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Using bis(3-methyl-2-pyridyl)-1,2,4,5-tetrazine 1, 3-(2-pyrimidyl)-
6-methyl-1,2,4,5-tetrazine 2 and bis(2-pyrimidyl)-1,2,4,5-tetra-
zine=bmtz as ligands, the complexes 3 =[Ru(acac),(1)], 4=
{[Ru(acac),l,(1)], 5={[Ru(acac),l,(bmtz)], and 6={[Ru(acac),],(2)]
were prepared and identified by structure analysis of crystal-
lized material. The one-electron oxidized form 6(PF,;) was also
studied structurally, suggesting a Class Il mixed-valent situation.

Introduction

The peculiar heterocyclic structure of 1,2,4,5-tetrazines has
received increasing attention recently as part of high-energy
materials, ™ as component in bio-orthogonal chemistry,” and as
part of electro- and photo-active materials.”’ The latter is based
on the unusually low-lying LUMO of this electron-deficient ring
containing four electronegative nitrogen atoms.”! Within coor-
dination chemistry the 1,2,4,5-tetrazine and its potentially
chelating derivatives have served as two-step redox-active
ligands with several metal binding sites and structure options.”
Part of these structural options is the potential of tetrazines to
bridge two™® (or more”®) metal centers by that m conjugated
and potentially paramagnetic’® mediator. Bridged metal-metal
systems have also played a pivotal role in the study of
intramolecular electron transfer leading to mixed-valent
intermediates,”'® especially with the ruthenium(lilll) combina-
tion, of which the Creutz-Taube ion has been the most
prominent example.”'%
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The neutral dinuclear systems exhibit two reversible oxidation
processes with comproportionation constants 10°2<K.< 10
and one reduction which were analyzed UV/vis/NIR and EPR
spectroscopically. Oxidation produces largely metal-based
mixed-valent cations with very weak intervalence absorptions
in the near IR whereas the electron uptake occurs at the
tetrazine acceptor.

5+

(HsN)sRu=N_ N—RU(NHs)s

Creutz-Taube ion

Using three bis-chelating tetrazine derivatives (Figure 1) and
the neutral, electron-rich™ " Ru(acac), complex fragments (as
opposed to [Ru(NH,), ™™ or [Ru(bpy),*"" ) we have
obtained the following compounds which were structurally
characterized by X-ray diffraction in the solid and by spectroe-
lectrochemistry (EPR, UV/Vis/NIR) in solution.!'"

3 =[Ru(acac),(1)],
4 ={[Ru(acac),l,(1)],

5 ={[Ru(acac),l,(bmtz)], bmtz=bis(2-pyrimidyl)-1,2,4,5-tetrazine,
and

6 ={[Ru(acac),],(2)]
acac” =acetylacetonate = pentane-2,4-dionate
The latter was also crystallized in one-electron oxidized
form 6(PF;) which allowed us to investigate the structural
options of mixed-valency.
Results and Discussion
Ligand Presentation and Syntheses
The ligands 1 and 2 were obtained in the conventional way,”

using appropriate organonitriles and hydrazine. Their analysis in
the crystalline state (Tables S1-S5; Figures S1, S2) confirms the
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typical NN (1.33 A) and CN bond lengths of the unreduced
1,2,4,5-tetrazine heterocycle*® Bmtz has been described
before.” Torsional angles () at the ring connections reflect
steric repulsion, especially for 1 (w=37.2°) and will be discussed
below in relation to the corresponding Ru(acac), complexes.
The complexes 3-6 were obtained from the ligands and the
Ru" precursor [Ru(acac),(MeCN),] as established for related
examples.®' Analytical and 'H NMR data and the molecular
structures of single crystals (Table S1) confirm the composition
as detailed in the Introduction and below. In addition, the
structural results provide information on isomerism, including
rac/meso diastereomers (4-6),"7'® configurational alternatives
(5), and consequences of electron transfer (6, 6™). The reaction
with 1 yields mononuclear 3 and the meso form of dinuclear 4.
Whereas 5 was crystallized as the meso isomer from the rac/
meso mixture, the reaction of [Ru(acac),(MeCN),] with 2 yielded

ek

2

rac and meso diastereomers of 6 in addition to some

mononuclear material.

Structure Discussion of Complexes

Compound 3. The mononuclear 3 (A and A enantiomers)
exhibits the expected'?" chelation of Ru(acac), by one N-
(pyridyl) and one N(tetrazine) center (Figure 2, Tables 1, S1, S6,
S7). The uncoordinated 3-methyl-2-pyridyl ring is twisted by
62.7° relative to the RuO,N, plane, favoured by the repulsion of
the methyl group and enhanced relative to the value of 37.2°
for the free ligand. The NN™ and short (N,) vs long (N,) RuN
distances (Table 1) suggest a moderate degree of m back
donation from electron rich!'~"*'¥ Ru(acac), to the m accepting
tetrazine, however, a major metal-to-ligand electron transfer as

—N N=N N N=N N—
7N\
Wavs SV

bmtz

Figure 1. Tetrazine ligands bis(3-methyl-2-pyridyl)-1,2,4,5-tetrazine 1, 3-(2-pyrimidyl)-6-methyl-1,2,4,5-tetrazine 2 and bis(2-pyrimidyl)-

1,2,4,5-tetrazine, bmtz, used in this article.

Figure 2. Molecular structure of 3 in the crystal of 3 xCH,Cl,. 50% Probability, H atoms omitted for clarity.
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Table 1. Selected bond lengths (A) of complexes in the solid.

3% CH,Cl, N2 N3 1.353(2)
N4 N5 1.360(3)
N1 RuT 2.0240(17)
N2 RuT 1.9076(18)

4 N2 N3 1.358(8)
N5 N6 1.349(8)
Rul N1 2.030(6)
Rul N2 1.933(6)
Ru2 N4 2.020(6)
Ru2 N5 1.941(6)

5 N3 N6 1.353(10)
N4 N5 1.350(10)
N3 Ru2 1.950(7)
N1 RuT 2.060(7)
N2 Ru2 2.042(7)
N4 RuT 1.968(7)

6 N1 N2 1.388(10)
N3 N4 1.371(10)
N1 RuT 1.954(8)
N4 Ru2 1.941(7)
N5 Ru2 2.039(8)
N6 Ruf 2.035(7)

6(PF,) N3 N4 1.366(2)
N5 N6 1351(2)
N3 Ru2 1.9370(17)
N1 Rul 2.0631(16)
N2 Ru2 2.0650(17)
N6 RuT 2.0448(17)

found for {[Ru(acac),l,(u-abpy)}, abpy=azo-2,2-bispyridine"
cannot be deduced.

Compound 4. Dinuclear 4 is obtained as a single diaster-
eomer which can be identified structurally as the meso form
(Figure 3)."® The NN and RuN bond parameters (Tables 1, S8,
S9) are not very different from those of 3 or the bptz analogue

(bptz=bis(2-pyridyl)-1,2,4,5-tetrazine)."? The stronger back
donation from the metals to the tetrazine ring is evident from
the shortened Ru—N bonds (Table 1). The conformation for the
central Ru-(u-tetrazine)-Ru unit is largely planar with torsional
angles <5°.

Compound 5. Several configurational isomers (1,2-, 1,3- or
1,4-positioning) can be conceived for a dinuclear complex of
the potentially tetrakis-chelating bmtz."® Compounds of higher
nuclearity were not detected in spite of the stoichiometric ratio
of 1:4 for the reaction. Instead of the perhaps expected
inversion-symmetric 1,3-configuration

N AN
Y Y
/N /N\ /N _N
(acac)Ru I /Ru(acac)z (acac)zRu\ I
~ N

NTON NN

Na N N._N

N

I I /Ru(acac)z

\) I\)

1,4 1,3

compound 5

the alternative 1,4-arrangement with opposite Ru(acac), groups
was found (Tables 1, S10, S11; Figure 4), which exhibits a shorter
metal-metal distance (5.424(2) A) while maintaining small
repulsion. The meso diasteromer has been established for the
crystallized material although a further isomer was found by 'H
NMR spectroscopy. The free 2-pyrimidyl ring is twisted by
15.6(9)° in meso-5 relative to the plane containg the ruthenium
centers. The NN and RuN bond parameters (Table 1) are
reflecting stronger m back donation to the tetrazine ring. The

Figure 3. Molecular structure of meso-4 in the crystal. 50 % Probability, H atoms omitted for clarity.
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Figure 4. Molecular structure of meso-5 in the crystal. 50% Probability, H atoms omitted for clarity.

lengthening of the Ru-tetrazine bonds in dinuclear complexes
may be due to the fact that the electron demand of the
tetrazine ligand is satisfied by the presence of two donors
instead of one.

Compound 6. The situation of meso-5 is similarly observed
for the meso-form of 6 without significant difference of the
bond parameters (Tables 1, S12, S13; Figure 5). The RuN,, bonds
are typically shorter at 1.95 A than the RuN,,,, bonds of 2.04 A
(Table 1). Fortunately, it was also possible to crystallize the one-
electron oxidized form as the rac diastereomer 6(PF;) from the
reaction of rac/meso 6 with AgPF, (Tables 1, S14, S15; Figure 6).
While the slight contraction of NN and RuN bonds (Table 1) on
oxidation may be expected, the most significant result is the
remarkable difference between the ruthenium-tetrazine bonds
Ru2 N3 at 1.9370(17) A and Ru1 N6 at 2.0448(17) A (Table 1).
This considerable disparity strongly suggests different oxidation
states in the mixed-valent 6%, corresponding to a Class I
behavior®? with the localized oxidation occurring on Rul, in
spite of the relatively short metal-metal distance of 5.431(3) A.

A further notable result is the similarity of Ru2-N,, distances
for 6 (1.941(7) A) and 6 (1.9370(17) A).

Cyclic voltammetry

Table 2 and Figures 7, S3-S5 show the results from electro-
chemical measurements in CH,Cl,/0.1 M Bu,NPF,. For the
dinuclear compounds 4-6 reversible one-electron processes
were observed for two oxidations and one reduction. The

Table 2. Half-wave potentials E,,, peak potential differences AE
and comproportionation constants K. (cations) of compounds.”

compound E,,® (45)“

Ox3  Ox2 Ox1 Red1 KM
1 - - - —-1.19(90) -
2 - - - -1.26(70) -
bmtZ¥ - - - —1.12% -
3 - - 0.13 (80) —1.55(120) -
4 135 048 (70) —0.35(70) —1.76 (80) 10"
5 151 065(120) 0.1 (100)  —1.31(140) 10°2
6racor 146" 0.56 (90) —0.01 (80) —1.50(120) 10*7
meso'?’
6racor 1457 054(90) —0.02(80) —1.51(110) 10%°
meso™?

E From cyclic voltammograms at room temperature in CH,Cl,/
0.1 M Bu,NPF, Pt, 100 mV/s scan rate. ™ In [V] vs. [Fe(CsHs),] 7.
AE (=E,E,,) in [mV]. ¥ Au electrode. ¥ Peak potential E,, for
irreversible process. ' Peak potential £,, for irreversible process. ¢

Assignment not established. ™ log K. (25°C) = (E,,,—E,,;)/0.059 V.

systems studied exhibit only small variation, caused by donor
substituents as in 4 (shift to negative potentials) or acceptor
substitution as in 5 (shift to positive potentials). Diastereoiso-
merism does not have a significant effect either (Figure 7).

As established by EPR (see below) the reduction occurs at
the bridging ligands with unreduced tetrazine whereas the
oxidation occurs stepwisely at the metals. The difference
between the two oxidation potentials can be converted into an
equilibrium  constant K =e™*¥f=[A**]Y/[A][A*"]  for
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Figure 5. Molecular structure of meso-6 in the crystal. 50 % Probability, H atoms omitted for clarity.

Figure 6. Molecular structure of rac-6(PF) in the crystal. 50% Probability, H atoms omitted for clarity.

comproportionation,®'®'® which is one of the defining parame-  (Table 2) of 10°2-10'*" are typically™''® large; even the
ters for mixed-valent intermediates. The values obtained here  prototypical Creutz-Taube ion has only K.=10°"
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Figure 7. Cyclic voltammograms of the separated rac and meso
diastereoisomers of 6 in CH,Cl,/0.1 M Bu,NPF, Pt,100 mV/s scan
rate.

EPR spectroscopy

In situ one-electron oxidation or reduction of the diamagnetic
precursor compounds 3-6 yields EPR signals which can serve to
identify the site of electron transfer. Table 3 and Figures 8, 9, S6,
S7 illustrate a stark difference in EPR response: Electrochemical
reduction produces single line signals near the free electron
value of 2.0023 (Figures S6, S7). This and the observability at
room temperature suggest an organic radical species with very
little contribution from the metals to the spin distribution.’>?"
A small g anisotropy can be noted in the frozen state but there
is no hyperfine splitting visible as may be possible under
favourable circumstances."®

Oxidation produces EPR signals only at low temperatures in
the frozen state with significant anisotropy of the g value. Axial
3* and rhombic splittings (47-6*, Figures8, 9) have been
observed, and the amount of g,-g; splitting in comparison®” to
other paramagnetic ruthenium complexes suggests major metal
contributions to the spin distribution. The large spin orbit
coupling® of the heavy element ruthenium is responsible for
the g anisotropy and the rapid relaxation, allowing EPR signal
observation only at low temperatures.** The different mani-
festations of g anisotropy in cations 37-6" reflect the geo-
metrical and electronic structures. Mononuclear 3% exhibits an
axial g splitting (Figure 8, left) as befits a single low-spin d° ion
Ru**, The corresponding dinuclear 4™ shows a slight rhombic
behaviour (Figure 8, right), corresponding to the approximately
centrosymmetric arrangement. The mixed valence in 4% also
results in rapid relaxation which leads to broad lines. Cations 5
and 6™ are structurally similar and thus exhibit comparable EPR
features (Table 3). The considerable g anisotropy Ag from a
rhombic splitting (Figure 9) reflects the low symmetry resulting
from the strongly m accepting tetrazine and less accepting
pyrimidine ring. The Class Il behaviour of the mixed-valent
cations produces close-lying frontier MOs as evident from large
Ag values.

UV/Vis/NIR Spectroelectrochemistry

Both the combination of electron rich Ru" with m accepting
tetrazine ligands and the reversible electron transfer reactions
allowed us to study the metal complexes by UV/Vis/NIR
spectroelectrochemistry, using an optically transparent thin-
layer electrode (OTTLE) cell®*?” (Figures 10-13, $8-510, Table 4).

Table 3. X band EPR data® of electrochemically oxidized and reduced species.

compound g 9> g3 Fiso™ AgH compound g

3" 2.213 2.196 1.900 2.103 0.313 3e-1d) 1.992

4+ 2.338 2.202 1.808 2.133 0.581 (el

5F 2.304 2.157 1.888 2.116 0416 ge-[d 2.004

6" 2.302 2.159 1.885 2.115 0417 gl 2.007/1.996, 9,/9),

& Electrochemically generated species in CH,Cl,/0.1 M Bu,NPF¢ at 120 K. ™ g,,=isotropic g = /g2 + g% + ¢3/3.' 4g=g,—9g;. ' Room
temperature. ' Not determined.

2700 3000 3300 3600 3900 4200
B[G]

2900 3000 3100 3200 3300 3400 3500 3600 3700
B [G]

Figure 8. X band EPR spectra of 37 (left) and of 4* (right) in CH,Cl,/0.1 M Bu,NPF¢ at 120 K with simulation (red line).
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Figure 9. X band EPR spectrum of 6% in CH,Cl,/0.1 M Bu,NPF, at
120 K and with simulation (red line), small impurity signal at g~ 2.

695 03y 1500 sh
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Figure 10. UV/Vis/NIR spectroelectrochemical response of the oxi-
dation of 4—4* in CH,Cl,/0.1 M Bu,NPF,.
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Figure 11. UV/Vis/NIR spectroelectrochemical response of the oxi-
dation 4*—4?* in CH,Cl,/0.1 M Bu,NPF;.

The dinuclear starting compounds 4-6 and the mononuclear
complex 3 are distinguished by intense metal-to-ligand charge
transfer (MLCT) absorptions in the visible (A,.,=500-700 nm,
involving the low-lying mt* orbital of tetrazine as target (LUMO)).
The occurrence of more than one band reflects the presence of
other t acceptor heterocycles (pyridine, pyrimidine) in addition
to the stronger m accepting tetrazine.!'”

Reduction to tetrazine radical anion complexes of
ruthenium(ll) produces rather small spectral changes.” The
tetrazine anion radical components of the reduced ligands in
the anionic complexes contribute to the rather limited shifts.
The first one-electron oxidation to yield a mixed-valent (Ru"-
Ru") intermediate should produce an inter-valence charge
transfer (IVCT) absorption at long wavelengths, typically in the
near infrared (NIR) region.”'® However, such transitions are
known to be very weak for tetrazine-bridged systems!"'3¢'¥
which is also noted here. Figure 10 shows the emergent weak
shoulder around 1500 nm for 4%, and even less observable
features (E<20M'cm™') were found for 5% and 6™ in the
same spectral region (Table 4). The combination of very high K,
values and very weak IVCT absorptions is apparently!™ a
hallmark of tetrazine bridged Ru"-Ru" mixed-valent intermedi-
ates, its origin will have to be further investigated through
quantum chemical calculations. This observation relates to the
concept that electron-poor ligands are poor conduits for hole
transfer.>**<?! The dications resulting from second oxidation
(Figures 11, 13) display intense bands from ligand-to ligand and
ligand-to-metal charge transfer around 700 nm between the
visible and near infrared regions (Figures 11, 13). Compound 4
is distinguished by a weak infrared absorption at 1915 nm after
the second oxidation (Figure 11, Table 4). This transition is
attributed to an LMCT (ligand-to-metal charge transfer) fav-
oured by the presence of a donor substituted tetrazine bridge 1
and two oxidized metal centers. Redox systems 5"* and 6"*
exhibit comparable spectra and spectral changes, as noted
earlier for the very similar EPR response.

Conclusion

Three dinuclear ruthenium compounds have been synthesized
and studied in 4 different oxidation states (—,0,+,2+). The
neutral precursors (which may be reduced to radical complexes)
contain & accepting tetrazine bridges and electron rich
ruthenium(ll) metals, without major intramolecular electron
transfer, as confirmed structurally and spectroscopically. Struc-
tural analysis of one of the mixed-valent intermediates (6%)
suggests a Class Il situation according to the Robin/Day
classification scheme.” As in other tetrazine ligand bridged
examples,!'"'#'¥ the mixed-valent species are thermodynami-
cally stable over an unusually large potential range, as
quantified by comproportionation constants 102 <K.< 10"/,
but exhibit only very weak IVCT absorptions in the near IR
region.

Supporting Information

The Supporting Information including the Experimental Section
is available free of charge at https://doi.org/10.1002/zaac.
202200152. CCDC-2160778, CCDC-2160779, CCDC-2160780,
CCDC-2160781, CCDC-2160782, CCDC-2160783 and CCDC-
2160784 contain the supplementary crystallographic data for
this paper. These data can be obtained free of charge via www.
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Figure 12. UV/Vis spectroelectrochemical response of the oxidation 5—57 (left) and 6—67 (right) in CH,Cl,/0.1 M Bu,NPF,.
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Figure 13. UV/Vis spectroelectrochemical response of the second oxidation 5% —5* (left) and 6" —6* (right) in CH,Cl,/0.1 M Bu,NPF.

Table 4. Absorption data from UV/Vis/NIR spectroelectrochemistry.
complex A [nm] (€ [10° dm*mol~'ecm™"])
reduction oxidation 2nd oxidation
3 380 sh 428 (2.79) 449 (1.35)
512 (3.44) 563 (2.81) 572 (2.60)
meso-4 365 (10.0)
424 sh 441 (12.12)
695 (17.61) 678 (11.02) 582 (16.41) 730 (18.40)
1070 sh 1050 sh 1500 sh 1915 (0.66)
rac/meso-5 346 (4.11) 368 (6.19) 395 sh
501 (6.34) 512 (6.10) 440 (3.35)
628 (2.90) 682 (3.85) 566 (4.00) 695 (4.95)
730 sh 1500 sh
rac/meso-6 338 (2.65) 415 (2.46) 320 sh 372 sh
498 (5.11) 538 (3.93) 450 (2.65)
635 sh 548 (2.70) 670 (3.55)
1061 (0.21) 1350 sh
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