Open Access Article. Published on 06 September 2024. Downloaded on 6/12/2026 9:28:28 PM.

Thisarticleislicensed under a Creative Commons Attribution-NonCommercial 3.0 Unported Licence.

(cc)

#® ROYAL SOCIETY

Chemical
P OF CHEMISTRY

Science

View Article Online
View Journal | View Issue

EDGE ARTICLE

Stabilizing an exotic dianionic tetrazine bridge in

i '.) Check for updates ‘
a Ln, metallocenet

Cite this: Chem. Sci., 2024, 15, 16234

Niki Mavragani, © 12 Alexandros A. Kitos, & 12 Akseli Mansikkamaki @ °
and Muralee Murugesu & *2

8 All publication charges for this article
have been paid for by the Royal Society
of Chemistry

The unique electronic nature of the 1,2,4,5-tetrazine or s-tetrazine (tz) ring has sparked tremendous
scientific interest over the last few years. Tetrazines have found numerous applications, and their ability
to coordinate to metal ions has opened the possibility of exploring their chemistry in both molecular
systems and extended networks. The rich redox chemistry of s-tetrazines allows them to exchange
electrons and switch between their dihydro (Hxtz), neutral (tz), and radical (tz'~) forms. Previous reports
in the literature have observed electrochemically that a second electron can potentially be stored in the
tetrazinyl ring and form a dianionic species. However, due to its extremely reactive nature, this has not
been isolated before. Herein, the combination of strictly anhydrous and inert conditions, strong reducing
agents, non-acidic solvents and most importantly blocking the accessibility of the nitrogen atoms by
coordinating them to lanthanide ions allowed for the stabilization of a dianionic tetrazine in
a lanthanocene  complex.  Three  dinuclear  metallocene  complexes are  reported,
[(Cp*,Ln),(tz" ) (THF),1(BPhy) (Ln = Y (1-Y); Cp* = pentamethylcyclopentadienyl; THF = tetrahydrofuran)
and [(Cp*,Ln)»(tz27)(THF),]- 2THF (Ln = Gd (2-Gd), or Y (2-Y)), which utilize the unsubstituted tz as the
ligand. In 1-Ln, the tz ligand is reduced to the radical anion (tz"7), while in 2-Ln, the tz ligand is in the —2
charge state. These complexes are the first structurally and physically characterized complexes bearing
the dianion radical of an s-tetrazine. Detailed structural analysis, ab initio calculations, and physical
characterization support that the tz2~ ligand is a closed-shell planar dianion with unique structural

Received 6th June 2024
Accepted 5th September 2024

DOI: 10.1039/d4sc03734k

rsc.li/chemical-science features vastly different from those of the tz, tz'~ and Hytz species.

them to stabilize radical anions upon one e~ reduction at low-
to-very-low potentials.”**> Furthermore, due to an n — w*
transition in the visible light region, all s-tetrazines have vivid
colours ranging from purple to red to orange and exhibit unique
optical properties.”** Due to these features, tetrazines hold
great promise for a wide range of applications. To name a few,
they are widely being used as dienes in inverse Diels-Alder

Introduction

Since their first report by Pinner at the end of the 19th
century," tetrazines have been long-known organic heterocy-
cles. They feature a six-membered aromatic ring, where the
position of the four nitrogen atoms differentiates them into
1,2,3,4-tetrazines (v-tetrazines), 1,2,3,5-tetrazines (as-tetra-
zines), and 1,2,4,5-tetrazines (sym-/s-tetrazines; Scheme 1). s-
Tetrazines are considered the most stable amongst them,* and
due to their unique physicochemical features, research linked

_N
to this family of molecules has skyrocketed in the last four rlxl/§:lq NTS
decades.”® The presence of four sp® N-atoms in the six- NN Nighl

membered ring leads to a low energy m* type LUMO. As such,
all s-tetrazines exhibit a very high electron affinity, which allows
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Scheme 1 Left: Reduction pathway of s-tetrazine (tz) to dihydrote-
trazine (H,tz) via a radical anion. The H,tz can be oxidized back to tz.
Right: the structures of as- and v-tetrazine.
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cycloaddition reactions,"*° in the development of nitrogen-rich
energetic materials,>>* as well as in optoelectronic devices such
as organic solar cells and light-emitting diodes or electro-
fluorochromic windows.?***** Finally, s-tetrazines and their
functionally substituted derivatives can act as ditopic or
chelating ligands, attracting significant interest in coordination
and organometallic chemistry.>’

The design and development of tetrazine-based metal
complexes and metal-organic frameworks have become
increasingly sought after due to their numerous applications
including, but not limited to, catalysis, sensing, adsorption,
energy storage, energetic materials, luminescence, and molec-
ular magnetism.***¢ For the latter, the efficient control of the
magnetic interactions between the metal centres is crucial, on
the basis of any rational design of polymetallic molecule-based
magnets.*>*” Thus, many groups, including ours, have explored
s-tetrazines as bridging ligands with both 3d**** and 4f metal
ions.®*® Although the core-like nature of the 4f orbitals in
lanthanides (Ln"") poses a challenge in the promotion of strong
magnetic interactions,” s-tetrazine radical ligands appear to be
promising in acting as a magnetic relay between the para-
magnetic metal centres.*® This is because the diffuse nature of
the spin orbitals of the tetrazinyl radical ring is ideally suited to
penetrate the shielded 4f orbitals, promoting strong magnetic
coupling. Recently, we presented the first examples of dinuclear
[(Cp*,;Ln),(tz"")(THF),]BPh, (1-Ln; Ln = Gd, Tb or Dy; Cp* =
pentamethylcyclopentadienyl, THF = tetrahydrofuran)” and
tetranuclear [(Cp*,Ln),(tz""),]-3(C¢Hs) (Ln = Gd, Tb or Dy)">7
complexes containing Ln™ metallocene units bridged by the
unsubstituted 1,2,4,5-tetrazine (tz'~) radical ligand. In both
families, the strong magnetic coupling between the Ln centres
and the radicals led to the formation of a “giant-spin” model
with slow relaxation of the magnetization at zero-field (for the
Tb™ and Dy™ analogues).

As mentioned above, all tetrazines can be reversibly reduced
in organic solvents by accepting one electron, resulting in the
formation of an anion radical which is very stable in the absence
of acids (Scheme 1).”*7° This was first demonstrated in 1963
when Stone and Maki reported the relatively facile (compared to
other polyazines) reduction of s-tetrazines.® Additionally, it has
been reported that most tetrazine derivatives can undergo
a second electron addition through an electrochemically irre-
versible process under standard conditions (Scheme 1).”7 As
proposed by Clavier and Audebert,® as well as by Neugebauer
and co-workers,” it is likely that the corresponding tetrazine
dianion radical has a highly reactive character and immediately
reacts with trace amounts of water or protic impurities to form
the known dihydrotetrazine (H,tz) or, more likely, its mono-
anion. Similarly, Fukuzumi et al. reported the reduction of 3,6-
diphenyl-s-tetrazine to the dihydrotetrazine by a two-electron/
two-proton transfer process.” Combing through the literature,
we found a few reports of metal complexes containing the H,tz
ligand or its doubly deprotonated form (H,tz>~), where the
tetrazine ring adopts the expected boat conformation. However,
to the best of our knowledge, there are no reports to date
regarding the isolation of a dianionic tetrazine species. Given
the highly basic and reactive character of this dianionic
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tetrazine ring,*® a potential strategy to avoid its protonation
could involve blocking the accessibility of the nitrogen atoms by
coordinating them to metal centers. This approach might be
key in order to stabilize this exotic and highly reactive tetrazine
species.

With this goal in mind, herein we report three new s-
tetrazine-bridged  dinuclear  metallocenes, [(Cp*,Ln),(-
tz')(THF),]BPh, (Ln = Y (1-Y)) and [(Cp*,Ln),(tz> )(THF),]-
2THF (Ln = Gd (2-Gd), or Y (2-Y)), utilizing the unsubstituted
1,2,4,5-tetrazine (tz) as the ligand. In the previously reported
cationic complex 1-Ln, the tz ligand is reduced to the radical
anion (tz'~).”* Surprisingly, using a different lanthanide
precursor while increasing the amount of the reducing agent
used, led to the formation of the neutral complexes 2-Gd and 2-
Y. The tz ligand was found to be in the —2 charge state, making
these complexes the first structurally and physically character-
ized complexes bearing the dianion radical of an s-tetrazine. A
detailed structural analysis, ab initio calculations, and physical
characterization revealed that the tz>~ ligand is a closed-shell
planar dianion with unique structural features that differ
from the neutral tz, tz'~ and H,tz species. Indeed, s-tetrazines
can undergo a two-electron reduction to form the dianion
radical, which can be isolated under certain conditions: strictly
anhydrous and inert conditions, strong reducing agents, and
non-acidic solvents (i.e. THF). These results provide a clear
mechanistic underpinning for the reduction of s-tetrazines
laying out a path for further development of new tetrazine-
based magnetic, optical, and energy storage materials.

Results and discussion
Synthesis and structural analysis

The syntheses of all complexes begin with the reduction of tz in
THF, where an equimolar mixture of the tz ligand and KCg in
THEF is prepared (Fig. 1). Stirring the mixture for 5 h results in
the gradual reduction of the tz ligand, which is monitored by
the colour change from a vivid red to a dark grey. As previously
reported,” slow addition of this mixture to two equivalents of
[Cp*,Ln]BPh, leads to the isolation of 1-Ln (Ln = Gd or Y).
However, addition of the tz'~ mixture to a solution of two
equivalents of [Cp*,Ln(C;Hs)] and one additional part of KCg
leads to the isolation of 2-Ln (Ln = Gd or Y). Single crystals
suitable for single-crystal X-ray diffraction (SCXRD) analysis can
be obtained upon slow diffusion of the reaction solutions with
Et,O at room temperature for 1-Ln and at —35 °C for 2-Ln,
respectively.

SCXRD analysis reveals that 1-Y crystallizes in the mono-
clinic crystal system, in space group /2/a, and it is isostructural
to the previously reported Gd™ (1-Gd), Tb™ and Dy™ conge-
ners™ (Fig. S1f). Complexes 2-Gd and 2-Y crystallize in the
monoclinic crystal system, in space group P2,/c (Table S17), and
they are also isostructural as revealed by their structural overlay
(Fig. S2T). Hence, 1-Y and 2-Y will be used as representatives to
describe the salient structural features of each family of
complexes. At a first glance, complexes 1-Y and 2-Y appear to be
nearly identical where in both cases the centrosymmetric
complex consists of two {Cp*,Y(THF)}" moieties bridged by a tz
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Fig.1 Top: Synthetic pathways for the isolation of the tz"~-bridged (1-
Ln) and tz2~-bridged (2-Ln) dinuclear complexes. Middle: Molecular
structures of 1-Y and 2-Y, where partial labelling and omission of H-
atoms, disordered conformers, THF lattice solvents and the BPh,~
counter ion for 1-Y have been employed for clarity. Images of the
respective single crystals (dark red for 1-Y; violet for 2-Y) under an
optical microscope are given for each complex. Bottom: magnification
of the Y,-tz core, highlighting the significantly increased tilting of the
tz2~ ring in 2-Y compared to tz'~ in 1-Y.

ligand (Fig. 1). However, complex 1-Y is cationic and thus
stabilized by a BPh,~ counterion in the crystal lattice. On the
other hand, the absence of counterions in complex 2-Y is
indicative of its neutral charge state, where only two THF
solvent molecules are found in the crystal lattice. This obvious
difference stems from the different charges of the tz species that
are present in the two complexes.

As previously mentioned, tz is a redox-active ligand and is
known to exist in its dihydro, neutral and radical forms as
indicated by the respective N-N and C-N bond distances. As
seen in Fig. 2, depending on the tetrazine species, the C-N and
N-N bond distances vary, adapting to accommodate the
respective electronic changes. For instance, upon coordination
of the doubly deprotonated dihydrotetrazine (H,tz>"),
the average N-N bond distance is 1.417(8) A, while the

Known in the literature This work
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Fig.2 Comparison of the metric parameters of the different tetrazine
species. The metric parameters for the doubly deprotonated dihy-
drotetrazine have been extracted from [(szTi(u—Hztzz’))4],"1 while the
metric parameters for the neutral tz have been extracted from
[Ag(t2)(NO3)l,.*¢
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six-membered ring is not planar as a result of the presence of
both single C-N and double C-N bond distances (on average
1.356(8) A and 1.301(5) A, respectively), as seen in the titanocene
complex [{Cp,Ti(u-Hytz*>)},].# In the 2D polymeric structure
[Ag(tz)(NO3)], that features the neutral tz, the N-N bond
distance is shorter (1.319(2) A) as a result of the aromatic
character of the ligand, while the average C-N bond distance is
1.332(3) A.*® Upon close inspection of the bond distances and
angles of the tetrazine ring in 1-Y, the N-N bond distance of
1.395(2) A is a clear indication of its radical state, as previously
seen in the literature.”®® However, the respective N-N bond
distance increases further in 2-Y, where a bond distance of
1.481(4) A is observed. Comparing this to the respective N-N
bond distance of 1.417(8) A in the H,tz>, it is clear that this
drastic increase in the N-N bond distances stems from the
addition of a second electron in the tetrazine ring, resulting in
a formal charge of —2. To the best of our knowledge, although it
has been reported in the literature that tetrazines can poten-
tially store a second electron in their six-membered ring,*”®*
complex 2-Y is the first example where this dianionic tetrazine
species is stabilized. The planarity of the six-membered ring
and the C-N distances of 1.308(6) and 1.317(7) A in 2-Y exclude
the possibility of the tetrazine being in its doubly deprotonated
form (Fig. 2).8>%

The different charge states of the tetrazinyl ring in 1-Y and
2-Y affect the Y-Ni,, Y-Orgr and Y-Cp*cene (cent = centroid of
the Cp* ring) bond distances and angles (Table S2+t). In 1-Y, the
Y-Oryr bond distance of 2.364(1) A is shorter than the Y-Ni,--
bond distances of 2.437(2) and 2.462(2) A. In contrast, the
opposite trend is observed for 2-Y, where the Y-Oryr bond
distance of 2.439(2) A is clearly longer than the Y-N,:- bond
distances of 2.326(3) and 2.320(3) A, as a result of the increased
charge of the tz*~ ring compared to its radical anion. The
addition of the second electron in the tz*>~ species also affects
the bidentate angle of the tz ring; 37.17(9)° in 2-Y compared to
the 33.08(6)° in 1-Y. Additionally, although the ligand remains
planar in both complexes, due to the significantly increased
tilting of the tz>~ ring, the Y™ metal centres are found to be out
of the tetrazine plane in 2-Y (Y-tz* cene—Y' = 165.55°) compared
to 1-Y (Y-tz'~cenc=Y = 175.67°) where the metal ions are almost
coplanar with the tz'~ ligand (Fig. 1). The average Y-Cp*cent
bond distance is 2.388(4) A in 1-Y, while the respective Cp*cene—
Y-Cp*cene angle is 136.28(12)°. For 2-Y, although the respective
Y-Cp* bond distance is similar to that of 1-Y (av. 2.401(5) A),
a slightly larger Cp*cen—Y-Cp*cene angle of 138.35(12)° is
observed.

The formation of 2-Ln can be rationalized by the use of the
[Cp*,Y(C3Hs)] starting material and the excess of reducing
agent that was used during the synthesis. Although attempts
were made to synthesize 2-Ln by using [Cp*,Y|BPh, as a starting
material, the doubly reduced tetrazine species was not isolated.
It is possible that the presence of the counter ion, or better off
the lack of it, plays an intricate role in the isolation of 2-Ln. We
hypothesize that upon coordination of the radical tz"~ to the
{Cp*,Y(THF)}" moieties, which are positively charged and, thus,
can potentially stabilize the excess negative charge on the
nitrogen atoms, the favourable addition of a second electron

© 2024 The Author(s). Published by the Royal Society of Chemistry
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takes place. Blocking the nitrogen atoms of the tz ring by
coordinating them to the metal centres also prevents the
protonation of the dianionic tetrazine radical. These act syner-
gistically, forcing the tetrazine ring to stabilize in its doubly
reduced dianionic form.

Physicochemical characterization

As already mentioned, the formation of the dianionic tetrazine
radical is facilitated by the coordination of the radical tz"~ to the
{Cp*,Y(THF)}" moieties. To validate this hypothesis, cyclic vol-
tammetry (CV) of both the neutral free ligand and 1-Y was
performed in DCM solutions with 0.1 M of tetrabutylammo-
nium hexafluorophosphate as a supporting electrolyte. In the
case of tz, one quasi-reversible redox feature occurs at —1.195 V
vs. Fe/Fe', which corresponds to the tz/tz" ™~ redox pair (Fig. S31).
Despite the extension of the voltammogram window to more
negative potentials (—2.2 V), no other redox processes were
observed (Fig. S3,T inset). However, for 1-Y, two quasi-reversible
redox features occur at —1.244 V and +0.199 V vs. Fc/Fc', which
correspond to the tz'~/tz>~ and tz'~/tz redox pairs, respectively
(Fig. 3A). Thus, it is evident that upon complexation, the tz'~
ligand can undergo a second electron addition, which cannot
otherwise be observed with the free tz ligand.

The electronic properties of the tz'~ and tz>~ rings were
investigated by both diffuse reflectance (DR) for 1-Y and 2-Y, as
well as UV-vis absorption spectroscopy for 1-Y. For 1-Y, transi-
tions in the UV region can be attributed to absorptions of the
Cp* ligands (268, 276, 291 and 341 nm; Fig. S47). A weak broad
absorption band between 450 and 700 nm is ascribed to the
tz'~, which is in accordance with the dark red color of the
radical (Fig. S4,1 inset). Complementary to this, the DR spec-
trum for 1-Y reveals broad peaks in the visible range as is ex-
pected given the very dark color of tz'~ (Fig. 3B). The DR
spectrum for 2-Y also exhibits broad peaks, which, however, are
much less pronounced than in 1-Y, suggesting a less electron-
rich character for the tz>~ in 2-Y compared to the tz'~ in 1-Y
(vide infra).

The infrared (IR) spectrum of the neutral tz ligand exhibits
strong characteristic bands at 1444 cm ™' (CN-ring stretching),
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stretching), and 883 cm ' (ring bending), consistent with
previously published data (Fig. 3C and S57).*+%*® Upon coordi-
nation and addition of one or two electrons in 1-Y and 2-Y,
respectively, these bands associated with the tz'~ or tz>~ ligands
were found to be shifted to higher or lower frequencies (Fig. 3C
and S51). More specifically, the CN-ring stretching band was
found to be shifted to lower wavenumbers (1434 cm ') for both
1-Y and 2-Y, in comparison to the neutral tz ligand (1444 cm ™).
Similarly, the NN-ring stretching bands and the ring bending
band were shifted to lower wavenumbers in 1-Y (1095 and
840 cm !, respectively) and 2-Y (1066 and 869 cm ', respec-
tively), in comparison to the neutral tz ligand (1101 and
883 cm™ ', respectively). The CH-ring stretching band was found
to be shifted to a higher wavenumber in 1-Y (1219 cm™ ") and 2-Y
(1309 em™") compared to the neutral tz ligand (1197 cm ™).
Interestingly, a weak broad band at 1589 em™' in 1-Y and
a strong band at 1581 em ™' in 2-Y are attributed to the C=N
stretching of the tetrazine ligand, which is absent in the neutral
tz. This is likely due to the differences in the C-N bond
distances where in neutral tz the C-N bond distance is, on
average, 1.332(3) A, while in tz'~ and tz>" it is 1.320(3) A and
1.313(5) A, respectively. Both spectra of 1-Y (Fig. S61) and 2-Y
(Fig. S71) exhibit additional bands between 3054 and 2856 cm ™"
(CsMe; ), as well as between 1047 and 1022 cm ™' (C-O-C + C-
C-H from THF), which are attributed to the Cp* and THF
ligands, respectively. Additionally, two strong bands at 704 and
731 cm ™! were found in 1-Y associated with the BPh,~ counter
ion, which are absent in 2-Y as expected.

It should be noted that efforts to probe the structural or
electronic features of the tz*~ ring in solution were unsuccess-
ful. It was found that the crystals of complexes 2-Gd or 2-Y were
insoluble in all organic solvents except dichloromethane (DCM)
and fluorobenzene (F-benzene). However, attempts to dissolve
the crystals in these solvents (which are not readily soluble and
require stirring to dissolve) resulted in a colour change to bright
orange. Attempting to elucidate further the origin of this colour
change, crystals of 2-Y were dissolved in F-benzene. Removal of
the solvent under vacuum yielded an orange powder for which
an IR spectrum was collected and compared to that of 2-Y
(Fig. S8t). As evidenced by Fig. S8,f the obtained spectrum is

1197 cm™ ' (CH-ring stretching), 1101 cm™' (NN-ring
04 50
§ 1y 761
L 2-Y —_ 1444
_ 02} 1 § 40 X
< o) o ® 1580 1095102
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Wavelength (nm)
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(A) Cyclic voltammogram of 1-Y measured in DCM at room temperature with [BusN][PFg] (0.1 M) as the supporting electrolyte, using

. (B) Diffuse reflectance spectra for 1-Y (purple line) and 2-Y (violet line) collected in the 200-800 nm range. (C) Zoomed-in
area of the IR spectra of tz (pink), 1-Y (purple) and 2-Y (violet), with the respective wavenumbers. The full spectra are given in Fig. S5.7
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quite complicated. Most importantly, the presence of N-H
stretches at 3301 cm ™' is indicative of the presence of amine
groups, while the characteristic strong C=N band at 1581 cm ™"
observed for the crystals of 2-Y is absent. Instead, the strong
band at 1708 cm ™" in the IR spectrum of the obtained orange
powder represents the C=N symmetric stretching.*® Addition-
ally, the bands between 2956 and 2856 cm ™" attributed to the
Cp* ligands are relatively shifted for the orange powder in
comparison to the respective bands at 2967-2856 cm ™" for the
crystals of 2-Y. These suggest that the tz>~ most likely dissoci-
ates from the metal centres in solution and subsequently reacts
further losing its dianionic character. This is in agreement with
what is expected given the nature of the tz*>~, ie. that it is
a highly reactive species and thus not stable in solution.
Consequently, the physical characterization of complexes 2-Gd
and 2-Y was based on solid-state measurements.

Thermogravimetric analysis (TGA) was performed to
elucidate the thermal stability of 1-Y and 2-Y (Fig. S97). For
complex 1-Y, an initial weight loss of 21% up to 195 °C
corresponds to the loss of the two Et,O lattice solvent mole-
cules and the two coordinated THF molecules, which is in
excellent agreement with the SCXRD data analysis. Above that
temperature, an additional 7% weight loss occurring up to 210
°C corresponds to the loss of the tz'~ ligand. Complex 1-Y
undergoes further decomposition through several steps, with
an additional weight loss of 44% until 542 °C. For 2-Y, the
initial weight loss of 15% up to 84 °C corresponds to the loss
of the two THF lattice solvent molecules, followed by an
additional 10% weight loss associated with the gradual
decomposition of the tz>~ ligand up to 205 °C. Above this
temperature, an additional decrease of 18% until 328 °C
corresponds to the loss of the two coordinated THF solvent
molecules. Finally, 2-Y decomposes further with an additional
weight loss of 35% until 530 °C. These findings indicate that 2-
Y featuring the tz>~ ligand is less thermally stable than 1-Y,
which features the tz'~ ligand.

EPR spectroscopy and magnetic measurements

The ability of s-tetrazines to store a second electron within their
six-membered ring is highly desirable when considering energy
storage applications such as organic batteries. Therefore, it is of
great importance to elucidate whether this doubly reduced
dianionic tetrazine is open (S = 1) or closed-shell (S = 0). To
gain further insight into the electronic structure of the tz' -
bridged complex 1-Y, X-band EPR spectroscopy was employed
(Fig. 4A). The presence of a S = 1/2 in 1-Y is supported by the
characteristic nine-line pattern of the tz'~ ring, suggesting that
the radical interacts strongly with the four **N nuclei. Simula-
tion of the EPR spectrum using a model based on the hyperfine
coupling of four “*N nuclei (Fig. 4A) revealed an isotropic
hyperfine coupling constant of ay = 0.584 mT and a g value of
2.0017, which is close to the expected value of a free electron (g
= 2.0023). These indicate a negligible interaction with the #y™
ions and the two 'H for which small hyperfine coupling
constants were obtained (Table S3}). Such predominance of the
"N hyperfine coupling in the tz'~ ring has been previously
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Fig.4 (A) Experimental (magenta) and simulated (blue) EPR spectra for
1-Y at room temperature and 9.86 GHz (in THF) (g = 2.0017; SW = 20
mT; LW = 0.166 mT; ay = 0.584 mT). (B) Variable temperature xT plots
of 1-Y (pink circles) and 2-Gd (blue circles) under an applied static field
of 1000 Oe. The solid black lines represent the fits for 1-Y and 2-Gd as
determined by applying the —2J formalism.

observed for other yttrium complexes with radical tetrazine
bridges.*

Accordingly, by employing SQUID magnetometry, direct
current (dc) magnetic susceptibility measurements were
undertaken for 1-Y between 1.8 and 300 K at 1000 Oe (Fig. 4B).
The room temperature x7T product of 0.38 cm® K mol™" is in
good agreement with the theoretical value fora § =1/2 (C=0.37
em® K mol™"). Upon lowering of the temperature, the xT
product remains relatively stable, while a very small decrease
below 5 K is observed, where the xT product reaches
a minimum of 0.34 cm® K mol " at 1.8 K. Fitting of the xT'vs. T
plot using the PHI software®” (Fig. 4B) revealed small antifer-
romagnetic intermolecular coupling (z//, —0.045 cm™'). Addi-
tionally, field-dependent magnetization measurements
conducted between 1.9 and 7 K with dc fields ranging from 0 to
70 kOe revealed that the magnetization saturates at 0.83 ug, very
close to the calculated value of Mg = 1 up for an organic radical
(Fig. S107).

Attempts to probe the magnetic behaviour of 2-Y either by
EPR spectroscopy or SQUID magnetometry were unsuccessful,
since no paramagnetic signal was observed, signifying the
diamagnetic nature of the tz>~ bridge (S = 0) in 2-Y. To further
validate this, dc magnetic susceptibility measurements were
undertaken for 2-Gd between 1.8 and 300 K at 1000 Oe (Fig. 4B).
At 300 K, the xT product of 15.62 cm® K mol ' is in good
agreement with the theoretical value of 15.76 cm® K mol " for

© 2024 The Author(s). Published by the Royal Society of Chemistry
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two non-interacting Gd™ ions (S = 7/2, %S5, C = 7.88 cm® K
mol "), revealing that the tz>~ is indeed a closed-shell ligand (S
= 0). As the temperature decreases, the x7 value remains rela-
tively constant until 200 K. Below that temperature, the x7
begins to decrease slightly upon further lowering of the
temperature until ~80 K, where it reaches a value of 15.20 cm® K
mol ', Beyond this temperature, the xT product decreases
rapidly with the temperature drop until it reaches a value of 9.87
em® K mol™* at 1.8 K. This downturn of the xT value at low
temperatures can be attributed to the presence of antiferro-
magnetic intramolecular interactions between the two Gd™
ions. To quantify the strength of this magnetic interaction, the
xT vs. T plot of 2-Gd was fitted (Fig. 4B) to the spin-only
Hamiltonian: H = —ZJS‘GdS‘Gdr (J represents the intramolecular
Gd™-Gd"™ exchange coupling and §; represents the spin oper-
ators for the Gd"™ ions). The best fit resulted in a small J =
—0.048 cm ™' confirming the anticipated weak antiferromag-
netic GAd™-Gd™ coupling. This small coupling is in line with
other Gd, systems featuring a diamagnetic bridge,**®* further
corroborating the closed-shell nature of tz*>~ (§ = 0). The small
antiferromagnetic Gd™-Gd™ coupling obtained for 2-Gd (J =
—0.048 cm ™) is vastly different from the small ferromagnetic
Gd™-Gd™ coupling (Jga-ga = 0.32 cm™ ') previously obtained
for 1-Gd, which results from the strong antiferromagnetic Gd"-
tz"~ coupling (Jod.raa = —7.2 cm *).7!

Electronic structure analysis

In order to provide additional evidence of the —2 charge state of
the tetrazine bridge, density functional theory (DFT) calcula-
tions were carried out. The structures were optimized at the
PBE/TZ2P level.”*®* Calculations were performed on three
structures: the hypothetical [Y,]**, with the tetrazine in a neutral
charge state; [Y,]", with the tetrazine as a radical; and [Y,], with
the tetrazine as a dianion. Test calculations were conducted to
confirm that both in [Y,]*" and [Y,], the tetrazine bridge is in
a diamagnetic singlet state. The calculated bond distances
within the tetrazine bridge, as well as between the tetrazine and
the Y™ ions in both [Y,]" and [Y,], are in good agreement with
the parameters in the respective crystal structures (Table S47).
The calculated structural parameters of [Y,]** deviate consid-
erably from those in the crystal structures of [Y,]" and [Y,].
Furthermore, the IR absorptions calculated for [Y,]" and [Y,]
(Fig. S11 and S121) are in reasonably good agreement with their
respective experimental IR absorption spectra and are signifi-
cantly different from the calculated IR absorptions for [Y,]**
(Fig. S137).

Additionally, the charges of the Y ions and the tetrazine
bridge were evaluated at the PBEO/TZ2P level®**® using the
optimized geometries and the quantum theory of atoms in
molecules (QTAIM, Table S5t).°7°% In all three structures, the
charge of the Y ion is relatively constant: +1.97, +1.98 and +2.01
for [Y,]**, [Y2]" and [Y,], respectively. The charge, that is smaller
than the formal +3 charge, is indicative of metal-ligand cova-
lency. The minimal variation of the charge in the three struc-
tures is strong evidence that the oxidation state of the Y ion
remains as +3 in all three complexes, and that the Y ion is not

© 2024 The Author(s). Published by the Royal Society of Chemistry

View Article Online

Chemical Science

involved in any redox chemistry. The total charge of the tetra-
zine bridge varies as follows: —0.47, —0.78, and —1.49 for [Y,]**,
[Y.]" and [Y,], respectively. The values are less negative than the
formal charge states, yet they exhibit a clear trend. Most
importantly, going from the radical monoanion to the dianion
leads to the doubling of the ligand charge in agreement with the
—1 to —2 reduction. Thus, the one-electron reduction from [Y,]"
to [Y,] corresponds to the reduction of the monoanionic tetra-
zine radical to a dianionic tetrazine radical.

In order to probe the aromaticity of the tetrazine ligand in
[Y2]*, [Y.]" and [Y,], the nuclear-independent chemical shift
(NICS)* was calculated at the ring centre at the PBE0/TZ2P level
of theory. The results are listed in Table S7.f The values are
16.4 ppm, 25.0 ppm, and 25.8 ppm for [Y,]*, [Y.]" and [Y5],
respectively. The values for the freely optimized ligands in the
respective charge states are —1.4 ppm, 14.5 ppm, and 9.0 ppm.
Thus, aromaticity is only observed in the free neutral tetrazine
ligand, and even there in a very small amount. In the complexes,
the anti-aromaticity increases with increasing ligand charge.
This trend is consistent with the DR spectra where for 1-Y much
more pronounced peaks indicate a more electron-rich character
of the tz'~ compared to the tz*>~ in 2-Y (Fig. 3B). For comparison,
the values calculated for neutral pyrazine and pyridine at the
same level of theory are —5.0 ppm and —6.6 ppm, respectively,
indicating that the aromaticity decreases with the increasing
number of nitrogen atoms in the ring, as well as with the
increasing ligand charge and coordination.

Conclusions

In summary, three new s-tetrazine-bridged dinuclear metal-
locene complexes have been reported. Although complexes 1-Y
and 2-Y are seemingly similar, the tz ring is in its —1 radical
charge state in 1-Y, while in 2-Y it has an unprecedented —2
charge state. The combination of strictly anhydrous and inert
conditions, strong reducing agents, non-acidic solvents, and
most importantly blocking the accessibility of the nitrogen
atoms upon coordination to Ln™ ions allowed for the stabili-
zation of this dianionic tetrazine in a lanthanocene complex. CV
studies on 1-Y reveal that the tz ring can undergo a second
electron addition, while DR and IR spectroscopy studies eluci-
date the electronic differences between the tz'~ and tz*~
species. Furthermore, TG analysis reveals that complex 2-Y,
featuring the tz>~, exhibits lower thermal stability compared to
complex 1-Y, featuring the tz'~ species. EPR and SQUID
magnetometry studies reveal that in 2-Ln, the tz>~ is a closed-
shell bridge, in contrast to the clearly paramagnetic tz'~
species in 1-Ln. The theoretical calculations corroborate the
experimental findings, confirming the observed structural
differences that suggest the presence of a —2 charge in tz>~ and
shed light into the anti-aromaticity of this species.

Through this work, the first structurally and physically
characterized complexes bearing the dianion radical of an s-
tetrazine are presented and highlight the extraordinary ability
of tetrazines to store more than one e within their six-
membered ring. Although previous literature reports have
hypothesized the formation of a highly reactive dianionic
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tetrazine, the isolation of this species had not been reported.
Overcoming the reactivity and stability issues by promoting the
coordination of the tz ring with Ln™ metal ions opens new
possibilities for exploring these fascinating ligands in next-
generation energy storage devices and smart materials.
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