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Abstract: The reaction of potassium metal with sulfurtriimide
S(NtBu)3 (II) gives the long elusive deep blue cage radical
[K3{(N

tBu)3S}2]
* (1_K) that crystallizes at � 35 °C from

toluene solution. The subsequent physical characterization
via X-ray structure analysis, UV/Vis-, and EPR spectroscopy
from solution reveals the existence of one unpaired electron
delocalized within the whole cage, i.e. coupling with the six
nitrogen atoms, as well as the three potassium atoms caped by
the two SN3 ligands. The present X-ray structure analysis
further supports previous assumptions made on the parent
compound 1_Li obtained from [Li4{(N

tBu)3S}2] (I) and
finally elucidates the structural arrangement of the SN3 caps
and alkali metals in such radical cage species.

Radicals containing main group elements offer rich and
versatile platforms towards synthetically challenging com-
pounds with various applications.[1] Their fascinating colors
and chemistry gave birth to numerous investigations.[2]

Notably, intense-colored persistent radicals were obtained
from alkali metal derivatives of polyimido anions with p-
block elements.[3–7] These include our contribution with the
EPR study of the deep blue lithium-based radical species
[Li3{(N

tBu)3S
IV}2]

* (1_Li), as the resulting oxidation product
of the cage complex [Li4{(N

tBu)3S
IV}2] (I) (Scheme 1).[3,8] Its

crystal structure, however, could never be reported due to
the high reactivity of transient 1_Li, and attempts to isolate
1_Li systematically led to the characterization of fully
oxidized products. Several other works focused on the
elucidation of similar radical species, such as [{LinE-
(NtBu)3}2]

*, n=2, 3; E=B,[9] S,[3,6, 8] Se[6,10]) and [Me3SiNP(μ3-
NtBu)3{μ3-Li(thf)}3X]*, (X=Br, I).[5,11] Most of the solid-state
structures of these compounds, however, could not be
determined until now, because of the high sensitivity of the

radical species.[3] Hypotheses about the potential molecular
arrangements were postulated based on the analysis of the
EPR spectra in solution.[3,6,8, 9] While seeking for heavier
alkali metal derivatives to enhance the radical species’
stability, we were able to synthesize, isolate and characterize
the long sought-after radical species [K3{(N

tBu)3S}2]
* (1_K),

which is analogous to 1_Li. We herein report its solid-state
structure as well as its physical characterization via UV/Vis
and EPR spectroscopies. Experimental features are also
backed-up by computational chemistry.

The elusive deep blue radical [K3{(N
tBu)3S}2]

* (1_K) can
be obtained from neutral, colorless SVI(NtBu)3 (II) upon the
addition of ultrapure potassium metal in toluene
(Scheme 1). Subsequent to filtration, the deep blue solution
is reduced in volume for crystallization. Highly unstable, the
solid-state samples and solutions of 1_K must be stored at
low temperatures all the time.

Crystals suitable for X-ray structure analysis can be
grown at � 35 °C from a toluene solution (Scheme 1). The
structure is shown in Figure 1.[12] At 120 K, 1_K exists in the
monoclinic space group P21/c. A further data set from a
different crystal at 100 K resulted in a structure solution in
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Scheme 1. Synthetic route to the radical species 1_K. The structure of
the analogous 1_Li compound is proposed based on EPR results
reported elsewhere.[3] Picture of the deep blue crystals (center).
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P21/c with the doubled cell volume and two crystallo-
graphically independent molecules in the asymmetric unit
(see Supporting Information section S2 for more details).
No phase transition was observed by varying the temper-
ature directly on the diffractometer, which suggests close
lattice energies for these two polymorphs. Generally, both
structures show the same features. All molecules display
three equilateral triangular arranged potassium atoms caped
by a formally radical monoanionic S(NtBu)3

*� and a
dianionic S(NtBu)3

2� ligand in a tripodal ecliptic fashion.
This trigonal-pyramidal structure is known from the isosteric
AsS3

3� trianion in Li3AsS3.
[13] Every metal is N,N’-chelated

by two nitrogen atoms of both caps each. Hence, each
potassium atom is coordinated by four nitrogen atoms to
give a square-pyramidal polyhedron. The K� N bond lengths
cover a wide range of av. 2.62 to 3.02 Å. Interestingly, at
120 K, the upper capping ligand Cap A shows one much
longer S� N bond, while the two remaining are shorter and
of the same length (1.676(3) vs. 1.608(3) and 1.610(3) Å),
whereas at 100 K there is also one longer S� N bond lengths
and two shorter in Cap A, but the differences are much
smaller and the longer bond length is similar to those in Cap
B. The lower Cap B displays three equivalent S� N bond
lengths (1.643(3), 1.642(3) and 1.647(3) Å) in both struc-
tures. The bond length situation in solid 1_K might mirror
those in the N,N’-chelated complex [Cp*2Ln{(NSiMe3)2S}],

[4]

in which the S� N bond lengths in the monoanionic radical
[S(NSiMe3)2]

*� sulfurdiimide ligand are elongated by ca.
0.10 Å compared with the free ligand,[14] consistent with the
occupation of the π* SOMO of the radical anion. Addition-
ally, all the S� N distances in 1_K are significantly longer
than those found in similar SVI compounds[15] (S� N distances
of 1.53–1.60 Å) and comparable to those of similar SIV

compounds.[16] This is indicative of the sulfur atoms in 1_K
holding the oxidation state + IV, reminiscent of pyramidal
sulfite SO3

2� and not of trigonal-planar SO3. Hence, the

pyramidal cap-shaped structure is due to a stereochemically
active lone-pair at the central sulfur atom each, experimen-
tally determined previously,[17] or rather the unpaired
electron (see a schematic overview in Figure S4.4.1).

While the disorder of the substituents in the crystal
structure prevents experimental charge density investiga-
tions, the subsequent physical characterization of the
crystalline powder confirms the presence of a radical species.
Since diluted solutions of 1_K lose color intensity over time,
which may be due to potassium ions solvation[11] and/or to
radical instability in solution, UV/Vis and EPR spectro-
scopic experiments are quite challenging and must be
performed instantaneously on freshly prepared diluted cold
solutions. The UV/Vis spectrum of 1_K in toluene (Figure 2)
reveals a broad unstructured absorption band from approx.
750 to 550 nm with a maximum at 635 nm. An additional
small shoulder is detectable around 400 nm. TD-DFT
calculations at the CAM B3LYP/def2-TZVP level of theory,
predict a similar absorption pattern (Figures S4.1.1, S4.2.1
with similar band broadening). Furthermore, both exper-
imental and theoretical results are very similar to those of
the reference lapis lazuli (from the lazurite pigment)
containing the trisulfur radical anion S3

*� [18] (601 nm) or
Egyptian blue (630 nm).[19]

We further performed a time-dependent UV/Vis meas-
urement of [Li4{(N

tBu)3S
IV}2] (I) upon exposure to air to

monitor the formation of 1_Li from I. It is clear that 1_Li
forms, as a strong absorption band at 635 nm appears after
2 min, and then decomposes with further exposure to air
and moisture to give mainly colorless [Li2(N

tBu)3S
IVO] and

O2S
VI(tBuNH)2

[3] (Figure 3).
Noteworthy, the absorption peak structure around

635 nm is similar in both, wavelength and shape, to that of
1_K (Figures 2 and 3, S4.1.1 and S4.2.1), which suggests the
presence of a blueprint for this radical family in visible
spectroscopy. The time-dependency plot (Figure 3, bottom)
confirms the instability of compound 1_Li, which survives
about ten minutes on air exposure.

Figure 1. Crystal structure of 1_K in side view (left) and top view (right).
Hydrogen atoms are omitted for clarity. Anisotropic displacement
parameters are depicted at the 50% probability level. Selected bond
lengths [Å]: Cap A: S1� N1 1.608(3), S1� N2 1.610(3), S1� N3 1.676(3);
Cap B: S2� N4 1.643(3), S2� N5 1.642(3), S2� N6 1.647(3). Bond
lengths and angles for 1_K at 100 K are reported in the Supporting
Information.

Figure 2. UV/Vis spectrum of 1_K (dark blue) and 1_Li (dashed line) in
toluene at RT. Photo of a diluted sample of 1_K in toluene.
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The subsequent EPR investigation of 1_K in toluene
indicates the presence of an unpaired electron, with a
symmetrical spectrum as shown in Figure 4, top. In solution
at room temperature, the analysis of the hyperfine coupling
reveals that the unpaired electron (g=2.0067) couples with
the six 14N nuclei (I=1), resulting in 13 main lines (m=2I×
6+1=13), with an intensity ratio of
1 :6 :21 :50 :90 :126 :141 :126 :90 :50 :21 :6 :1, and a hyperfine
constant a=2.618 G. Additionally, a super hyperfine cou-
pling is visible in the spectrum, as each of the 13 main lines
consists of seven lines with a�0.379 G. Coupling with the
three central 39K/41K nuclei or with the two sulfur 33S nuclei
(all possessing a nuclear spin of I=3/2) should result in 10
lines (m=2I×3+1=10) or 7 lines (m=2I×2+1=7),
respectively. Seven of these lines are observable in the EPR
spectrum (Figure 4, top).

While the resolution of the experimental spectrum is not
entirely complete, it matches well with the simulated
spectrum, generated for a hyperfine coupling with the six
nitrogen and the three potassium nuclei (Figure 4, bottom).
No satisfying simulation was obtained with the sulfur nuclei.
Due to the low abundance of 33S (<1%) compared to
39K/41K (together�100%) and the similarity with the
experimental EPR spectrum of 1_Li, we suggest that the
coupling with the potassium nuclei is more reasonable, while
the spectral resolution prevents the observation of all 10
lines. Indeed, in comparison, the analogous species 1_Li
gives an EPR spectrum indicating the coupling of the
electron with only one hemisphere of the complex: three
nitrogen nuclei and the three central lithium atoms are
responsible for the hyperfine coupling.[3] This difference
from Li to K is most probably due to their different ionic
radii and polarizability. While the smaller size of the lithium
atoms results in crystallographic disorder over four posi-

tions, as observed in oxidation products of 1_Li, the larger
potassium atoms occupy three crystallographically well
defined positions, with the nitrogen atoms in an eclipsed
conformation (Figure 1). Thus, the electron delocalization is
ensured in 1_K, whereas the symmetry breaking in 1_Li
prevents the electron transit from one SN3 cap to the other.

Our initial calculations based on the coordinates ob-
tained from X-ray diffraction without further optimization,
at the PBE0 D3BJ/def2-tzvp level of theory, suggested that
only three nitrogen atoms at the same cap should be
involved in electronic coupling (see S4.1 and 4.3, calculations
1_K UNSYMM for details), as the spin density is localized
only on one cap. In line with the experimental EPR
spectrum we obtained, which indicates involvement of all 6
nitrogen atoms, we performed subsequent theoretical calcu-
lations at the same level of theory on a structure optimized
to maintain approximate C3h symmetry (see S4.2 and 4.3
calculation SYMM for more details). The resulting calcu-
lations show the spin density to be delocalized on all six
nitrogen atoms, which is in better agreement with the EPR
spectrum (Figures 5, S4.3.2). The different results of the
Mulliken spin population analysis for 1_K UNSYMM and
SYMM well mirror these findings (see S4.3). Additionally,
however, it also suggests that the sulfur atoms carry some
spin density as well, while the potassium atoms do not. This
could indicate that the super hyperfine coupling actually

Figure 3. Time-dependent UV/Vis spectra of [Li4{(N
tBu)3 S

IV}2] (I) upon
exposure to air and moisture (formation of 1_Li (left) and subsequent
decomposition (right)), in toluene, at RT. The time dependency of the
absorbance at 635 nm is shown below.

Figure 4. EPR spectrum of 1_K in toluene at room temperature (top).
The simulated spectrum is shown below in purple.

Angewandte
ChemieCommunications

Angew. Chem. Int. Ed. 2022, 61, e202115026 (3 of 5) © 2021 The Authors. Angewandte Chemie International Edition published by Wiley-VCH GmbH



occurs with the sulfur nuclei instead of potassium. However,
as previously mentioned, we were unable to generate a
satisfying simulated EPR spectrum based on this hypothesis
and the low abundance of 33S should preclude this
possibility. Additionally, given the results observed for 1_Li,
it is unlikely that the free electron would not couple with the
alkali metals in both 1_Li and 1_K.

In summary, we thoroughly characterized the deep blue
radical species 1_K with a bouquet of physical techniques, as
well as by theory. The free electron was discovered to be
mainly localized on the nitrogen atoms. The presence of
these features was further acknowledged in its parent radical
1_Li via time dependent UV/Vis spectroscopy. This is a rare
report of a long elusive, yet finally captured polyimido
radical, which represents a highly important milestone
towards further developments of p-block elements contain-
ing radical species.

X-ray diffraction data for 1_K can be found in
reference [20].
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