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The sustainable fixation of atmospheric N2 and its conversion
into industrially relevant molecules is one of the major current
challenges in chemistry. Besides nitrogen activation with
transition metal complexes, a “push-pull” approach that fine-
tunes electron density along the N� N bond has shown success
recently. The “pushing” is performed by an electron rich entity
such as a transition metal complex, and the “pulling” is
achieved with an electron acceptor such as a Lewis acid. In this
contribution, we explore the electronic structure implications of
this approach using the complex trans-[ReICl(N2)(PMe2Ph)4] as a
starting point. We show that borane Lewis acids exert a pull-
effect of increasing strength with increased Lewis acidity via a

π-pathway. Furthermore, the ligand trans to dinitrogen can
weaken the dinitrogen bond via a σ-pathway. Binding a strong
Lewis acid is found to have electronic structure effects
potentially relevant for electrochemistry: dinitrogen-dominated
molecular orbitals are shifted into advantageous energetic
positions for redox activation of the dinitrogen bond. We show
how these electronic structure design principles are rooted in
cooperative effects of a transition metal complex and a Lewis
acid, and that they can be exploited to tailor a complex towards
the desired thermal, electrochemical or photochemical reactiv-
ity.

Introduction

The conversion of dinitrogen into a chemically useful form,
ammonia, is responsible for nearly two percent of the total
energy consumption of the world.[1] This shows the importance
of reductive dinitrogen activation for modern human life.
However, since the underlying Haber–Bosch process[2] requires
large amounts of fossil energy and is associated with significant
carbon dioxide emissions, this is not a sustainable route. The
current industrial standard thus raises serious environmental
concerns[3] despite the feedstock N2 being virtually inexhaus-
tible. As society ought to move towards reducing its carbon
footprint, it is urgent to find more effective methods of utilizing
atmospheric nitrogen and converting it into useful chemicals in
a sustainable manner.[4] This need for change led IUPAC to

choose “sustainable ammonia” as a top ten emerging technol-
ogy in chemistry 2021.[5]

N2 is challenging to activate due to its lack of a dipole
moment, strong σ and π bonds with a dissociation enthalpy of
ca. 225 kcalmol� 1, and high ionization potential of ca. 16 eV.[6]

Despite these challenges, some bacteria are successful in
catalyzing dinitrogen reduction at ambient conditions through
nitrogenase enzymes, which contain FeMo- or FeV-cofactors as
the active sites.[7] This fact motivated a large body of literature
towards N2 activation based on the study of iron and
molybdenum transition metal complexes and clusters.[8]

Several recent reviews have highlighted the challenges and
the progress in dinitrogen activation chemistry.[9] Besides bio-
inspired studies, there have been many contributions on
dinitrogen binding, activation and splitting using a broad range
of transition metal complexes.[10] N2 cleavage can be achieved
via thermal,[8a,11] photochemical[12] or electrochemical[13] path-
ways. The thermal pathway is probably the most well-explored
route with many different choices of transition metals, ligand
design strategies, and reaction environments.[9b,c,11a,14] The
photochemical and electrochemical pathways involve either the
population of previously vacant N� N antibonding orbitals, or
the depopulation of N� N bonding orbitals.

Focusing on the thermal pathway, one view of the
reduction process is that electrons are “pushed” from the metal
to the dinitrogen ligand, the extent of which depends on the
metal acidity. This idea can be further expanded if an electron
donor is bound to the metal,[15] thus increasing the “pushing”
strength. The use of cooperative strategies in the design of
transition metal compounds has proven extremely important
for systems used in bond activation and catalysis and N2

activation is no exception.[13a,16] Cooperativity can be achieved
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in bimetallic complexes with two asymmetric metal coordina-
tion spheres,[17] with the idea that the resulting orbital
interactions and electronic structure will allow for new modes
of activation. A few heterobimetallic complexes (metal oxides),
with the heavy metal combinations Re/Ti[18] or Re/Mo[19] have
been reported to weaken the N2 bond. However, to the best of
our knowledge, the only heterobimetallic complexes with an N2

bridge and first-row transition metal complex that have been
synthesized are the much more recent chromium and iron Re-
N2-metalloporphyrins reported by Zhang and coworkers.[20]

A different strategy exploiting cooperativity relies on Lewis
Acids (LAs). A Lewis acid is defined by IUPAC[21] as an electron
pair acceptor, and this ability can in principle contribute to the
weakening of adjacent chemical bonds. In fact, Lewis acids have
been reported to have a “pulling” capability,[22] making them
viable candidates for building blocks in cooperative molecular
entities: a transition metal complex is used as an electron donor
and a Lewis acid as an electron acceptor.[23] This so-called
“Push/Pull” strategy has proven quite successful in the weaken-
ing of the N2 bond, in particular with borane Lewis acids,[24] as
the sp2 orbital of boron is vacant and thus may take electron
density from the dinitrogen bridge while the filled p orbital is
implicated in π-backdonation.[25] This mechanism had originally
been proposed for nitrogenase,[7] where the positive charge in
sulfur-bound hydrogen species enhanced the pushing of
electrons by the cofactor into the dinitrogen molecule.
Furthermore, bis-borylene activation of dinitrogen without a
transition metal complex is known,[26] and similarities may be
drawn with the frustrated Lewis pair strategy for metal-free
dinitrogen activation.[27]

In this work, we revisit the ReI complex synthesized by Chatt
(Figure 1).[28] It can form dinuclear, N2-bridged complexes;
adducts were obtained with group 4, 5 and 6 halides[18,29] and
metalloporphyrins.[20] Furthermore, the co-activation by Lewis
acids has been studied before in the Fe0 and ReI cases.[23b,c]

Herein, we set out to rationalize how the addition of Lewis acids
as a second molecular entity to the distal end of the N2

molecule affects the dinitrogen bond strength for mononuclear
transition metal complexes. Ideally, a metal complex with a
Lewis acid co-activator would be less expensive, but at least
equally effective and perhaps even more adaptable. Since Mo0

and W0 complexes with phosphine equatorial ligands have
been shown to spontaneously bind two dinitrogen units and

work as templates for further functionalization,[30] or direct
conversion of dinitrogen into ammonia,[31] we also study the
isoelectronic molybdenum and tungsten analogues of the Chatt
complex.

We quantify the degree of dinitrogen activation via different
pathways and rationalize the LA effect in terms of the bonding
situation. Additionally, we discuss to which extent substituting
the chloride ligand can further weaken the dinitrogen bond.
The complexes suggested herein and the orbital-based mecha-
nisms for dinitrogen activation may prove helpful for the design
of cooperative molecular systems capable of chemically trans-
forming dinitrogen or other small molecules.

Results and Discussion

Assessing the Extent of N2 Activation

While the chemical concept of an “acceptor of electrons” is
rather intuitive, the quantitative determination of Lewis acidity
is not a trivial chemical problem[32] even though it is in principle
rooted in thermodynamics.[33] In this work, the fluoride ion
affinity (FIA) was used as a Lewis acidity descriptor. The
computational approach chosen with some background infor-
mation and a comparison with the hydride ion affinity (HIA),
can be found in the Supporting Information. To understand
how the LA affects the molecular orbitals (MOs) involving the
dinitrogen unit, we analyzed the MO diagram of the bare Re-N2

complex. The energy of the δ orbital, a relatively pure atomic
orbital with rhenium dx

2
-y
2 character, is used as a reference point

for frontier orbitals with significant rhenium or dinitrogen
character.

Previously reported metal-dinitrogen MO diagrams for linear
M� N� N� M and M� N� N complexes showed considerable split-
ting between σ-bonding and σ*-antibonding interactions while
the remaining π interactions were found closer to the frontier
orbital region.[8a,11a,34] In the present case, the σ-type orbitals[35]

are HOMO-15 and LUMO+16 (Figure 2). The δ reference orbital

Figure 1. Molecular structures of the parent complex, trans-[ReICl-
(N2)(PMe2Ph)4], (left) and some of the Lewis acids tested in this work (right).
The geometries of the bulkier acids B(C2F5)3, B(OTf)3, BPh3, B(C6F5)3, B(N-
(C6F5)2)3 are shown in the SI, Scheme S1. The color code of the elements is
rhenium, teal; nitrogen, blue; phosphorus, orange; carbon, grey; chloride,
green; fluoride, light green; bromide, dark red; iodide, purple; oxygen, red;
sulfur, yellow; hydrogen, white; carbon-bound hydrogen atoms are omitted
for clarity.

Figure 2. The MO diagram of the parent ReI complex focusing on the orbitals
with dominant metal and nitrogen character. Note that the orbital energies
shown here are energies in eV relative to the δ reference orbital, HOMO-2.

Wiley VCH Freitag, 08.12.2023

2335 / 321831 [S. 58/65] 1

Eur. J. Inorg. Chem. 2023, 26, e202300268 (2 of 9) © 2023 The Authors. European Journal of Inorganic Chemistry published by Wiley-VCH GmbH

Research Article
doi.org/10.1002/ejic.202300268



of the bare complex is found in the HOMO-2 position. The
frontier occupied orbitals, HOMO and HOMO-1, have π-anti-
bonding character for the N� N bond due to π-backbonding,
which suggests that oxidation should increase the strength of
this bond. Reduction of the complex would likely not weaken
the N� N bond since the LUMO is found to comprise the
aromatic π-systems of the phenyl rings in the phosphine
ligands. The π*–π* orbitals are rather destabilized (3.62 eV
above the HOMO).

The LAs selected are shown in Figure 1 and the SI. This
particular set of boranes was chosen to generate a broad range
of values within the Lewis acidity scale. Computational
chemistry allows us to interrogate chemical space that has not
been accessed experimentally to aid in the understanding of
general chemical phenomena and this is the aim of the current
work.

To study the effect of LA binding towards a strategic
influence of the molecular orbitals and thereby the degree of
dinitrogen activation, the thermodynamic stability of Lewis Acid
adducts of the rhenium complex and the analogous tungsten
and molybdenum complexes with the same d configuration is
evaluated. The formation of the LA adducts is generally
thermodynamically favorable with stabilization energies be-
tween � 15 and � 241 kJmol� 1 (see Supporting Information
Table S3 for complete data sets), although no clear trend can
be obtained likely due to a taut balance between electronic and
steric effects. Exceptions to this are B(OH)3 (ca. +32 kJmol� 1)
and B(N(C6F5)2)3 (ca. +220 kJmol� 1) for all three metal centers,
and for ReI additionally B(CH3)3 and B(SH)3. We hypothesize that
B(OH)3 is not a strong enough electron acceptor to establish a
proper bond with end-on-bound dinitrogen. For B(N(C6F5)2)3,
the electrostatic repulsion between the bulky LA and the metal
complexes may surpass any stabilization resulting from bond-
ing, rendering the putative N� B bond unstable. For the cases of
B(CH3)3 and B(SH)3 adducts with rhenium, we do not have a
simple explanation.

The Lewis acids bind the end-on nitrogen ligand via the
boron atom, forming a non-linear Re-N� N-LA subunit with the
N� N···B angle varying from 132° (BF3) to 172° (B(CH3)3). This
geometrical arrangement is reminiscent of a dinuclear bent
bridging motif[36] and may allow for an electrophilic attack of a
substrate on the nascent lone-pair at the boron-bound nitrogen
atom. The N� N bond distance in the bare Re-N� N complex is
1.154 Å, and it ranges from 1.158 Å [B(CH3)3] to 1.208 Å [B(OTf)3]
in the Re� N2� LA adducts, suggesting some degree of bond
weakening for all adducts. While the strength of a bond is often
assessed by the bond length, it can be evaluated more
quantitatively with other parameters such as bond orders or
N� N stretching frequencies.[37] To compare the validity of these
measures, N� N Mayer bond orders and υN–N(stretch) frequencies
are plotted against the calculated FIA in Figure 3. Additionally,
NBO analyses of three representative adducts are presented in
the SI (Table S5).

Figure 3a shows that the N� N bond orders of the metal
complex-LA adducts (dots) are lower than in the bare com-
plexes (dashed lines), indicative of a higher degree of N2

activation. However, the values are rather scattered across the

FIA scale and do not show a clear trend for the three metal
elements studied so that Mayer bond orders should be
interpreted with some caution. The N2 stretching frequencies
shown in Figure 3b show a general decrease of υN–N with
increasing FIA, although not in a reliably predictive manner,
and a clear trend for the three types of central metal. Deviations
from linearity along the FIA scale may be due to steric effects:
the relationships between υN–N and FIA for LAs with comparable
steric hindrance, such as the B(OH)3/B(SH)3 and BPh3/B(C6F5)3
pairs, appear to be reasonable. The case of B(C2F5)3, however,
does not follow this trend. Its structure is very similar to that of
the B(OTf)3 adduct, so considering that a higher FIA was
obtained in both our computational model and that of Greb
and coworkers, a decrease in υN–N is expected. We will return to
this result further below as it may be related to the molecular
orbitals resulting from adduct formation (Figure 4).

Figure 3. Computed a) N� N Mayer bond orders and b) N� N vibrational
frequency vs. calculated FIA. The data points represent different metal ion-
LA adducts: ReI (orange), W0 (purple) and Mo0 (light purple). Dashed lines
represent the values of the bare complexes. An analogous picture with HIAs
instead of FIAs can be found in the Supporting Information, Figure S3.

Figure 4. Molecular orbital energies of the occupied π–π* and virtual π*–π*
orbitals relative to the respective δ orbital energies (orange dashed line) for
all LA-N2-rhenium(I) adducts. The bare complex is represented in purple and
the Lewis acids with thermodynamically unfavorable binding in orange,
except B(OH)3 as no stable structure with a B� N bond was obtained. Orbitals
that do not have considerable N character are not represented unless they
correspond to the LUMO (dashed lines).
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We note that the decrease in υN–N(stretch) with increasing FIA is
independent of the metal ion – the “pushing” of electrons into
the N2 bridge is consistent for all adducts and depends only on
the acidity of the metal. This is an important finding as
orthogonal effects can be independently tuned and exploited
for the rational design of new molecules. Binding to the
electron withdrawing Lewis acids can weaken the N� N bond
from an obvious triple bond[37] in the bare ReI complex with a
N� N stretching mode at 1919 cm� 1, to 1754 cm� 1 in the
ReI� B(OTf)3 adduct or even to values as low as 1575 cm� 1 for
the analogous Mo0-B(OTf)3 complex. These stretching frequen-
cies are consistent with the N� N double bond range (ca. 1300–
1800 cm� 1), and are much lower than those reported, for
instance, for the ReI� N2-metalloporphyrin complexes of iron
and chromium (1803 and 1887 cm� 1, respectively).[20] We note
that the predicted modes are expected to differ from exper-
imental values due to the harmonic approximation and intrinsic
DFT errors. The qualitative trend and the degree of activation,
however, is expected to translate to experimental observations.
Our findings are in general agreement with those of Szymczak
and coworkers for an Fe0 model of the nitrogenase enzyme and
the Re complex,[23b,c] although for a smaller range of Lewis acids.
This result strongly supports the usefulness of LAs for electronic
structure modulations and implies that a more detailed
electronic structure analysis can shed light onto the activation
mechanism in M-N2-LA adducts.

Electronic structure modulation

Having shown that the formation of M� N2� LA adducts affects
the N� N bond strength, the findings will now be interpreted
within an MO framework for the series of Re� N2� LA adducts.
B(OH)3 is excluded from this analysis because no stable
structure with a B� N bond was found.

Szymczak and coworkers[23b,c] rationalized the decrease in
υN–N by comparing the admixture of dxy/dxz/dyz-type atomic
orbitals of the transition metal with π-MOs of the N2-LA adduct
and discussed the stabilization of the resulting MOs with
respect to the MOs of the separate fragments. We did not find a
significant variation of the rhenium atomic orbital coefficient in
the π-frontier MOs (values ranging from 2.7% to 5.2%). We also
found no meaningful correlation between the degree of
admixture and the calculated FIAs or υN–N for the complexes
studied here.

We therefore devised an alternative approach for ration-
alizing the LA effect in an MO framework. As a suitable
reference point for comparing orbital energies across all M-N2-
LA adducts, we chose the Re dx

2
� y

2 orbital (δ-MO), since it can
be readily identified, corresponds to an essentially pure Re
atomic orbital and should thus not change its energy when
adduct formation occurs. This approach is advantageous as it
only requires a description of the full adduct and not of the
separate fragments.

Figure 4 shows how the electron withdrawing capabilities of
the LAs affect the frontier orbital energies in the adducts
relative to the δ-MO. The relative energies of the π–π* orbitals

generally decrease with increasing FIA, in a very similar trend to
that observed in Figure 3 for the N� N stretching frequencies.
Correlating the energy of the more stable π–π* orbital against
υN–N shows a linear relationship with a coefficient of determi-
nation R2 close to 0.80. The mean absolute error is quite small,
� 0.09 eV. The elimination of the four adducts that are not
thermodynamically stable (B(N(C6F5)2)3, B(SH)3, B(OH)3, B(CH3)3)
leads to an improvement of the coefficient of determination to
0.95 and a much better correlation (Eπ–π*=
0.0027υN–N� 5.0912 eV). A very similar trend is observed if
instead of the energy of the lower π–π*, the center of gravity of
the two π–π* orbitals is considered (albeit with a smaller R2

value of 0.80).
These results show that the weakening of the N� N bond by

a LA, usually referred to as a “pulling” effect, can be interpreted
within the MO scheme as a stabilization of the π–π* orbitals
upon formation of the adduct. In contrast, the π*–π* orbitals are
essentially unaffected by LA binding.

It is also noteworthy that, in contrast to what had been
observed upon plotting υN–N vs FIA (Figure 3), the expected
relative positions of B(OTf)3 and B(C2F5)3 are obtained in
Figures 4 and 5. This may be interpreted as a more favorable
overlap between the π orbitals of dinitrogen with those of
B(OTf)3 compared to those of B(C2F5)3 that outweighs the
apparently weaker electron withdrawing capability of B(OTf)3.

Implications for electrochemistry

Although the π*–π* orbital energy is essentially the same in all
adducts, see Figure 4, an important observation is that the
stronger Lewis acids shift the π*–π* orbital into the LUMO
position. This may allow its population via electrochemical
reduction, which would decrease the strength of both the
metal-nitrogen and the nitrogen-nitrogen π-bonds. Even
though it was not rationalized within a molecular orbital
framework, the facilitation of redox catalysis via binding to an
electron acceptor has already been achieved in the context of

Figure 5. Relative energy of the lower π–π* orbital with respect to the metal
δ orbital, for each ReI-N2-LA adduct, plotted against the respective N� N
stretching frequency. Linear fit parameters: y=0.0027x–5.0912, R2=0.9491.
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dinitrogen binding and functionalization.[38] That a change in
redox potential occurs upon LA binding was also seen by
Szymczak and coworkers.[23b] A dual effect of LA co-activation
coupled to electrochemical reactivity could contribute to the
desired result of forming bonds between nitrogen and a new
organic unit or to releasing the product from the metal.

The nature and energy of the required electrochemical
steps to further enhance N2 activation was evaluated by
calculating the redox potentials and anchoring them to an
experimentally measured reversible redox peak in a ReI

analogue.[39] The processes studied here are shown in Scheme 1
with redox potentials vs. SHE for the parent complex. A
constant of 0.244 V was added to the potentials in order to
move from the SCE (experimental result) to SHE scale.

The metal ion was confirmed to undergo the oxidation
processes, as the appropriate spin density changes are solely
accumulated on the rhenium atom (see Supporting Informa-
tion). The reduction, however, is shared between the phosphine
aromatic systems and the rhenium ion (weak LAs) or between
the nitrogen bridge and the rhenium ion (strong LAs), as
expected from the nature of the corresponding LUMOs.

While the expected spin states for the Re0� II species are
clear, there are two plausible spin states for ReIII. Calculations
show that the singlet state is energetically preferred over the
triplet state for the bare complex (� 10 kJmol� 1) and LA adducts
(BPh3: � 1 kJmol� 1; B(C2F5)3: � 4 kJmol� 1; others: � 10 to
� 14 kJmol� 1). Considering these small energy differences and
expected spin-orbit coupling effects suggests that the redox
potentials predicted here will likely differ from those that would
be measured experimentally. However, even with this uncer-
tainty in mind, the calculated redox potentials reported in

Table 1 seem attainable and are in agreement with previous
reports for similar Re-N2 complexes.[39]

The results completely corroborate the expectations from
the molecular orbital analysis shown in Figure 4. For the LA
adducts with a π*–π* orbital as the LUMO, (B(C2F5)3, BCl3 and
B(OTf)3), reduction to Re0 decreases the N� N stretching
frequency by ca. 300 cm� 1. This is not observed for the bare
complex or the ones forming adducts with BPh3/BH3, because
the π*–π* orbitals are not in the frontier region (LUMO+8). The
weakening of both the Re� N and N� N bonds upon reduction is
also corroborated by the increased bond lengths of the reduced
complexes relative to the neutral compounds. In the case of the
Re� N2� B(OTf)3 adduct, the increase is similar for the Re� N
(0.078 Å) and the N� N (0.050 Å) bonds.

Single and double oxidation events lead to an increase in
υN–N, as the antibonding π–π* HOMO orbital is depopulated. Not
only does the binding to LAs allow for a reduction process
productive for nitrogen bond weakening, but it also shifts the
redox level (ca. +0.8 V) towards better attainable potentials,
making this reduction easier while maintaining the redox span.
The latter shift had also been reported for the Fe0 nitrogenase-
like complex.[23c]

trans influence

As a final tuning opportunity in the complex, the ligand in the
trans position to the nitrogen bridge[40] was modified to study a
putative enhancement of the “pushing” effect of the metal,
possibly leading to cooperative pushing and pulling. The “push”
had previously been rationalized as the donation from filled
metal d orbitals to N2 π* orbitals upon formation of the
M� N2� LA adducts.[23c] We thus tested the substitution of the
chloride ligand in the initial rhenium complex with the other
halogens. We chose a halogen series as a chemically similar and
spectrochemically well understood series. We expect σ donor
and π acceptor ligands to considerably shift the MO arrange-
ment. Szymczak and coworkers showed competitive binding of
four borane LAs to the halogen,[23b] and hence we calculated
the energy difference between the expected LA� N binding and
LA� X binding for three LAs of different ends of our dataset
(BPh3, B(C2F5)3, B(OTf)3, see Supporting Information). We con-
firmed the two types of adduct to be isoenergetic, meaning
that in similar application cases the preference of one form over
the other may be subtly influenced by the ligand design and
specific environmental effects in the experiment. The following
results may thus be qualitatively correct, but not quantitatively
accurate or quantitatively transferrable to other complexes.

An increasing halogen electronegativity decreases the N� N
stretching frequency in the three test cases shown in Figure 6.
This suggests that removing electron density from the metal
ion improves N� N activation, contrary to what had previously
been reported for complexes with trans boron-metal bonds and
is expected for a “push”-like effect. The effect is small for Cl, Br
and I (ca. 5–10 cm� 1 per halide substitution step), but when
chloride is substituted by fluoride, a decrease comparable to
the pulling effect of the Lewis acids of up to 44 cm� 1 is seen.

Scheme 1. Computed reduction potentials between the different rhenium
species (bare complex) vs SHE (V).

Table 1. N� N stretching frequencies (cm� 1) and reduction potentials (V vs.
SHE) for the different rhenium oxidation states and adducts. The data for
ReIII species is based on singlet spin states.

LA Re0 ReI ReII ReIII

υ(N� N) [cm� 1] – 1897 1919 1993 2074

BPh3 1907 1941 1978 2038

BH3 1847 1896 2009 2112

B(C2F5)3 1514 1842 1911 1985

BCl3 1514 1785 1860 1975

B(OTf)3 1467 1753 1837 1884

Pot. vs SHE [V] – � 2.39 0.42 1.47

BPh3 � 2.31 0.74 1.78

BH3 � 2.32 0.72 1.64

B(C2F5)3 � 1.97 1.14 2.24

BCl3 � 1.94 1.20 2.07

B(OTf)3 � 1.73 1.38 2.27
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We note that binding of a LA and substitution of a trans-ligand
are two independent processes, as the same effect is observed
for three LAs at different points of the FIA spectrum, and can
thus be exploited cooperatively.

This finding was rationalized with a molecular orbital
diagram in which metal and halogen atoms are varied, see
Figure 7. Taking the chloride complexes as a starting point
(purple lines), it is shown how the π and σ orbitals along the
halogen-metal-nitrogen axis are affected (i) by adduct forma-
tion with the strongest LA B(OTf)3 (black lines), and (ii)
additional substitution of the chloride ligand for the more
electronegative fluoride (orange lines). For all three metals, the
same π-stabilization is observed upon LA binding: the black
energy levels of the LA adduct are lower in energy than the
purple lines of the parent complexes.

Comparing the metal series from the more acidic ReI to the
less acidic Mo0, the relative energies of the π frontier orbitals
generally decrease. This is expected as the latter should be able
to push more electron density into the N2 antibonding orbitals
and is in perfect agreement with the υN–N relationships
established in Figure 3. We note that for the tungsten and
molybdenum complexes, the π*–π* stabilization observed upon
LA binding is similar to that discussed above for the rhenium
complex. The π*–π* levels lower from LUMO+9 to LUMO+8,
but the effect is not strong enough to create LUMOs of
predominant N π* character and thus allow for productive
reduction processes.

Importantly, upon substitution of the trans-ligand in the
adducts, the π frontier orbitals are slightly destabilized due to π-
donor effect of the halides.[23c] However, noting that the
F� M� N2� LA adducts have a smaller υN–N it is clear that the
influence of the σ interaction must be more important.
Inspection of the σ bonds along the X� M� N2 axis reveals that
there is a significant stabilization of this orbital in the trans-
fluorine complex, implying a donation of electron density from
dinitrogen to the metal along a σ-path enhanced by increasing
electronegativity of the trans-halogen. The possibility of elec-
tron density donation via a σ-path had been discussed by
Ruddy and coworkers in 2018;[24a] however, to the best of our
knowledge, this is the first time it is identified in a series of
transition metal dinitrogen complexes.

The σ-drain of the electron density over both the metal and
the dinitrogen bridge is confirmed by a correlation between the
decrease in σ orbital energy and the N� N stretching frequency
shown in Figure 8. These two parameters correlate with a
determination coefficient of ca. 0.99, which further supports
that the weakening of the dinitrogen bond is indeed caused by
a weakening of the σ interactions due to the electronegativity

Figure 6. Effect of halogen substitution in the position trans to the
dinitrogen bridge on different Lewis acid-bound ReI complexes.

Figure 7. Frontier orbital diagram for the bare ReI, W0 and Mo0 complexes (purple) and respective Push/Pull Lewis acid analogues with chloride (black) and
fluoride (orange) ligands in the trans position relative to the nitrogen.
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of the halogen. The σ effect is stronger than the influence of
the metal and compensates for the diminished π-pushing of the
metal d orbitals. However, the synthetic viability of a fluoride
substituent cannot be assessed here; other choices of ligand
positioned trans to the dinitrogen unit and able to pull electron
density via the σ-channel may have a smaller effect.

Conclusions

The activation of the N� N bond and the incorporation of
nitrogen atoms into value-added products remains a challenge
in chemistry. Computational chemistry can contribute to the
design of complexes for dinitrogen activation and transforma-
tion by studying the nature of the interactions and ways in
which they may be tuned for optimal reactivity.

Herein, we studied the cooperative “push-pull” effect of
Lewis acid binding to dinitrogen bound in molybdenum,
tungsten and rhenium complexes with a d6 configuration.
Stronger Lewis acids weaken the dinitrogen bond more
strongly as monitored by the N� N stretching frequencies,
although steric hindrance and electronic effects cannot be fully
disentangled. The “push-pull” effect was rationalized with an
electronic structure analysis: occupied molecular orbitals with π
antibonding interactions between the two nitrogen atoms are
more strongly stabilized for stronger Lewis acids. The choice of
Lewis acid was furthermore found to determine the orbital
ordering in the rhenium complexes. The π*–π* metal-N2 orbital
can be moved into the LUMO position, implying electro-
chemical bond activation in a single reduction event.

A variation of halides in the trans-position to the dinitrogen
unit suggested that there are independent σ and π paths that
can be used to push or pull electron density from the metal to
the dinitrogen ligand. This effect is orthogonal to the Lewis acid
effect so that these electronic structure modulations could be
harnessed in a cooperative manner to optimally tune a
transition metal complex for thermal, electrochemical or even
photochemical dinitrogen activation reactivity. To the best of

our knowledge, this dichotomy of σ and π “push-pull” paths has
not been described before.

With all these results in mind, some guiding principles can
be summarized: (1) greater Lewis acid strength is expected to
lead to stronger dinitrogen activation via the π path, although
the FIA or HIA cannot be used as a simple predictive quantity
given that electronics and sterics will interplay, (2) exploring
ligand variations in the binding site trans to the dinitrogen unit
may facilitate orthogonal tuning via the σ path, (3) competing
binding sites of LAs need to be evaluated, and strategies to
overcome undesired LA binding may be needed, and (4)
electrochemical functionalization of the nitrogen atoms may
become accessible by LA co-activation.

Experimental Section
Density Functional Theory[41] calculations were performed with the
ORCA 5[42] suite of programs. Geometry optimizations and numer-
ical frequency calculations were performed with the functional
combining the exchange energy approximation by Becke[43] and
correlation by Perdew[44] (BP86) in combination with the balanced
polarized triple-ζ basis set from the Ahlrichs family[45] (def2-TZVP)
for all atoms. The resolution of the identity integral method,[46] with
the appropriate auxiliary basis (def2/J), was used in order to
optimize computational cost. Grimme’s DFT-D4[47] was included to
account for dispersion interactions. Solvent effects were considered
using the conductor-like polarizable continuum model (CPCM)[48]

for dichloromethane. Explicit solvent molecules are not expected to
have a significant influence on the covalent binding reported here
and are therefore not included. Equally, counterions and other
species commonly found in solution are not explicitly included.

A pincer ligand system by Schneider and coworkers has proven
successful in dinitrogen activation using multiple strategies with
different transition metal ions.[13b,34b–c,39,49] Redox potentials were
calculated using the method described by Schneider and co-
workers.[39] The potential is obtained from the difference between
the oxidized and reduced forms Gibbs energies and the Nernst
equation; a detailed description is given in the SI. It is anchored to
the experimental value measured for the first (reversible) wave of
mer-[ReCl(N2)(PPhCPh=CPh)(PMe2Ph)3] (0.19 V vs SCE).[50] The data
required to reproduce the plots in this work can be found in the
Supporting Information. All the computational data have been
uploaded (DOI: 10.19061/iochem-bd-4-56, link: https://doi.org/10.
19061/iochem-bd-4-56) onto the ioChem-BD[51] platform (www.
iochem-bd.org) to facilitate data exchange and dissemination,
according to the FAIR[52] principles of OpenData sharing.

Supporting Information

The authors have cited additional references within the
Supporting Information.[39,50,53]
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