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Catalytic activation of nitrous oxide: boryl versus
hydride nickel complexes

Carlos J. Laglera-Gandara, Elena Mora-Fernandez, Riccardo Peloso,
Pablo Rios 2 * and Amor Rodriguez "= *

The selective reduction of nitrous oxide (N,O), a potent greenhouse gas with harmful effects on the
ozone layer, remains a significant challenge in small-molecule activation. Herein, we report the efficient
deoxygenation of N,O using bis(phosphino)boryl-nickel hydride (3) and bis-boryl nickel complexes (4
and 5) under mild conditions (1-2 bar N,O, 2-5 mol% catalyst loading, and 25 °C). Both catalytic systems
exhibit high activity in the presence of boranes and diboranes, achieving complete N,O conversion within
30 minutes using catecholborane as the reductant. Mechanistic investigations, including stoichiometric
experiments, kinetic studies, and density functional theory (DFT) calculations support the formation of
nickel boroxide intermediates, (RPBP)Ni—OBR,, as key species within the catalytic cycle, while pathways
involving nickel hydroxide species, ("PBP)Ni—OH, are disfavored. These results provide valuable mechanis-
tic insights into key aspects of N,O reduction chemistry thereby enabling the rational design of transition-
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Introduction

Atmospheric levels of greenhouse gases have steadily increased
since preindustrial time due to human activities, with carbon
dioxide, methane, and nitrous oxide being the primary contri-
butors to the climate change.' According to the
Intergovernmental Panel on Climate Change (IPCC), the con-
centrations of methane and nitrous oxide have reached unpre-
cedented levels while current concentrations of carbon dioxide
are higher than any point in history.”* Commonly known as
laughing gas, nitrous oxide is often associated with rec-
reational use; however, N,O is a potent greenhouse gas, with a
global warming potential 300 times greater that CO, and it is
also one of the main contributors to the depletion of the
ozone layer.* Nitrous oxide naturally occurs in the atmosphere
as part of the Earth’s nitrogen cycle, and has numerous
natural sources. However, approximately 40% of total nitrous
oxide emissions are linked to human sources including agri-
cultural practices, fuel combustion and the industrial pro-
duction of nitric and adipic acid.? In this context, strategies to
control N,O emissions have spurred numerous investigations
in recent years. N,O typically reacts as an oxidizing agent,
transferring oxygen and releasing N, although, an alternative
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metal catalysts for the activation of small-molecules.

reactivity, serving as a diazo transfer reagent, has also been
reported.>® However, due to its inert nature, harsh reaction
conditions such as elevated temperature or pressure, in the
presence of heterogeneous catalysts, are usually required to
achieve efficient conversion.” Frustrated Lewis pairs (FLPs)
offer pathways for the activation of N,O under mild conditions
through the formation of oxo compounds.® Efficient catalytic
deoxygenation of N,O has been achieved using disilanes as
reducing reagents in combination with catalytic amounts of
fluorides or alkoxides, as demonstrated by Cantat and co-
workers.’ The Cornella group has shown that low-valent Bi(1)
species can effectively reduce N,O using pinacolborane as the
reducing agent.'® Recently, Paradis and coworkers accom-
plished the catalytic reduction of N,O using metal-free P(u)/P
(vJ=O catalysis with phenyl silane as reductant.’* In Nature,
nitrous oxide is converted into dinitrogen and water by nitrous
oxide reductase (NOR), which utilizes a Cu,S cluster to carry
out this reaction during the denitrification process.'* Drawing
inspiration from this, many research groups have made efforts
to design transition metal systems that emulate this natural
process.”®® Their reactivity is typically associated with oxygen
atom transfer reactions to form M=0 bonds or metal-hydrox-
ide, alkoxide or aryloxide species by insertion into M-H or M-
C bonds, with release of N,. Milstein and co-workers reported
the efficient catalytic hydrogenation of N,O mediated by a Ru-
H complex, where the O-insertion into the Ru-hydride bond
was identified as the key step.'®'® Similarly, the mechanism
proposed by Cornella and his team for the synthesis of alco-
hols using N,O, catalyzed by nickel, suggests an O-insertion
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into alkyl and aryl nickel species."®"” Suarez and co-workers
reported the catalytic N,O reduction with pinacolborane using
a CNP-Ni hydride complex, DFT analysis suggested the for-
mation of NiOH species, resulting from the insertion of N,O
into the Ni-H bond."®° Lee, Baik and coworkers reported the
stepwise reduction sequence from nitrate to N,, using a (PNP)
Ni complex.”" Interestingly, the Mo group has presented a new
perspective by proposing a cooperative iron-silicon mecha-
nism in the deoxygenation of N,O, facilitated by an iron
complex containing a bis(silylene) amido ligand.** Recently,
Chaplin and co-workers reported the catalytic reduction of
N,O by insertion into a Cu-B bond, leading to the boroxide
derivative, detected by ''B NMR during the catalytic reaction.>®
Encouraged by these results, we envisioned as a stimulating
approach to explore the -catalytic reduction of N,O by
O-transfer into the Ni-H, Ni-C, and Ni-B bonds of bis(pho-
phino)boryl nickel complexes (*"PBP)NiX (R = ‘Bu, Cy; X = CHj,
H, Bcat (cat = catecholato), Bcat' (cat’ = 4-methylcatecholato)
(2-5)) developed in our group (Fig. 1).”*® Herein, we present a
comparative analysis of the catalytic reduction of N,O using
these nickel species, alongside stoichiometric reactivity studies

HBpin + N,O (4 bar) + [Ni]

y =-0,00054x - 2,09675
R?=0,99955

Ln [HBpin

8x-1,61250 y = -0,00128x - 2,07196
99692 R?= 0,99942

Fig. 1 Top: Kinetic plots of In[HBpin] vs. initial time (s) in CgDg using
catalyst 2a (5 mol% catalyst loading); Pn,o = 4 bar; [HBpin] = 0.16 mM; T
= 288, 293, 298, 303 and 308 K. Bottom: Eyring plot of In(k/T) vs. 1/T,
from 288 to 308 K, AH* = 15.7 + 0.7 kcal mol™, AS* = —9.4 + 0.6 cal
mol™ K™, AG* = 18.5 + 0.9 kcal mol™ at 25 °C.
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with various boranes and diborane compounds, kinetic ana-
lyses, and DFT studies. These results provide insights into the
active species involved in the reaction and propose a plausible
mechanism for the activation of N,O.

Results and discussion

The synthesis of complexes (®*“PBP)NiX (X = Br (1a), CH; (2a),
H (3), Beat (4a)) was previously reported by us®”*® (Scheme 1).
Compound (“PBP)NiCH; (2b) was synthesized by reaction of
(“PBP)NiBr (1b) complex with MgMe,(tmeda) (tmeda = N,N,
N',N'-tetramethylethane-1,2-diamine) in pentane (see SI for
details). In this reaction, MgBr,(tmeda) is formed alongside
2b, and its low solubility in pentane prevents the regeneration
of 1b, which presents a challenge for the synthesis of these
species (Scheme 1).%° Although we have previously synthesized
hydride complex 3, all attempts to prepare the hydride
complex with Cy groups on phosphorus were unsuccessful.
Bis-boryl nickel complexes 4b and 5a,b were prepared, using a
procedure similar to that described for 4a, by treatment of the
corresponding methyl complex (*PBP)NiCH; (R = ‘Bu (2a), Cy
(2b)) with diboranes B,cat’, and B,cat, (Scheme 1). Compound
5a was isolated in moderate yield, and its B{"H} spectrum dis-
played the characteristic Ni-boryl resonances at 50 and
60 ppm. The *'P{'H} NMR spectrum exhibited a signal at
117 ppm, closely matching that observed for 4a.>® Complexes
4b and 5b were fully characterized by NMR; however, all
attempts to isolate them were unsuccessful due to their high
sensitivity to moisture and air (see SI).

Upon treatment with N,O, we observed a distinct reactivity
depending on the nickel species. While the reaction of methyl
complexes 2a and 2b with N,O did not yield any insertion
product, even after heating at 70 °C for 12 hours, the nickel
hydride complex ®*PBPNiH (3) decomposed in the presence of
N,O (see SI). In contrast, the bis(boryl) nickel derivative 4a
reacts cleanly to form the nickel boroxide complex
BUPBPNiOBcat (6a) (Scheme 1; see SI for details). Complete
transformation is confirmed by the disappearance of the
signals corresponding to 4a in the *'P{"H} at § 117 ppm along
with the appearance of a new resonance at § 84 ppm for the
new species 6a. The "'B{'H} spectrum exhibits a resonance
upfield at 6§ 24 ppm expected for the boroxide group. Similar
reactivity was observed with analogous species 5a, however, for
complexes 4b and 5b, the reaction was not clean leading to the
formation of several products (Scheme 1; see SI for details). To
evaluate the feasibility of a hypothetical catalytic cycle, B,Cat,
was added to 6a resulting in the recovery of bis(boryl) nickel
species 4a and the release of O(Bcat), (Scheme 2; see SI for
details). Based on these promising results, 4a (generated
in situ from 2a and B,Cat,)*® was initially selected to evaluate
the catalytic reduction of N,O with B,Cat, (Table 1).

After 19 hours at 25 °C with 5 mol% of precatalyst 2a and 2
bar of N,O, 76% conversion of N,O into N, and O(BCat), was
observed (Table 1, entry 1). Reactions carried out in toluene or
fluorobenzene led to similar conversions (Table 1, entries 2

This journal is © the Partner Organisations 2025
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Scheme 1 Nickel complexes tested in the reactivity with N,O.
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N
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Scheme 2 O-insertion of N,O into a Ni-B bond of 4a and further reac-
tivity with B,Cat,, represented as a hypothetical catalytic cycle.

and 3), while THF and CH,Cl, showed a detrimental effect
(Table 1, entries 4 and 5).>° When the reaction was conducted
at 50 °C, in CgDg, full conversion was achieved after 10 h
(Table 1, entry 6). The use of a slightly more soluble diborane
B,(4-methylcatecholato), (B,Cat,’) resulted in a faster reaction
(Table 1, entry 7), while no reaction was observed with bis
(pinacolato)diborane (B,pin,), most likely due to steric hin-
drance between the pinacol groups on boron and the tert-butyl

This journal is © the Partner Organisations 2025

substituents on phosphorous (Table 1, entry 8). Using complex
CYPBPNiCHj; (2b) as precatalyst, reduced the reaction time to
just 4 hours or 3.5 h, depending on the diborane used
(Table 1, entries 9 and 10). Notably, when catecholborane
(HBcat) was used as the reductant, the reaction reached 99%
conversion after just 30 minutes at 25 °C with 2a as precatalyst
(Table 1, entry 11). An identical conversion was also achieved
within just 1 hour using only 2 mol% catalyst loading in a
Fischer Porter reactor (Table 1, entry 12). Similarly, full conver-
sion is obtained after 1.5 hours at 25 °C using pinacolborane
(HBpin) (Table 1, entry 13); however, no reaction occurred with
9-BBN as reductant (Table 1, entry 14). Precatalyst 2b proved to
be less efficient with HBcat, reaching 99% conversion after
19 h (Table 1, entry 15). We tentatively attribute this low per-
formance to the reduced stability of the nickel hydride inter-
mediate that might be involved in this reaction (further discus-
sion can be found below).

Notably, catalyst 3 exhibited similar conversions to 2a,
using HBcat and HBpin as reductants (Table 1, entries 16 and
17), suggesting that analogous catalytic species may be operat-
ing under these conditions. Control experiments confirmed
that no reaction occurs in the absence of the nickel catalyst.
These results indicate that both nickel boryl (4a) and hydride
(3) complexes are highly effective catalysts for the N,O deoxy-
genation reaction.

To gain a deeper understanding on the nature of the nickel
species involved in these catalytic reactions, individual stoi-
chiometric reactions potentially occurring in the catalytic cycle
were investigated using complexes 2-5. As shown before, the

Inorg. Chem. Front.
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Table 1 Summary of the catalytic reduction of N,O to N, ?
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Entry [Ni] Solvent T Reductant Cat. loading mol%? Time (h) Conv. ? (%)
1 2a CeDe 25 B,Cat, 5 19 76
2 2a Toluene 25 B,Cat, 5 19 75
3 2a CeHSF 25 B,Cat, 5 19 75
4 2a THF 25 B,Cat, 5 10 —
5 2a CH,Cl, 25 B,Cat, 5 10 —
6 2a CeDs 50 B,Cat, 5 10 99
7 2a CeDs 50 B,Cat', 5 6 99
8 2a CoDs 50 B,pin, 5 10 0
9 2b CeDe 50 B,Cat, 5 4 99
10 2b CeDs 50 B,Cat’, 5 3.5 99
11 2a CeDs 25 HBcat 5 0.5 99
12¢ 2a CoDs 25 HBcat 2 1 99
13 2a CeDe 25 HBpin 5 2 99
14 2a Ce¢Dg 25 9-BBN 5 2 0
15 2b CeDs 25 HBcat 5 19 99
16 3 Ce¢Dg 25 HBcat 5 0.5 99
17 3 CeDe 25 HBpin 5 1.5 99

“Reaction conditions, unless otherwise specified: 2 bar N,0, C¢D, (400uL), [HBcat] 0.2 mM; [HBpin] 0.2 mM; [B,Cat,] = 0.2 mM. ” The catalyst
loading is calculated based on the amount of catalyst related to the amount of reductant used.  Reaction carried out in a Fisher Porter reactor;
Py,0 =1 bar. 4 Conversion was determined by 'B{*"H} NMR spectroscopy using BH;(NMe;) as an internal standard. The formation of N, and H,
was detected by GC-MS analysis of the headspace gas and "H NMR spectroscopy, respectively (see SI).

reaction of 6a with B,Cat, results in the formation of 4a
accompanied by the generation of O(Bcat), (Scheme 3). A
similar reactivity is observed when HBcat is used; however, in
this case, the nickel hydride derivative 3 is formed (Scheme 3).

Treatment of 3 with N,O results in a mixture of un-
identified products (pathway a in Scheme 4, see SI). The for-
mation of the product from N,O insertion into the Ni-H bond
was not observed, even when the reaction was monitored by
"H and *'P NMR spectroscopy at variable temperature (from
—60 °C to 25 °C). In contrast, when 3 reacts with N,O in the
presence of HBcat, the reaction cleanly produces complex 6a,
along with release of H, and N, (pathway b in Scheme 4). We
hypothesized that the reaction begins with the formation of
complex ®"PBPNiH,Bcat (8) from nickel hydride 3 and HBcat
(pathway ¢ in Scheme 4), which then reacts with N,O to ulti-
mately produce 6a, accompanied by the elimination of H, and
N, (pathway d in Scheme 4). To prove our hypothesis, 8 was
prepared, by reacting 3 with HBcat (or alternatively by reaction
of 4a with H,),>* then, N,O was added. The generation of 6a
and release of H, was confirmed by 'H, *'P{'"H} and "'B{'H}
NMR spectroscopy (see SI).>' Based on these experimental
results we propose that nickel boroxide complex 6a may serve

as a key intermediate in the catalytic reaction and, the poten-
tial pathway involving the initial generation of nickel hydrox-
ide species can be ruled out.

Following a detailed analysis of each step in the catalytic
reaction, we carried out kinetic studies to assess the depen-
dence of the reaction rate on each component involved. The
experiment was performed using precatalyst 2a, 2 bar of N,O
and HBpin (0.08 mmol) in C¢De. The time-dependence of the
conversion of HBpin into O(Bpin), was monitored by "'B{'H}
NMR spectroscopy. Initial experiments revealed that the reac-
tion is first-order in HBpin and zero order with respect to N,O.
Kinetic studies varying the concentration of 2a showed a first-
order dependence on the catalyst consisting with an overall
rate law of k.ps[2a][HBpin] (see SI for details). To estimate
experimentally the thermodynamic parameters of the overall
energy barrier, (AH¥, AS*, and AGY), the reaction was moni-
tored at various temperatures ranging from 15 to 35 °C (Fig. 1).

An Eyring analysis, based on a plot of In(k/T) versus 1/T,
yielded an activation enthalpy (AH*) of 15.7 + 0.7 kcal mol™*
and activation entropy (AS*) of —9.4 + 0.6 cal mol™* K~*. The
corresponding Gibbs free energy of activation (AG¥) at 298 K
was calculated to be 18.5 + 0.9 kcal mol ™.

//ptBu ) //P'Buz //PtBuz
LY ’ HBcat N, ‘ BoCat, N, |
—Ni-H -—m , —Ni—OBcat ———— 5 —Ni—Bcat
N | - O(BCat), N | - O(BCat), N l
pentane pentane
L S, PBu P'Bu, — P'Bu,
3 6a 4a

Scheme 3 Reactivity of tBuPBPNiOBcat (6a) with B,Cat, to form 4a (right
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) and with HBcat to form 3 (left).
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Fig. 2 Computed Gibbs energy profile in benzene (SMD) for the reduction of N,O mediated by complex 3 and HBpin. Relative Gibbs energies com-
puted at 298 K and 1 M are given in kcal mol™. The Gibbs energy of 3 + N,O + HBpin (2 equiv.) has been taken as zero energy. All data have been
computed at the SMD-PBEO-D3/def2-TZVP/def2-QZVP&SDD//SMD-PBE0-D3/6-31G(d,p)&SDD(+f) level.

The reduction of N,O mediated by PBP-supported Ni com-
plexes was also explored using DFT methods. Initial investi-
gations involved the reaction between hydride species 3 and
N,O, where nucleophilic attack of the hydride moiety to the
terminal nitrogen on N,O starts the catalytic transformation.>?
This step requires 17.7 keal mol ™" (TS1, Fig. 2), which is a con-

This journal is © the Partner Organisations 2025

siderably lower value than that calculated for recent examples
involving picoline-derived CNP ligands,'® probably due to the
increased hydride character of 3 as a consequence of the
strong trans influence boryl fragment.”>** Following the
hydride transfer, intermediates Intl and Intl’ (-12.0 and
—14.7 keal mol™, respectively) were found in the potential

Inorg. Chem. Front.


http://creativecommons.org/licenses/by-nc/3.0/
http://creativecommons.org/licenses/by-nc/3.0/
https://doi.org/10.1039/d5qi02041g

Open Access Article. Published on 28 November 2025. Downloaded on 12/6/2025 7:12:17 AM.

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

(cc)

Research Article

energy surface, and represent a formal insertion of N,O into
the Ni-H bond. From these complexes, attempts to extrude N,
with concomitant formation of a hypothetical and experi-
mentally unobserved Ni hydroxo species were pursued by a
number of methods. Some of these include intramolecular
4-membered transition states (similar to what was previously
found for related species),'® participation of the PBP ligand,
hydride transfer to the central nitrogen atom on N,O, or pro-
cesses containing two N,O molecules (more details can be
found in the SI). However, all these pathways led to very high
energy kinetic barriers (>30 kcal mol™), in line with the
experimental observations and the lack of a stable isolable or
detectable Ni-OH complex. Therefore, the inclusion of a
hydroborane to continue with the N,O reduction process is
necessary, as experimentally found. HBpin was considered for
these calculations, in order to compare the calculated energy
barrier with that derived from the kinetic experiments. Similar
to that described above for N,O, the hydride ligand on 3 can
attack the Lewis acidic boron atom of HBpin via TS-HBpin
(9.0 keal mol™), but the resulting hydridoborate 9 is unstable
towards dissociation (3.8 kcal mol™"), leaving HBpin available
in the reaction mixture (nonetheless, N,O activation mediated
by 9 has also been computationally explored, see SI for more
information). Thus, the oxygen atom in intermediate Int1’ can
attack HBpin via TS2, 0.4 kcal mol™" above the energy refer-
ence. The result of this interaction is the corresponding
adduct Int2 (2.9 keal mol™"), where the HBpin molecule and
the O-N=N-H moiety establish a 6-membered ring stabilized
by an O---H hydrogen bond (1.87 A). Rotation of the HBpin
molecule places the hydridic H atom close to the proton of the
O-N=N-H group, which leads to the formation of dihydrogen
with concomitant liberation of N, via TS3. This transition state
is the rate-determining step in the proposed mechanism with
an energy barrier of 19.4 kcal mol™, in very good agreement
with that obtained experimentally (18.5 = 0.9 kcal mol™). The
preorganization imposed by the hydrogen bond in Int2 leads
to a rigid transition state where the orientation of the HBpin
and ONNH fragments are key for the formation of the H,
molecule. Expectedly, the entropy for the rate-determining
step of this mechanism is negative (=3.9 cal mol™" K"), in
accordance with the experimental value (9.4 + 0.6 cal mol™*
K™"). The formation of thermodynamically stable by-products
translates into an abrupt decrease in energy after liberation of
N, and H,, placing boroxide complex NiOBpin 101.6 kcal
mol " below the energy reference. Regeneration of catalytically
active species 3 derives from the approach of another equi-
valent of HBpin. In a similar manner to what was described
for TS2, the oxygen atom in NiOBpin can attack the boron
atom of HBpin via TS4 (—85.9 kcal mol ™). The participation of
two Bpin fragments and the associative character of this tran-
sition state involves a negative entropic term (—22.9 cal mol™"
K™"). However, instead of obtaining the expected adduct where
oxygen remains bound to the metal center, a subtle shift takes
place to yield Int3, which can be described as a o-borane
complex, with Ni-H and B-H bond distances of 1.65 and
1.35 A, respectively. From this geometry, decoordination of the
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bis(boryl)ether only requires 3.5 kcal mol™" through TS5,
which gives back hydride species 3.

Conclusion

In summary, we have synthetized a number of nickel methyl,
hydride and boryl complexes supported by diphosphino boryl
ligands to test their reactivity with nitrous oxide. We have
demonstrated that R-PBP-nickel boryl (4-5) and hydride (3)
complexes are active catalysts for the deoxygenation of N,O
with release of N,, using boranes and diboranes as reductants,
under mild conditions. Stoichiometric experiments revealed
that oxygen transfer from N,O to the Ni-B bond affords novel
nickel boroxide species, PBPNi-OBR, (6-7), whereas reaction
with the nickel hydride derivative leads to unidentified
decomposition products. Furthermore, our investigations
establish that in both cases nickel boroxides serve as key inter-
mediates within the catalytic cycle, thereby excluding the par-
ticipation of nickel hydroxide species when nickel hydride
species 3 is used. Detailed kinetic analyses combined with
DFT calculations indicate that the catalytic cycle is initiated by
the insertion of N,O into the nickel-hydride bond, generating
a Ni-ONNH intermediate. Rather than forming nickel-hydrox-
ide species and liberating N,, this intermediate reacts directly
with HBcat, releasing N, and H,, and generating Ni-OBcat,
which serves as the catalytically active species. Overall, this
work provides a deeper understanding of N,O deoxygenation
pathways and offer valuable information for the design of ver-
satile platforms for small molecules activation reactions.

Methods

General procedure for the catalytic reduction of N,O with
RPBPNiX species 2a (R = ‘Bu; X = CHj;), 2b (R = Cy; X = CHj,)
and 3 (R = ‘Bu; X = H)

To a high-pressure J. Young valve NMR tube containing the
catalyst or precatalyst (5 or 2 mol%), C¢Dg (500 pL) and borane
or diborane (0.08 mmol) were added and the ]J. Young valve
NMR tube was degassed via three freeze-pump-thaw cycles.
Then, the J. Young valve NMR tube was backfilled with N,O
gas (2 bar). The reaction mixture was placed in a water bath at
25 °C and monitored by ""B{'"H} NMR spectroscopy using
BH;3(NMe;) as an internal standard. All reactions were per-
formed in duplicate in deuterated solvent.

Computational details

Calculations were performed using the PBEO functional,®* as
implemented in Gaussian 09*° along with Grimme’s D3 dis-
persion correction.®® Geometry optimizations were performed
in solution (solvent = benzene, ¢ = 2.27) using the continuum
SMD model*” and basis set 1 (BS1). BS1 uses the double-{ 6-
31G(d,p)®® basis set for the H, C, N, O, B, and P atoms and the
scalar relativistic Stuttgart-Dresden SDD pseudopotential®®
and its associated double-{ basis set, complemented with a set
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of polarization functions, for the Ni atom.*® The nature of the
stationary points was confirmed by frequency analysis.
Connections between the transition states and the minima
were checked by perturbing the transition state geometry
along the TS coordinate and optimizing until the corres-
ponding minima. All energies in solution were corrected by
single-point calculations with the larger basis set 2 (BS2)
including triple-{ def2TZVP basis set for the H, C, N, O, B, and
P atoms, and def2QZVP for the Ni atom.”" The scalar relativis-
tic Stuttgart-Dresden SDD pseudopotential and its associated
basis set for Ni was used in the energy profile calculations.
Gibbs energies in benzene were calculated at 298.15 K. Gibbs
energy corrections were obtained based on vibrational frequen-
cies of the BS1 optimized structures using the quasi-harmonic
approximation. Thermal contributions to the Gibbs energies
were corrected by employing the approximation described by
Grimme, where entropic terms for frequencies below a cut-off
of 100 cm™" were calculated using the free-rotor approxi-
mation.*” The GoodVibes program developed by Paton and
Funes-Ardoiz was employed to introduce these corrections.*?
All reported energies in the main text correspond to PBE0-D3/
BS2 Gibbs energies in benzene solvent (1 M) at 298.15 K in
keal mol™'. Structure visualization was performed with
Chemcraft software.**
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