodynamically.

The mechanism for the reaction of [tBu3PAuAl(NON)] with
N2O is qualitatively different, as displayed in Figure 5 (blue
profile). In this case, the reaction occurs through a one-step
mechanism, in which N2O approaches the complex via a unique
transition state (TSN2O), where the N2O oxygen atom interacts
with the Al site of the complex and, simultaneously, the central
nitrogen atom interacts with the Au site. As a result, N2

extrusion occurs, resulting in the formation of
[tBu3PAuOAl(NON)] oxo-complex. Thermodynamically, as ex-
pected, the reaction is highly exergonic, but, interestingly, the
reaction appears to be also accessible from a kinetic standpoint
in mild conditions, with a free energy activation barrier of
15.2 kcal/mol (significantly lower than the barrier for the
unsupported N2O reduction[39–41]). Validation of these results by
experiment would be thrilling for i) the interest in this process
for the use of pollutant N2O as an oxygen-atom donor ii) the
possible isolation of the [tBu3PAuOAl(NON)] intermediate, which
could not be previously isolated from reaction with CO2 via CO
extrusion.[1,20,21]

Despite the two mechanisms in Figure 5 present highly
different features, the substrate-complex interactions appear to
be extremely similar to the ones discussed earlier in this work
for water and ammonia, as well as previously for CO2 and H2, as
emerging from the results of the NOCV and CD analyses
performed at TSISO2 and TSN2O and illustrated in Figure 7.
Complete NOCV results are also shown in Figures S11–S14 in
the Supporting Information.

The main results of the NOCV and CD analyses at TSISO2 and
TSN2O reported in Figure 7 (and Figures S11–S14 in the Support-
ing Information) clearly display these analogies. In fact, as can
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be envisaged from Figure 7a), the main driving force (Δ11’) of
the [SO2]� [

tBu3PAuAl(NON)] interaction is represented by the
charge transfer from the electron-sharing Au� Al bond towards
the empty π* molecular orbital of SO2 (see Figure S11), strongly
resembling the interaction scheme depicted for CO2 in refs [2–
5]. Analogously, a second component of the interaction (Δ12’)
consists of a charge donation from the filled antibonding π

orbital of SO2 towards the vacant 3pz orbital of Al (Figure 7b)
and Figure S12).

The analyses at TSN2O, despite the different reaction
mechanism for N2O reduction, reveal the same forces at play. As
shown in Figure 7c), the main driving force (Δ11’) of the
interaction between nitrous oxide and the complex is still found
to be the charge transfer from the Au� Al bond towards the

Figure 5. Free energy reaction profiles for the SO2 capture (red profile) and N2O reduction (blue profile) by the [tBu3PAuAl(NON)] complex. ΔG values refer to
the energy of the separated reactants taken as zero. Activation free energy barriers are reported in parentheses.

Figure 6. Sketched stationary point structures along the paths of Figure 5 with selected interatomic distances (Å) and bond angles (degrees).
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empty π* molecular orbital of N2O (Figure S13). Analogously,
the second component (Δ12’) consists of the charge donation
from a filled π orbital of N2O towards an empty orbital of Al
(Figure 7d) and Figure S14).

Interestingly, further inspection of the binding mode of
nitrous oxide at TSN2O unveils other peculiarities about the
chemistry presented in this work. In fact, as discussed earlier
and shown schematically in Figure 6, at TSN2O nitrous oxide
displays a μ-1,2-O,N binding to the Au and Al sites, clearly
arising, as discussed from Figure 7, from the nature of the
complex-N2O interaction. This coordination mode, however, is
uncommon for the reactivity of N2O with bimetallic (and
multimetallic) systems of biological, biomimetic and synthetic
nature.[44,56] Indeed, in biological systems, such as in the nitrous
oxide reductase enzyme, a μ-1,3-O,N binding is often
observed,[56–58] while synthetic and biomimetic bimetallic sys-
tems often feature different binding schemes (in several cases
they show either a μ-1,1-O binding to the M� M’ unit or initial
O-coordination to one metal site and subsequent N2

extrusion).[59,60]

In light of the recently discussed peculiar topological
features of the potential energy surface (PES) of the
[tBu3PAuAl(NON)] complex with CO2, revealing the presence of
geometrically different but almost isoenergetic transition states
along the same reaction coordinate,[3] and prompted by the
differences above described, we explored the features of the
PES neighboring TSN2O. A graphical representation of the PES is
depicted in Figure 8, while the numerical data for the PES

exploration are reported in Table S3 in the Supporting
Information.

As can be inferred from Figure 8 (and from the related
numerical data reported in Table S3 in the Supporting Informa-
tion), the topology of the PES around TSN2O is particularly flat,
despite inducing significant changes in the N2O coordination.
Surprisingly, in analogy with the reactivity with carbon
dioxide,[3] the flat topology of the PES allows to locate another
transition state (labeled as TSN2O*) in which N2O displays a
different binding mode to the complex, as shown from the
insets of Figure 8. Indeed, TSN2O* shows a coordination mode
closer to the μ-1,1-O binding often observed for synthetic
bimetallic systems, with a large Au� N distance (3.953 Å) and a
shorter Al� O bond (1.975 Å). Interestingly, TSN2O and TSN2O*
exhibit a similar imaginary frequency (� 299.1 and � 352.0 cm� 1,
respectively), an analogous nature of the associated vibrational
mode, involving concerted O� Al and O� N stretching modes
and, notably, almost the same energy. In fact, TSN2O and TSN2O*
are practically isoelectronic, differing by 1.9 kcal/mol in terms of
electronic energy and by 0.8 kcal/mol in terms of Gibbs’ free
energy. All these evidences, coupled with the fact that, as can
be clearly seen from Figure 8 and Table S3, the two local
maxima corresponding to TSN2O and TSN2O* are connected by a
practically flat portion of the PES, clearly suggest that this is a
case in which two almost isoenergetic transition states are
located along the same reaction coordinate. The analogies
between TSN2O and TSN2O* can be further inferred from the
NOCV analysis of the complex-N2O interaction at TSN2O* (see

Figure 7. Results of the NOCV analysis of the [SO2]� [
tBu3PAuAl(NON)] (a–b) and [N2O]� [

tBu3PAuAl(NON)] (c–d) interaction at TSISO2 and TSN2O, respectively.
Charge flux is red!blue. Isovalue is 3 me/a0

3 for all isosurfaces.
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Figure S15 in the Supporting Information), which clearly shows
that the main component driving the interaction is the electron
charge transfer from the Au� Al bond towards the LUMO of N2O,
supplemented with the charge transfer from the HOMO-1 of
the substrate towards the 3pz vacant orbital of the complex.

These findings seem to actually indicate that the sole
inspection of the N2O binding modes to bimetallic systems,
which has often been used as an indirect indicator of the nature
of the N2O-metal interaction,[56] may not be a good probe for
N2O activation when, as happens in this case, the cooperative
bimetallic character of the reactivity induces the presence of a
peculiar flat topology of the related PES.

Furthermore, in this case as well it is worth investigating if
both SO2 capture and N2O reduction occur via a radical-like
mechanism. Application of an adapted scheme (see Scheme S1
in the Supporting Information) for the formation of PCSO2 and
PCN2O from radical or closed-shell charged gold and aluminyl
fragments reveals that a radical-like mechanism is likely for the
reaction with both SO2 and N2O reduction. As displayed in
Table S4 in the Supporting Information, overall formation of
PCSO2 is more favorable starting from open-shell radical
[tBu3PAu]· and [Al(NON)]· fragments (ΔE is � 128.6 kcal/mol)
with respect to closed-shell fragments, where the less negative
formation energy indicates less stable starting fragments (ΔE is
� 157.4 kcal/mol). Similarly, PCN2O is formed more favorably
starting from radical gold and aluminyl fragments (ΔE is
� 159.2 kcal/mol) with respect to the closed-shell charged ones
(ΔE is � 197.1 kcal/mol).

Clearly, these results further corroborate the general
applicability of the reactivity scheme depicted in the previous
section and works,[2–5,7,14] which might be safely extended to
explain the reactivity of gold-aluminyl complexes towards other
small molecules of various nature.

Catalytic reduction of N2O: examples of oxygen-atom transfer
catalysis

As mentioned in the introduction, nitrous oxide, other than
being a pollutant and a highly concentrated greenhouse gas,
can be used as oxidant in the framework of oxygen-atom
transfer catalysis.[43]

In this context, having established that the conversion of
gold-aluminyl complex 1 to the [tBu3PAuOAl(NON)] oxo-com-
plex via N2O reduction is predicted to be both thermodynami-
cally and kinetically accessible, it is worth exploring if such
stoichiometric process can be converted into a catalytic one. In
particular, [tBu3PAuOAl(NON)] can be seen as a source of
oxygen atoms, thus potentially enabling the role of 1 as catalyst
for several crucial processes.

Motivated by this perspective, the concluding part of this
work is dedicated to the computational thermodynamic screen-
ing of the re-conversion of [tBu3PAuOAl(NON)] into initial
complex 1 via oxygen-atom transfer towards suitable sub-
strates. The considered reactions for this thermodynamic
screening are reported in Scheme 2.

Figure 8. Potential energy surface (PES) in the region neighboring TSN2O. Insets: Position on the PES and schematic structure of TSN2O and TSN2O*. Energy has
been shifted in each case according to the minimum energy structure.
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As can be readily seen from Scheme 2, some reactions are
not accessible thermodynamically. For instance, oxidation of
dihydrogen to water (a) is found to be endergonic (+10.8 kcal/
mol) and, similarly, oxidation of methane to either methanol or
CO2+H2 (b and c, respectively) is highly endergonic as well
(38.1 and 45.8 kcal/mol, respectively). Oxidation of CO to CO2

(d), conversely, is predicted to be exergonic (� 8.5 kcal/mol).
Nonetheless, we can already assume that in this case 1 will not
efficiently work as a catalyst since its catalytic activity would be
easily inhibited by its affinity with the final product of the
reaction (CO2).

The oxidation of pinacolborane (HBPin) (pin=pinacolate:
2,3-dimethyl-2,3 butanediolate) appears to be a thermodynamic
accessible route instead. Recently, several examples of analo-
gous reactivity using boranes as sacrificial reductants have been
reported.[61–63] One equivalent of HBPin is predicted to be
converted exergonically to the corresponding hydroxide HOB-
Pin (e, � 9.0 kcal/mol), while two equivalents of HBPin are
converted to the bis-boryloxide O(BPin)2 and dihydrogen (f)
with an even more exergonic reaction (� 25.1 kcal/mol). Nota-
bly, formation of bis(pinacolato)diboron BPin2 and water (g) is
highly endergonic (19.1 kcal/mol), suggesting that reactions
with formation of water as a product are not favorable in this

context. Ultimately, the reaction of 1 with BPin2 yielding the bis-
boryloxide O(BPin)2 as the only product (h) is found to be even
more exergonic (� 33.3 kcal/mol).

Clearly, the perspective of catalytically reduce N2O and
simultaneously produce species such as O(BPin)2, which is a
valuable precursor for several synthetic pathways[64,65] is thrill-
ing. For this reason, it would be interesting to explore the actual
catalytic mechanism (including kinetics) in order to get
preliminary insights on its possible catalytic activity. Nonethe-
less, the stoichiometry of the reaction and its selectivity are not
very straightforward and the reaction mechanism can become
quite complicated without experimental insights on the reac-
tivity, as recently discussed in some works.[62,63]

Still as promising and more computationally approachable,
other interesting processes in this context are the catalytic
epoxidation of alkenes and oxidation of phosphines. However,
while the reaction step involving the catalytic epoxidation of
ethylene (i) is predicted to be highly endergonic (+43.0 kcal/
mol), thus strongly suggesting a poor catalytic activity of 1 in
this framework, the conversion of trimethylphosphine P(CH3)3
to the OP(CH3)3 oxide (j) is predicted to be exergonic (� 3.2 kcal/
mol). In the latter case, we were also able to explore computa-
tionally a possible reaction mechanism (k), which results in a

Scheme 2. Schematic representation of the reactions for the re-conversion of the [tBu3PAuOAl(NON)] oxo-complex to 1 using different reductants as substrates
together with the corresponding relative Gibbs’ free energy values (ΔG) in kcal/mol (top, a–j). Calculated cycle for the catalytic joint reduction of N2O and
oxidation of trimethylphosphine P(CH3)3 catalyzed by 1 together with the Gibbs’ free energy activation barriers (ΔG#) and relative stabilities (ΔG) in kcal/mol
(bottom, k).
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one-step oxidation via a concerted transition state with a
calculated activation barrier at 298 K of 30.1 kcal/mol. Consider-
ing the generally high experimental temperatures in which
both catalytic N2O reduction and phosphine oxidation
occur,[42,43] an activation barrier of 30.1 kcal/mol at 298 K
appears to be promising for a feasible process upon rational
control of the experimental conditions.

The results reported here pave the way for the experimental
exploration of the reactivity of gold complexes with the new-
generation aluminyl ligands not only for the stoichiometric
activation of a plethora of small molecules, but also, as in the
case of nitrous oxide, for their use as catalysts within an
unprecedented mode for gold catalysis.

Conclusions

In this work, based on the exceptional features of gold-aluminyl
complexes and inspired by their similarities with Group 14
dimetallenes, which have been reported to activate efficiently a
plethora of small molecules, we computationally assess the
reactivity of gold-aluminyl complexes in the framework of small
molecule activation processes. In particular, we study the
stoichiometric activation of N� H and O� H bonds in ammonia
and water, respectively, by the [tBu3PAuAl(NON)] complex, as
well as the activation of SO2 and N2O, also motivated by the
either industrial and/or environmental interest around the
activation of these substrates.

The results of the computational mechanistic analysis reveal
that all processes are thermodynamically and kinetically acces-
sible, with exergonic formation of the activation products and
free energy barriers lying way below 20 kcal/mol. These factors
indicate that, in principle, such processes are experimentally
feasible in relatively mild experimental conditions. A joint
electronic structure analysis reveals a well-defined trend in the
reactivity of gold-aluminyl complexes. In fact, both E� H (E=O,
N) bond activations and reactivity with SO2 and N2O, which, on
the paper, are substrates with very different electronic proper-
ties, occur with the nucleophilic role of the electron-sharing
Au� Al bond as a driving force, supported by the electrophilic
behavior of the Al site. This evident analogy with CO2 (and H2)
now allows to establish this reactivity pattern as a general mark
of the reactivity of this class of complexes, highlighting their
versatility. Furthermore, in all cases we quantitatively assessed
that all these processes occur via a radical-like mechanism,
which appears as a general feature of gold-aluminyl complexes
as well.

Interestingly, further exploration of the Potential Energy
Surface (PES) around the transition state for the reactivity with
N2O clearly revealed that the PES displays a very flat topology in
this region. Notably, this feature eventually leads to detect two
transition states, which, despite showing remarkable geomet-
rical differences, are located along the same reaction coordinate
and have practically the same energy. This finding, in the
context of the variety of N2O binding modes reported in the
literature for bimetallic systems, highlights that the coordina-
tion modes of nitrous oxide to metal sites in a cooperative

bimetallic activation may not be solid indicators of the nature
and extent of the metal-N2O interaction.

In the end, upon thermodynamic analysis, the study also
reveals that the reduction of nitrous oxide can occur together
with an oxygen-atom transfer towards suitable substrates in a
catalytic fashion. In particular, N2O can behave as oxidant
towards substrates like phosphines (and boranes) by relying on
the catalytic activity of the gold-aluminyl complex, which makes
the process in principle accessible.

Clearly, this contribution strongly calls for experimental
confirmation of the computationally investigated reactivities,
which would represent a series of unprecedented chemical
processes in the framework of gold molecular chemistry and
catalysis.

Computational Details
Complex 1 has been slightly simplified at the NON site by replacing
the two tert-butyl groups at the peripheral positions of the
dimethylxanthene moiety with hydrogen atoms and the two Dipp
substituents on the nitrogen atoms with phenyl groups. The effect
of the modelling for this class of complexes has been extensively
evaluated in refs. [1,2] where the same computational set up as
that used in the present work was applied. Good agreement with
experimental data was found for geometries and in general both
the reaction mechanism and the electronic structure calculations
show negligible deviations due to the structural simplifications
used. All geometry optimizations and frequency calculations on
optimized structures (minima with zero imaginary frequencies and
transition states with one imaginary frequency) have been carried
out using the Amsterdam Density Functional (ADF) code[66,67] in
combination with the related Quantum-regions Interconnected by
Local Description (QUILD) program.[68] The PBE[69] GGA exchange-
correlation (XC) functional, the TZ2P basis set with a small frozen
core approximation for all atoms, the ZORA Hamiltonian[70–72] for
treating scalar relativistic effects, and the Grimme’s D3-BJ dispersion
correction were used.[73,74] Solvent effects were modeled by employ-
ing the Conductor-like Screening Model (COSMO) with the default
parameters for toluene as implemented in the ADF code.[75] The
same computational setup has also been used for the EDA, CD-
NOCV, and ASM calculations. This computational protocol has been
used in refs. [1,2] to study the [tBu3PAuAl(NON)] and [tBu3PAuCO2Al-
(NON)] complexes and to investigate the mechanisms of the CO2

insertion reaction in similar compounds featuring gold and
Group 13 elements.[3–5]

Note that generally, as advised for the application of the Activation
Strain Model,[47] the use of Intrinsic Reaction Coordinate (IRC)
calculations to monitor the evolution of distortion and interaction
contributions along the reaction coordinate is recommended.
Unfortunately, as we have previously demonstrated, the IRC
approach is unable to yield the correct connectivity between
transition states and minima in this context due to the flat and
complex topology of the Potential Energy Surface (PES).[3,4,76] This
issue of the IRC approach has also been previously discussed within
a more general perspective in the literature, see for instance
ref. [77].

For this reason, we resort instead in exploring the PES along the
E� H reaction coordinate around each transition state. In particular,
we sample a substantial portion of the PES in the vicinity of each TS
by scanning the E� H bond length in the 1.13–1.53 Å range and,
then, we perform the ASM analysis on the resulting relaxed points
of the PES. This approach allows us to still correctly study the
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evolution of interaction and distortion contributions along the
reaction path by avoiding any issue with the use of the IRC
approach.
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