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Scrutinising ligand pre-reduction: unlocking
pathways to mono-, homo-, and heterobimetallic
naphthyridine diimine complexes

’ '.) Check for updates ‘

Cite this: /norg. Chem. Front., 2025,
12, 6044

Adrian Jenner, Laura Neumduller, Hartmut Schubert, Cacilia Maichle-M&ssmer and
Manfred ManRen (2 *

The redox-active naphthyridine diimine (NDI) framework serves as a versatile scaffold for synthesising
monometallic as well as homo- and heterobimetallic complexes, owing to its electronic flexibility and
rigid geometry. This comprehensive study investigates the influence of ligand pre-reduction on the reac-
tivity and structural outcomes of NDI with alkali and alkaline earth metals. Systematic analyses reveal that
the nature and extent of NDI reduction critically determine the resulting metalation pathways. Pre-
reduction with sodium favors the formation of homobimetallic complexes, while lithium enables access
to heterobimetallic architectures, and magnesium yields monometallic species. The use of pre-reduced
NDI intermediates allows for salt metathesis reactions with group 13 halides, giving rise to well-defined
Al-Al, Al-Li, Ga, and Ga-Li complexes. Structural and spectroscopic data provide insight into oxidation
states and electronic delocalisation within the NDI framework. A metrical model, inspired by the chemistry
of diazabutadiene ligands, is introduced to classify NDI redox states based on characteristic bond lengths.
These results highlight the synthetic utility of pre-reduction strategies for tailoring the electronic and
structural diversity of NDI-based complexes across a broad range of metals.
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Introduction

Cooperativity in bimetallic complexes was revealed to be more
common in homogenous catalysis than previously thought.'™
Especially during the last few years, interest in the interaction
within bimetallic complexes grew in popularity as they are
found in enzymes activating small molecules like dihydrogen
and dinitrogen.””® They also have proven to be highly versatile
in bond activation as well.®® Systematic approaches to gene-
rate such complexes with possible metal-metal interaction
include the use of rigid or electronic flexible environments, by
forcing interaction through close proximity, or redox-activity.’
However, examples which make use of this remain scarce.>'®
One of these ligand classes of particular interest are redox-
active naphthyridine diimines (NDIs, I).** The planarity of the
naphthyridine-backbone and conjugated imine groups offer a
rigid and electronic flexible setting (Scheme 1). Its great variety
of oxidation states was first used and described in coordi-
nation chemistry by the group of Uyeda, who reported the
successful  synthesis of [{Niy(CeHe)}(NDI)]  (I-Ni).">™*°
Implementing iron (II-Fe) and cobalt (II-Co), they report on all
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three complexes reacting in oxidative addition reactions with
allyl chlorides,'® and complex II-Co catalysing coupling reac-
tions of tertiary alkyl azides to azoalkanes as well."” However,
the synthetic protocols for these complexes highlight the chal-
lenges for the preparative methods and limitations to certain
metals. Due to the relative softness of NDI, according to HSAB
concepts, suitable metal(0) precursors are the best candidates
for generating bimetallic NDI complexes. This becomes par-
ticularly evident for complex II-Ni, for which the Uyeda group
utilises the reaction of NDI with (COD),Ni(0) (COD = cycloocta-
diene).”> To address this limitation, an alternative strategy
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Scheme 1 Numeration of NDI and overview of previous work.
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involves pre-reducing NDI in a separate initial step. This opens
up the possibility for salt metathesis reactions, which makes it
especially interesting for other metal precursors, which are
considered as hard Lewis acids.

To obtain the complexes II-Fe and II-Co, the group of Uyeda
used in situ generated dark brown/orange Na,NDI by reducing
NDI with sodium amalgam, and salt metathesis reaction.'®
Similarly, the group of Braunschweig was able to synthesise
[{Fe(CO);},{Ge,(NDI)}] (III), which uses a binuclear NDI
complex as a ligand. For this, they generated dark green
Na,NDI in situ by reducing NDI with sodium in NaCl, which
differs from the dark brown/orange species described by
Uyeda.'® Additionally, the group of Broere achieved the syn-
thesis of heterometallic binuclear complexes such as [{Mg
(thf),Ge}(NBA)] (IV) (NBA = naphthyridine bisaldimine), in
which the metal-metal interaction is a key focus.'® To syn-
thesise IV, NBA was reduced with magnesium, and subsequent
salt metathesis reaction with GeCl,-dioxane resulted in mono-
nuclear [(Ge)(NBA)." After further reduction with mag-
nesium, they were able to isolate complex IV.

To overcome the synthetic limitations of this ligand class
and to gain a deeper understanding of the reduction chemistry
of NDI, we investigated the reactivity of strongly reducing
alkali and alkaline earth metals in detail. In this context, we
sought to broaden the range of possible metals that can be
introduced to NDI or analogous systems for researchers
working on elements across the entire periodic table. Here, we
report comprehensively on the influence of the initial pre-redu-
cing step to the ligand with spectroscopical, crystallographic,
and structural data. Furthermore, we highlight changes in
reactivity for the different alkali and alkaline earth metals,
resulting in monometallic and homo-/bimetallic complexes of
main group elements.

Results and discussion
Reduction with alkali metals

Reacting NDI with 3.3 equivalents of sodium amalgam in THF
results in an initial change in colour to purple and ends with a
dark orange/brown solution of in situ generated Na,NDI. This
has been used by the group of Uyeda in salt metathesis reac-
tions with FeCl, and CoCl,."® An approach from the group of
Braunschweig includes the reduction using 3.4 equivalents of
Na/NaCl in a mixture of THF and benzene. Here, the reaction
results in a dark green solution of presumed Na,NDI which
was also used successfully in a salt metathesis reaction with
GeCl,-dioxane.*®

To investigate the differences between the differently
coloured solutions, the reduction of NDI was repeated using
varying equivalents of metallic sodium. The deep green solu-
tion used by the group of Braunschweig was reproducible with
a great excess of sodium in THF. But attempts to observe a dis-
tinct diamagnetic species in the "H NMR spectrum of this
solution were unsuccessful, suggesting the presence of a
mixture, including paramagnetic species. Performing the
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reduction in C¢Dg with 2 equivalents of metallic sodium repro-
duces the orange/brown solution from the group of Uyeda. 'H
NMR spectroscopy was used for comparison, with the proton
signals of the naphthyridine backbone proving particularly
useful due to their well-resolved positions in the spectrum.
Our results align with previous observations, showing two sets
of upfield-shifted doublets (5.72 ppm and 4.61 ppm), which
indicate a loss of aromaticity in the backbone."® A high depen-
dency on the solvent is revealed by comparing the proton
signals of the disodium reagent in C¢Dg¢ and in THF-dg (THF-
dg: 5.38 and 4.02 ppm, Fig. S1).

The in situ generated Na,NDI cannot be isolated, as it is
unstable as a solid even at —80 °C. Multiple attempts of crystal-
lising this complex were unsuccessful, however quenching the
solution with TMEDA (Scheme 2), acetonitrile or crown ether
result in monoanionic NDI sodium compounds. The structure
of [Na(thf);(NDI)] (1) was confirmed by single crystal X-ray
diffraction of red crystals obtained from a solution in THF
(Fig. 1). Similarly, quenching the Na,NDI in solution by
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Scheme 2 Reaction of NDI with sodium amalgam and TMEDA, and
with granular lithium.

Fig. 1 Molecular structure of complex 1. All atoms are represented by
atomic displacement ellipsoids set at 50% probability. Solvent molecules
and hydrogen atoms are omitted for clarity. Carbon atoms of the coor-
dinating solvent and substituents are displayed in a capped stick model.
Selected interatomic distances (A): Nal-N1 2.360(2), Nal-N3 2.472(2),
N1-C1 1.368(2), C1-C9 1.456(2), N3-C9 1.305(2), N2—-C6 1.350(2), C6—-
C11 1.486(3), N4-C11 1.278(2), C2—-C3 1.380(3), C4-C5 1.375(3), C7-C8
1.433(2).
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addition of acetonitrile also results in a mononuclear com-
pound 1-MeCN (Fig. S32).

Immediately noticeable in the molecular structure of
complex 1 is the flipped configuration of the nitrogen atoms
in the unoccupied moiety of N2 and N4, which is also found
in free NDI. Since both nitrogen atoms in each moiety are
rigidly held in place by the NDI framework, the metal centre
displays a distorted trigonal bipyramidal geometry. The Na-N1
bond (2.360(2) A) is at the lower end of Na-N distances found
in monometallic complexes of non-innocent monoanionic
BIAN and NNN-pincer systems (2.33-2.52 A).2>?*' The Na-N3
bond on the other hand is with 2.472(2) A at the higher end of
that range. Together with only slight changes for C1-C9 (1.456
(2) A) and N3-C9 (1.305(2) A), the Na-N3 bond is primarily of
dative nature.

With the purpose of investigating the influence of the metal
used for reduction, reactions were also performed with granu-
lar lithium. Aiming for a “Li,NDI”, the reactions of the free
NDI ligand with granular lithium in either THF-dg or C¢D¢ are
shown in Scheme 2. Starting in THF-dg with 2 and 3.3 equiva-
lents lithium - similar to the reaction with sodium - the reac-
tion mixture turns from light yellow over dark brown to a dark
orange solution. The "H NMR and EPR spectra of these reac-
tions (Fig. S2 and Fig. S20) reveal a mixture of several dia- and
paramagnetic species. The “Li NMR spectrum for 2 equivalents
(Fig. 2b, top) consists of a broad signal at 0.00 ppm, overlap-
ping with another broad signal at 1.33 ppm, hinting towards a
more dynamic system. Using 10 equivalents of lithium, the
reaction mixture continues to turn from a dark orange to a
deep violet colour. The line broadening is even more apparent
in the "Li NMR spectrum (Fig. 2b, middle) with several overlap-
ping signals at 1.79, 1.18 and 0.10 ppm. This indicates strong
dynamics for the lithium nuclei, which could be explained by
the exchange of the Li(thf), fragment. In sharp contrast, the
'"H NMR spectrum (Fig. S3) is comparable to the spectrum
after reduction of NDI with sodium, suggesting full conver-
sion: the proton signals of the naphthyridine-backbone show
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NDI + Na
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an up-field shift. However, this shift is most prominent for
sodium (Fig. 2a, bottom). It is less pronounced in the case of
lithium, where they are only shifted to 4.83 ppm. This indi-
cates a loss of aromaticity in both complexes, and conse-
quently higher diene characteristics.

The dynamic nature of the reaction of NDI and lithium is
also reflected in the crystallographic data with diverse struc-
tural motifs (Fig. 3). Reacting NDI with 2 equivalents of granu-
lar lithium (Scheme 2), and layering the solution with
n-pentane, orange-red crystals of [Li(thf),][{Li}3(NDI),] (2a) can
be isolated. Dark green crystals of [{(Li);(Li(thf))}(NDI),] (2b)
are obtainable from the reaction with 10 equivalents. Both
complexes are dimeric NDI structures with varying lithium
cores and resemble different delocalised C-N systems, such as
diazaallyl (2a) and diazabutadiene (2b) complexes. In complex
2a, a Liz-core is located in between two NDI units, with a
fourth one being solvated by four molecules of THF in the per-
iphery. Therefore, each NDI unit possesses a charge of —2. For
Lil, a o-coordination to the pyridine N1 and the imine N3, as
well as a n-coordination to N1'-C7’-N2’ to the other NDI unit
can be found. Coordination for Li3 is analogous to Lil. For
Li2, the lithium atom is two times oc-coordinated (N2 and N4,
N2’ and N4'). The core of complex 2a appears to have formed
from a Li,NDI and a LiNDI fragment, where the unoccupied
moiety of LINDI coordinated a lithium centre of Li,NDI.
Complex 2b on the other hand contains a Li,-core, which
forms a regular diamond shape with an edge length of around
2.66 A. In this shape, Li1 is coordinated by one molecule of
THF, and all four pyridine nitrogen atoms (N1, N2, N1’, N2’).
An n*-coordination is found for Li2 to N1-C1-C9-N3, and Li3
being equivalent to that. This coordination is indicative of sig-
nificant delocalisation along these bonds. Aside from 2b,
additional crystals of a compound with the molecular formula
[Li(thf),],[LisNDI,] (connectivity, Fig. S36) further proof the
poor selectivity of these reactions (Scheme 2).

Since coordinating solvents seem to play an important role
in the formation of compound 2, the reactions were also per-

b) & g NDI + 2 Li (THF-ds)
T:" ;‘3 g NDI + 10 Li (THF-ds)

§ NDI + 2 Li (C¢Ds)
5 4 3 2 1 0 4 2 3 4 5 ppm

Fig. 2 (a) *H-NMR spectra in THF-dg of NDI (top), NDI with 10 equivalents of granular lithium (middle) and NDI with 2 equivalents of sodium metal
(bottom). Marked (magenta) are the proton signals of the protons at C3 and C4. (b) “Li-NMR spectra of the reaction mixtures of NDI and granular
lithium with 2 equivalents in THF-dg (top), with 10 equivalents in THF-dg (middle), and with 10 equivalents in C¢gDg (bottom).
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Fig. 3 Molecular structure of complexes 2a—2c (top). All atoms are represented by atomic displacement ellipsoids set at 50% probability. Solvent
molecules, hydrogen atoms, and carbon atoms of the substituents, as well as a [Li(thf)4]* fragment for complex 2a are omitted for clarity (for
metrics, see Sl). Schemes corresponding to complexes 2a—2c to visualise binding situation (bottom).

formed in a non-coordinating solvent. The reaction of NDI
with 10 equivalents of granular lithium in C¢De (Scheme 2)
starts out similar to the one in THF-dg. But instead of turning
deep violet at the end of the reaction, it turns deep brown in
colour. The 'H NMR spectrum for the reaction mixture
(Fig. S4) is comparable to the one in THF-ds. The shift of
proton signals of the naphthyridine-backbone is present as
well (4.87 ppm), but not as pronounced. A difference is obser-
vable in the “Li NMR spectrum (Fig. 2b, bottom). The spec-
trum consists of a sharp signal at 0.78 ppm with no extensive
broadening. Another remarkable detail is that neither pro-
longed reaction time nor re-dissolving after removal of the
solvent in vacuo change the spectra obtained. Cooling down a
solution from the reaction of NDI and 10 equivalents of
lithium in CgDg results in brown crystals of [(Li)4(NDI),] (2¢)
(Fig. 3). The structural motif is similar to the one of complex
2b with a Li,-core. However, the core in complex 2c¢ forms a
kite with edge lengths of around 2.45 A and 3.00 A. Such oligo-
meric structures are known to form for lithium amide and
imide complexes.”*??

Comparing these structural motifs of complexes 2a-2c
altogether, complex 2a seemingly resembles the reduction to a
“Li,NDI” compound, where the formation of a Lis-core was
incomplete. Depending on the solvent, the complete formation
leads to a mixture with complex 2b as major product in THF-dg
and selectively to complex 2¢ in C¢Des. Consequently, for our
further reactivity studies, we chose the selective formation of
complex 2¢ in aromatic solvents (vide infra).

After investigations of the reaction with lithium and the
more elusive reaction with sodium, efforts in reducing with
potassium were also made. Reacting NDI with an excess of pot-
assium results in a single change of colour to dark red-brown.

This journal is © the Partner Organisations 2025

Analytics of this product are inconclusive, regarding the
degree of reduction. The EPR spectrum (Fig. S18) of the frozen
solution in THF at 123 K shows a singlet at g = 2.0017, indicat-
ing an organic ligand based radical species. When the reaction
is carried out with 2 equivalents of metallic potassium and
analysed by "H NMR spectroscopy, no signals corresponding
to a diamagnetic species are observed. Since the analogous
reactions with lithium and sodium yield diamagnetic pro-
ducts, the formation of a ‘K,NDI’ complex can be ruled out—
despite elemental analysis of the product (see SI) being most
consistent with [K,(thf),(NDI)]. Other possible, less fitting
matches include [K;(thf)(NDI)] and [K(thf),(NDI)]. Comparing
the ionic radii of potassium (1.37 A) and sodium (0.99 A),>* the
spatial demand for a second potassium ion inside the moieties
is far greater. However, it is also possible for a second potass-
ium atom to coordinate on top of the moieties, to the two
nitrogen atoms of the naphthyridine. Such a motif is known
for the complex [{Niy(C¢He){K(thf);}(NDI)], described by the
group of Uyeda.'® Assuming one potassium ion is located
within the moiety, and a second is present as a K(thf); frag-
ment coordinated above it, the third potassium ion is likely a
solvated species, given the limited available space. It appears
unlikely that nearly all coordinated THF molecules would be
lost through volatility to yield a composition such as [Ks(thf)
(NDI)]. Therefore, [K(thf),(NDI)] represents the most reason-
able formulation. Unfortunately, efforts of crystallising from
different solvents and mixtures of solvents, as well as addition
of cryptands did not yield any results.

Reduction with alkaline earth metals

In contrast to the visible reaction of NDI with alkali metals,
using magnesium shavings as a reducing agent requires

Inorg. Chem. Front., 2025, 12, 6044-6056 | 6047
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several weeks at ambient temperature (Scheme 3). After four
weeks in THF and washing with n-pentane (see SI), [Mg(NDI),]
(3) can be isolated as a red powder and crystallised from
cooling down a solution in THF (Fig. 4). Here, one metal
centre occupies one moiety of each of the two NDI units and
not both moieties of only one unit. The magnesium atom,
located on the crystallographic inversion centre, is coordinated
by two NDI units. The mean planes of the naphthyridine-back-
bones are tilted by 74.7°. The distorted tetrahedral geometry at
the magnesium centre becomes apparent looking at the
N3-N1-N1'-N3' dihedral angle of 91.5°. Since only one moiety
per NDI is occupied, the nitrogen atoms of the second moiety
have a flipped conformation, similar to compound 1. The
Mg-N1 and Mg-N3 bonds (2.028(1) A and 2.104(1) A) are
within the expected range of 1.966-2.111 A of diazabutadiene
(DAD) magnesium complexes.>* >’

The cw-EPR spectrum of a frozen solution of compound 3
in THF at 123 K (Fig. 5a) features an intense central peak
(330 mT, g = 2.004) and side bands, as well as a transition at
half-field (165 mT, g = 4.008). The transition at half-field is
characteristically found for group spins S > 1, which matches
the expected S = 1 system. A well-resolved cw-EPR spectrum of
an Et,O solution at 298 K (Fig. 5b) further reveals strong hyper-
fine couplings. Due to the resulting complex signal pattern,
the values of the hyperfine coupling constants A for the simu-
lation of the spectrum had to be based on calculations (see SI).
Based on those values, hyperfine coupling to all eight nitrogen
and at least six hydrogen nuclei is observable. Four of the
nitrogen nuclei have equal hyperfine coupling constants,
corresponding to the four nitrogen atoms bound to mag-
nesium. The other nitrogen nuclei are two pairs of two equi-
valent nuclei. These can be assigned to the two free nitrogen
nuclei in the naphthyridine-backbone, and two in the imine
group, confirming the structure of complex 3 in solution. The
absence of side bands in the EPR spectra when pre-reducing
with lithium or sodium (Fig. S20 and Fig. S21) further sup-
ports the structural difference.

In order to reduce the reaction time of NDI and mag-
nesium, which is due to the low solubility of magnesium in
THF, the more accessible Mg(anthr)(thf); (anthr = anthracene)
was used (Scheme 3, 12 h). Attempts to reduce the amount of

0.5 eq Mg(anthr)(thf);
THF, rt, 12 h
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Fig. 4 Molecular structure of complex 3. All atoms are represented by
atomic displacement ellipsoids set at 50% probability. Solvent molecules
and hydrogen atoms are omitted for clarity. Carbon atoms of the substi-
tuents are displayed in a capped stick model. Selected interatomic dis-
tances (A): Mg1-N1 2.028(1), Mg1-N3 2.104(1), N1-C1 1.371(2), C1-C9
1.440(2), N3-C9 1.326(1), N2-C6 1.337(2), C6-C11 1.490(2), N4-C11
1.278(2), C2-C3 1.385(2), C4-C5 1.385(2), C7-C8 1.425(2) (for further
metrics, see Sl).
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by-product were made by employing an excess of in situ gener-
ated Mg(anthr)(thf);, wherein an excess of magnesium is acti-
vated with dibromoethane and combined with 0.1 equivalents
of anthracene.®*® Interestingly, this reaction resulted in the
formation of dark green [{Mg(thf),},(u-Br)(NDI)] (4). In the 'H
NMR spectrum of complex 4 no diamagnetic species is appar-
ent, only a singlet is observable in the cw-EPR spectrum in a
frozen solution in THF at 123 K with gis, = 2.0020 (Fig. S19).
Analysing the crystal structure (Fig. 6, top), the Mg-N bonds
are similar to the ones found in compound 3. The adopted
geometry of the magnesium centre is a distorted trigonal
bipyramid, like complex 1, except of one in-plane THF mole-
cule being replaced by the bridging bromide. A Mg-Mg bond
can be excluded by comparing the Mgl-Mg2 distance of
3.761(1) A.*°3! The possibility of two Mg(1) centres can there-
fore be dismissed. With a mirror plane through the C7-C8

(thf)p B

_ , (thf)
dipp\N_,—Mg

10 eq Mg, 6 eq EtBry, |V,|g\_N,dipp
0.1 eq anthracene

THF, rt,1d

SR

1.2eqNa
THF, rt, 1d

- =

2.2 eqCal,
THF, rt, 1d

Scheme 3 Reactions of NDI with neat, and in situ generated Mg(anthr)(thf)s, as well as salt metathesis reaction with Cal, after pre-reducing with

sodium.
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Experiment
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mT

(a) EPR (X-Band, v = 9.2564 GHz) spectrum of a frozen solution of compound 3 in THF at 123 K (|JAms| = 1 region) with an inlay of the |[Am,| =

2 region. (b) Experimental EPR spectrum (X-Band, v = 9.2564 GHz) and simulated spectrum of a solution of compound 3 in Et,O at 298 K.
Parameters for the simulation: S = 1, g = 2.00715, Gaussian line width (lwpp) = 0.05 mT, (4*) Ay = 4.23 MHz, (2*) A\ = 2.12 MHz, (2*) Ay = 1.07 MHz,

(6*) Ay = 10.70 MHz.

bond, mixed oxidation states of Mg(i) and Mg(u) seem unlikely
to result such a symmetrical molecular structure. This suggests
that both magnesium centres reside in the formal oxidation
state of +2 with a trianionic [NDI>~ fragment. A closer look at
the N3-C9 and C1-C9 bonds reveals bond lengths differing
from the [NDI]'™*~ fragments found in other NDI complexes,
but close to the ones reported for the [NDI]'~ fragment in
Ge,NDI,'® 1.384(4) A and 1.388(4) A versus 1.365 A and 1.384 A.
This will be discussed in more detail at a later point
(vide infra). What sets the tetraanionic NDI fragment apart
from the other anionic states is the C7-C8 bond (1.451(5) A for
compound 4, 1.397(3) A for Ge,NDI). As a consequence of the
four additional charges, there are only slight contributions of
a single bond, resulting in a relatively short C7-C8 bond
length. Altogether, spectroscopical and structural data suggest
two Mg(u) centres and a trianionic NDI fragment.

Since the reactions with magnesium differed from those
with the alkali metals, similar reactivity studies were also
undertaken with calcium. However, direct reduction of NDI
using metallic calcium did not result in any reaction.
Consequently, a route via salt metathesis was employed by
generating the disodium reagent in situ in THF (Scheme 2), fol-
lowed by the addition of 2 equivalents of Cal,, which yielded
[{Ca(thf),},(u-1),(NDI)] (5). The "H NMR spectrum of complex 5
in THF-dg (Fig. S5) seems at first glance in favour of a C,,-sym-
metric species in solution. Two sharp doublets of the charac-
teristic upfield shifted protons of the naphthyridine-backbone
are observable at 6.09 ppm and 4.86 ppm in agreement with a
symmetric homometallic complex. A closer look at the signals
corresponding to the dipp substituents reveals limited
rotation. The signals corresponding to the CH; protons of the

This journal is © the Partner Organisations 2025

iPr groups are found as a multiplet at around 1.20 ppm. The
broad singlet at 3.11 ppm of the CH protons of the iPr groups
further illustrates the restricted rotation. The inequality of the
two metal centres differentiates complex 5 from the other
homometallic binuclear NDI complexes, which is further sup-
ported by the crystal structure of complex 5 (Fig. 6, bottom).

Even though both metal centres display a distorted octa-
hedral geometry, the N2-Ca1-N4 plane is tilted by 22.93° out
of the N2-C6-C11-N4 mean plane, whereas N1-Ca2-N3 is
coplanar with the N1-C1-C9-N3 mean plane (0.68°). This is
due to the steric demand of the Ca(u) cations (1.00 A) and the
relative large size of iodide (2.20 A).>* Contrasting the Ca1-N1
and Ca2-N2 bonds (2.440(3) A and 2.385(3) A), which also
reflect the differences, the Cal-N3 and Ca2-N4 bonds are
almost identical with 2.401(3) A and 2.405(3) A.

Reactivity

The differences in the reduction behaviour of NDI by alkali
and alkaline earth metals raise the question of whether these
differences also extend to their reactivity. Generating Na,NDI
in situ in toluene affords a dark brownish yellow solution. A
subsequent reaction with 2 equivalents of All; in toluene
results in [{AlL},(NDI)] (6) as a dark red solid in moderate
yield (Scheme 4). Due to the fact, that the reduced naphthyri-
dine-backbone is maintained in this reaction, the 'H NMR
spectrum shows a similar set of highly upfield shifted doublets
as before (Fig. S7, 5.94 ppm and 5.10 ppm). This behaviour is
also consistent with observations made for other reduced NDI
metal complexes."”"®'® The molecular structure of compound
6 was determined by XRD (Fig. 7, top). Each moiety in com-
pound 6 contains an aluminium centre which adapts a dis-
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Fig. 6 Molecular structure of complex 4 (top) and 5 (bottom). All atoms
are represented by atomic displacement ellipsoids set at 50% probability.
Solvent molecules and hydrogen atoms are omitted for clarity. Carbon
atoms of the coordinating solvent and substituents are displayed in a
capped stick model. Selected interatomic distances (A): Mgl-N1
2.107(2), Mg1-N3 2.049(2), Mg2—-N2 2.107(2), Mg2-N4 2.049(2), Mgl-
Brl 2.573, Mg2-Brl 2.573, N1-C1 1.421(3), C1-C9 1.388(4), N3-C9
1.384(4), N2-C6 1.421(3), C6-C11 1.388(4), N4-C11 1.384(4), C2-C3
1.362(4), C4-C5 1.362(4), C7-C8 1.451(5); Cal-N1 2.440(3), Cal-N3
2.401(3), Ca2—N2 2.385(3), Ca2—N4 2.405(3), N1-C1 1.422(5), C1-C9
1.420(6), N3-C9 1.327(5), N2—-C6 1.400(4), C6-C11 1.431(5), N4-C11
1.318(5), C2-C3 1.361(6), C4-C5 1.372(6), C7-C8 1.450(5) (for further
metrics, see Sl).

torted tetrahedral geometry with two iodides. The most signifi-
cant distortion is the obtuse N1/N2-Al-I angle with a mean of
136.6°, oriented along the Al-Al axis. Nevertheless, the Al-Al
distance (4.165(2) A) is larger than twice the covalent radius of
aluminium (1.21 A), as well as examples found in literature
(2.5-2.95 A), indicating the absence of an Al-Al bond.*?** If

ol .
dipp\Nzl}"l,%’\l\Nfd'PP 1.10 eq Li

toluene, rt, 1d

2.2 eqAll3
toluene, rt, 1d

dipp\N/
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Fig. 7 Molecular structure of complex 6 (top) and 7 (bottom). All atoms
are represented by atomic displacement ellipsoids set at 50% probability.
Solvent molecules and hydrogen atoms are omitted for clarity. Carbon
atoms of the coordinating solvent and substituents are displayed in a
capped stick model. Selected interatomic distances (A): Al1-N1 1.919(5),
Al1-N3 1.874(5), Al2—N2 1.925(6), Al2—N4 1.868(5), Al1-11 2.525(2), All-
12 2.464(2), Al2-13 2.501(2), Al2-14 2.531(2), N1-C1 1.421(7), C1-C9
1.412(7), N3-C9 1.350(8), N2-C6 1.421(6), C6—-C11 1.408(7), N4-C11
1.347(9), C2-C3 1.366(9), C4-C5 1.366(9), C7-C8 1.438(8); All-N1
1.827(3), All-N3 1.836(3), Lil-N2 2.00(4), Li1-N4 1.95(6), All-I1
2.574(2), Al1-12 2.564(2), Li1-I11 2.85(5), Lil-I2 2.94(6), N1-C1 1.421(4),
C1-C9 1.394(5), N3-C9 1.376(4), N2-C6 1.385(4), C6—-C11 1.463(4),
N4-C11 1.317(4), C2—-C3 1.349(5), C4-C5 1.383(5), C7-C8 1.440(4) (for
further metrics, see Sl).

the reaction is conducted with 2 equivalents of GaCl;, a homo-
bimetallic Ga,NDI species is formed. But this species seems to
react further with the produced metathesis salt to form
[Na,(GaCly);][{(GaCl,),}(NDI)] (see SI for further information).
As the subsequent reaction with the metathesis salt could not
be suppressed despite numerous attempts under various con-

1. 3.3 eq Na/Hg
toluene, rt, 1d

2.2 eqAllg
toluene, rt, 1d

Scheme 4 Reactions of NDI, pre-reduced with granular lithium or sodium amalgam, and Alls.
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ditions, and the resulting complex does not correspond to the
desired product, it is not considered further in this discussion.

The reactivity of NDI reduced by lithium towards All;
reveals a preference for the formation of heterobimetallic
complexes, even though 2 equivalents of All; are being used.
Performing the reaction with All; in toluene (to ensure that 2¢
is formed as the main intermediate) selectively yields deep
green [{(Al)(Li)}(p-1),(NDI)] (7) (Scheme 4). In the 'H NMR
spectrum of complex 7 (Fig. S10), multiple sets of character-
istic upfield shifted doublets (6.14 ppm, 5.87 ppm, and
5.33 ppm) can be observed similarly to complex 6, which are
explained by the asymmetry of the complex. Slow evaporation
of a n-pentane solution results in dark green crystals of com-
pound 7, suitable for XRD measurements. The crystal structure
(Fig. 7, bottom) reveals that the moiety between of N1 and N3
is occupied by one aluminium atom and the other by one
lithium atom, with two bridging iodides. Both metal centres
display distorted tetrahedral coordination. The Al-N bonds are
with an average of 1.832 A shorter than the ones found in
[AIL(*DAB)]" (1.92 A, dative) and [AlT,(*"DAB)] (1.89 A, partially
covalent), where either no or one negative charge is delocalised
along the NCCN bonds.** In [(AlI)(PDI)], one of the two nega-
tive charges predominantly remains at the pyridine nitrogen,
resulting in a bond length of 1.82 A for the Al1-N1 bond.*
This is more consistent with the bond lengths observed in
compound 7. Moreover, the Li-I bonds are unequal with
2.94(6) A and 2.85(5) A, indicating LiI character. Therefore,
both additional electrons are located at the aluminium centre.
Comparing complex 6 to 7, the Al-N bonds are elongated, indi-
cating more covalent character towards the imine nitrogen
atoms (AI-N1/N2 1.922 A, AI-N3/N4 1.871 A). Additionally, in
contrast to complex 7, the metal centres in complex 6 are tilted
by about 25.0° on average out of the mean NCCN plane. A
break in planarity can be observed for the naphthyridine-back-
bone with the two mean planes of the individual pyridine
rings, spanning an angle of 11.4°. This distorted-backbone is
another indication of the previously mentioned de-aromatisa-
tion of reduced NDI metal complexes.

Investigating the formation of heterobimetallic complexes
further, we utilised lithium reduced NDI and 2 equivalents of

1.10 eq Li
THF, rt, 1d

2.2 eq GaCl;
toluene, rt, 1d

dipp\N/ /N N\ \N,dipp

View Article Online
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GaCl; in toluene (Scheme 5). Deep green [{(GaCl)(Li(thf),)}
(p-Cl)(NDI)] (8) can be isolated by extraction with n-pentane. A
'H NMR spectrum of compound 8 (Fig. S14) reveals a more
complex situation in solution. Several signal pairs corres-
ponding to NDI units in different magnetic environments are
observable. But the environments must be regular, as only one
sharp signal at 1.93 ppm can be seen in the “Li NMR spectrum
(Fig. S15). XRD measurements of compound 8 (Fig. 8, top)
reveal a monomeric structure in the solid-state with one
lithium and one gallium atom occupying each one of the moi-
eties. The lithium centre is analogous to the magnesium
centre in complex 4, displaying a bipyramidal geometry with
the imine nitrogen and the oxygen atom from THF at the
apical positions. The gallium centre is bound to two nitrogen
atoms and two chlorides (bridging and terminal), resulting in
a tetrahedral geometry. The Ga-N bond lengths of comparable
gallium halide complexes with redox-active ligands range from
around 2.17 A (mostly dative with neutral ligand) to 1.89 A
(more covalent with anionic ligands).>*° In complex 8, the
Ga-N bond lengths are with 1.890 A on the lower end, indica-
tive of the stronger delocalisation along the NCCN bond like in
complex 7.

Taking the HSAB concept into account, the incomplete
exchange in the metathesis reactions with lithium can be
partially contributed to a good match of hardness between
lithium and nitrogen. The formation of aggregates, like in the
complexes 2a-2¢, suggests this as well. Additionally, side reac-
tions caused by solvated Li-atoms outside the NDI centre and
varying possible charges with different species of lithium
further explain the preference for heterometallic binuclear
complexes.

Here, it has to be mentioned, that the reaction of NDI
reduced by lithium with GaCl; further proves the complexity of
the pre-reduction step with lithium, since we were able to
isolate monometallic [(GaCl,)(NDI)] (9) as NMR-silent minor
side product. This formation could be attributed to minor
impurities during the in situ generation of 2¢ or the decompo-
sition of complex 8. However, up to this point, we were unable
to selectively transform complex 8 to 9 via thermal decompo-
sition. Nevertheless, [(GaCl,)(NDI)] (9) can be selectively syn-

1. 0.5 eq Mg(anthr)(thf)3
THF, rt, 12 h

2.2 eq GaCls
toluene, rt, 1d

Scheme 5 Reaction of with lithium pre-reduced NDI and GaCls, and an alternative route via pre-reducing with Mg(anthr)(thf)s.
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Fig. 8 Molecular structure of complex 8 (top) and 9 (bottom). All
atoms are represented by atomic displacement ellipsoids set at 50%
probability. Solvent molecules and hydrogen atoms are omitted for
clarity. Carbon atoms of the coordinating solvent and substituents are
displayed in a capped stick model. Selected interatomic distances (A):
Gal-N1 1.889(2), Gal-N3 1.891(2), Li1-N2 2.297(6), Li1-N4 2.111(3),
Gal-Cl1 2.1935(8), Ga1-Cl2 2.1966(5), Li1-Cl1 2.508(3), N1-C1 1.428(3),
C1-C9 1.372(2), N3—-C9 1.399(3), N2-C6 1.362(2), C6—C11 1.484(3), N4—
C11 1.287(3), C2—-C3 1.355(2), C4—-C5 1.403(4), C7-C8 1.435(3); Gal-N1
1.915(2), Gal-N3 1.954(1), Gal-Cl1 2.1610(6), Gal-Cl2 2.1448(7), N1-C1
1.373(3), C1-C9 1.433(3), N3-C9 1.328(3), N2-C6 1.340(2), C6-C11
1.489(3), N4-C11 1.282(3), C2-C3 1.367(3), C4-C5 1.377(3), C7-C8
1.417(4) (for further metrics, see Sl).

thesised by utilising the magnesium precursor 3 with 2 equiva-
lents of GaCl; in toluene (Scheme 5). The structure motif
(Fig. 8, bottom) is similar to the ones of complexes 1 and 3.
The gallium centre is bonded to two nitrogen and two chlorine
atoms, displaying a distorted tetrahedral geometry. The Gal-
N1 and Gal-N3 bonds are elongated (1.915(2) A and 1.954(1)
A), compared to complex 8. In contrast to 8, where the N1-
Ga1-N3 plane is tilted by 7.80° out of the N1-C1-C9-N3 mean
plane, it is tilted by 1.28° for complex 9.

Another example highlighting the difference between the
pre-reduction with lithium and that with sodium is the reac-
tion with 2 equivalents of Cal,. While the formation of the
homobimetallic complex 5 is observed with sodium, the same
reaction conditions using lithium yield a different product.
The "H NMR spectrum of the isolated product (Fig. S16) con-
tains sets of signals corresponding to asymmetric species, as
well as unreacted precursor. This is also supported by the “Li
NMR spectrum (Fig. S17), where several signals different from
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the precursor can be observed. No traces of complex 5 are
detected, further indicating that pre-reduction with lithium
favors the formation of heterobimetallic complexes. Further
indication comes from an analogous reaction with CaCl,,
which yielded a few crystals of a dimeric [CaCl(thf),(NDI)],
complex (see SI for further information). This outcome could
be explained by the decomposition of a heterobimetallic NDI
complex into elemental lithium and the isolated product.

Structural categorisation

In the work of the group of Uyeda,'® bond lengths were also
investigated within the NDI framework. They were able to
reveal a trend between the bond lengths of the framework
and the formal number of electrons at the metal centre.
Additionally, regarding the bond lengths, the group of de
Bruin analysed those in diazabutadiene (DAD) complexes from
the Cambridge Crystallographic Data Center (CCDC) data-
base.’® According to a metrical oxidation state (MOS) model,
they found a correlation between the bond lengths and the oxi-
dation state of the redox-active ligand, independent from the
complexed metal. Intrigued by the similarity of NDI to DAD,
the metrics of the available crystallographic data of mono-
meric NDI complexes were analysed with the intent to reveal
an analogous trend. This trend in turn could give a data-based
indication of the formal oxidation state of NDI, and conse-
quently the metal centres in both hetero- and homo-bimetallic
complexes.

The bond lengths were sorted, with the C1-C9 bond being
shorter than the C6-C11 bond. Structural considerations,
based on comparing crystallographic data and possible reso-
nance structures (Scheme 6) made clear that the bonds of C1-
C9 and C6-C11 are sufficient for a qualitative statement of the
formal oxidation state for NDI" (0 > n > 3-). This is rooted in
the delocalisation along the NCCN bonds, analogous to DAD
complexes. The two bonds in question are sp>-sp® hybridised
C—C bonds with a typical bond length of 1.47 A for a single

NDI'
M edi M-__.di M—_,,.di
"N dipp Hon dipp ~N-dirp
dlpp\N/ /N| N~ -~ dlpp\N/ /N‘ N - dxpp‘N/ /N‘ N~
N = X = X =
NDI?
dipp\N/’\.ﬂ I;A\Nfdlpp dipp N/'\f V}A\N dipp
NN~ -— -— LN N
DY P
dipp\N/'\./' '}/I\Nldlpp dipp N/'\f V}/I\N,dlpp
_N__N_~ — - NN~
I ONF N
NDI*
dipp My PP dipp.---M M- -dipp dipp\N/v\'n' 'A’A\N,dipp
NN~ -~ NN — ~ NN

Scheme 6 Structural considerations for the reduction of NDI” (1- > n
>4-).
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bond, 1.40 A for a delocalised bond and 1.32 A for a double
bond.*! Focussing only on the metrics, a charge of 0 or larger
per DAD subunit is assigned for a C1-C9/C6-C11 bond length
greater than 1.47 A. If the bond length is between 1.47 A and
1.40 A, each bond is counted towards the NDI framework
being reduced once. The resulting plot can be found in Fig. 9.

Bonds longer than 1.47 A can be found in the free NDI
(1.494(2) A, 1.500(2) A, n = 0), as well as for the oxidised cases
(n = +1)."* In the asymmetric monometallic case of complex 1,
the C1-C9 bond with 1.456(2) A indicates a charge of 1— for
the respective unit and the C6-C11 bond with 1.486(3) A a
charge of 0. The resulting formal oxidation state of NDI'~
agrees with the countering Na* centre. The same applies to
complex 3, where bond lengths of 1.440(2) A and 1.490(2) A
can be found. Furthermore, the literature known binuclear
homometallic [{(CoCl)(CoCl(thf))}(u-Cl)(NDI)] falls into the
same category (1.435(6) A and 1.471(7) A), where the charge
analysis indicates a NDI'~ fragment as well."®

One seemingly unfitting complex is [{Ni(CsHs){K(thf)s}
(NDI)] (A3 in Fig. 9), the product of [{Ni,(CsHe)HNDI)] being
reduced with 1 equivalent of KCg."> At first glance, a reduction
from NDI*>~ to NDI*~ would be expected. But DFT calculations
revealed that the additional electron is mostly located in
metal-centred orbitals, thus formally maintaining NDI*~."?
The trend therefore still applies. Complexes [{(CoCl)(CoCl
(thf))}(p-C)(NDI)] and [{(FeCl)(FeCl(thf))}(p-Cl)(NDI)] (B1 and
B2 in Fig. 9) are extreme cases, falling into either the NDI'~ or
NDI*~ case, based on their uncertainties. Turning towards
complex 7, it is the first binuclear heterometallic complex with

C1-C9 [A]

] A1 (NDI)
. A6 @7
' 1 »—+— A7
148 ! o e ]
I SN €O U
E A4 P
i Te— &
144 i A5 3

1.44
C6-C11 [A)

Fig. 9 Bond length of the C1-C9 bond against the C6-C11l bond.
Trend for being reduced once for values lower than 1.47 A (magenta
dashed line), and for being reduced twice for lower than 1.40 A (blue
dashed line). Along the first angle bisector (green dotted line) indicates
higher symmetry. See Sl (Table S7) for the full set of data points.
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this specific NDI framework. Assuming each subunit carries a
charge of —2 for bonds shorter than 1.40 A, this would incor-
rectly imply a total NDI charge of —3 (1.394(5) A and 1.463(4)
A). But due to the symmetric nature of complex 7, the crystallo-
graphic data may exhibit partial disorder between aluminium
and lithium sites. To minimise influences on the NDI frame-
work, compound 7-thf (Fig. S42) was crystallised out of a
n-pentane solution of compound 7 with a few drops of THF
(see SI). The differences in complex 7-thf are more pronounced
with 1.365(8) A for the C1-C9 bond at the aluminium and
1.488(6) A for the C6-C11 bond at the lithium centre.
Corresponding to a total NDI charge of —2, 0 for the lithium
site and —2 for the aluminium site. The larger charge at the
imine nitrogen N4 results in a greater contribution of a N-C
single and C-C double bond. This is also indicated by the
elongated N4-C11 bond length, from 1.286(7) A for the free
NDI to 1.399(6) A.*?

Describing a subunit with a charge of 2— for bonds shorter
than 1.40 A is on one hand in accordance with the description
of NDI*~ for the binuclear homometallic [Ge,NDI] complex of
Braunschweig with 1.384(3) A for both bonds.'® On the other
hand, the same description results for complex 4 in NDI*",
whereas only a total charge of —3 is the most reasonable
description. A possible approach to differentiate between
NDI*~ and NDI* in a binuclear case resulted from the com-
parison of the C7-C8 bond length (Fig. 10). They range from
around 1.40 to 1.45 A. Neutral or positively charged NDI frame-
works are located at the lower end, reduced species without
further distinction at the higher end. Interestingly, the longest
bond is found in complex 4 with 1.451(5) A, but the [Ge,NDI]
complex with NDI*~ demonstrates the shortest one with
1.397(3) A.*® This can be explained by looking at the resonance
structures of the NDI framework (Scheme 6), depending on the

146 F 3
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5
145 1
67
B2
8
1441 ]
B7 ,
ae 3 A2 |BABY
<C 143} A3 .
x A5
'Qj B3B5 9 B6
o 142p A1 (NDI) ]
A7
1411 b
A4 @ NDI1+0
c2 NDI 1-
141 7 E NDI2- ]
° NDI 3-
& NDI4-
139E b

Fig. 10 Bond length of the C7-C8 bond in NDI complexes in varying
formal oxidation states. Trend to differentiate between three-time
(>1.45 A) and four-time reduction (<1.40 A) of NDI. See Sl (Table S7) for
the full set of data points.
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degree of reduction. They reveal that the largest contributions
of a C7-C8 double bond are present in the cases of NDI" with
n >0 or n=4—. In the cases of 0 > n > 4—, most resonance
structures contain more contributions towards a C7-C8 single
bond, resulting in the elongated bonds observed.

Conclusions

Our investigations reveal that ligand pre-reduction is not
merely a preparative step but a decisive factor in dictating the
structure and electronic properties of NDI-based complexes. By
systematically exploring different reductants and conditions,
we uncovered a spectrum of reactivity patterns, highlighting
how subtle changes guide the formation of monometallic or
homo- and heterobimetallic species. The contrasting beha-
viours observed between alkali and alkaline earth metals
emphasise the nuanced interplay between different factors like
ligand charge, coordination environment, and metal identity.
Moreover, a model, inspired by the chemistry of diazabuta-
diene ligands, for assessing NDI oxidation states provides a
valuable tool for interpreting redox behaviour across a growing
library of related systems. This work not only expands the syn-
thetic utility of NDI ligands but also provides a conceptual
basis for future design of multimetallic complexes with tune-
able electronic structures. Building on these insights, our
ongoing efforts focus on extending this approach to early tran-
sition and rare earth metals.
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