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ABSTRACT: The soft scorpionate ligand hydrotris(6-
tert-butyl-3-thiopyridazinyl)borate (Tn) was found to
exhibit pronounced photoreactivity. Full elucidation of
this process revealed the formation of 6-tert-butylpyr-
idazine-3-thione (PnH) and 4,5-dihydro-6-tert-butylpyr-
idazine-3-thione (H2PnH). Under exclusion of light, no
solvolytic reactions occur, allowing the development of
high-yield preparation protocols for the sodium, potas-
sium, and thallium salts and improving the yield for their
derived copper boratrane complex. The photoreactivity is
relevant for all future studies with electron-deficient
scorpionate ligands.

Scorpionate ligands were introduced with Trofimenko’s
hydrotris(pyrazolyl)borate (Tp) ligand in 1966.1 It refers

to an anionic, tridentate ligand that is capable of facially
coordinating the metal center. The widespread use of
scorpionate ligands in bioinorganic chemistry is due to their
steric and electronic tunability by variation of the substituents in
the backbone of the heterocycle.2−5 The scope was further
expanded with the introduction of the soft coordinating
hydrotris(mercaptoimidazolyl)borate (Tm) ligand by Reglinski
and co-workers.6 Analogous mercapto-substituted scorpionate
ligands based on benzoimidazole,7 thiadiazole,8,9 benzothiadia-
zole,10 thiazolidine,10,11 triazole,12 tetrazole,13 pyridine,14 or
pyridazine backbones15,16 were likewise prepared. They all show
significantly different chemical behavior compared to the
nitrogen-based Tp ligands and are widely applied in coordination
and bioinorganic chemistry.17−24 The larger sulfur atom, as well
as the larger chelate ring (8- vs 6-membered), leads to a larger
coordination pocket for the metal center, allowing more
flexibility of the ligand binding. This is illustrated by the
occurrence of complexes with inverted boron centers, where the
hydride ion points toward the coordinated metal, or the
formation of direct metal (M)−B bonds.25−27 However, the
solvolytic cleavage of scorpionate ligands, especially when
attached to a Lewis acidic transition metal, has been a recurrent
issue.6,22,28 It is assumed that the B−N bond weakens with
decreasing electron density of the heterocycle.
We have recently developed hydrotris(3-thiopyridazinyl)-

borate scorpionate ligands featuring electron-deficient pyridazine
heterocycles. The derived higher electrophilic complexes are

prone to diverse reactivity in comparison to other scorpionate
ligands, allowing isolation of the first copper boratrane complex
bearing a sulfur rich environment.15,16 However, our studies were
hampered by relatively low yields, which were not accounted for
by the stability of the products.
Herein, the photoinduced reactivity of the hydrotris(6-tert-

butyl-3-thiopyridazinyl)borate (KTn) ligand is reported and
fully elucidated. Exclusion of light allowed the development of
reproducible high-yield preparation protocols for NaTn, KTn,
and TlTn, as well as for their copper boratrane complex.
Furthermore, the molecular structure of TlTn is reported to
exhibit an unusual octanuclear array.
Upon exposure to light, a solution of KTn in protic solvents is

transformed into 2 equiv of 6-tert-butylpyridazine-3-thione
(PnH) and 1 equiv of 4,5-dihydro-6-tert-butylpyridazine-3-
thione (H2PnH), as shown in Scheme 1. Upon exclusion of
light, also in protic solvents no transformation is observed.

To identify the products, 0.30 g (0.54 mmol) of KTn was
dissolved in methanol and irradiated at 365 nm for 12 h. After
workup, 86 mg (0.5 mmol) ofH2PnH and 161 mg (0.96 mmol)
of PnH could be isolated after column chromatography. 1H and
13C NMR spectra clearly identify the formation of PnH and
H2PnH. The latter reveals resonances for the aliphatic C4 and
C5 and their attached protons, which are particularly distinctive
as two triplets at 2.37 and 2.84 ppm integrating for two protons
each.
The exclusive formation of PnH and H2PnH is demonstrated

by repeated 1H NMR measurements during the reaction. A
solution of KTn in dry methanol was irradiated at 365 nm, and
samples were taken after 5, 15, 35, and 65 min, respectively. After
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Scheme 1. Photoreactivity of KTn
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evaporation of the solvent, 1H NMR spectra in CDCl3 were
recorded [see the Supporting Information(SI), Figure S1]. The
progressive decrease of KTn and increase of PnH and H2PnH
are demonstrated by the resonances of the tert-butyl groups.
Furthermore, the distinct triplets for H2PnH are apparent.
However, no resonances for other species could be detected.
The reaction shown in Scheme 1 was also monitored by high-

pressure liquid chromatography (HPLC), again showing the
exclusive formation of PnH and H2PnH (Figure 1).

Furthermore, kinetic analysis revealed a first-order reaction on
KTnwith a reaction constant k = 0.0457 s−1 and a half-life time of
15.2 min (see the SI).
This points to a pronounced and fast reactivity upon UV

irradiation and is consistent with our observation that even
daylight induces the photoreaction. However, NMR spectros-
copy of a KTn sample in methanol-d4 exposed to daylight
revealed only 50% conversion after 24 h. Interestingly, the ratio
of PnH and H2PnH was found to be 8:1, which is significantly
higher than the expected 2:1. Apparently, hydrolysis of the B−N
bond is faster than reduction of the Pn heterocycle. Nevertheless,
no hydrolysis, even in protic solvents such as methanol, is
observed under exclusion of light (see the SI). Naturally,
hydrolysis of the B−N bond is also prevented by working in dry
aprotic solvents, explaining the fact that in anhydrous CHCl3 no
reaction occurs even under irradiation. Thus, the study reported
here not only fully elucidates the photochemical behavior but
also shows that, upon exclusion of light, electron-deficient
scorpionates are inert toward solvolysis.
The UV−vis spectrum of KTn in methanol (Figure 3) reveals

two bands at 363 nm (ε = 1.03 × 104 L mol−1 cm−1) and 283 nm

(ε = 3.72 × 104 L mol−1 cm−1). The long-wave transition can
provisionally be ascribed to an n−π* excitation according to
published data.29 In situ irradiation with a Nd:YAG laser at 355
nm coupled to NMR indicated the cleavage reaction, whereas
irradiation at 280 (±10) nm (high-pressure Hg−Xe lamp,
monochromator) showed no conversion (see the SI, Figure S7).
This is corroborated by the Tm ligand only featuring one
absorption maximum at 258 nm, implying that the band at 363
nm is responsible for the photoreactivity.
Electron-deficient scorpionate ligands are relatively rare

despite their potentially interesting electronic behav-
ior.7,14−16,30−32 This might be due to their reactivity toward
light, hampering widespread use. For example, recently Parkin
and co-workers reported the preparation of oxygen-coordinating
scorpionate ligands. In one example, namely, hydrotris(2-oxo-1-
tert-butylimidazolyl)borate, low yields (7%) are reported.
Interestingly, one of the isolated decomposition products was
found to be the reduced 2-oxo-1-tert-butylimidazole,7 which has
a similar structure to H2PnH. Possibly a similar photochemical
influence is responsible in the mentioned example and might
point to a photochemical influence in oxoimidazolyl systems.
Not only did the above-described observations allow us to

significantly improve the yield in KTn synthesis, but also the
yield for the copper boratrane complex [Cu{B(Pn)3}Cl] could
be increased from 36% to 84%.16 Furthermore, we were able to
prepare to date unknown NaTn and TlTn salts. Upon exclusion
of light, NaTn could be prepared in 85% yield and TlTn almost
quantitatively. Their photochemical behavior is identical with
that of KTn, also requiring exclusion of light for the preparation
and handling (see the SI). All three salts represent important
starting materials that will widen the application of pyridazine-
based scorpionate ligands in coordination chemistry.
The molecular structure of TlTn was determined by single-

crystal X-ray diffraction analysis (Figure 2). The molecular
structure of TlTn consists of interconnected alternating
tetramers (Tl1−Tl4 and Tl5−Tl8; Figure 2), resulting in
sinusoidal tubes parallel to the a axis (see the SI, Figure S1).
Interestingly, the ligands shows three different coordination
modes, as illustrated in Figure 4.
Four scorpionate ligands that are involved in bridging the two

tetrameric units display a μ4-(κ
2,κ2,κ,κ)-coordination mode

(Figure 4, motif A). Three of the nonbridging ligands show
coordinationmotif B, where two sulfur donors coordinate to one,
each, and the third sulfur coordinates to two thallium atoms,
resulting in a μ-(κ2,κ2) mode. Interestingly, one scorpionate
ligand shows a bidentate coordination with a μ-(κ2,κ) mode, with
the third sulfur having a nonbonding Tl−S distance of 3.728(3)

Figure 1.HPLC traces showing the retention times for KTn, PnH, and
H2PnH and the photoreaction of KTn in 65:35 (v/v) MeCN/H2O,
followed by HPLC measurements.

Figure 2. Molecular view of the tetrameric unit Tl1−Tl4 of TlTn.
Hydrogen atoms, except for those located at the boron atoms, tert-butyl
groups, and solvents are omitted for clarity.

Figure 3. UV−vis spectra of 2.5 μM solutions of KTn and NaTm in
methanol.
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Å. The boron−hydrogen atoms, clearly identified by a difference
Fourier map, are oriented to two thallium atoms, showing
average Tl−H distances of 2.77(4)−3.57(5) Å, Tl−H−Tl bond
angles of 73.9(7)−94.2(11)°, and B−H−Tl bond angles of
112(4)−144(4)°.
A similar coordination mode of a scorpionate ligand has been

described previously in the molecular structure of Tl[PhB-
(CH2SR)3] showing a μ-(κ2,κ)-coordination mode.33,34 How-
ever, the thallium center is only tetrahedrally coordinated
because of the sterically more demanding phenyl substituent at
boron. Another similar coordination mode, namely, a μ3-(κ

2,κ,κ),
where one sulfur is bridging two thallium atoms and a μ5-
(κ2,κ2,κ2,κ,κ), has already been published, using a thallium salt of
the tris(mercaptothiadiazolyl)borate ligand.35

In conclusion, the potassium salt, as well as the sodium and
thallium salts, of the hydrotris(6-tert-butyl-3-thiopyridazinyl)-
borate ligand Tn shows pronounced photoreactivity in protic
solvents, forming 2 equiv ofPnH and 1 equiv ofH2PnH. The fact
that, under exclusion of light, the ligand is stable presents an
important finding because protic solvents are often required for
solubility reasons in subsequent reactions. Thus, the yield for
KTn and its copper boratrane complex [Cu{B(Pn)3}Cl] could
be improved significantly by excluding light from the reaction.
Furthermore, the yet-unknown sodium and thallium salts of the
ligand could be synthesized in high yields. The latter revealed an
interesting polynuclear array, consisting of eight thallium atoms
surrounded by eight Tn ligands. The discovery of the
photoreactivity of electron-deficient scorpionate ligands is very
relevant for their future use and will trigger the development of
new electron-deficient scorpionate ligands.
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Figure 4. Coordination motifs in the molecular structure of TlTn.
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