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Electron—Electrophile Coupled Dinitrogen Reduction in a Cerium-
Meta-Tetraphenolate System: A Computational Study

Shahbaz Ahmad,? Polly L. Arnold*P and Nikolas Kaltsoyannis*2

The use of lanthanide complexes for catalytic dinitrogen reduction is a new development in homogeneous catalysis. Density
functional theory calculations on our recently reported cerium phenolate catalyst [K2Ce;(sol)4(mTP),] (mTP = {(OCsH,-2-Bu-
4-Me),CH}>-1,3-CeH4); sol = OMe; here; THF in the experiment) have been undertaken to elucidate the reduction, activation
and silylation steps at the bound dinitrogen molecule, in the presence of the reductant, potassium metal (K°) and the
electrophile MesSiCl (TMSCI). Out of the total of six electron reductions required to cleave the N,, the first two-electron
reduction step was found to be highly disfavoured unless potassium cations (K*) are included, upon which the step is
rendered strongly exergonic; N-Si bond formation at the two-electron stage is predicted to be unfavourable. The three-
electron-reduced N>-adduct is found to be at the reductive activation limit in the absence of added electrophiles, which can
form N-element bonds and lower the overall charge. Added electron density beyond three-electron reduction no longer
localises on N,, preventing formal N,* formation. A pathway in which both K° and MesSiCl work in concert was modelled,
and six sequential reduction-silylation steps were calculated, showing how the N-N bond is cleaved after the third
reduction, eventually releasing two equivalents of N(SiMes)s, and regenerating the starting complex with the highest barrier
of any step being 22 kcal mol. We establish alkali metal coordination and coupled electron—electrophile transfer as key

factors in the design of rare-earth-mediated dinitrogen functionalisation.

Introduction

The catalytic conversion and fixation of atmospheric dinitrogen
(N2) into value-added organonitrogen compounds (the nitrogen
reduction reaction, N2RR; i.e., the net reduction of N, to
ammonia and/or organonitrogen products) remain among the
foremost challenges in contemporary chemistry,! primarily due
to the exceptional thermodynamic stability and kinetic
inertness of the N=N triple bond (bond dissociation energy =
226 kcal mol=).2# Although the industrial Haber—Bosch process
continues to dominate large-scale ammonia synthesis, there are
opportunities for small-scale, low-energy N2RR processes to
provide energy justice to remote communities.>7
Consequently, the development of alternative strategies for N,
activation and functionalisation under milder, more sustainable
conditions is being pursued with growing intensity.5-%7
Molecular systems capable of mediating the reductive
functionalisation of N, through multi-electron, multi-proton
transformations have attracted considerable attention.®23 A
key approach is ligand design that stabilises reduced metal
centres while promoting N> binding, activation, and subsequent

@ Department of Chemistry, University of Manchester, Oxford Road, Manchester
M13 9PL, UK.

b-University of California, Berkeley and Lawrence Berkeley National Laboratory,
Berkeley, CA 94720, USA.

t Footnotes relating to the title and/or authors should appear here.
Supplementary Information available: [details of any supplementary information
available should be included here]. See DOI: 10.1039/x0xx00000x

functionalisation.23-25
accordingly, f-block systems typically deliver electrons from an
external reductant to bound N,, often with alkali-metal
assistance and concurrent electrophile capture, and have only
recently emerged as promising candidates for N2RR.8:2:15,26
Among f-block elements, Sm(ll) binding of N, has long been
known,?” and both Sm and Ce have now also been reported to
catalyse N, functionalisation.®28 In the d block, Mo, Ti, and Fe
systems are well developed for end-on/side-on N, binding and
stepwise proton-coupled electron transfer.%1229-31 We showed
that strongly electron-donating tetraphenolate
stabilise dinuclear f-element N, adducts and promote multi-
electron delivery; related multinucleating phenolates also
support early d-metal N2RR, including Ti systems selective for
secondary silylamines and the first Zr catalysts.® We also
showed that the mTP ligand’s benzylic CH group can be
deprotonated by the bound, reduced N, enabling the first
catalysts for selective conversion of N; to secondary
silylamines.®

Ce-based homogeneous N2RR remains rare and mechanistically
underexplored.32 Ce is the most abundant rare earth element,
and is exceedingly difficult to reduce, so to achieve N,
reduction, Ce'' complexes require a co-reductant.?283334
Cerium’s ability to stabilise high coordination numbers and to
adopt variable geometries renders it an attractive candidate for
the design of complexes capable of facilitating multi-electron,
multi-proton N, activation.35-38

Here we describe a comprehensive computational study of the
mechanism of N2RR catalysed by the bimetallic Ce(lll) complex

Lanthanides are difficult to reduce;
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1, [KiCez(Mez0):(mTP)2] (mTP = meta-tetraphenolate),
designed to elucidate the capabilities and limitations of multi-
electron transfer processes within this f-block framework. The
overall experimental N»-to-N(SiMes)s; stoichiometry with
K/TMSCI, together with the computed Ce-mTP electron—
electrophile-coupled mechanism, is summarised in Scheme 1.
Particular attention has been given to the structural,
thermodynamic, and electronic features relevant to N3 binding,
reduction, and subsequent functionalisation. The influence of
alkali metal cations on the energetics of N, activation has been
considered in detail due to the known role of different
electropositive countercations in stabilising reduced N>
intermediates in a variety of d-block systems, as well as in the
mTP complexes.3®*2 More broadly, alkali-metal cations
(especially K*) are increasingly recognised as active promoters
in molecular N> chemistry, where they can tune reduction
potentials and stabilise highly reduced N,-derived ligands, and
in some cases influence whether N-N bond scission is
accessible. These effects have been demonstrated across
diverse platforms, including iron systems (alkali-metal-
dependent N—N cleavage outcomes),**** cobalt—dinitrogen
complexes (substantially weakened N—N bonds in the presence
of alkali countercations),** and actinide chemistry where
second-sphere alkali binding can modulate N; binding and
cleavage thermochemistry.4>

[K,Ce,(sol)4(mTP),]

N, + 6K + 6SiMe;Cl > 6(SiMe;);N + 6KCI

Scheme 1. Overall Nj-to-N(SiMes); conversion with K/TMSCl: experimental
stoichiometry® and computed Ce—-mTP electron—electrophile-coupled mechanism.

Results and Discussion

All calculations have been performed using density functional
theory (DFT), with full methodological details provided in the
Computational Methodology section. The reduction reactions
were considered both in the absence and presence of
potassium metal, the former representing an electrochemical
reaction and the latter the experimentally observed potassium-
metal reduction reaction. This generates K* countercations
which can remain inner- or outer- sphere, often providing
stabilisation to intermediates. For clarity, complexes considered
without explicit K* countercations are denoted A2, [A—N,]*",
[A—N3]6~ (with A2~ = [Ce2(mTP)2]%7), while those with explicit K*
are denoted 1, [1-N2]*, [1-N}+ (with 1 =
[KzCEz(OMez)4(mTP)2]).

Evaluation of Electrochemical Reduction Feasibility: The
feasibility of accessing reduced N, adducts was investigated,
aiming to determine the extent of electron uptake achievable
prior to any functionalisation events. In the experiment, a THF
solution of the precatalyst 1 was always treated with an excess
of K metal to initiate the N, reduction reaction by forming a
reduced Nj-containing adduct that was not structurally
characterized. Computationally, in the absence of alkali metal
cations, two-electron reduction of the bridging N, ligand was

2| J. Name., 2012, 00, 1-3

computed to have a Gibbs energy change (AG:1) @f 5Q:4keal
mol=2, corresponding to a reduction poteRtial&f5P/894POar4as
the standard hydrogen electrode (—3.1V vs Fc/Fc*, assuming the
value in THF is the same as in MeCN). Despite the process being
exergonic, this potential is inaccessible using standard
reductants, rendering the process electrochemically infeasible.
Subsequent two-electron reduction was even more
unfavourable, requiring an energy input of +26.3 kcal mol™
(AG3), thus rendering the formation of an Ny* species
implausible (Scheme 2).
2
SP—= 7 AP T

.
3 CC oo 2 c'o—N N—Cé

o é8

A% [A-N2]*

6—
L= o]

2 E
 N=N—
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Scheme 2. Gibbs energies (kcal mol™) for sequential addition of between 1 and 6
electrons to A%~ with the bridging N, ligand in the absence of alkali metal cations,
calculated at the PBEO-D3BJ/BS2/SMD // PBEO-D3BJ/BS1 level of theory. “sol” denotes
solvent molecule and is used in subsequent schemes.

Given the established stabilising role of alkali metal cations in
promoting multi-electron reductions of small molecules,3°40
two potassium cations (K*) were introduced into the model. This
modification significantly stabilised the reduced species,
lowering AGs for the two-electron reduction to —125.7 kcal mol~
1. Further two-electron reduction was computed to be
exergonic (AGs = —13.7 kcal mol™); however, the associated
potential of —4.48 V remains too negative for standard
reductants (Scheme 3). Structural comparisons of the optimised
geometries revealed notable changes in cerium—nitrogen and
nitrogen—nitrogen distances upon K* incorporation, suggesting
cation-induced stabilisation (see Sections S1-S3 (Figures S1.1
and S2.1-52.3) of the Sl for details of this, and other aspects of
this paragraph). To evaluate the extent of reduction achievable
at the N, unit—i.e. N2, N>3-, or N,*—four-electron reductions
were performed both with and without K* cations. Gibbs energy
calculations identified the quintet spin state of the four-
electron-reduced complex as more stable than the triplet in
both scenarios (see Section S3 of the Sl). Detailed molecular
orbital and spin density analyses unequivocally demonstrated
that formation of a genuine N;* species was not attained in
either case. In the absence of K* cations, the additional electron
density was primarily localised on the cerium centres and the
ligand framework, with negligible delocalisation onto the N;
unit. Upon inclusion of two K* cations, the extra electrons were
distributed over the cerium centres and K* cations, meaning
that full reduction of the N, moiety is not achieved. Complete
reduction to Nx*" is therefore electronically inaccessible under
these conditions. This is in agreement with experimental
observations; only products of two electron-N;-reduction could
be isolated and spectroscopically observed.

This journal is © The Royal Society of Chemistry 20xx
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Scheme 3. Gibbs energies (kcal mol™) for sequential reductions of the bridging N, ligand
in the presence of two explicit K* cations, calculated at the PBE0-D3BJ/BS2/SMD // PBEO-
D3BJ/BS1 level of theory. Weak interactions between K* and nearby atoms are indicated
by dotted lines.

Evaluation of K° as a Chemical Reductant: Given the
established use of elemental potassium in driving multi-
electron reductions in f-block systems, its efficacy as a
reductant was here investigated through stepwise electron
transfer to the bimetallic [K;Cez(OMe3)2(mTP);] complex 1
following N, uptake. Gibbs energy calculations demonstrated
that the first two-electron additions were strongly exergonic
(AG1—2 = —94.6 kcal mol™), and a third remained favourable
(AG>-3 = —20.7 kcal mol™), indicating the thermodynamic
feasibility of up to three-electron delivery using K° (Scheme 4).
These findings are in line with our experimental observations
for lanthanide- and actinide-based N2RR catalysts; products of
reduction were unstable in the absence of potassium cations.8?

K
K

0o
(so),Ce
aug, OO

Scheme 4. Gibbs energies (kcal mol™) for stepwise electron transfer using K°, calculated
at the PBEO-D3BJ/BS2/SMD // PBEO-D3BJ/BS1 level of theory.

Bond Lengths (A):

Cel-Na=2.38

Ce2-NB =2.38

Na-NB = 1.24

a) CM5 Charges:

Atom Charges

1 Ce 1.30
2 Ce 1.30
o N -0.60
B N -0.60

b) Spin Population:

Atom Spin
Population
1 Ce 1.10
2 Ce 1.10
a N 0.89
B N 0.89

Figure 1. Geometry of Intermediate 2 in the quintet spin state (atom colour coding: Ce
= yellow, K = purple, N = blue, O = red, C = grey), optimised at the PBEO-D3BJ/BS1 level,
with a) CM5 charges and b) spin density distribution, calculated at the PBEO-
D3BJ/BS2/SMD // PBEO-D3BJ/BS1 level of theory. Isosurfaces are plotted at an isovalue

This journal is © The Royal Society of Chemistry 20xx
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of 0.0009, illustrating delocalised spin density across both Ce centres and the bridging N,
View Article Qnline

ligand, with blue representing excess a spin density and g@@]_rfar%@wgﬁb SRR

density. Numerical spin populations are listed for selected atoms, indicating partial
reduction of the metal centres and activation of the N, unit. Na and NP denote the two
nitrogen atoms coordinated to Cel and Ce2, respectively. Hydrogen atoms are omitted
for clarity.

Following the two-electron reduction, Intermediate 2,
[K2K'2(OMe2)a{Cez2(MTP)2(u-nt:n*-N2)}], was optimised in both
triplet and quintet spin states, with the quintet state favoured
by 9.1 kcal mol-2. This state has Ce—N distances of 2.38 A and an
elongated N-N bond length of 1.24 A (Figure 1), compared with
that of 1.10 A in free N3, and consistent with partial population
of the N, t* orbital and moderate activation of the N-N bond.
Consistent with this assignment, the computed N—N stretching
frequency for Intermediate 2 is 1651 cm™, indicative of
substantial weakening relative to free N,. To better understand
the electronic distribution, CM5 charge and spin density
analyses were conducted. CM5 (Charge Model 5) is a population
analysis method derived from Hirshfeld partitioning and
parametrised to reproduce condensed-phase dipoles and
electrostatics*® more reliably than older schemes like Mulliken*”
or Lowdin®*® charges. In Intermediate 2, the two nitrogen atoms
each carry CM5 charges of —0.60 e, yielding a total N, charge of
—1.20 e (Figure 1a). This indicates partial reduction, i.e. an
electronic state between Ny~ and N7, in line with previous
observations of partially reduced N, species in f-block
complexes.84! Spin-density analysis (Figure 1b), however, yields
an electronic description closer to formal than shown by the
CMS5 charges, with each nitrogen atom bearing approximately
0.89 unpaired electrons, and with spin populations of 1.10 e”
localised on each cerium centre. These values are consistent
with 4f1 Ce(lll) cerium centres, and the N; unit is close to doubly
reduced.

Upon incorporation of a third electron, Intermediate 3,
[K2K'2(OMe3)sK”(OMez){Cez(mTP)2(u-nt:n*-N2)}, was calculated
in both the doublet and quartet spin states, with the latter
found to be more stable by 1.3 kcal mol=. The optimised
geometry exhibits Ce—N bond lengths of 2.26 and 2.28 A and a
notably elongated N—N bond of 1.31 A (Figure 2), consistent
with increased occupation of the m* manifold and further
activation of the N3 ligand. In line with the additional reduction,
the N-N stretching frequency decreases to 1305 cm™ in
Intermediate 3. In the experimental system, a similarly reduced
Ln,N; adduct was measured in solution; the treatment of a THF
solution of the Sm analogue of 1 with an excess of K metal under
N, afforded a solution containing the pentaanionic ligand
complex [Kg(THF)n{Sma(mTP)2(u-n*:n%-N2)}] with a band in the
Raman spectrum at 1337 cm?® (mTP- {(OCeH;,-2-Bu-4-
Me),C}HOCgH2-2-Bu-4-Me),CH}-1,3-CgHa). CM5 charge analysis
yields values of +1.21 e for both cerium centres and —0.87 e and
—0.85 e for the two nitrogen atoms, resulting in a total N, charge
of approximately —1.72 e (Figure 2a). Spin-density analysis
(Figure 2b) reveals 1.11-1.12 unpaired electrons on the Ce
atoms and 0.32 and 0.35 on the N atoms. These charge and spin
density findings indicate that the cerium centres retain their 4!

J. Name., 2013, 00, 1-3 | 3
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configurations, with the N; ligand being more reduced than in
2.

Bond Lengths (A):

Cel-Na =2.28
Ce2-NB=2.26
Na—NB = 1.31
a) CM5 Charges:
Atom Charges
1 Ce 1.21
2 Ce 1.21
o N -0.85
B N —0.87

b) Spin Population:

Atom Spin
Population
1 Ce 1.11
2 Ce 1.12
a N 0.35
B N 0.32

Figure 2. Geometry of Intermediate 3 in the quartet spin state (atom colour coding: Ce
= yellow, K = purple, N = blue, O = red, C = grey), optimised at the PBEO-D3BJ/BS1 level,
with a) CM5 charges and b) spin density distribution, calculated at the PBEO-
D3BJ/BS2/SMD // PBEO-D3BJ/BS1 level of theory. Isosurfaces are plotted at an isovalue
of 0.0009, with blue representing excess a spin density and green representing excess 8
spin density. Spin populations are listed for selected atoms, consistent with partially
reduced metal centres and a significantly activated, partially reduced N, unit. No. and NB
denote the two nitrogen atoms coordinated to Cel and Ce2, respectively. Hydrogen
atoms are omitted for clarity.

Intermediate 4, [K:K'a(OMez)g{Cea(mTP)2(1-nt:nt-N2)}, was
optimised in multiple spin states after four-electron reduction,
with the quintet configuration identified as the most stable
(Figure 3). The optimised geometry exhibits Ce—N bond lengths
of 2.18 and 2.23 A and an N-N bond length of 1.29 A. Notably,
the N—-N stretching frequency increases to 1390 cm™ in
Intermediate 4, consistent with the absence of further N—N
weakening relative to Intermediate 3 and supporting the
conclusion that the additional reducing equivalent is not
incorporated into the N, m manifold. Two K* cations are retained
within the central cavity, while four additional K* or neutral K
atoms are positioned externally to simulate the full
coordination environment. In this model, the externally located
K*/KO species are each coordinated by two explicit ether donors,
whereas the two potassium cations residing within the mTP
cavity are not further microsolvated because they are already
stabilised by strong K—N,/K—O(mTP) contacts and n* aryl
interactions within a sterically saturated cavity; remaining bulk
solvation is treated implicitly (SMD, THF). Spin-density analysis
(Figure 3b) reveals that only about three unpaired electrons are
delocalised across the {Cez(u-n*:n!-N2)} core, while the fourth
remains localised on an outer K° atom and is not incorporated
into the framework. CM5 charge data corroborates this
assignment, indicating that despite formal four-electron
reduction, the electronic and structural features remain

4| J. Name., 2012, 00, 1-3

inconsistent with formation of a fully reduced Na* spesies.
Notably, the spin density and charge oPEhdINOPARCQPEOVEFY
similar in Intermediates 3 and 4, consistent with the fourth
electron residing on potassium rather than the core. As such,
Intermediate 3 is proposed to represent the electronically and
thermodynamically accessible limit of N, activation within this
Ce—mTP system, beyond which further reduction results in
localisation of electron density on external potassium species
rather than enhanced population of the N, n* manifold or
additional N—N bond weakening.

Bond Lengths (A):

Cel-Na =2.23
Ce2-NB=2.18
Na—-NB = 1.29
a) CMS5 Charges:
Atom Charges
1 Ce 1.22
2 Ce 1.20
a N -0.83
8 N —0.85

b) Spin Population:

Atom Spin
Population
1 Ce 1.09
2 Ce 1.18
a N 0.37
B N 0.29
Ko K 1.21

Figure 3. Geometry of Intermediate 4 in the quintet spin state (atom colour coding: Ce
= yellow, K = purple, N = blue, O = red, C = grey), optimised at the PBE0-D3BJ/BS1 level,
a) CM5 charges and b) spin density distribution, calculated at the PBEO-D3BJ/BS2/SMD
// PBEO-D3BJ/BS1 level of theory. Isosurfaces are plotted at an isovalue of 0.0009, with
blue representing excess a spin density and green representing excess B spin density.
The spin density is delocalised over the {Ce,(u-n*:n*-N,)} core, while one unpaired
electron remains localised on an outer K°. Na and NB denote the two nitrogen atoms
coordinated to Cel and Ce2, respectively. Hydrogen atoms are omitted for clarity.

Frontier molecular orbital occupations: To further probe the
electronic structure of intermediates 2, 3, and 4 we turned to
analysis of their frontier molecular orbitals. The two electrons
added during reduction to form Intermediate 2 occupy the a-
spin HOMO (535a) and HOMO-1 (534a.), both of which exhibit
significant N, t* character (~68 % combined) with subsidiary Ce
5d/4f contributions (~¥16 % in the HOMO, ~17 % in the HOMO—
1) (Figure 4). In contrast, deeper orbitals such as HOMO-2
(533a) and HOMO-3 (532a) are >92 % Ce-localised, confirming
that the added electron density resides primarily on the N
ligand. Thus, the overall electronic structure is best described as
a mixed-valent species containing partially reduced N; ligand.

By contrast to the Ti° and U2 frameworks, the Ce system shows
cooperative, genuinely bridging, bimetallic end-on binding upon
reduction. Here, “Ti” and “U” refer to the previously reported

This journal is © The Royal Society of Chemistry 20xx
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tetraphenolate-supported Ti® and U2 platforms [Ti2(mTP)2] and
[K2U2(THF)4(mTP)2]. We introduce them here as mechanistic
comparisons to illustrate how metal-metal separation and
alkali-cation assistance can control whether N, binds in a
bimetallic bridging mode or at a single metal centre. In complex
1, the Ce—Ce distance is 9.67 A with two external solvent
molecules and, after two-electron reduction, internal N,
binding contracts the Ce—Ce distance to 5.98 A (Intermediate 2),
enabling a symmetric pu-n:n'-N, arrangement whose frontier
MOs are N, t*-dominated with appreciable Ce 5d/4f mixing. By
contrast, the Ti system maintains a larger Ti-Ti distance (7.89 A
XRD; 7.81 A DFT) and end-on N-binding to a single Ti during
catalysis (Ti-N = 1.90 A), while pulsed electron paramagnetic
resonance (EPR) on 1Ti—N; shows very small >N hyperfine (~0.2
MHz) consistent with minimal Ti—-N covalency and long Ti—N
(~3-4 A) in the isolated reduced adduct.® Uranium sits between
these extremes: 1U has a U-U distance of 6.57 A, which
contracts to 4.64 A in the four-electron-reduced, U(u-n2:n2-
N2H3)U-containing product, in which K* cation inclusion was
shown to be essential to stabilise charge and enable binding-
mode changes during reduction.® These comparisons support
that two-metal engagement is structurally enabled and
electronically consequential in both the Ce and U systems,
whereas Ti relies more on group-1-assisted, single-metal end-
on chemistry.?

HOMO-2 (533a)

HOMO-3 (532a)

Figure 4. Selected a-spin molecular orbitals of Intermediate 2 in the quintet spin state
(atom colour coding: Ce = yellow, K = purple, N = blue, O = red, C = grey), calculated at
the PBEO-D3BJ/BS2/SMD // PBEO-D3BJ/BS1 level of theory. Isosurfaces are plotted at an
isovalue of 0.03. Orbital phases are represented by red (positive) and green (negative)
regions.

Molecular orbital analysis of the three-electron-reduced
Intermediate 3 further corroborates this assignment (Figure 5).
The a-spin HOMO (orbital 557a) is of N, m* character (~66 %
combined) with additional contributions from Cel (~14 %) and
Ce2 (~12 %). Similarly, the HOMO-1 (orbital 556a) has strong
N> contributions (~¥68 % total) alongside Cel (~10 %) and Ce2

(~9 %). Thus, two electrons occupy a-spin N-N m* orbitals.

This journal is © The Royal Society of Chemistry 20xx
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Examination of the B MO manifold finds N> t* grbital 5548,
which is ~32 % Na and ~35 % NB, an®?héséOehreeCarbitsls
together account for the observed increase in N—N bond length,
greater negative charge on N3, and reduced N; spin density in
Intermediate 3—all consistent with additional t* occupation in
the B-spin channel. In contrast, the two Ce 4f-based MOs are
HOMO-2 (555a), localised almost entirely on Ce2 (>96 %), and
HOMO-3 (554a), localised almost entirely on Cel (~96 %).

HOMO-3 (5540)

Figure 5. Selected a- and B-spin molecular orbitals of Intermediate 3 in the quartet spin
state (atom colour coding: Ce = yellow, K = purple, N = blue, O =red, C = grey), calculated
at the PBE0-D3BJ/BS2/SMD // PBEO-D3BJ/BS1 level of theory. Isosurfaces are plotted at
an isovalue of 0.03. Orbital phases are represented by red (positive) and green (negative)
regions.

In Intermediate 4, the a-spin HOMO (orbital 606a) is almost
entirely localised on an external potassium atom (~99 %),
consistent with the presence of a K° species and in agreement
with the spin density analysis that identified one unpaired
electron residing outside the {Ce(pn-n:n!-N,)Ce} core (Figure 6).
HOMO-1 (orbital 605a) and HOMO-2 (orbital 603a) both
retain significant N, rt* contributions (~27-30 % from each N
atom), together with appreciable mixing from the Ce centres
(~13-15 %). By contrast, HOMO-3 (603a) and HOMO—4 (602a)
are overwhelmingly Ce-centred (>95 % f-character across the
two Ce atoms). The B manifold contains an orbital (6023) with
N, t* character (~¥29-31 % on N), consistent with occupation of
a B t* orbital. Together, these results show that intermediate 4
retains three electrons delocalised over the Ce—N; framework,
as in intermediate 3, while the additional (fourth) electron is
instead localised on KO rather than filling the N, t* orbital.
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HOMO-4 (6020))

6028

Figure 6. Selected a-spin and B-spin molecular orbitals of Intermediate 4 in the quintet
spin state (atom colour coding: Ce = yellow, K = purple, N = blue, O = red, C = grey),
calculated at the PBEO-D3BJ/BS2/SMD // PBEO-D3BJ/BS1 level of theory. Isosurfaces are
plotted at an isovalue of 0.03. Orbital phases are represented by red (positive) and green
(negative) regions. The HOMO resides on K°, confirming the fourth electron is localised
externally rather than on the N, unit.

Dehydrometallation Following Three-Electron Reduction: A
key feature of the mTP ligand is the benzylic H that is placed
close to the Ln-bound reduced substrate, here N,. In the
U>(mTP),-catalysed N2RR reactions, it was hypothesised, and
supported by DFT calculations, that the first N-element bond
was formed by deprotonation of one benzylic H in each mTP
ligand, forming the pentaanionic ligand mentioned above mTP~
{(OCgH>-2-tBu-4-Me),C}OCgH-2-tBu-4-Me),CH}-1,3-CeHa]. This
was useful as the first N-element bond is the most challenging,
and the reaction also enabled the development of the first clean
catalysed routes for conversion of N, to secondary silylamines.
However, we have not observed N-H bond formation in ongoing
experimental studies of the reduction of 1. While this could be
due to secondary reactions with the excess K metal present, the
geometry of the Ln;(mTP), cavity (studied in THF solvent)
directs four benzylic CH groups into the cavity, in contrast to
that of the Ux(mTP); cavity (studied in arene solvent) which
directs only two benzylic CH groups into the cavity.

To assess whether proton abstraction from the coordinated
mTP might facilitate N, functionalisation in the present study, a
dehydrometallation step was examined from Intermediate 3. A

6 | J. Name., 2012, 00, 1-3

deprotonated species, Intermediate, aricic oniRe
[KZK’Z(OMe2)4K"(OMez){Ce2(NNH)(mTP)(nE’FP‘}H-}QW'ﬁH@CaWé&
spin state, was generated by formal removal of a benzylic C—H
proton. The associated Gibbs energy change was calculated as
+5.1 kcal mol™?, indicating thermodynamic accessibility, albeit
with limited favourability under standard conditions.

CMS5 Charges:
Atom Charges
1 Ce 1.28
2 Ce 1.22
a N -0.80
B NH -0.44
C26 Cbenz -0.16
Spin Population:
Atom Spin
Population
1 Ce 1.09
2 Ce 1.00
a N 0.50
B NH 0.50
C26 Cbenz 0.02

Figure 7. Spin density distribution of Intermediate 5 in the quartet spin state (atom
colour coding: Ce = yellow, K = purple, N = blue, O =red, C = grey), calculated at the PBEO-
D3BJ/BS2/SMD // PBEO-D3BJ/BS1 level of theory (isovalue: 0.0009), with blue
representing excess a spin density and green representing excess B spin density. Spin
populations and CMS5 charges are listed for selected atoms. Hydrogen atoms are omitted
for clarity.

The resulting electronic structure, however, proved
incompatible with Ce—C bond formation. Spin-density analysis
(Figure 7) reveals that unpaired electron density remains
localised on the Ce centres (Cel =1.09 e-, Ce2 =1.00 e7) and the
N3 ligand (Na = NB = 0.50 e7), while the deprotonated benzylic
carbon (C26) carries only 0.02 e~. CM5 charge analysis supports
these findings, with the benzylic carbon bearing only a modest
anionic character (-0.16 e7). These results suggest that neither
significant radical character nor appreciable negative charge
has been transferred to the deprotonated carbon, both of
which would be essential for stable Ce—C bond formation. Also,
the calculated Ce—C26 distance of 2.70 A in Intermediate 5,
although shorter than the 3.43 A observed in Intermediate 3,
remains rather longer than reported Ce—C bond lengths of
~2.44-2.58 A,4950 further supporting the conclusion that no
significant bonding interaction is present between Ce and the
deprotonated carbon centre. The composition of the HOMO
(557a, Figure 8) supports this conclusion, showing a ~35%
contribution at C26, predominantly of p character (~89%), with
small Ce participation (~4.6%) and minor N contributions
(~6.7%), consistent with a ligand-centred, n-delocalised orbital
rather than a Ce—C bond. Furthermore, the HOMO-1 (MO 5560a)
is dominated by Nj-centred contributions (= 68 %) and the
HOMO-2 (MO 555a) has some Ce2 (= 38 %) character but with
negligible carbon content (Figure 8). The lack of any frontier
orbital with simultaneous and appreciable contributions from
both Ce and C atoms, together with the spin density
distribution, indicates a lack of significant Ce—C interaction.
Possible K—C interactions were examined and none were

This journal is © The Royal Society of Chemistry 20xx
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identified; all K—C separations were too long to constitute a
stabilising contact.

HOMO-1 (556a)

HOMO-2 (5550)

Figure 8. Selected a-spin molecular orbitals of Intermediate 5 in the quartet spin state
(atom colour coding: Ce = yellow, K = purple, N = blue, O = red, C = grey), calculated at
the PBEO-D3BJ/BS2/SMD // PBEO-D3BJ/BS1 level of theory. Isosurfaces are plotted at an
isovalue of 0.03. Orbital phases are represented by blue (positive) and green (negative)
regions.

Taken together, these data indicate that modestly endergonic
dehydrometallation yields an electronically frustrated speciesin
which the putative carbanion is neither spin- nor charge-
stabilised by the metal centres. In the Ux(mTP), system, a
genuinely tetraanionic Ny*~ fragment is sufficiently basic to
deprotonate the benzylic mTP sites and form stabilising N—H
bonds,® but in the present Ce system the N, fragment does not
reach the tetraanionic state, so there is a much weaker driving
force for benzylic deprotonation and N-H bond formation.
Consistent with this, our calculations show no significant Ce—C
bonding to the deprotonated carbon, and the resulting
carbanion remains poorly stabilised. As such, this
transformation does not constitute a viable route to N>
functionalisation within the Ce—mTP platform. Alternative
pathways involving direct electron and proton transfer to the N>
ligand—such as the experimentally supported concerted
K%/TMSCI silylation mechanism discussed below—are likely to
offer more productive routes towards N-Si bond formation.

Silylation at the Two-Electron Reduction Stage: To evaluate
whether functionalisation of N, could be achieved at an earlier
stage of reduction, an analysis was conducted on the two-
electron reduced complex 2. A direct silylation step using
trimethylsilyl chloride (TMSCI) was modelled from this
intermediate to assess the viability of N-Si bond formation.
However, the calculated Gibbs energy change for this

This journal is © The Royal Society of Chemistry 20xx
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transformation (to Intermediate 6, [KK'>(OMez)s{Ge2tmTPdalHs
n1:n-N(TMS)-N)}]) was found to be +16.2RedPHEPID diRatiAE
that the reaction is thermodynamically unfavourable (Scheme
5). This penalty is significantly higher than the Gibbs energy
change associated with the dehydrometallation calculated
above (following the three-electron reduction), which was only
mildly endergonic. This lack of reactivity of the N,? agrees with
our stoichiometric experimental reactions and the wide body of
d-block N2RR literature that suggests that at least three-
electron reduction is necessary to promote N-element bond
formation with an electrophile.?4°1>* Notably, this result
demonstrates that favourable ion-pairing/halide capture alone
does not render N-Si bond formation thermodynamically
accessible; instead, the intrinsic electronic state of the {Cea(p-
n*:n'-N3)} core is decisive.

TMSCI  KCI

Scheme 5. Computed Gibbs energy change (in kcal mol?) for direct silylation of the two-
electron reduced complex 2 with TMSCI, calculated at the PBEO-D3BJ/BS2/SMD // PBEO-
D3BJ/BS1 level of theory.

The limited reactivity at the two-electron reduction stage
highlights the electronic constraints imposed by the {Cex(u-
n*:n*-Ny)} architecture, which fails to sufficiently weaken the N—
N bond or localise sufficient negative charge for nucleophilic
attack. Taken together, these findings suggest that, following
two-electron reduction, the functionalisation of N, within Ce—
mTP complexes is unlikely to proceed efficiently without
additional electron transfer. Mechanistic alternatives that
couple substrate delivery—such as the
concerted K°/TMSCI pathway—are therefore now examined as
more viable routes to N-Si bond formation.

reduction with

Mechanistic Insights into N Activation and Silylation: Building
upon the mechanistic limitations identified at the two- and
three-electron reduction levels, a full catalytic sequence was
next explored, focusing on pathways that integrate electron
transfer with electrophilic substrate activation. Although the
catalytic sequence was initiated from Intermediate 2 rather
than Intermediate 3, functionalisation does not occur directly
from this two-electron-reduced state. Instead, it becomes
viable only when the third electron is delivered in concert with
TMSCI uptake, through a coupled reduction—silylation step. The
key transformation involving the reaction of K° and TMSCI with
the Cex(p-nt:n*-N;) framework was modelled as a concerted N—
Si bond-forming event. Here, and throughout the mechanistic
analysis, “K%” denotes a discrete neutral potassium atom used
in the molecular DFT model (i.e. not an explicit band-structure
treatment of bulk K metal).

Given the considerable computational demands associated
with the size and complexity of the Ce—mTP system, the
methodology was modified for this stage of the investigation. A
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mixed-basis set approach (BS1’) was employed, applying the
small 3-21G(d) basis to peripheral substituents while retaining
a higher-level 6-31G(d,p) basis for atoms around the Ce centres
and the N»-binding site (see Computational Methodology for full
details). This adjustment significantly improved computational
efficiency, enabling reliable optimisation of all relevant species
within the catalytic cycle without compromising structural or
energetic accuracy.

As discussed above, Intermediate 2 is a quintet species with an
N-N bond length of 1.24 A and with two K* cations positioned
within the central cavity engaged in electrostatic interactions
with the N; ligand. From this geometry, a concerted reduction—
functionalisation step involving K° and TMSCI was modelled,
resulting in the formation of Intermediate 7,
[K2K'2(OMe3)a{Cez(mTP)2(u-n*:n-N(TMS)—N)}]) (Scheme 6). This
transformation was computed to be highly exergonic (AG = —
32.6 kcal mol™), thus supporting the feasibility of this concerted
process and establishing it as a viable mechanistic entry point
for N=Si bond formation. The conversion of Intermediate 2 to
the mono-silylated Intermediate 7,%> in the quartet spin state,
was found to proceed via the highest-energy transition state
computed (AG* = 22.1 kcal mol™), thereby identifying this step
as turnover-limiting. In 7, N, polarisation appears: N becomes
more negative (—0.70) while N(TMS) is less negative (—0.51); this
accompanies N-N elongation to 1.35 A, a longer Ce—N(TMS)
(2.54 A), and a shorter Ce—-Np (2.26 A). Although the charge
distribution would favour functionalisation at N, the steric
hindrance in the cavity disfavours TMSCI approach to NB.
Subsequent delivery of a second equivalent of K° and TMSCI
yielded the bis-silylated complex Intermediate 8,
[KzK'z(oM62)4{C62(mTP)z(Kl-N—N(TMS)z)}], now adopting a
triplet ground state (AG = —9.6 kcal mol™). Further chemical
reduction and chloride displacement converts Intermediate 8
into the doublet-state Intermediate 9,

8| J. Name., 2012, 00, 1-3

[K2K'2(Me20)a{Ce2(mTP)2(k-N)}] (AG = -113.4 \kealdwekin:
completing the formation and release of¥RE firktEqefitaIEHE &F
the N(SiMes); product along with KCI. This transformation is
highly exergonic, proceeding via cleavage of the N—N bond and
elimination of one nitrogen atom as a neutral silylamine. The
remaining nitrogen fragment is retained in an anionic state
(CMS5 charge = —1.63) and remains coordinated to one of the
cerium centres. Intermediate 9 thus marks the midpoint of the
catalytic cycle and serves as the platform for coordination and
activation of a second equivalent of N in the subsequent half-
cycle.

Following further reduction and silylation of Intermediate 9,
Intermediate 10, [KK'>2(OMe3)a{Cez(mTP)2(k:-NTMS)}], was
generated upon addition of a fourth equivalent of K® and TMSCI.
This transformation was computed to be exergonic by —69.9
kcal mol=. The resulting triplet-state species features a formally
monoanionic nitrogen fragment bearing a TMS substituent and
coordinated to a single cerium centre. The final stages of the
catalytic cycle involve sequential conversion of Intermediate 10
to 11, [K2K12(0M82)4{C62(mTP)z(Kl-N(TMS)z)}], followed by
regeneration of the initial species, Intermediate 2. The
transformation from 10 to 11, corresponding to the final
silylation step, is exergonic by —33.0 kcal mol= and proceeds
with a low activation barrier of 5.6 kcal mol™. In Intermediate
11, the nitrogen fragment is doubly silylated and coordinates
asymmetrically to one of the cerium centres. Release of the
second equivalent of the N(SiMes)s product occurs upon
binding of the next equivalent of N (in the presence of K°
reductant), thereby regenerating Intermediate 2 with an
associated Gibbs energy change of —59.6 kcal mol™. These
results demonstrate the thermodynamic feasibility of
completing the full catalytic cycle under mild conditions.

This journal is © The Royal Society of Chemistry 20xx
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K® + TMSCI

KCI
AGy 7 =-326
AG,_ ;¥ =221
AG,_7*: highest-energy TS

2 (quintet)

KCI + (TMS)3N Catalyst regeneration

K®+ TMSCI + N,

AGqq_p= —59.6
2K
K° + TMSCI
KClI
AGqo_11 = —33.0
11 (quartet) AGyoq4* =5.6

10 (triplet)

Physical Chemistry Chemical Physics

K+ TMSCI
KCI
AG;_g=-9.6
7 (quartet) 8 (triplet)
K® + TMSCI
KCI + (TMS);N N-N cleavage
AGgo= -113.4
2K
K°+ TMSCI
KCI
AGg_19 = —69.9

9 (doublet)

Scheme 6. Computed catalytic cycle for the reductive silylation of N, mediated by the Ce—-mTP system, showing key intermediates (2, 7-11) and associated Gibbs energy changes
(kcal mol). Calculations were performed at the PBEO-D3BJ/BS2/SMD // PBE0O-D3BJ/BS1’ level of theory. The mechanism features a turnover-limiting concerted reduction—silylation
step (2 =2 7), N-N bond cleavage during the formation of Intermediate 9, and regeneration of the active species (2) upon product release and N, coordination. Ground-state spin

multiplicities are indicated for each intermediate in the scheme.

Summary and Conclusions

A detailed theoretical investigation has been conducted to
elucidate the mechanisms and thermodynamic feasibility of N,
activation and functionalisation within a bimetallic Ce—-mTP
metallacyclic framework. DFT calculations, incorporating
dispersion corrections and the SMD continuum solvation
model, were applied to systematically evaluate multi-electron
reduction steps, the influence of K* cations, and the role of K® as
a chemical reductant. Potential reaction pathways for N-Si
bond formation were also explored, including both direct and
concerted silylation events. The results collectively establish the
electronic limits of N, activation and demonstrate that
functionalisation is viable only when electron transfer and
substrate delivery are tightly coupled within this f-block system.
Initial reduction studies indicated that, in the absence of K*,
even a two-electron reduction of the bridging N, ligand is
electronically constrained and thermodynamically disfavoured.
Upon incorporation of two K* cations within the central cavity,
the first two-electron reduction is rendered strongly exergonic
(AG = —125.7 kcal mol™), underscoring the stabilising influence
of alkali metal coordination. A formal four-electron reduction
subsequently computed; however, the
reduction potential of —4.48 V is prohibitively negative for
application with conventional reductants.

We then turned to the evaluation of K° as a chemical reductant.
Detailed CM5 charge, spin density and molecular orbital
composition analyses were undertaken to assess the
localisation of the added electron density. These investigations

was associated

This journal is © The Royal Society of Chemistry 20xx

revealed that full localisation of four electrons on the N; moiety
was not achieved. Rather, the third electron was found to be
partially delocalised across the N, t* orbitals and the cerium
centres, while the fourth electron remained largely localised on
an external potassium atom, with negligible participation in the
metal-ligand bonding framework. The three-electron-reduced
species (Intermediate 3) exhibits an N-N bond length of 1.31 A
and a total charge of approximately —1.7 e on the N, fragment,
consistent with partial reduction and activation of the N; ligand.
In contrast, the four-electron-reduced structure did not display
further elongation of the N—N bond or increased ni* occupation.
Collectively, these findings establish Intermediate 3 as the
electronic and thermodynamic upper limit of N, activation
achievable within the Ce—mTP framework. Beyond this point,
further electron addition does not lead to formation of a
genuine Nx* species.

Alternative activation strategies were also explored. A
dehydrometallation pathway, involving benzylic proton
abstraction from the ligand framework, was calculated to be
only mildly endergonic. However, the resulting intermediate
does not exhibit meaningful Ce—C interaction or charge
localisation at the deprotonated site, precluding stable bond
formation. In parallel, attempts to directly silylate the reduced
N> unit at the two-electron stage were found to be
thermodynamically inaccessible, with a significant Gibbs energy
penalty. These results highlight that additional electron transfer
is necessary to sufficiently activate the N, moiety for
functionalisation. Collectively, these findings underscore the
requirement for concerted reductant and electrophile

J. Name., 2013, 00, 1-3 | 9
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delivery—such as through K°/TMSCI pairs—to achieve N-Si
bond formation within the Ce-mTP platform.

To this end, a complete catalytic cycle was then modelled, in
which the concerted addition of K° and TMSClI enabled
successive silylation events on the partially reduced N, ligand.
The proposed mechanism proceeds through six well-defined
intermediates (2, 7-11), encompassing the delivery of six
electrons and six equivalents of TMSCI. Key steps include a
turnover-limiting first silylation (AG* = 22.1 kcal mol™),
formation of mono- and bis-silylated species, and cleavage of
the N—N bond after the third electron transfer, releasing the
first equivalent of N(SiMes).. The remaining nitrogen fragment,
retained in a monoanionic state, is further reduced and silylated
in the second half-cycle, culminating in regeneration of
Intermediate 2 upon re-coordination of N,. The overall process
is highly exergonic, and all computed barriers—including the
final N=Si bond formation (AG* = 5.6 kcal mol~*)—are consistent
with feasibility under experimentally relevant conditions.
Collectively, these results provide a detailed mechanistic
framework for understanding N3 activation and
functionalisation in Ce—mTP complexes, highlighting the critical
roles played by alkali metal coordination, stepwise electron
delivery, and concerted reductant—electrophile addition in
modulating N reactivity. This work therefore lays a robust
theoretical foundation for the rational design of rare-earth-
based catalysts capable of promoting multi-electron small-
molecule activation and functionalisation under mild
conditions.

Computational Methodology

All calculations were performed using the Gaussian 16 software
package.*® Geometry optimisations were carried out using the
PBEO>” hybrid functional with Grimme’s D3 dispersion
correction and Becke—Johnson damping (PBEO-D3BJ).>® Two
basis set protocols were employed. For systems studied prior to
the mechanistic investigation, optimisations were performed
using the BS1 basis set, which comprised the Stuttgart RSC ECP>°
and associated segmented valence basis set for cerium, and the
6-31G(d,p)®%®! basis set for all other atoms. To reduce
computational cost while preserving key coordination features,
dimethyl ether—chosen for its electronic resemblance to THF—
was used as the explicit solvent in place of THF. Potassium
species located outside the Ce;(mTP), cavity were modelled
with two explicit ether donors per K to represent first-shell
microsolvation, whereas potassium ions residing within the
cavity were not solvated by explicit ether molecules because
the cavity is sterically saturated and the K* ions are already
engaged in close contacts to Ny/aryl/phenolate donors; longer-
range solvation is captured by the implicit SMD(THF) treatment.
In steps where potassium metal is invoked as the reductant (e.g.
Scheme 4 and the catalytic cycle), each reducing equivalent is
represented as a single neutral potassium atom (“K%’) within
this molecular framework, i.e. not a periodic (band-structure)
treatment of bulk potassium metal.

For all species relevant to the reaction mechanism, geometry
optimisations were performed using a modified mixed-basis

10 | J. Name., 2012, 00, 1-3

scheme, denoted BS1'. At this level, cerium, potassiym.and,the
non-metal atoms involved in the chemiddly 18ctive/ Pegisw{iE
coordinating ligands and solvent molecules) were treated as
previously, whereas peripheral atoms of bulky substituents
were described using the more compact 3-21G(d) basis set. This
mixed-basis approach offered significant computational
efficiency without compromising accuracy. Its reliability was
confirmed by benchmarking geometries and free energies
against BS1l-level calculations, which vyielded excellent
agreement (see Section S4 of the Sl).
Vibrational frequency calculations were performed to
characterise all stationary points. Minima were confirmed by
the absence of imaginary frequencies, while transition states
were identified by a single imaginary frequency corresponding
to the expected reaction coordinate. These calculations also
yielded zero-point vibrational energies and thermal corrections
to furnish the Gibbs energy at 298.15 K and 1 atm, based on the
ideal-gas, rigid-rotator, harmonic oscillator approximation. To
avoid overestimation of entropy from low-frequency modes, all
real frequencies below 100 cm™ were replaced by 100 cm™
following the Truhlar-type cut-off protocol.6263
Single-point energies were computed at the PBEO-D3BJ>7°8 level
using the SMD implicit solvation model with THF as the solvent.
These calculations employed the BS2 basis set, which included
Stuttgart RSC ECP>° and associated segmented valence basis set
for cerium, and the 6-311+G(d,p)®*%° basis set for potassium
and all non-metal atoms. Solution-phase Gibbs energies were
obtained by combining the solvent-phase electronic energies
with gas-phase thermal corrections derived from BS1 or BS1’
frequency calculations.
Reduction potentials were calculated for the general redox
process:

0(soln) + ne(_g)_) R(s01n)

using the equation:

o 4Gy o
Eyp = — — % — Eqps (Fc/Fc*),

where AGy, , is the Gibbs energy change, n is the number of
electrons transferred and F is the Faraday constant. The
absolute potential of the ferrocene/ferrocenium couple, Eg; (
Fc/Fc*) =5.08V,%67 was used to shift the vacuum-referenced
potential to the Fc/Fc* scale.
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