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Nitrogen gas is a highly inert molecule and its activation under mild conditions represents a crucial goal in
current research. In a recent study, the discovery of low-valence Ca() compounds capable of coordinat-
ing and reducing N, was reported [B. Résch, T. X. Gentner, J. Langer, C. Farber, J. Eyselein, L. Zhao,
C. Ding, G. Frenking and S. Harder, Science, 2021, 371, 1125]. The study of low-valence alkaline earth
complexes represents a new horizon in inorganic chemistry and demonstrates examples of spectacular
reactivity. For example, complexes of the [BDI],Mg; type are selective reducing reagents in both organic
and inorganic synthesis reactions. To date, however, no activity of Mg() complexes in the activation of the
nitrogen molecule has been reported. By computational studies, in the present work, we investigated the
analogies and differences of low-valence Ca() and Mg() complexes in the coordination, activation and
protonation of N,. We have shown that the possibility of alkaline earth metals to employ atomic orbitals of
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the d type is reflected in the differences in the N, binding energy and its coordination mode (end-on vs.
side-on), as well as in the spin state of the resulting adduct (singlet vs. triplet). These divergences are
finally observed in the subsequent protonation reaction, which turned out to be prohibitive in the pres-
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1. Introduction

Dinitrogen (N,) is one of the most abundant molecules on our
planet, forming almost 78% of the Earth’s atmosphere, but at
the same time, it is also one of the most difficult gases to
exploit in chemical processes.' Indeed, the strong triple bond,
the low proton and electron affinity, the absence of polaris-
ation and the high HOMO-LUMO gap (10.82 €V) govern the
scarce reactivity of N, and pose serious challenges for its
industrial and biological conversion. The continuous growth
in ammonia demand from humanity is industrially fulfilled by
the Haber-Bosch process, which requires harsh conditions
(400-600 °C/200-600 bar) to overcome N, inertness.” Besides
being energy-intensive, the Haber-Bosch reaction uses H, as a
reductant which, in turn, is mainly produced via the unsus-
tainable steam reforming of natural gas. Biological N, fixation
into bio-available ammonia is instead performed by metalloen-
zymes, known as nitrogenases, that couple protons and elec-
trons for substrate reduction and that need considerable
amounts of ATP to work.>*
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Although the well-established and productive Haber-Bosch
process is unlikely to be replaced in the near future, the fact
that both industry and nature rely on d-block metals as cata-
lysts for the N, reduction reaction (N,RR) has triggered the
development of alternative strategies based on transition
metals, starting in the mid-1960s.””® The main reason is that
ammonia is fundamental to sustaining human life and
society’s progress, so discovering the requirements for efficient
N=N splitting under mild conditions and with minimal
energy input is a primary goal for chemists. Furthermore,
besides the “conventional” use of NH3, it has recently emerged
as a promising green fuel for fuel cells, pushing forward aca-
demic and industrial interest in its fully sustainable
production.”*°

Examples of homogeneous systems based on d-block
metals for the N,RR have increased over the past decades, with
crucial contributions by the groups of Chatt,""* Hidai,'*
Schrock,'® 2 Peters,**>?*2% Nishibayashi,**° Ashley®’ and
others.>**?* The partially filled d orbitals of transition metals
are suited in terms of both energy and symmetry to weaken
the triple bond of N, although the latter is notably a poorly
coordinating molecule. Interestingly, it has also been found
that transition metals are not indispensable for N, activation,
since it can also be accomplished by f-block elements (e.g. La
and Ce),***> by the p-block half-metal B,>*>® and by the
s-block alkali metal (Li)*>*° and alkaline earth (AE) metals (Be,
Ca, Sr, Ba).*'™*® Activation of N, by AE metals, in particular,
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has experienced huge progress in recent years thanks to
several investigations performed under matrix isolation con-
ditions. Zhou, Frenking and collaborators reported different
Be-dinitrogen complexes, including the first example of the N,
side-on adduct for main group elements.** They also isolated
and spectroscopically characterized octahedral complexes of
AE metals of the types M(CO)s and M(N,)s (M = Ca, Sr, and
Ba).*»"” Here, an (n — 1)d’*(n)s’(n)p° configuration has been
assigned to M, which fulfills the 18 electron rule upon coordi-
nation, behaving as a d-block element. The ability of heavier
alkaline earth atoms (Ca, Sr and Ba) to employ their (n — 1)d
atomic orbitals in covalent interactions has already been
suggested by earlier theoretical investigations which showed
how these orbitals lie close in energy to the valence np orbi-
tals, opposite to the lighter atoms Be and Mg.***° Later,
Harder, Frenking and coworkers showed that low valent Ca(i)
is also capable of reducing N, to give N,H, (which then dispro-
portionates to give 0.5N, and 0.5N,H,), although only under
very peculiar conditions.*” In particular, starting from a stable
binuclear Ca(1) iodide precursor (1¢,, Fig. 1), featuring one very
bulky p-diketiminate ligand (BDI = HCC(Me)N[2,6-3-pentyl-
phenyl],) per Ca(1), it was possible to serendipitously bind and
activate N, at —60 °C by (i) treatment with K/KI as the reducing
agent, (ii) using an aliphatic solvent and (iii) adding tetrahy-
dropyran (THP) or tetrahydrofuran (THF) to the solution. In
this way, the crystal structures of both [(BDI)Ca(THP)],N,
(2ca—n,) and [(BDI)Ca(THF)],N, (3ca;,) (Fig. 1) were obtained,
revealing the side-on coordination of N,, which is bound in a
sandwich fashion between the two Ca atoms. DFT calculations
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Fig. 1 Schematic representation of different monovalent Ca and Mg
species. Species 1c, and 1yg have been experimentally characterized
while 2¢, and 3¢, are only postulated.
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confirmed that N, is doubly reduced, as N,>~, with each Ca(i)
contributing one electron to its reduction. Interestingly,
heating up 3can, (but not 2¢,x,) to 60 °C led to the degra-
dation of coordinated THF molecules, i.e. the transfer of two
protons from one of the OCH, units of each THF to both N
atoms of the activated N,>”, resulting in N,H, formation. All
the above-described processes, if carried out in aromatic sol-
vents such as benzene or p-xylene, lead to solvent reduction
(instead of the N, one) by their fitting between the two Ca(i)
atoms. Interestingly, the same behaviour towards aromatic
molecules has been previously observed for the highly redu-
cing Mg(1) analogue [(BDI)Mg], (1mg)->>"! The latter shows two
important differences with respect to the Ca counterpart: (i)
1y, features a stable and well-characterised Mg(1)-Mg()
bond,** while the same Ca(1)-Ca(i) interaction (as in 2¢,,
Fig. 1) has not been detected, so it should form only
transiently’>** and (ii) 1y, does not bind or reduce N,.***
This suggests that apparently, tiny differences among the elec-
tronic structures of the AE metals (such as between closely
related Ca and Mg) may result in very different reactivities.
Previous theoretical investigations indicated that in the cases
of Ca, Sr and Ba, back-donation from their d orbitals to the
empty n* ones of N, is crucial for the coordination of the
latter, while in the case of Be, back-donation to N, has been
ascribed to the metal p orbitals.*® Although all these elements
can bind N,, only Ca(1) can effectively reduce it.

Furthermore, it is intriguing and puzzling at the same time
that no Mg-N, interaction has ever been detected or character-
ised, and so the nature of such interaction also remains com-
pletely unexplored from a theoretical standpoint. In this scen-
ario, this work aims at shedding light on the differences
between low-valent Ca(r) and Mg(1) BDI complexes in terms of
their electronic structure and reactivity towards N,. In particu-
lar, we present a detailed characterisation of the N, binding
mode and energy for different M-BDI complexes (M = Ca(1), Mg
(1)), accounting for the presence of both THF and THP. Then,
we analysed the different Ca vs. Mg orbital contributions to the
bond with N, and investigated the effect of the two AE metals
on the subsequent N, protonation step by THF/THP degra-
dation. Overall, our contribution will generate new knowledge
on the role of different AEs in N, activation and reduction,
hopefully providing new hints for future advancements in the
use of AE-based catalysts for the N,RR.

2. Results and discussion

2.1. N, coordination to the low-valence Ca and Mg
complexes

The [(BDI)Ca(THP)],N, and [(BDI)Ca(THF)],N, species (2ca-n,
and 3¢,-n,, Fig. 1) had been crystallised and analysed through
X-ray analysis (CCDC 2036242 and 2036243) in a previous
experimental-theoretical work.”> We compared the two geome-
tries stored in the CCDC database with those obtained
through geometry optimisation calculations at the BP86-D3
(BJ)/def2-SVP level of theory. The chosen level of theory turned
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out to be eligible for the description of the geometric para-
meters of the centrosymmetric alkaline earth metal structures.
Concerning the atomic distances of the first coordination
sphere of Ca(i), the maximum deviation observed is 0.02 A for
the Ca(1)-O(THP) distance in 2, x, and 0.03 A for the Ca(1)-N
(BDI) distance in 3¢,-x, (see Fig. 2). A larger basis set - def2-
TZVP - for the description of the calcium atoms and of their
first coordination sphere was tested; however, the bond dis-
tance analysis showed that the use of a broader basis set gives
similar results with respect to the use of a smaller def2-SVP
one (see Table S17).

In the optimised LCa(N,)CaL species (Fig. 2), the nitrogen
molecule bound between the two calcium atoms shows an
elongated N-N bond (1.26 A for both 2ca-n, and 3¢,_n,), CorTes-
ponding to the strong activation of N,.>®

The natural bond orbital (NBO) analysis was carried out to
study the electronic structures of the LCa(N,)CaL species.
Natural atomic orbital occupancies and natural atomic charges
(Table 1) indicate that the side-on bridging N, unit is activated
to an N,>~ anion which interacts with two Ca*" cations. The
accumulation of negative charge on the activated N, molecule
and the concomitant oxidation of Ca ions were previously
observed by means of different population analysis schemes -
e.g. NBO analysis and quantum theory of atoms in molecules
(QTAIM) - in the Ca,N, system.*® The resulting Ca-N(N,) dis-
tances are all equal to 2.29 A in the presence of THF while
each Ca ion lies at a distance of 2.32 and 2.30 A from each
nitrogen atom of the N, molecule in the presence of THP,
respectively (see Fig. 2).

Despite the observed structural similarity of the complexes
containing THP or THF, the two compounds have experi-
mentally shown different stability over time. In fact, while at
room temperature the THF complex decomposes overnight,
the THP analogue remains stable for 24 hours before, also

N1-N2: 1.26 (1.27)
Cat-N1: 2.30 (2.30)
Ca1-N2: 2.31 (2.32)
Ca2-N1: 2.30 (2.30)
Ca2-N2: 2.31 (2.32)

Ca1-N3: 2.40 (2.40)
Ca1-N4: 2.41 (2.42)
Ca2-N5: 2.40 (2.40)
Ca2-N6: 2.41 (2.42)
Ca1-01: 2.39 (2.40)
Ca2-02: 2.39 (2.41)
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Table 1 Natural atomic charges and natural atomic orbital occupancies
(in brackets) computed on the LAE(N,)AEL optimised geometries

2can, 3can, (332Mg,N2 333Mg—N2
Cal 1.74 (18) 1.74 (18) Mg1 1.80 (10) 1.80 (10)
Ca2 1.74 (18) 1.74 (18) Mgl 1.80 (10) 1.80 (10)
N1 —0.82 (8) —0.82 (8) N1 -0.83 (8) -0.83 (8)
N2 —0.82 (8) —0.83 (8) N1 -0.83 (8) -0.83 (8)

decomposing through the evolution of H, and N,. The differ-
ence in stability observed experimentally can be correlated to
the bond strength established between the calcium ions and
the dinitrogen molecule in the two complexes. The binding
energy of the N, molecule to the neutral fragment [(BDI)Ca
(THP)], or [(BDI)Ca(THF)], (2¢ca and 3¢, in Fig. 1) was calcu-
lated at the B3LYP-D3(B])/def2-TZVPP level of theory consider-
ing the species solvated in a continuum solvent. We will refer
exclusively to relative binding energies (AAE) for two main
reasons: (i) DFT generally performs poorly in calculating absol-
ute energies for ligand association to large metal complexes®”
and (ii) the focus of the present work is to highlight eventual
differences among the considered compounds in their reactiv-
ity towards N,. In the case of Ca-N, adducts (2c.~, and
3ca-n,), We observed that N, binds more favorably (by 6.7 kcal
mol™) to 2¢, than to 3¢, indicating that the reaction can be
favored in the presence of THP. Triplet states were investigated
for the Ca-Ca reagents (2¢, and 3¢,) and the Ca-N, products
((2ca—~, and 3¢,-n,) by running optimisation calculations. The
results indicate that the singlet state geometries are retained
in the triplet states. In any case, single states were found to be
the most energetically favourable ones (energy differences
between triplet and single states are 10.3 kcal mol™ and
7.4 keal mol™" for 2¢,n, and 2¢, species and 9.7 keal mol™*
and 13.1 keal mol™" for 3¢,_n, and 3¢, species, respectively).

N1-N2: 1.26 (1.26)

Ca1-N1: 2.29 (2.30)
Ca1-N2: 2.29 (2.30)
Ca2-N1: 2.29 (2.30)
Ca2-N2: 2.29 (2.30)

Ca1-N3: 2.38 (2.39)
Ca1-N4: 2.38 (2.40)
Ca2-N5: 2.38 (2.40)
Ca2-N6: 2.37 (2.42)
Ca1-01: 2.38 (2.39)
Ca2-02: 2.38 (2.39)

Fig. 2 Optimized structures of 2c,_n, and 3c,_n,. Most significant calculated and experimental (in brackets) geometry parameters are reported
below each species. Colour pattern: grey, C; blue, N; red, O; green, Ca. Hydrogen atoms are omitted for clarity.
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The BDI ligand was reported to be able to stabilise the Mg
()-Mg(1) bond and it was proposed that Mg(BDI) systems are
less reducing than their Ca(BDI) counterparts. Furthermore,
Mg(BDI) complexes have not shown (so far) any reactivity
towards N,. In order to verify and rationalise this Mg vs. Ca
difference, we replaced the Ca(i) with Mg(1)) atoms in our
models. First, we verified the plausible existence of com-
pounds of the [(BDI)Mg(THP)],N, or [(BDI)Mg(THF)],N, type
(2mg-~, and 3y, shown in Fig. 3). For each species, we
obtained a minimum with a geometry resembling the one

L L

(BDI)‘ba—Ca‘\(BDI) N (BD|)C(II>C3(BD|)

L=THP 2., L

L=THP 2¢,y, L
L=THF 3,

L=THF 3c..n2

L

N b N
2> (BDI)Ca \—Ga(BD)

L=THP e2¢,n2
L=THF e3¢, p,

N N
(BDI)@—@(BDI) LN (BD|)@jJI>@(BD|)

L=THP 2y, -

L=THP 2ygn2
L=THF 3y,

L=THF 3ygnz

L“\
N, (BD|)@/N\\N@(BDU

L
L=THP ¢2ygna

L=THF ¢*3ygnz

Fig. 3 Scheme of the N, coordination compounds formed after inser-
tion between the two AE() ions.
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obtained for the Ca-containing analogues. The N, molecule is
coordinated between two Mg ions in a side-on manner, with
resulting Mg-N(N,) distances of 2.15 A and 2.18 A in 2y,.x,
and 2.12, 2.16 A and 2.13, 2.15 A in 3y,_x, (see Fig. 4, S1t and
Table 2). Analogously to what was observed for the Ca-contain-
ing species, the two Mg atoms were oxidised to Mg(u) while
the nitrogen molecule was 2-electron reduced (Table S27).
Exploration of alternative spin states led to the localisation of
geometries that are significantly more stable in energy. These
complexes exhibit a paramagnetic character and the nitrogen
molecule is inserted between the two Mg ions in an end-on
manner (e*2y,_n, and e’3y, v, Fig. 4 and Fig. S1f). In more
detail, these high spin (triplet) complexes with a coordinated
end-on N, molecule are much more stable with respect to the
low spin (singlet) ones with a side-on N, molecule, irrespective
of the solvent. Indeed, e32Mg,N2 turned out to be 16.3 and
19.1 keal mol ™! more stable than 2y, n, and €2y, respect-

Table 2 Distance values between the nitrogen atoms of the N, mole-
cule and between magnesium ions and atoms in their coordination
sphere for the [(BDI)Mg(THP)]>N> and [(BDI)Mg(THF)1>2N; species (2mg-n,
and 3yg_njJand  for €3*[(BDI)Mg(THP)I,N, and  e[(BDI)Mg(THF)I,N,
species (€*2wg_n, and e*2ug_n,). All distances in A. Atom labels are
shown in Fig. 4 and S1f

2mg-N, 3Mg-N, eSZMg—N2 6333Mg—N2

N1-N2 1.29 1.29 1.22 1.23
Mg1-N1 2.15 2.12 1.96 1.94
Mg1-N2 2.18 2.16 — —

Mg2-N1 2.18 2.15 — —

Mg2-N2 2.15 2.13 1.96 1.94
Mg1-N3 2.20 2.13 2.08 2.07
Mg1-N4 2.16 2.16 2.10 2.07
Mg2-N5 2.20 2.13 2.08 2.06
Mg2-N6 2.16 2.15 2.10 2.07
Mg1-O 2.23 2.16 2.12 2.09
Mg2-O 2.23 2.18 2.12 2.10

2yg-N2

3
e 2Mg-Nz

Fig. 4 Optimized structures of the characterized N, coordination modes to 2ug4. Colour pattern: grey, C; blue, N; red, O; magenta, Mg. Hydrogen

atoms are omitted for clarity.
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ively, while €’3yy_y, is 11.8 and 17.4 keal mol™" more stable
than 3y, and e'2y, v, respectively. The end-on bridging
mode of N, shows a lower elongation of the N-N bond than
the side-on coordination mode (1.22 A and 1.23 A for €*2y;y
and e’3y, v, respectively). Interestingly, in both €2y, n, and
€’3ug-n, @ contraction of the bonds between the magnesium
ions and the coordinating atoms from BDI and solvent (N and
O atoms) is observed, as evidenced in Table 2. Similarly to the
side-on species, the end-on ones exhibit an interaction
between two Mg>* cations and a N,>~ anion (Table 1).

In order to evaluate the effect of Ca substitution with Mg
on N, activation, we calculated N, binding energies for LMg(1)-
Mg(1)L systems (2pg and 3y), as previously done for the Ca-
complexes. The singlet states of 2, and 3y, turned out to be
much more stable with respect to their triplet state counter-
parts (—17.7 kcal mol™ and —27.2 kcal mol™", respectively),
therefore they were considered as the reagents in the N,
coordination reaction. Interestingly, also for Mg() systems it is
observed that N, binding is favored in THP rather than in THF
(by —7.7 keal mol ™), as evidenced for the Ca(i) complexes.

Although the compounds reported by Rosch et al.*® did not
show any paramagnetic character, our results for the Mg com-
pounds motivated us to investigate the formation of a possible
end-on coordination mode of N, to both 2¢, and 3c,. We
found that only 2¢, can coordinate with N, in an end-on
fashion, forming e’2y, x,, while in the presence of THF (i.e.
for 3¢,) this binding mode is not accessible. As observed for
Mg systems, €°2¢, n, is characterised by a triplet ground state,
but in this case, it is much more unstable with respect to the
low spin side-on complex 2¢,_y, (by 17.4 keal mol ™).

Finally, considering the formation of the most stable Ae(1)-
N, adducts for both Mg (end-on coordination, triplet) and Ca

View Article Online
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(side-on coordination, singlet), it has been found that N,
binding energies are more energetically favoured in the case of
Ca(1) than those in Mg(1) complexes. Indeed, considering THP
solvent, the formation of 2¢, , is 6.6 kecal mol™! more favored
than that of e32Mg,N2, while in THF, the formation of 3¢, y, is
7.6 keal mol™ more favored than that of 3Me-N,-

2.2. Molecular orbital analysis

Given the unexpected differences observed between Mg and Ca
compounds in terms of the coordination mode of the nitrogen
molecule and the related electronic configuration, we analysed
in more detail both AE(1)-AE(1) and AE(1)-N,-AE(1) interactions.
As reported above, the AE(1)-AE(1) type compounds proved to
be more stable in the singlet ground state for both the metal-
alkaline earth elements considered in the present study.

As for the Ca compounds, the computed Ca(i)-Ca(i) dis-
tance was found to be 3.93 and 3.80 A for 2¢, and 3., respect-
ively. The molecular orbital analysis of 2¢, and 3¢, indicated
that their HOMO orbitals are characterised by a c-like bond
among the two Ca ions (see Fig. 5) that contribute equally to
the formation of the Ca-Ca bond by means of their s and p
orbitals, as well as with a little contribution from the d orbi-
tals. As reported in Table 3, the percentage contribution to the
HOMO of the d orbitals of each Ca is around 10% for both 2,
and 3c,. Also in the case of the LMg(1)-Mg(1)L species the
dominant interaction is characterised by a sigma bond
between the two Mg atoms, in which both metal ions contrib-
ute equally almost by means of their s and p orbitals (see
Fig. 5) and with a negligible (4%) participation of d orbitals.

The HOMO-LUMO gap of 2¢, is 24.2 kecal mol™ and
6.2 keal mol™ smaller than that of 3¢,. Interestingly, the calcu-
lated HOMO-LUMO gaps for the LMg(1)-Mg(i)L species are sig-

3mg-N2

Fig. 5 Graphical representation of HOMOs (isosurface cutoff = 0.05 a.u.) of the LCa()-Ca(i)L and LMg()—Mg(i)L species as well as for their energeti-

cally most stable N, bearing complexes.
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Table 3 Percentage contribution of orbital type (s, p, d and f) for each
atom participating to the HOMO of the most representative species.
Values were obtained by computing the Mulliken contributions of each
atom for the selected MO

% s % p % d % f
2Ca
Cal 58.7 31.7 9.6
Ca2 58.4 31.8 9.8
3Ca
Cal 62.0 29.7 8.3
Ca2 59.9 30.5 9.6
2Mmg
Mg1 56.1 39.5 4.4
Mg2 56.1 39.5 4.4
3mg
Mg1 55.6 40.1 4.3
Mg2 54.0 41.7 4.3
2CafN2
Cal 6.7 3.4 89.9
Ca2 5.3 4.0 90.7
N1 100
N2 100
3CafN2
Cal 0.9 2.9 96.2
Ca2 1.7 3.3 95.0
N1 100
N2 100
e*2uvgx,
Mg1
Mg2
N1 96.7 3.3
N2 96.7 3.3
e*3mgn,
Mg1
Mg2
N1 0.1 96.7 3.1 0.1
N2 0.2 96.6 3.1 0.1

nificantly larger (53.3 keal mol™" and 58.3 keal mol™" for 2y, and
3, respectively), and this may justify the higher stability of the
systems featuring an Mg(1)-Mg(1) bond, with respect to the ones
with a (hypothetical) Ca(1)-Ca() interaction, as suggested by pre-
vious experimental and theoretical investigations.*

We subsequently analysed the shape of the bonding orbi-
tals in the most stable AE(1)-N,-AE(1) compounds as well as
the contribution of the AE atomic orbitals to the bonding
molecular orbitals. The Ca species containing a p,-N, molecule
evidence a molecular orbital (HOMO) involving the mono-
valent ions and the nitrogen atoms of N,, where the latter con-
tribute 85% to the formation of the bond thanks to the sole
participation of their p orbitals (see Fig. 5). On the other hand,
the two Ca ions intervene symmetrically in the formation of
the bond mostly by means of their d orbitals. This contri-
bution exceeds 95% in the case of compound 2¢, x, and it is
around 90% in compound 3¢,y, (see Table 3). Our results are
in accordance with what was previously reported for [(BDI)Ca
(THF)],N, through energy decomposition with natural orbitals

This journal is © The Royal Society of Chemistry 2023
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for chemical valence (EDA-NOCV) analysis, which showed that
the interaction between the calcium complex and N, essen-
tially relies on Ca() d orbitals and N, p orbitals.*’
Interestingly, N, binding to 2¢, and 3¢, causes an increase in
HOMO-LUMO gaps by 17.8 kcal mol™ in the presence of THP
(2ca-n,) and by 15.8 keal mol™" in the presence of THF (3¢a-v,),
plausibly explaining why the LCa(N,)CaL species, but not the
LCa-CaL ones, have been experimentally isolated and
characterized.

The situation is completely different in the case of Mg com-
plexes characterised by an N, end-on interaction and a triplet
ground state. In this case, in fact, there is no molecular orbital
formed by the atomic orbitals of both Mg and N. In com-
pounds e*2y, n, and e’3y,_n,, HOMO and HOMO-1 are con-
stituted by the p orbitals of the two atoms of the N, molecule
as shown in Fig. 5. This result therefore suggests that the
covalent contribution to the AE-N, bond is larger for Ca(i)
than for Mg(1), since the former can participate with its d orbi-
tals in N, activation (see Table 3).

2.3. N, protonation reaction

As aforementioned, protonation of the activated N, molecule
has been experimentally observed, and it occurs by proton
transfer from one of the OCH, units of the THF ligand.*” The
reaction leads to the formation of diazene (N,H,) and elimin-
ation products such as ethylene and enolate. Subsequently,
diazene disproportionates at temperatures lower than —150 °C
in N, and hydrazine (N,H,). In 3¢,_x,, the protonation of N,*~
by one THF ligand begins with the formation of a hydrogen
bond between one nitrogen of the N, molecule and one of the
two alpha protons of the spatially closest THF OCH, unit. A
similar mechanism can be envisioned for the THP counterpart
which, although reported to be more stable than 3¢,
decomposes unselectively at elevated temperatures. In order to
highlight the effect of the Ca to Mg substitution on N,>~ proto-
nation properties, we calculated the associated reaction
mechanism in both cases.

We started analysing the reactivity of compound 3¢, n,,
which was previously investigated through theoretical investi-
gations using a simpler model and the pure functional BP86.*>
In 3¢,n, the N(N,)-H(OCH,) distance is 2.67 A while the C-H
distance is 1.11 A. As the reaction occurs, the N(N,)-H(OCH,)
distance shortens up to 1.10 A in the final product 3P¢,, while
the C-H distance elongates to 2.01 A. The reaction energy was
found to be 32.4 kcal mol ™", with an associated energy barrier
of 36.5 kcal mol™". The transition state structure is character-
ised by a geometry that is very similar to 3P, (N(N,)-H(OCH,)
=1.25 A, C-H = 1.57 A, see Fig. S21). These results are consist-
ent with what is reported in the literature - ie. a reaction
energy of 29.0 kcal mol™ with an activation energy of 32.1 kcal
mol™'. As expected, considering 2ca-n, We individuated a
similar reaction path. In this case, the reaction turned out to
be almost isoenergetic to that of 3¢,y, (reaction energy equal
to 30.7 kecal mol™") but with a higher transition state energy
(activation energy equal to 38.8 kcal mol™"). The starting
N(N,)-H(OCH,) distance in 2¢,_y, is 2.76 A, which shortens to
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1.08 A in the product 2P¢,, while the initial C-H distance of
1.11 A becomes 2.35 A in 2Pg,. As for the THF case, the tran-
sition state 2TS geometry is close to the final product with an
N(N,)-H(OCH,) distance of 1.28 A and a C-H distance of
1.62 A. In both cases, as the solvent ligand becomes deproto-
nated, its interaction mode with the Ca ion changes. As pre-
viously described, in the initial coordination, the oxygen atom
of the solvent molecule is pointed towards the metal ions, with
a corresponding distance of 2.39 A and 2.38 A for 2, n, and
3can, respectively. However, once the molecule has been
deprotonated by the N,>” unit, the resulting electron-rich C
atom approaches (Ca-C distance equals 3.42 A and 3.39 A in
2can, and 3¢, n,, Tespectively; 2.54 A and 2.56 A in 2Pg, and
3Pc,, respectively).

Then, we investigated the reactivity of the Mg systems,
namely €*2yy_n, and €3y, v, towards N, protonation. As pre-
viously reported, no reactivity toward N, reduction from Mg(x)
compounds has ever been reported so far. The research for a
protonation product of the N, molecule by one THP/THF
ligand led to the identification of an intermediate species in
both cases that only exists in the singlet state (e'2Iyg/e'3Iyg,
shown in Fig. S31) and in which the oxygen atom of THP/THF
still interacts with Mg. In more detail, in e'2ly, both the
oxygen and deprotonated carbon atoms coordinate to the Mg
ion (Mg-C(THP) = 2.20 A, Mg-O(THP) = 2.24 A), in analogy to
the Ca-based systems, while in e'3Iy, only the oxygen atom of
THF binds to the metal (Mg-O(THF) = 2.02 A). Such an inter-
mediate structure is rather unstable for both THP and THF
systems (38.9 and 41.6 kcal mol ™" less stable than the reagents
€’ 2ugn, and e’3y, n, Tespectively, see Fig. 6). So both e'2Iyy
and e'3Iy, can evolve to a more stable product (e'2Py, and
e'3Py,, shown in Fig. 6) in which only the deprotonated
carbon atom of THP/THF coordinates with the Mg ion (Mg-C

E 1 2P '3ly, €SP
(kcal4n(1)o(l)) 63?39 ¢ 3989 4'1_%'9 f& 9

20.0 119_~1/'
e 2ygny

Fig. 6 Energy profiles associated with the N, protonation reaction for
€2mg_N, and e3ug_n, considering both singlet and triplet states.
Reaction energies (top) and the final product (bottom) are reported for
each species.
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(THP) = 2.20 A, Mg-O(THP) = 2.83 A; Mg-C(THF) = 2.18 A, Mg-
O(THF) = 2.82). In this product, the proton of the newly
formed NNH™ unit points opposite to the proton-donating
solvent molecule, with a C(THP)-H(NNH) distance of 4.42 A in
e'2Py, and a C(THF)-H(NNH) distance of 4.57 A in e'3Py,
This species is represented by a singlet ground state, which
turned out to be 12-13 kcal mol™" more stable than its triplet
state counterpart (see Fig. S4f). The overall protonation reac-
tion to form e'2Py, or e'3Py, is 26.8 and 32.2 kcal mol™!
endergonic, respectively. Overall, these results indicate that the
reaction coordinate associated with N, protonation for the Mg-
containing systems is more complicated and more energy-
demanding than for their Ca counterparts. Indeed, in Mg
systems, on scanning the triplet potential energy surface along
the reaction coordinate for the solvent-to-N, proton transfer, it
can be assumed that the reaction requires an activation energy
of at least 40 kcal mol™" in the case of THP and of at least
45 keal mol™ in the case of THF. These barriers are substan-
tially higher than those seen for Ca compounds. On the
singlet potential energy surface, instead, along the reaction
coordinate for each Mg system we find an intermediate (which
does not exist in the triplet state) that is 38.9 or 41.6 kcal
mol ™" less stable than the reactants for THP and THF, respect-
ively, so for the presence of both THF and THP, the reactions
are more unfavorable than for the Ca complexes.

3. Conclusion

In the present work we performed a computational analysis of
N, binding and activation by low valent Mg(1) or Ca(r) BDI com-
plexes. The main observations can be summarized as follows:

- The N, coordination mode to the Ca(i) and Mg(i) complexes
is substantially different. Ca(r) systems bind N, in a side-on
manner. Here, the nitrogen molecule is equidistant from the two
Ca(i) atoms, and the N-N axis is perpendicular to the Ca-Ca one.
Instead, in the case of Mg(i) systems, the nitrogen molecule
bridges the two metal-alkaline earth atoms with an end-on type
configuration, and these species are characterised by a triplet
ground state. Interestingly, coupling of the structural properties of
end-on bridging nitrogen complexes to the preference of a triplet
ground state has already been evidenced in the literature for Mo-
containing or Sc-containing compounds.>®*°

- N, binding to Ca(1) systems is predicted to be more energe-
tically preferred than to Mg(1). Molecular orbital analysis
allowed the rationalization of this difference, which can be
mainly ascribed to the participation of d orbitals in the Ca(1)-
N, interaction, but not in the Mg(1)-N, one. This suggests a
higher covalent character for the AE(1)-N, interaction in the
case of Ca than Mg.

- While in the case of Ca(1) both N, binding and subsequent
protonation occur on the singlet potential energy surface, a
marked spin-crossover behavior (singlet-triplet-singlet) has
been observed in the case of Mg(1) reactivity. Indeed, a first
change in the spin-state (from singlet to triplet) occurs upon
N, binding, and a second one (from triplet to singlet) occurs

This journal is © The Royal Society of Chemistry 2023
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upon N, protonation by either THF or THP. Furthermore, we
showed that N, protonation by either THP or THF ligands is
energetically prohibited for Mg systems, in contrast to what
has been observed for Ca.

Overall, these results added novel insights into the current
(limited) knowledge on the role of different AE metals in N,
activation/protonation, with potential implications for future
innovative AE metal-based N,RR strategies. The present work
is specific and limited to the Mg vs. Ca comparison, but
upcoming investigations on other low valent alkaline earth
metals (such as Sr and Ba) would help to further rationalize
the relationship between the electronic structures of AE metals
and their reactivity towards the activation and conversion of
recalcitrant small molecules. Moreover, compounds of the Mg
(0) type as well as low-valent magnesium-calcium complexes
will be the object of future theoretical investigations since
these systems with BDI seem to be able to activate inert
molecules.®*°"

4. Computational methods

Calculations were performed within the framework of density
functional theory (DFT) with the TURBOMOLE suite of pro-
grams,®” and in particular with the 7.1 version of such soft-
ware. Geometry optimisations were obtained using the
BP86°*** functional together with the def2-SVP basis set.®®
Dispersion correction was taken into account by using the
Grimme DFT-D3 method with Becke-Johnson damping (B]).%°
The nature of each optimized structure as the genuine
minimum was confirmed by vibrational frequency calcu-
lations. As expected (in light of the large size and complexity
of the molecular systems considered), some spurious imagin-
ary vibrations, close to or below 100i cm™, occurred. These
soft modes (all corresponding to the torsional motions of the
terminal methyl groups belonging to BDI ligands) are products
of inaccuracies derived from numerical integration procedures
employed in actual DFT methods and were thus ignored.®”
Solvent effects were included by running single-point calcu-
lations on the optimised models soaked in the COSMO conti-
nuum solvent representation®® at the dielectric constant of the
apolar THF solvent (¢ = 7.4257). The energetics reported in the
main text were refined at the B3LYP-D3(BJ)/def2-TZVPP
level.**”° For all the optimised models, atomic charges were
computed by means of the natural population analysis
approach.”! Orbital visualizations were produced using
Chimera.”?
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