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® Alkaline Earth Metals Activate N, and CO in Cubic Complexes Just

Like Transition Metals: A Conceptual Density Functional Theory
and Energy Decomposition Analysis Study

Tom Bettens,” Sudip Pan,™ Frank De Proft,”’ Gernot Frenking,*™ < and Paul Geerlings*™

/Abstract: Following the recent discovery of stable octa-coor-
dinated alkaline earth metals with N, and CO, the role of
group Il metals in the catalytic reduction of these ligands by
means of density functional theory (DFT) calculations and
conceptual DFT-based reactivity indices is investigated.
Cubic group IV and octahedral group VI transition metal
complexes as well as the free ligands are computed for ref-
erence. The outer and most accessible atoms of N, and CO
become much more nucleophilic and electrophilic in all
complexes, relevant for N, fixation, as probed by the Fukui

-

function and local softness. Within one row of the periodic
table, the alkaline earth complexes often show the strongest
activation. On the contrary, the electrostatic character is
found to be virtually unaffected by complexation. Trends in
the soft frontier orbital and hard electrostatic character are
in agreement with calculated proton affinities and energy
decomposition analyses of the protonated structures, dem-
onstrating the dominance of the soft (HOMO-LUMO) orbital
interactions.

/

Introduction

Until recently, the heavy alkaline earth metals calcium, stronti-
um, and barium were considered to be involved in bond for-
mation through their ns and np valence orbitals, (n=4, 5, 6)
typical for main-group elements, in contrast to transition
metals for which the (n—1)d orbitals enrich the bonding pat-
tern, leading to an increased variety in their bonding/coordina-
tion behavior"™™ Carbonyl and dinitrogen complexes with
varying coordination behaviors are well-known examples of
this situation.”

However, in 2018, the isolation and spectroscopic characteri-
zation of octa-coordinated carbonyl complexes of Ca, Sr, and
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Ba in a low-temperature neon matrix, revealing a cubic (O;)
symmetry, were reported in a Chinese/German experimental/
theoretical collaborative work.® Analysis of the electronic
structure through DFT calculations” by two of the present au-
thors revealed that the electronic reference state of the heavy
alkaline earth atom (M) in the complexes is a triplet state with
ns® (n—1)d? electronic configuration, similar in its d-orbital oc-
cupation to the corresponding group IV transition metals (Ti,
Zr, Hf) or the anionic complexes of the group Il transition
metals (Sc, Y, La). The synthesis and characterization as cubic
octa-carbonyl complexes of both the anionic group Il com-
plexes and the neutral group IV complexes was also recently
reported by the same authors.®? In the abovementioned
heavy alkaline earth main-group metal complexes, the metal-
CO bonding was scrutinized, and was shown to be dominated
by the M(dm)—(CO)s  back-donation of the degenerate (e,)
set of singly occupied (n—1)d atomic orbitals of the metal into
the antibonding m* molecular orbitals (MOs) of CO.®' Further
analysis shows that the complexes obey the 18-electron rule if
only those electrons are counted that are engaged in the
metal-ligand interactions."® This bonding pattern accounts
for the experimentally observed large redshift of the CO
stretching mode of the octa-carbonyls, as confirmed by the
DFT calculations.

These results smoothed the border between (the behavior
of) main-group and transition elements, a paradigm connected
with the structure of Mendeleev’s Table.' This issue was al-
ready put forward before by Gagliardi and Pyykkd on promot-
ing, for example, Ba to an honorary d-element in their studies
on the stability of CsN,Ba and the analogy of its dissociation
mechanism with ScN,.""™ Their findings were a hint that the
heavier alkaline earth elements might play a role as substitutes
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for the transition metals, and that they might display a much
richer chemistry and reactivity than hitherto thought.

This paradigm shift was confirmed very recently by similar
studies by the same collaboration on the octa-coordinated
heavy alkaline earth metal dinitrogen complexes M;(N,)s (M, =
Ca, Sr, Ba). Isolation and spectroscopic identification revealed a
similar cubic (0,) symmetry, again with a large redshift in the
N—N stretching frequency hypothesized on the basis of d-m
back-donation as confirmed by DFT calculations. These com-
plexes were also seen to obey the 18-electron rule."? Besides
their intrinsic importance as a further indicator of the blurring
of the main-group/transition metal border, these results might
be of interest in the quest for (dinitrogen fixation. For de-
cades, the activation of the strong, nonpolar bond in N, has
been challenging chemists. The search for milder conditions
for nitrogen fixation than the extreme ones in the Haber-
Bosch process, inspired by Nature’s nitrogenase catalysts, in-
variably built around transition metal centers, essentially Mo
and Fe,!" has led to countless studies on the use of N, transi-
tion metal complexes for activating the N, ligand (for reviews
see Ref. [15]). Just two examples are the highly detailed studies
on the catalytic reduction of N, at a single Mo center by step-
wise additions of protons and electrons by Yandulov and
Schrock,"®'” and the recent studies of the Ta,"-mediated
cleavage of N, and reaction with H,, yielding NH,.'® In the
context of the recent advances in transition-metal-based N, fix-
ation and taking into account the abovementioned results on
the similarity of behavior between the heavy alkaline earth
metals and transition metals, the question arises whether N,
can be activated by these main-group alkaline earth metals to
the same extent, or even more so, compared with their transi-
tion metal congeners. In other words, these considerations in-
cited us to probe the reactivity of alkaline earth metal com-
plexes in a comparative context with their transition metal
congeners. Needless to say, in view of the issues of abundancy
and low cost of the main-group elements considered as com-
pared with the transition elements, such experimental and the-
oretical studies are also of societal importance.'”

Several authors of this paper have been active in the field of
chemical reactivity for quite some time, adopting the Concep-
tual Density Functional Theory (CDFT) ansatz, introduced by
Parr and co-workers in the late 1970s/early 1980s.%%?" In this
sub-branch of DFT (for reviews see Ref. [22]), neither an explicit
ab initio nor DFT study is performed on the reaction path of a
number of possible reactions; instead, a number of well-
chosen indicators of reactivity are scrutinized, which, on the
basis of their physical and chemical significance, can give an
overall, first-order insight into what can be expected from the
activation of the N, (or CO) ligand in the main-group metal
complexes as compared with the transition metal ones. Con-
ceptual DFT, as this branch of DFT was named (sometimes also
called Chemical Reactivity theory), undertakes this endeavor by
evaluating a number of response functions.”” These quantities
reflect the sensitivity of the energy E of a given system to per-
turbations in the number of electrons N and/or the external
potential v(r) (i.e., the potential felt by the electrons attributed
to the nuclei), the changes at stake in a chemical reaction.
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The response functions, which are nowadays sometimes
used up to third order,? then boil down to a number of
(sometimes mixed) partial and functional derivatives of E with
respect to N and v(r). Ever since that period, not only has a re-
markable deepening and extension of the theory been wit-
nessed in the literature, but countless studies have also been
published on its application in nearly all fields of chemistry,
varying from organic to inorganic and materials chemistry,
from catalysis to medicinal and biochemistry, and so on (exam-
ples can be found in the reviews in Ref. [22]; for a very recent
report on the status, prospects, and issues of Conceptual DFT
we refer to Ref. [25]).

In the present study, we will concentrate on two particular
descriptors, which have been used extensively and deliberately
in the literature: the Fukui function® and the local softness,””!
both in their nucleophilic and electrophilic form. At first sight,
electrophilic attacks at the terminal atoms of the N, and CO li-
gands (the terminal N or the O atom, respectively) are expect-
ed in view of their ¢ lone pair pointing away from the center
of the complex. These atoms and the N, or CO ligands as a
whole are expected to become more nucleophilic in view of
the metal-to-ligand m back-donation, which was shown by
some of the present authors to be more important than the
ligand o-electron donation to the metal.” The so-called nucle-
ophilic Fukui function f(r) and the corresponding local soft-
ness s (r) (as different systems are compared with each other
rather than different sites on one complex??®?)) were selected
for this purpose. In particular, the evolution of these quantities
upon passing from transition metal complexes (the cases of
group IV transition metals (Ti, Zr, Hf) also yielding cubic octa-
coordination,” and group VI transition metals (Cr, Mo, W) yield-
ing octahedral coordination) to main-group metal complexes
will be investigated in detail. The fundamental question per-
tains to the similarity in activation of the ligand, increasing its
reactivity, between main-group and transition metals. In view
of their particular relevance (vide supra) the N, results will be
highlighted in more detail; the overall tendencies will, howev-
er, be checked for parallelism between the N, and CO com-
plexes. A word of caution should be given here. It is well
known that in the context of chemical softness,>3” here ap-
plied at local level,”” the local softness essentially probes mo-
lecular regions prone to soft interactions;?” therefore, a study
of the charges, molecular electrostatic potential®" (MEP; much
more indicative for hardness-dominated interactions),?**? and
proton affinity will also be pursued to probe the hard character
of the ligands. Thus, we avoid the caveat regarding the applic-
ability of a local hard and soft acids and bases (HSAB) princi-
ple.[28,33—35]

A similar approach involving the Fukui functions and the
local softness will be followed for nucleophilic attack on the
complexes. Although at first sight perhaps less relevant, the re-
ductive mechanism of N, fixation involves a reduction in
which electrons play a clear role, and this led us to investigate
the electrophilic Fukui function ' (r) as a distributor of electro-
philic behavior over a molecule, as it is with the total softness
in the local softness s (r) (vide infra).>

© 2020 The Authors. Published by Wiley-VCH GmbH


http://www.chemeurj.org

Chemistry

Full Paper Europe
Chemistry-A European Journal doi.org/10.1002/chem.202001585 Sociaies Pustehing
Focusing again mainly on the N, complexes but reassuring  s(r) =f(r) S (2)
ourselves on similar general trends for N, and CO complexes,
the combined results of two parts of this study should yield ¢ _ 1 (3)

answers to the following two questions: 1) Do heavy main-
group alkaline earth metals activate, in a similar way to transi-
tion metals, ligands of the CO and N, types for similar reac-
tions (electrophilic, nucleophilic, with varying hardness/soft-
ness character)?; and 2) Can we reconcile the overall results
with what is known about the role of transition metals in N,
fixation and a possible replacement of transition metals by
heavy main-group alkaline earth metals?

This paper is structured as follows. In the section “Theoreti-
cal and Computational Details”, some basic elements are pre-
sented on CDFT and the energy decomposition analysis (EDA),
and the working equations applied in the study of the N, and
CO complexes. Particular attention is devoted to intricacies for
treating spin and degeneracy. In the section “Results and Dis-
cussion”, a systematic overview of the results is given on possi-
ble activation of the main-group metal complexes for both nu-
cleophilic (hard and soft) and electrophilic attacks, with partic-
ular emphasis on the comparison between transition metal
and main-group metal complexes. The final part is more spec-
ulative in nature, and attempts to see how the overall results
might shed further light on the N, fixation process.

Theoretical and Computational Details
Conceptual DFT

Conceptual DFT is a perturbational approach to rationalize and
quantify chemical reactivity through reactivity indices originat-
ing from the functional derivatives in a Taylor expansion of the
EIN,v(] functional,” in which N and v(r) are the number of
electrons and the external potential between the electrons
and nuclei, respectively. The Fukui function in Equation (1a)
and (1b) is the second-order mixed derivate of E with respect
to N and v(r) and probes the change in the electron density
when the number electrons in a system is increased or de-
creased.” Therefore, regions in which f(r) is large tend to be
electrophilic, whereas regions with large f (r) are nucleophilic.

(1a)
(1b)

fr(r) = o (r) — pu(r)
f(r) = pn(r) — pn-i(r)

As nitrogen fixation concerns the processes converting N, to
ammonia or other reduced forms of nitrogen, and thus, the re-
duction of the N atoms as well as binding electrophilic sub-
strates, the electrophilic and nucleophilic Fukui functions can
be relevant descriptors for quantifying the tendency of a N
atom to be reduced. The Fukui function is used to study differ-
ent sites within one system, whereas the local softness is more
appropriate for comparing sites in different molecules.??>2®
The local softness s(r) is defined in Equation (2) and integrates
to the global softness (S), which is the inverse of the difference
between | and A, which are the vertical ionization potential
and electron affinity, respectively [Eq. (3)].
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Hard sites, that is, the molecular regions prone to strong
electrostatic interactions within the HSAB context, were
probed by means of the molecular electrostatic potential
(MEP). In a next step, proton affinities (PA) were calculated to
quantify the interaction between H*, as a hard electrophile,
and N, upon isolation or binding in complexes by group II, IV,
and VI metals.

Energy decomposition analysis

The interaction energy AE,,, between two chemical species (or
fragments) can be decomposed into physically meaningful
terms within Kohn-Sham MO theory®” [Eq. (4)].

AEinr = AEels\‘at + AEPauIi + AEorb (4)

In Equation (4), AE,, is the quasi-classical electrostatic in-
teraction between the unperturbed charge distributions, p,
and p;, of two fragments A and B, respectively. The Pauli inter-
action AEp,,; is the result of anti-symmetrization and renormal-
ization of the wavefunction corresponding to the superposi-
tion of the fragment densities. This term accounts for the re-
pulsion between electrons with identical spin. The AE,,, term
originates from orbital interactions, charge transfer, and polari-
zation. In the case of a metahybrid density functional, an addi-
tional correction term (AE, ;) can be added.

Electronic structure of the M(L); and M(L); complexes

The M,(L)g (with L=N,, CO) complexes have a triplet ground
state electronic structure, whereas the M, (L); and M,(L)s (with
L=N,, CO) were more stable with singlet multiplicity at the
M06-2X-D3/Def2-TZVPP level of theory.2**" For Ti(N,);, the
cubic singlet structure is only a local minimum, which is ther-
modynamically unstable for loss of one N, ligand leading to
Ti(N,); as the coordinatively saturated stable complex, similar
to the octa-coordinated CO complexes.” The My(N,), com-
plexes are also singlet species. All neutral complexes have O,
symmetry in their ground state, and all geometry optimiza-
tions were performed using the M06-2X-D3 functional and the
def2-TZVPP basis set for all atoms using the Gaussian™" soft-
ware conforming with recent work on octa-coordinated alka-
line earth complexes.”'? All charged complexes were comput-
ed at the same geometry as the neutral compounds (to obtain
vertical ionization potentials and electron affinities) with dou-
blet spin state, except one: Cr(N,),™ is more stable in the
sextet spin state with half-occupied spatial t,, and e, orbitals
(see Figure 1). CDFT descriptors, MEPs, and proton affinities
were calculated at the ZORA-MO06-2X/TZ2P level of theory
using the ADF software.”?

Importantly, CDFT descriptors require the calculation of ionic
species. The N 4 1 electron system of each metal complex was
calculated using fractional electron occupations, as implement-

© 2020 The Authors. Published by Wiley-VCH GmbH
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N electron system

Group II
Ca(Np)g, Sr(Np)g, Ba(No)g
Ca(CO)g, SH(CO)g, Ba(CO)g

“ 4+ +
Ay {-}

Group IV
Ti(N2)g, Zr(No)g, Hf(N2)g
Ti(CO)g, Zr(CO)g, Hf(CO)g

N - 1 electron system

Group II
Ca(Np)g*, Sr(Np)g*, Ba(N2)s*
Ca(CO)g*, Sr(CO)g*, Ba(CO)g*

ty — —— -

Group IV
Ti(N2)g*, Zr(Np)g*, Hf(N2)g*
Ti(CO)g*, Zr(CO)g*, Hf(CO)g*

by — ——

o 4w b b
agy ﬂ» oy Jr+

Group VI
Cr(Ng)e, Mo(Nz)g, W(N2)g
Cr(CO)s, Mo(CO)g, W(CO)s

Group VI
Cr(Np)g*, Mo(N2)g*, W(N)g*
Cr(CO)g*, Mo(CO)g*, W(CO)g*

g 44 4 4 g 4+ A+ A

Figure 1. Fractional electron approach for the N—1 electron systems with
doublet spin state to maintain the symmetry of the electron density (the
same approach was used for the N+ 1 electron systems). Smaller arrows in-
dicate '/, electron for the charged group Il and IV complexes or ?/; electron
for the charged group VI complexes.

ed in the ADF software package (see Figure 1), maintaining the
degeneracy of a-orbitals and f-orbitals. In doing so, the O,
point-group symmetry not only matches the nuclear constella-
tion but also the molecular orbital occupations and electron
density.

The Fukui functions were atom-condensed using the Hirsh-
feld population analysis.*®’ The Hirshfeld method is commonly
used for computing condensed Fukui functions and provides
reliable charges that very often lead to identical conclusions to
other population analyses such as the natural population anal-
ysis (NPA) method.™ In its foundation, the Hirshfeld atoms-in-
molecules partitioning resembles neutral ground state atoms
as much as possible in the information theoretic sense.?**
Moreover, in a very recent, extensive contribution by Liu, Chat-
taraj, and co-workers, it was shown that Hirshfeld charges are
able to describe regioselectivity and simultaneously quantify
both electrophilicity and nucleophilicity accurately (vide in-
fra).[“ﬁ]
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Results and Discussion

Fukui function and local softness analysis

In view of the recent advances in transition metal-based N, fix-
ation described above and the discovery of stable octa-coordi-
nated alkaline earth N, complexes, the role of the metal center
in these intriguing group Il complexes was studied. In this sec-
tion, we present an approach within the framework of concep-
tual density functional theory (CDFT) to scrutinize the potency
of group Il metals, M, (Ca, Sr and Ba), to activate the N, ligand
in cubic M,(N,)s complexes, and directly compare their reactivi-
ty to more traditional My(N,)s (M,=Ti, Zr, Hf) and M,(N,)s
(My,=Cr, Mo, W) transition metal complexes.

The strong redshift in the N—N and C—O stretching frequen-
cies of M,(N,)g and M,(CO); complexes, as well as bond-order
analyses, indicate a significant 7 back-donation from the d or-
bitals of the alkaline earth metal to the mt* orbitals of the li-
gands. This phenomenon, which is typically associated with
transition metal bonds, is the foundation for our decision to
focus on the electron-donating properties of the complexes,
and thus, the nucleophilic Fukui function f (r). That is, the
metal relieving its excess negative charge to the ligand will
make the ligand more prone to donate electrons and less
likely to interact with electron-rich substrates.

The back-donation from the alkaline earth metal to the
ligand was recently questioned by Koch etal.;*” however,
EDA-NOCV calculations conclusively demonstrate the impor-
tance of alkaline earth metal d orbitals in the metal-ligand
bonds.®'? Moreover, the cubic geometry of M,(N,); complexes
is even dictated by the mixing of d orbitals into the bonding
mechanism.“®

To understand the reactivity of the complexes, we consid-
ered a cage-assembly approach, as shown schematically for a
cubic complex in Figure 2.9 In this approach, the ligands are
first considered at infinite distance from one another. Then,
the ligands are frozen into the relative orientation they adopt
in the complex and this system is referred to as the ligand
cage. In a final step, the metal is inserted into the cage, turning
on the metal-ligand bonding, and in particular, the d-m back-
donation.

Table 1 summarizes the condensed Fukui function values for
each type of atom in all the calculated complexes, in which N,
is the N atom bound to the metal, and N, is the outer N

S . e . S
N2 N2 N2 : N2 N2 : N2

N2 N, /Nz """"" 7 N /Nz “““ 7 N,
N2 - 00> N2 N2 N2 N2 N2

8 x N» N, cage Complex

Figure 2. Cage-assembly approach for constructing a cubic metal complex.
The same approach with six ligands was used for the octahedral group VI
complexes.

© 2020 The Authors. Published by Wiley-VCH GmbH
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Table 1. Condensed nucleophilic Fukui functions f(r), according to the Hirshfeld population analysis, for all N, complexes along the stepwise cage-assem-
bly approach.
8xN, N,cage Complex 8xN, N,cage Complex 6xN, N,cage Complex
Ca(N,)g Ny  0.063  0.086 0.083 Ti(N,)g Ny  0.063  0.088 0.088 Cr(Ny)s Noie  0.083  0.115 0.116
Niy 0.063  0.039 0.024 Niy 0.063  0.037 0.019 Ni, 0.083  0.052 0.033
Ca - - 0.145 Ti - - 0.146 Cr - - 0.107
Sr(N,)g Nowe  0.063  0.085 0.080 Zr(Ny)s N,  0.063  0.088 0.085 Mo(N,)s Ny,  0.083  0.114 0.108
Niy 0.063  0.040 0.024 Ni, 0.063  0.037 0.019 Ni, 0.083  0.053 0.024
Sr - - 0.173 Zr - - 0.169 Mo - - 0.210
Ba(N,)g Nowe  0.063  0.083 0.071 Hf(N,)s  No,  0.063  0.088 0.087 W(N,)s Nowe  0.083  0.114 0.109
Ni, 0.063  0.042 0.019 Ni, 0.063  0.037 0.020 Ni, 0.083  0.053 0.023
Ba - - 0.282 Hf - - 0.146 w - - 0.209

atom that is most accessible to any substrate. Electron densi-
ties were atom-condensed by means of the Hirshfeld popula-
tion method.” In Table S1 (Supporting Information), the same
data for the CO complexes can be found.

In the case of eight infinitely separated N, ligands, and main-
taining the O, symmetry of the electronic configuration, each
ligand will lose one eighth of an electron if a total of one elec-
tron is removed from the system. As there is no interaction be-
tween the ligands, each N atom will lose 1/16 (/0.063) elec-
trons. The same reasoning applies for the hexa-coordinated
group VI complexes (1/12/0.083). It should be remarked that
the Fukui function is normalized, and thus, the sum of all
atom-condensed values should always be equal to one, which
is indeed the case for all complexes in Table 1 considering
there are eight (or six) ligands in the group Il and IV (or group
VI) complexes.

Bringing the ligands from infinity to the empty ligand cage
configuration (i.e., their respective orientation in the metal
complexes) polarizes the N—N bonds, which is clearly illustrat-
ed by the Fukui function in Table 1. Interestingly, the outer N
atoms become more nucleophilic than the inner N atoms
owing to the interaction between the N, ligands in the cage
configuration. The condensed f(r) values for Ny, and N;, are
typically 0.085 and 0.040, respectively, and are barely affected
by the type of complex because all cages are identical except
for different ligand-ligand distances and marginally different
N—N bond lengths. For the hexavalent complexes, the con-
densed f (r) values for Ny, and N, are typically 0.115 and
0.050, respectively. The same polarization of the CO cages,

leading to more nucleophilic O atoms, was found for the CO
complexes (Table S1).

In the metal complexes, the same trend is found: N, is
more nucleophilic than N;,, regardless of the metal center. For
a comparison of the nucleophilic centers in all metal com-
plexes, and in particular, the N, atoms, the condensed local
softness s™(r) values in Table 2 are discussed (see Table S4, Sup-
porting Information, for the s~(r) data of the CO complexes).

From Table 2, the same polarization of the N—N bond is ob-
served upon constraining the N, molecules in the ligand cages
because the Fukui function is multiplied by the global softness,
that is, a system-dependent constant. For the metal com-
plexes, the attention will be devoted to the N,, atoms as
these are the most accessible positions for interactions with
electrophilic substrates, even though the shielded metal is
clearly the most nucleophilic center in each of the complexes.

In our approach, it was hypothesized that the m back-dona-
tion from the (alkaline earth) metal to the ligand can have im-
portant consequences for the activation of N,. Detailed analysis
of the Fukui function and (local) softness showed that this acti-
vation is essentially the N,,, atom becoming more nucleophilic,
and, from Table 2, the nucleophilicity of N is similar for all
metal complexes: the condensed s~ (r) values for this atom are
all between 0.350 and 0.450. Remarkably, within one row of
the periodic table, the ligand is most activated by the alkaline
earth metal, indicating that the back-donation from the metal
to the ligand is not exclusive for the transition metals, and that
alkaline earth chemistry could be a viable alternative to the
use of transition metals in the search for efficient N, fixation.

Table 2. Condensed nucleophilic local softness s (r), according to the Hirshfeld population analysis, for all N, complexes along the stepwise cage-assembly
approach.
8xN, N,cage Complex 8xN, N,cage Complex 6 xN, N,cage Complex
Ca(N)s Ny, 0120  0.168 0.438 TiN)s  Nge 0120  0.180 0.386 Cr(Ny)s  Nge 0159 0213 0.408
Nin 0.120 0.076 0.125 Nin 0.120 0.075 0.085 Nin 0.159 0.096 0.117
Ca - - 0.765 Ti - - 0.641 Cr - - 0.376
Sr(Np)s  Ng, 0120  0.163 0.436 Zr(N))s N 0120 0.175 0.360 Mo(N,))s  No. 0.159  0.209 0.351
Nin 0.120 0.078 0.130 Nin 0.120 0.075 0.079 Nin 0.159 0.098 0.077
Sr - - 0.950 Zr - - 0.714 Mo - - 0.681
Ba(N,); Ny 0120  0.157 0.387 Hf(N))s  Ng 0120 0177 0.369 W(N,)s  Ng 0159 0210 0.355
Nin 0.120 0.080 0.106 Nin 0.120 0.075 0.085 Nin 0.159 0.097 0.073
Ba - - 1.548 Hf - - 0.622 w - - 0.680
Chem. Eur. J. 2020, 26, 12785 - 12793 www.chemeurj.org 12789 © 2020 The Authors. Published by Wiley-VCH GmbH
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From the condensed Fukui functions in Table 1, however,
the smallest values were obtained for the alkaline earth metals.
Therefore, the group Il complexes must be softer than the
group IV and VI complexes. Indeed, according to Equation (3),
the softer character is apparent from their lower ionization po-
tential, or, from a molecular orbital perspective, a higher
HOMO energy (Table 3). None of the negatively charged spe-
cies in this table were stable, so the electron affinity was set to
zero.? Similar trends were obtained for the CO complexes
(see Table S7, Supporting Information).

Despite the negative vertical electron affinities, the electro-
philic Fukui function f*(r) and local softness s*(r) were calcu-
lated using the same cage-assembly approach for the N, com-
plexes (Tables S2 and S5, Supporting Information) and CO com-
plexes (Tables S3 and S6, Supporting Information) because the
reduction of the ligands involves the addition of electrons
after all. Conveniently, all trends for the nucleophilic descrip-
tors are maintained for the electrophilic counterparts. That is,
the N, atoms (or O atoms) become more electrophilic in the
cage configuration as probed by the Fukui function. In the
metal complexes, the atom-condensed local softness of the
outer atoms is again very similar, regardless of the central
metal atom. The group Il metals prevail for the activation of
the O atoms in the CO complexes and the N, atoms in the N,
complexes.

Alternatively, one could rationalize the reactivity of these
complexes within the framework of CDFT by means of philicity
indices.®" These are based on the electrophilicity index,***? a
derived descriptor® representing the energy gain upon an op-
timal charge transfer from the environment to the system. As
this is a global descriptor probing the reactivity of an entire
molecule similar to the global softness, a localized formulation
was proposed involving the electrophilic or nucleophilic Fukui
function, yielding a measure for local electrophilicity or nucleo-
philicity, respectively.®" As the electrophilicity index and the
electron affinity are both measures of the potency of a molec-
ular system to accept electrons, the instability of most of the
anionic complexes with respect to the neutral complexes (re-
flected by negative electron affinities) indicates that an analysis

Table 3. Frontier orbital energies (in eV) and / values (in kcalmol™') used
for the calculation of the softness of N, and the N, complexes.”’ Values in
brackets were obtained from the geometry optimization at the M06-2X-
D3/def2-TZVPP level.

EHOMO ELUMO /
N, —13.89 (—13.93) 1.04 (1.03) 370.4
Ca(N,)s —3.68 (—3.71) —0.76 (—0.85) 119.1
Sr(N,)g —3.52 (~3.56) —0.71 (—0.84) 1145
Ba(N,)s —3.57 (—3.50) 121 (=1.19) 114.4
Ti(N,)s —535(—5.28) —0.35 (—0.29) 1424
Zr(N,)s —520 (=5.15) —0.45 (—0.41) 1485
HF(N,)s —5.16 (=5.12) —0.56 (—0.53) 147.7
CrN,)s —6.60 (—6.54) —0.13 (—0.06) 177.8
Mo(N,)s —6.69 (—6.65) —037 (-0.32) 1933
W(N,), —6.71 (—6.66) —0.56 (—0.53) 192.9

[a] The vertical electron affinities (A) were all negative and were set to
zero.
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based on the electrophilicity index would be less relevant."?

The Fukui function itself is, in this case, more adequate for as-
sessing the local electrophilic and nucleophilic behavior, as it is
a difference in electron density upon an increase or decrease
in the number of electrons in the system, respectively, allowing
a comparison of different regions in a molecule. Additionally,
Hirshfeld charges were recently shown to correlate well with
experimental electrophilicity and nucleophilicity scales.“5**
Table S8 (Supporting Information) summarizes the Hirshfeld
charges of each atom in each of the studied complexes and re-
veals marginal differences in the charge on the outer atom (of
the order of 0.01) if the ligands are either isolated or bound to
the metal, thus indicating that variations in philicity upon com-
plexation would be extremely low, leading to non-conclusive
results.

(The lack of) electrostatic activation

From the CDFT analysis, all complexes are more prone to soft
interactions compared with the isolated N, molecule, with the
alkaline earth complexes slightly outperforming the transition
metal complexes owing to their higher global softness. For the
evaluation of hard interactions, we first analyze the MEPs.
These isosurfaces were calculated at the electron density iso-
value that corresponds to the local minimum of the electro-
static potential values, V., Figure 3 shows the MEPs of N,,

1.521 ’

» 0 x
. e
< - 4

N Ca(Ny)g
Density: 0.00368 Density: 0.00322
- - - .
-0.414 0.636 -0.415 0.959
1.549

~

0 P
» (

q\/'\l

N

-

Ti(N2)g Cr(Ny)s
Density: 0.00327 Density: 0.00310
[ . [ .
-0.398 1.007 -0.438 0.897

Figure 3. Molecular electrostatic potential (MEP) of N,, Ca(N,)s, Ti(N,)s, and
Cr(N,)s mapped on the electron density isosurface corresponding to V.
Vin is always the minimum of the potential range and the distance to this
point is given in A. The MEP scales are in eV.
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Ca(N,)g, Ti(N,)s, and Cr(N,)s, as well as the potential range, V.,
value, and the corresponding density isovalue.

Interestingly, the MEPs in Figure 3 reveal that the (hard) elec-
trostatic character of N, is barely affected by complexation, in
contrast to the soft frontier orbital character. For all metal com-
plexes as well as isolated N,, a V., of about —0.400eV is
found along the N—N axis. Furthermore, the density isovalue as
well as the Euclidian distance to this point are all very similar.
This trend is also found for all the heavier N, complexes (Fig-
ure S1, Supporting Information) as well as the CO complexes
(Figure S2, Supporting Information). Therefore, the N, (and CO)
ligands are not activated electrostatically by any of the central
metal atoms, despite the strong d-m* back-donation. Also in
contrast to the MEPs, the Fukui function does not have a
strong component along the N—N axes but a toroidal shape
around the N, ligands, owing to the strong frontier orbital
(HOMO) density character if one electron is removed or if the
complex acts as the electron donor in reactions with electro-
philes (vide infra). For an illustration of the degenerate HOMO
in the M,(N,); complexes, see Figure 3 in Ref. [12], and for iso-
value plots of the Fukui function see Figure S3 (Supporting In-
formation).

Proton affinities: H seeks the HOMO and soft interactions

Finally, we explore the catalytic power of alkaline earth and
transition metals for dinitrogen activation by means of proton
affinities, because in the reduction of N, to NH,, the addition
of protons to the N, ligand is an inevitable step. Table 4 sum-
marizes the proton affinities of the group Il, IV, and VI com-
plexes, and interestingly, two types of protonated complexes
were found (see Figure 4). In the type A complexes, the N,H™"
ligand is attached end-on, and all [M,(N,)H]" complexes as
well as [Ti(N,)sH]* now have antiprism octavalent coordination,
whereas ligands in [Zr(N,)gH]* and [Hf(N,)gH]" maintain the
cubic coordination of the metal. In the type B complexes, the
N,H" ligand is attached side-on, and they are more stable
than type A for the [M,(N,)H] ™ and [M(N,)H]* complexes. Also
note that the energetically lowest-lying protonated isomers A
and B have an electronic singlet state; the triplet states of the

Table 4. Proton affinities [kcalmol™'] of N, and all studied N, complexes.

Type A Type B
[N,HI* 120.8 -
[Ca(N,)gH] ™ 237.7 250.8
[Sr(N,)gHI 237.5 250.9
[Ba(N,)gH]* 2384 250.5
[Ti(N,)gH1* 209.4 230.3%
[Zr(N,)gH1* 209.9 227.2
[HE(N)gHT 2125 231.2@
[Cr(N,)6HI* 195.1 192.6
[Mo(N,)¢H1 ™ 193.9 184.0
[W(N,)eHI * 197.0 186.6
[a] Cations [My(N,)gH]" (My=Ti, Zr, Hf) with side-on bonded N,H ligand
(type B) are better described as [My(N,)s(N,H)]"—N, because of one
weakly bound N, ligand.
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Type A

\

Type B
[Ca(N)gH]*

[Cr(No)eH]* »%‘. »%

Figure 4. Protonated complexes [Ca(N,)sH]" (top) and [Cr(N,)sH] " (bottom)
with an end-on N,H" ligand (type A) or a side-on N,H" (type B) ligand.

protonated group Il complexes are higher in energy (see
Table S12, Supporting Information).

One can conceive proton affinities as an improvement of the
MEP, in the sense that optimized protonated structures ac-
count for orbital interactions and geometric relaxation, where-
as the MEP is the electrostatic interaction between a point
charge of +1e mapped on a density isosurface. However, the
MEPs and V,,, data in Figure 3 turn out to be a very bad ap-
proximation for the proton affinities in Table 4 for a few rea-
sons. First, the proton affinity of isolated N, is much lower
(~100 kcalmol™) than the proton affinity of the complexes,
whereas the V,;, values are marginally different, indicating that
besides the electrostatic interaction, the proton is also involved
in significant other (attractive) interactions, such as orbital
(HOMO-LUMO) interactions. Furthermore, the proton is not
aligned with the N, axis in either type A or type B protonated
complexes (see Figure 4), unlike the point at which V,, is
found, which is again an indication that the electrostatic attrac-
tion is dominated by orbital interactions. Indeed, the HOMO
for all of the metal complexes has N,-mt character, and the
proton affinity also increases from the group VI (~195 kcal
mol™") to the groupIV (=210 kcalmol™") to the grouplI
(~238 kcalmol™") type A complexes. The same increasing
trend was found for the HOMO energies and global softness
(which is the inverse of the vertical ionization potential if A is
set to zero) in Table 3. In other words, the energy and geome-
try of a hard electrophilic proton and the metal complexes is
determined by the soft frontier orbital interactions. In the case
of isolated N,, both the electrostatic and orbital interactions
lead to a linear geometry as the HOMO of N, is the bonding ¢
orbital.

In order to gain quantitative insight into the importance of
orbital and electrostatic interactions, we performed energy de-
composition (EDA) calculations on the type A protonated com-
plexes, as they are geometrically most similar to the neutral
complexes. In each case, the two fragments were the proton

© 2020 The Authors. Published by Wiley-VCH GmbH
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and the neutral complex (or N, in the case of N,H"), and the
interaction energy of the fourth-row complexes between these
fragments is decomposed in Table 5. All trends are conserved
for the heavier metal complexes (see Tables S9 and S10, Sup-
porting Information, for the EDA of the row5 and 6 com-
plexes, respectively).

The quantitative EDA analysis confirms the dominance of or-
bital interactions over the electrostatic term. For all complexes,
the electrostatic interaction energy between the proton and
the metal complexes, AE,.. is positive or minutely negative,
showing that the strongly negative orbital interaction energy,
AE,, outbalances the electrostatic term. Also, the N—H bond
lengths are typically 1.0 A, which is significantly shorter than
the 1.5 A found for V... Elegantly, AE,,, becomes more stabiliz-
ing upon moving from right to left in the periodic table: AE,,,
is —1984, —207.7, and —223.9kcalmol™ in [Cr(N,)HI",
[Ti(N,)gH1 ", and [Ca(N,)sH] ", respectively. This trend is in agree-
ment with the trends in softness, ionization potential, and
HOMO energies, favoring the interaction with an alkaline earth
metal complex as compared to a transition metal complex.

Interestingly, the results of [N,H]* are very similar to those
of the protonated complexes in the sense that the strongly
negative AE,, compensates the positive electrostatic term.
The AE,, term, however, is much less stabilizing (about
100 kcalmol™) for [N,H]™ compared with the complexes, con-
forming with the softness, ionization potential, and HOMO
energy. The proton was also systematically moved away from
the N, moiety (Table S11, Supporting Information), showing
that the gain in AE,, by moving the proton closer to the N,
fragment outweighs the increase in AE,, at shorter N—H
lengths. The equilibrium N—H length is 1.039 A, which is again
significantly shorter than the distance to V,;, (1.521A4) in
Figure 3, similar to the protonated complexes. The minimum
in AE.., in Table S11 was also found to be around 1.5 A. Final-
ly, AE,., is the energy required to deform the fragments to
the geometry from their equilibrium distance (also called the
strain energy in the activation strain/distortion interaction
model®¥), and AE,,,; originates from the repulsive interaction
between electrons with identical spin. As one of the fragments
(H*) does not have any electrons, this term is zero for each
protonated species.

Table 5. Energy decomposition analysis for [N,H]® and the end-on
(type A) protonated fourth-row complexes.” All energies are in kcal mol ™
and computed at the ZORA-M06-2X/TZ2P//M06-2X-D3//def2-TZVPP level
of theory.

[NzH]Jr [Ca(Nz)gH] + I_Tl(Nz)gH] * [CI’(Nz)éHTr
AE, —120.6 —272.3 —2493 —-217.3
AEpetanybrid -03 —43.6 —40.8 —36.9
AEelstat 194 —4.8 -0.9 18.0
Aoy 0.0 0.0 0.0 0.0
AE,y, —139.7 —2239 —207.7 —198.4
AE, 0.0 33.1 41.5 227

prep

[a] Trends are always very similar for all complexes with a central metal
atom within one group of the periodic table.
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Conclusions

The recent discovery of stable cubic alkaline earth complexes
of N, and CO incited us to investigate the viability of alkaline
earth metal-based N, fixation. DFT calculations and DFT-based
reactivity indices were used to determine the intrinsic reactivi-
ties of M,(N,)g (M,=Ca, Sr, Ba), My(N,)s (M,,=Ti, Zr, Hf), and
My(N,)g (My,=Cr, Mo, W) complexes, and to connect them to
trends in proton affinities. It was shown that the activation of
N, through complexation originates from the d-m back-dona-
tion and the consequent enhanced (soft) frontier orbital char-
acter, rather than the (hard) electrostatic properties of the
outer N atom. The HOMO energies, ionization potential, and
chemical softness correctly predict the increased proton affini-
ty of N, complexes compared with isolated N,, whereas the
molecular electrostatic potential falls short. Quantitative
energy decomposition analyses confirm the dominance of or-
bital interactions over the electrostatic term. Significant activa-
tion of the N, ligand is found for all central metal atoms, and
within one row of the periodic table, the alkaline earth metal
shows the strongest nucleophilic activation of the N, ligand,
confirming clear trends in proton affinities. The electrophilic
character of the outer atoms of all complexes is also enhanced
with very similar activation for all metals.
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