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ABSTRACT

Reactions of the Lewis acidic, cationic bismuth compound [BiMe,(SbF,)] (1) with the spin trap a-phenyl-N-tertbutyl-nitrone (PBN)
yield simple Lewis acid/base adducts [BiMe,(PBN)(SbF;)] (2) and [BiMe,(PBN), |[SbF,] (3). Such adducts have, for the first time,
been fully characterized for the frequently used spin trap PBN. The ability of 2 and 3 to release PBN-trapped methyl radicals under

thermal conditions is investigated. This is compared to the ability of a small series of simple neutral organobismuth compounds
BiR; (R = Me, nBu, iPr, tBu, CF;) and one mixed aryl/alkyl-substituted bismuth complex to transfer carbon-based radicals to PBN.
Applied analytical techniques include NMR spectroscopy, elemental analysis, mass spectrometry, single-crystal X-ray diffraction

analysis, and EPR spectroscopy.

1 | Introduction

The utilization of bismuth compounds in stoichiometric and
catalyzed radical reactions has recently gained momentum in
the fields of organometallic chemistry, organic synthesis, and
electrocatalysis (Scheme 1) [1-27]. However, the isolation and
detailed characterization of bismuth radical species remains
a tremendous challenge and commonly relies on stabilizing
strategies, rendering the resulting compounds less active for
synthetic and catalytic applications [28-33]. When more reactive,
short-lived intermediates are to be tracked in rapid chemi-
cal transformations, the in-situ EPR spectroscopic detection of
organic radicals released from bismuth compounds in homolytic
bond dissociation reactions has recently granted important mech-
anistic insights [6, 17]. In some cases, however, even these organic

radicals show lifetimes too short to be detected under typical
reaction conditions, which commonly cover temperatures of
around 20°C and above. To meet these challenges, techniques
that operate under low-concentration conditions in the gas phase,
such as (threshold) photoelectron-photoion-coincidence spec-
troscopy, coupled to mass spectrometry, have been applied [10,
34]. When aiming at the detection of short-lived radical species
under conditions typically applied in wet-chemical synthesis,
spin traps can be utilized [35]. These reagents readily react with
short-lived radical species (typically with the formation of a new
covalent single bond) to give persistent radicals that can more
conveniently be detected. This approach has provided valuable
insights into mechanistic details of stoichiometric and catalyzed
reactions [4, 10]. On the other hand, it has to be kept in mind that
spin trapping reagents are naturally not limited to their intended
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SCHEME 1 | (a) Bismuth(III) compound involved in an equilib-
rium homolytic bond dissociation reaction (e.g., R, R’ = aryl, alkyl,
aminyl, aryloxyl, bismuthyl) [14, 15, 43, 44]. (b) Example of a radical
cyclo-isomerization reaction catalyzed by a bismuth complex; [Bi] =
S(CgHy4),Bi-Mn(CO)s [4, 7]. (c) Trapping of a methyl radical (released
from BiMe;) by a-phenyl-N-tertbutyl-nitrone (PBN) [10].

role of capturing fleeting radical intermediates. In principle,
they could accelerate or impede radical formation or even enter
alternative reaction pathways. However, parallel or alternative
reaction pathways in radical trapping reactions can be difficult
to uncover and have rarely been reported. For instance, the
ability of spin traps such as nitrones to act as ligands in metal
complexes has been reported in rare cases [36-41]. This behavior
can likely have an impact on spin trapping events that involve
metal complexes with Lewis acidic binding sites. Among the
various nitrones that have been utilized as spin traps, a-phenyl-N-
tertbutyl-nitrone (PBN) is a well-established and frequently used
representative (Scheme 1c). However, its ability to act as a ligand
has only been suggested in reactions of 2-tBu-3-Ph-oxazirane with
BF;, where the formation of E and Z isomers of PBN-BF; adducts
was suggested based on the determination of melting points and
IR spectra [42].

Here we report the synthesis, isolation, and characterization of
Lewis acid/base adducts between a cationic bismuth complex and
PBN, along with studies aiming to evaluate the ease of radical
release by a small series of organobismuth complexes.

2 | Results and Discussion

The dimethyl bismuth cation [BiMe,(SbF,)] (1) has been shown
to undergo Lewis acid/base pair formation with various sub-
strates, including carbon- [45, 46], nitrogen- [47], phosphorus-
[46], oxygen- [46], sulfur- [46], selenium- [46], and metal-
based [9, 47] bonding partners. It was thus identified as a
promising Lewis acid to undergo simple complex formation with
PBN. Indeed, the reaction of 1 with one or two equivalents of
PBN in dichloromethane led to the isolation of yellow crys-
talline compounds, which could be identified as the adducts
[BiMe,(PBN)(SbF,)] (2) and [BiMe,(PBN), |[SbF,] (3) (Scheme 2).
'H NMR spectroscopic investigations revealed the expected signal
patterns and intensity ratios of methyl and tBu groups of 6:9
and 6:18 for compounds 2 and 3, respectively. The 'H and
BC NMR chemical shift values for the methyl groups in 2
(1.71/49.6 ppm) and 3 (1.43/43.6 ppm) are significantly smaller

SbF B
| 5 _N\
Bi-—F P O—~Bi---F—SbF;
Mé Me n=1 Mé Me
1 2,73%
+
H  tBu tBu tBu *
n \FN\ n=2 —N/ \N=.\
PH O e 0=Bi~—0 P ISOFel
PBN Mé Me
3,85%
SCHEME 2 | Synthesis of [BiMe,(PBN)(SbFs;)] (2) and

[BiMe,(PBN),|[SbFs] (3). Conditions: DCM, room temperature,
2 h. DCM, dichloromethane.

than in the electron-deficient starting material 1 (2.28/64.4 ppm)
[47], reflecting the increasing electron donation from the PBN
ligands to the Lewis acidic bismuth center. High-resolution mass
spectrometry showed the molecular ion peak of m/z = 416.1421
for the complex cation [BiMe,(PBN)]* in the case of 2. The same
ion was detected in the case of 3 (m/z = 416.1423), indicating
the lability of one PBN ligand under the conditions of the mass
spectrometric experiment.

The composition of compounds 2 and 3 was unambiguously
established by single-crystal X-ray diffraction analysis (Figure 1).
Both compounds crystallize in the monoclinic space group P2,/c
with Z = 4. The bismuth atoms are found in bisphenoidal
coordination geometries with the methyl groups in the equatorial
positions. For compound 2, the axial positions are occupied by
one PBN ligand and a fluorine atom of the (SbF;)~ counteranion,
which forms a weak interaction with the bismuth center accord-
ing to distance criteria [48]. For compound 3, the axial positions
are occupied by the two PBN ligands. The Bi-C bond lengths
in compounds 2 and 3 amount to 2.23-2.24 A and are identical
within limits of error.

They are slightly longer than the Bi-C bond lengths in starting
material 1 (2.22 A) [47], which results from the donation of
electron density from the PBN ligands to the bismuth centers.
The Bi-O bond in 2 (2.28 A) is significantly shorter than those
in 3 (2.41-2.44 A), mirroring the competition of one PBN ligand
with either a weakly coordinating (SbF,)~ anion (in 2) or another
PBN ligand (in 3) for the vacant p-orbital of the Lewis acidic
bismuth center. The N-O distances in 2 (1.35 A) and 3 (1.33 A)
are lengthened compared to free PBN (1.307 A) [49], as previously
observed for nitrones acting as ligands in mononuclear transition
metal complexes [36].

The ability of the neutral parent compound BiMe; (4) to transfer
methyl radicals to PBN has previously been demonstrated [10],
while the lighter homologs AsMe; and SbMe; showed less
selective and much less efficient radical transfer under similar
conditions [50]. In order to compare the ability of BiMe; for
intermolecular methyl radical transfer to PBN with that of 2
and 3 for intramolecular methyl radical transfer to PBN, the
following protocol was tested: A concentration of c(Bi) = 0.1 M
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FIGURE 1 | Molecular structures of compounds 2 (a) and 3 (b) in the solid state, as determined by single-crystal X-ray diffraction analyses.

Displacement ellipsoids are shown at the 50% probability level. Hydrogen atoms and a lattice-bound CH,Cl, molecule in the case of 3 are omitted
for clarity. Selected bond lengths (A) and angles (°): Compound 2: Bil-01, 2.276(2); Bil-F1, 2.675(2); Bil-C12, 2.233(4); Bil-C13, 2.232(3); N1-01, 1.353(3);
01-Bil-F1, 169.87(7); C13-Bil-C12, 90.9(1); Compound 3: Bil-01, 2.443(2); Bil-02, 2.408(2); Bil-C23, 2.231(3); Bil-C24, 2.241(3); N1-01, 1.333(3); N2-02,
1.331(3); O1-Bil-02, 168.06(6); C24-Bil-C23, 89.3(1) (Further bonding parameters are shown in the Supporting Information).

TABLE 1 | EPR spectroscopic experiments of bismuth compounds 2-9 with PBN (except for 2 and 3, where no PBN was added) with c(Bi) = c(PBN)

= 0.1 mol/L.
—| spin trap experiments I
)I( tBu\N/O AT tB:l\N/O-
. + . [Bi]* +
Bi
[B1] H J\ Ph X S\ Ph
29 PBN
—I bismuth compounds 2-9 I
BiR, [BiMe,(PBN)(SbFg)] BiMe,  BiMe;
S
R = Me (4), nBu (5), 2 O O
iPr (6), tBu (7), . Bu Bu
CF3 (8) [BlMez(PBN)Z][SbFS]
3 9
Entry Compound X Tonset [°C] Ziso a(N) [MHZz] a(H) [MHZz] a(F) [MHz]
1 4 Me 35 2.0053 41.2 8.4 -
2 2b-e Me 70 2.0051 42.2 9.1 -
3 3bee Me 60 2.0051 422 9.4 -
4 52 nBu 10 2.0050 41.0 8.9 -
5 6 iPr <-30 2.0052 413 7.6 -
6 7* tBu <-30° 2.0052 40.9 6.6 -
7 8 CF, 100 2.0054 39.1 53 4.7
8 92 Me/aryl 35 2.0050 40.6 7.1 -
Note: Onset temperatures (T, S/N > 3) as well as g;q, values and coupling constants of the spin adducts are given.
2Solvent = toluene.
bSolvent = CH,Br,.
“No PBN added.
9Not fully solubilized.
¢Weak signal intensity results in larger experimental error in g value and coupling constants.
fWith the experimental setup, sample preparation and transfer to the spectrometer were possible at temperatures as low as -30°C.
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in a suitable organic solvent was used, as it is in the typical range
of concentrations used for organometallic transformations. If the
compound of interest did not contain PBN, the nitrone was added
(c(PBN) = 0.1 M). If necessary, the sample preparation was carried
out at low temperature (-30°C). The sample was transferred
to the cavity of the EPR spectrometer at a given temperature,
and data collection was started while heating in steps of 5°C
at a rate of 5°C/min. The onset temperature of radical transfer
(Tynser) Was defined as the temperature at which a resonance was
observed in the EPR spectrum and the signal-to-noise ratio had
reached a value of S/N > 3 under the conditions of the protocol.
Care has to be taken when applying this protocol because of
the high sensitivity of the EPR spectroscopic experiment. Thus,
parameters such as minor sample impurities, the time needed for
sample preparation and transport, and control of the temperature
during sample preparation are of crucial importance when the
onset temperature (not the detection of the radical as such) is of
interest, and potential unwanted influences need to be carefully
excluded. Applying this protocol to BiMe, confirmed the facile
methyl radical transfer to PBN and revealed an onset temperature
of 35°C (Table 1, entry 1).

Surprisingly, significantly higher onset temperatures of 60°C-
70°C were determined for compounds 2 and 3 (entries 2, 3),
indicating that the methyl radical transfer to PBN was less
facile than for BiMe, despite the intramolecular nature of this
reaction for 2 and 3. So how do the positive charges in the
complex cations of 2 and 3 and the coordination environment
of the bismuth center influence radical formation? Potential
reasons for the observed differences in radical trapping include
(i) a strengthening of the Bi-C bonds in the complex fragment
[BiMe,]* due to contraction of the large Bi-centered atomic
orbitals as a result of the higher effective charge at the Bi center
(as compared to BiMes;) and (ii) modifications of the radical
trapping efficiency of bismuth-bound PBN due to its polarization
and spatial orientation relative to the radical that is to be
trapped.

In order to verify the general viability of the above-mentioned
“onset temperature method”, a small series of bismuth com-
pounds was targeted, which were expected to show a varying
ability to act as sources of carbon-centered radicals. Compounds
BiR; were synthesized and isolated (R = nBu (5), iPr (6), tBu (7),
CF; (8)). EPR spectroscopic investigations in the presence of one
equivalent of PBN revealed low onset temperatures of 10°C (5) or
< -30°C (6, 7) (entries 4-6), in agreement with the expected ease
of radical generation due to the primary, secondary, or tertiary
nature of the respective carbon-centered radical. Compound 8
showed a high onset temperature of 100°C (entry 7), which
was ascribed to the polar nature of the Bi-CF; bond, which
results from the high group electronegativity of the CF; moiety
and can be expected to favor heterolytic rather than homolytic
bond cleavage. Overall, the coupling constants determined for the
radicals trapped in reactions with 2-8 (entries 1-7) are in good
agreement with the literature, taking differences in measure-
ment conditions, such as solvent and temperature, into account
[51].

In order to test if the release of alkyl radicals is favored over
that of aryl radicals, compound 9 with a mixed alkyl/aryl

tBu tBu
(- -
+41,
S —_— S
— 2 BiMel,
O BiMe, — 2 Mel O |
tBu tBu
9 10, 88%

SCHEME 3 | Reaction of 9 (containing 4 Bi-C*! and 2 Bi-C?V!
bonds) with four equivalents of iodine to selectively give 10 (leaving 2
Bi-C2%! bonds intact).

substitution pattern was investigated [52]. For compound 9, the
onset temperature of 35°C matches that of BiMe; (entries 1, 8).
The analysis of the EPR spectrum obtained at this temperature
reveals coupling constants of a(l x “N) = 40.6 MHz and a(l
x 'H) = 7.1 MHz. This ranges between the values reported for
[PBN-CH,]" (a1 x “N) = 41.7 MHz; a(1 x 'H) = 9.9 MHz) and
for [PBN-Ph]" (a1 x “N) = 40.3 MHz; a(1 x 'H) = 6.1 MHz)
[51], suggesting that a mixture of nitrone-trapped aryl and alkyl
radicals is present under these conditions. While the quality of the
spectrum at the onset temperature is inherently poor due to the
poor signal-to-noise ratio, this interpretation is further supported
by reactivity studies of 9 with iodine (Scheme 3). Adding four
equivalents of iodine to compound 9 should leave the Bi-C¥!
bonds intact if the cleavage of Bi-C*%! bonds was clearly favored.
However, the reaction of 9 with four equivalents of iodine in
DCM gave the di-iodo-thioxanthene 10 in 88% isolated yield,
showing that the cleavage of Bi-C*' bonds can compete with
that of Bi-C*! bonds in this compound, which is notable in
view of the higher reactivity of bismuth alkyl species such as
BiMe, and BiEt; compared to bismuth aryl species such as BiPh,
(for full characterization of 10, see Experimental and Supporting
Information) [53-55]. In agreement with these findings, reactions
of 9 with two equivalents of iodine proceeded unselectively,
yielding a mixture of products.

3 | Conclusions

In summary, we have presented the first isolation and full
characterization of compounds containing the spin trap a-
phenyl-N-tertbutyl-nitrone (PBN) as a simple o-donor ligand,
[BiMe,(PBN)(SbF,)] (2) and [BiMe,(PBN),][SbF,] (3). Heating
2 and 3 in solution releases the PBN-trapped methyl radicals.
However, intermolecular methyl radical transfer from BiMe; to
PBN is facilitated at lower temperatures. Homoleptic bismuth
compounds BiR; were shown to undergo facile, thermally initi-
ated release of the carbon-centered radicals (nBu)’, (iPr)’, and
(tBu)’ and release of (CF;)" under more forcing conditions.
These results are anticipated to aid in the further development
of bismuth-based reagents for controlled radical reactions and
the spectroscopic detection of radical intermediates. Work along
these lines is currently ongoing in our laboratories.
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4 | Experimental Section
4.1 | General Considerations

All manipulations were performed under an inert argon atmo-
sphere using common Schlenk line techniques or in a glovebox
(GS Systems). The used compounds were stored and prepared in
a glovebox. All solvents were distilled from appropriate drying
agents and stored under an argon atmosphere over activated
molecular sieves [56]. Deuterated solvents were degassed via
three “freeze-pump-thaw” cycles and stored over activated molec-
ular sieves (3 or 4 A) under an argon atmosphere. BiCl; was
freshly sublimed prior to use. [BiMe,(SbF,)] (1) [47], BiMe, (4)
[53], Bi(CF;), (8) [57, 58], and 9 [52] were synthesized according
to the literature. All other substances were purchased from com-
mon chemical suppliers and used without further purification.
Synthetic access to or in situ generation of compounds 5, 6, and 7
has previously been reported [59-61].

EPR spectra were recorded on a Bruker Magnettech ESR5000
spectrometer equipped with a temperature controller TCHOA4.
All samples were prepared in an argon-filled glovebox and
transferred into a quartz glass tube prior to data collection. All
measurements were performed under an atmosphere of purified
argon. The EasySpin software package was utilized to simulate
the EPR spectra and deduce g values and coupling constants from
experimental spectra [62].

NMR spectra were recorded on Bruker instruments operating
at 300, 400, or 500 MHz with respect to 'H. 'H and *C NMR
chemical shifts are reported relative to SiMe, using the residual
'H and BC chemical shifts of the solvent as a secondary standard.
BF NMR chemical shifts are reported relative to CFCl; as
an external standard. NMR spectra were recorded at ambient
temperature (typically 23°C), if not otherwise noted.

Elemental analysis was performed on a vario MICRO cube from
Elementar Analysesysteme GmbH. The sample preparation was
done in a glovebox.

Single crystals suitable for X-ray diffraction analysis were coated
with polyisobutylene or perfluorinated polyether oil in a glovebox
(GS Systems), transferred to a nylon loop, and then to the
goniometer of a diffractometer equipped with a molybdenum X-
ray tube (Ka, A = 0.71073 A). The data obtained were integrated
with SAINT, and a semi-empirical absorption correction from
equivalents with SADABS was applied. The structure was solved
and refined using the Bruker SHELX 2014 software package
[63]. All non-hydrogen atoms were refined with anisotropic
displacement parameters. All hydrogen atoms were refined
isotropically on calculated positions by using a riding model with
their Uy, values constrained to 1.5 U, of their pivot atoms for
terminal sp* carbon atoms and 1.2 for all other atoms. Deposition
number(s) https://www.ccdc.cam.ac.uk/services/structures?id=
doi:10.1002/hlca.202500182 2491267 (for 2), 2491268 (for 3), and
2491269 (for 4) contain(s) the supplementary crystallographic
data for this paper. These data are provided free of charge by the
joint Cambridge Crystallographic Data Centre and Fachinforma-
tionszentrum Karlsruhe http://www.ccdc.cam.ac.uk/structures
Access Structures service.

411 | [BiMe,PBN][SbF,] (2)

To a solution of [BiMe,(SbF,)] (1) (134 mg, 282 umol) in DCM
(3.0 mL) was added a solution of PBN (50 mg, 282 pmol) in
DCM (3.0 mL) dropwise at room temperature over 5 min. The
reaction mixture was stirred at room temperature for 2 additional
hours, filtrated, the solution layered with pentane (approximately
15 mL), and stored at -30°C overnight. The crystalline material
that formed was washed with pentane (3 X 3.0 mL), dried in
vacuo, and used for sc-XRD.

Yield: 135 mg (207 umol, 73%) of a yellow microcrystalline powder.

'H-NMR (500.1 MHz, CD,CL,): § = 1.63 (s, 9H, C(CH,);), 1.71 (s,
6H, Bi(CH,),), 7.62 (tt, 2H, 3 Jyyy; = 7.31 Hz, “Jyyy; = 1.58 Hz, CH™®%?),
7.62 (tt, 1H, 3Jyyyy = 7.96 Hz, *Jyy = 1.27 Hz, CHP*?), 7.92-7.94 (m,
2H, CH"™°), 8.16 (s, 1H, NCH).

BC{'H}-NMR (125.8 MHz, CD,Cl,): § = 28.1 (C(CH,);), 49.6
(Bi(CH,),), 72.8 (C(CH,),), 126.8 (CH*), 130.1 (CH™®%), 131.9
(CHO™™h°), 135.3 (CHP*?), 146.8 (NCHC).

YF-NMR (470.59 MHz, CD,Cl,): No signals corresponding to the
SbF,~ anion could be found within the scanned region (from -220
to 21 ppm).

ESI(+)-HRMS:  Calculated (%) for
m/z = 416.1419; Found: m/z = 416.1421 (100).

[C13H21BiNC)]Jr )

ESI(—)-HRMS: calculated (%) for [SbF¢]~, m/z = 234.8944;
Found: m/z = 234.8948 (100).

Elemental Analysis: Calculated (%) for C;H, BiF{NOSb
(652.05 g/mol): C 23.95, H 3.25, N 2.15; Found: C 24.42, H 3.32, N
2.26.

412 | [BiMe,(PBN),][SbF,] (3)

To a solution of [BiMe,(SbF,)] (1) (134 mg, 282 umol) in DCM
(3.0 mL) was added a solution of PBN (100 mg, 564 pumol) in
DCM (3.0 mL) at room temperature dropwise within 5 min.
The reaction mixture turned pale yellow and was stirred at
room temperature for 2 additional hours, filtrated, the solution
layered with pentane (approximately 15 mL) and stored at -
30°C overnight. The crystalline material that formed was washed
with pentane (3 x 3.0 mL) and used for sc-XRD at this stage.
Alternatively, the residue was dried in vacuo for 16 h to remove
any co-crystallized solvent molecules.

Yield: 199 mg (240 pumol, 85%) of a yellow microcrystalline solid.

'H-NMR (500.1 MHz, CD,Cl,): § = 1.43 (s, 6H, Bi(CHS),), 1.48 (s,
18H, C(CH,),), 7.43 (t, 4H, *Jyy = 7.78 Hz, CH™%), 7.55 (tt, 2H,
3J gy = 7.46 Hz, “Jyy = 1.21 Hz, CHP*™), 7.84 (s, 1H, NCH), 7.85 (s,
1H, NCH), 7.86-7.87 (m, 4H, CH° "),

BC{'H}-NMR (125.8 MHz, CD,CL): § = 28.0 (C(CH;),), 43.6
(Bi(CHy),), 71.8 (C(CH,),), 128.3 (CHP*), 129.3 (CH™®), 131.0
(CHO™°), 133.1 (CHP2™2), 141.4 (NCHC).
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YF-NMR (470.59 MHz, CD,Cl,): No signals corresponding to the
SbF,~ anion could be found within the scanned region (from -220
to 21 ppm).

ESI(+)-HRMS: calculated (%) for [C;3Hy,BiNO]* (M—PBN),
m/z = 416.1419; Found: m/z = 416.1423 (100).

LIFDI(+)-HRMS: calculated (%) for [C,;H;3BiFsN,0,Sb|* (M—
CH,), m/z = 813.12883; Found: m/z = 813.12969 (65); calculated (%)
for [C;3H, BiNO]*, m/z = 416.1419; Found: m/z = 416.1487 (100).

Elemental Analysis: Calculated (%) for C,,H;;BiF;N,0,Sb
(829.29 g/mol): C 34.76, H 4.38, N 3.38; Found: C 34.98, H 4.308, N
3.34.

4.1.3 | Bi(nBu); (5)

A solution of BiCl; (6.06 g, 19.2 mmol) in Et,O (120 mL) was
cooled to -78°C, and a hexane solution of nBuLi (2.5 M, 23.2 mL,
58.1 mmol) was added dropwise within 30 min. During the addi-
tion, the colorless suspension turned pale pink, and subsequently
a greyish solution was obtained. The reaction mixture was stirred
for 1h at -78°C, slowly warmed to room temperature, and stirred
for 2.5 h. All insoluble components were separated by filtration,
and the residue was washed with Et,O (2 x 15 mL). The obtained
solution was exposed to reduced pressure (7.0¢x 10~3 mbar) until
only a small residue remained (in order to remove the solvent).
All insoluble components were separated by filtration, yielding a
pale yellow oil.

Yield: 6.5 g (17.1 mmol, 89%) of a pale yellow, temperature-
sensitive oil.

TH-NMR (300.19 MHz, C,D,): 6 = 0.92 (t, 9H, 3J,;; = 7.35 Hz,
C,H,-CHS,), 1.29-1.41 (m, 6H, C,H,-CH,-CH,), 1.81-1.95 (m, 12H,
C,H,-C,H,).

BC{'H}-NMR (75.48 MHz, C;Dy): 6 = 13.96 (s, C;H,-CHj), 18.29
(s, C,H,-CH,-CHy), 28.79 (s, C,H,-C,Hs), 31.61 (s, C,H,-C,Hs).

ESI(+)-HRMS: Positive mode; calculated (%) for [C¢HyBi]",
m/z = 437.2621; Found: m/z = 437.2612 (100).

4.1.4 | Bi(iPr); (6)

A solution of BiCl, (6.5 g, 20.6 mmol) in Et, O (120 mL) was cooled
to 0°C, and a THF solution of iPrMgCl1 (2.0 M, 31.4 mL, 62.9 mmol)
was added dropwise within 30 min. During the addition, the
colorless suspension turned yellow, and subsequently a greyish
solution was obtained. The reaction mixture was warmed to room
temperature and stirred for 1.5 h, all insoluble components were
separated, and the residue was washed with Et,O (2 x 15 mL).
The obtained solution was distilled at ambient pressure with a
bath temperature of 65°C and a head temperature range of 36°C to
40°C. The residue was trap-to-trap distilled to obtain a pale yellow
liquid.

Yield: 16.4 g (35.4% (weight) of Bi(iPr);, 17.2 mmol, 83%) of
a pale yellow solution (containing 7 equivalents of THF and
1.5 equivalents of Et,0).

Solvent-free Bi(iPr); can be obtained by slow evaporation of all
volatiles at room temperature and 1.0ex 10~ mbar. During this
step, the yield of neat Bi(iPr); drops to approximately 53%.

TH-NMR (300.19 MHz, C,D,): § = 1.83 (d, 18H, 3Jy;;; = 7.26 Hz,
CH(CHS,),), 2.15 (hept, 3H, 3J,;y; = 8.82 Hz, CH(CH,),).

BC{'H}-NMR (75.48 MHz, C,D,): 6 = 23.73 (s, CH(CH,),), 28.67
(s, CH(CH,),).

ESI(+)-HRMS: Positive mode; calculated (%) for [CoH,Bi]*,
m/z = 295.0894; Found: m/z = 295.0890 (100).

415 | Bi(tBu), (7)

A suspension of BiCl; (6.0 g, 19.03 mmol) in Et,0 (150 mL)
was cooled to -78°C, and a solution of {BuLi in pentane (1.7 M,
33.8 mL, 57.46 mmol), added dropwise within 1 h. Upon addition,
the mixture turned grey immediately and subsequently darkened
to a black suspension that was stirred for 90 min at -78°C. The
mixture was slowly warmed to room temperature and stirred for
1 h at room temperature. During this time, a metal-like mirror
formed on the inner glass wall of the reaction vessel. All insoluble
components were removed by filtration, and the residue was
washed with Et,O (3 x 20 mL) while the receiving vessel was
precooled to 0°C. All volatiles were removed in vacuo at 0°C, and
the obtained black oil was diluted with pentane (approximately
3 mL), and all insoluble parts were removed by filtration to give a
yellow solution.

Yield: 6.62 g (4.08 g neat Bi(tBu);, 10.74 mmol, 56%) of an
intense yellow/orange, temperature sensitive solution (contain-
ing 3.45 equivalents of pentane).

Solvent-free Bi(tBu); can be obtained by evaporation of all
volatiles at room temperature and 3.0ex 10~ mbar. During this
step the yield of neat Bi(fBu); drops to approximately 50%.

1H-NMR (300.19 MHz, C,D,): § = 1.79 (s, 27H, 3 x C(CH,),).

BC{'H}-NMR (75.49 MHz, C,D,): § = 32.6 (s, C(CH,),), 47.3 (s,
br, C(CH,),).

ESI(+)-HRMS (pentane): Positive mode; calculated (%) for
[CL,H,Bilt, m/z = 379.1838; Found: m/z = 379.1823 (65).

4.1.6 | 2,7-Di-tert-Butyl-4,5-Diiodo-9,9-Dimethyl-9H-
Thioxanthene
(10)

A solution of I, (62.3 mg, 245.5 umol) in DCM (5.0 mL) was added
dropwise to a solution of compound 9 (50.0 mg, 61.4 umol) in
DCM (2.0 mL) at room temperature. The brown suspension that
formed was stirred for 1 h at room temperature. The solvent was
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removed in vacuo, and the black solid was extracted with DCM.
The solvent was again removed under reduced pressure, and the
light-yellow solid was washed with pentane (3 X 1 mL). Single
crystals suitable for sc-XRD were obtained by slow evaporation of
a saturated DCM solution of 10 at room temperature in the fume
hood.

Yield: 32.0 mg (54.21 umol, 88%) of a yellow powder.

TH-NMR (500.1 MHz, CD,CL,): § = 1.31 (s, 18H, C(CH,),), 1.66 (s,
6H, C(CH,),), 7.52 (d, 2H, “Jyy = 1.9 Hz, 1-H), 7.76 (d, 2H,
4T = 1.9 Hz, 3-H).

BC{'H}-NMR (1258 MHz, CD,CL): 6 = 25.19 (s, C(CH,),),
31.40 (s, C(CH,),), 35.06 (s, C(CH,),), 43.68 (s, C(CH,),), 98.43 (s,
Cq’), 122.13 (s, CH'), 134.52 (s, CH?), 135.51 (s, Cq*), 143.50 (s, Cq®),
151.96 (s, Cq?).

LIFDI-HRMS: Positive mode; calculated (%) for [C,3Hy1,S]™™,
m/z = 589.9996; Found: m/z = 589.9989 (100).

Elemental Analysis: Calculated (%) for C,HyLS

(590.35 g/mol): C 46.80, H 4.78, S 5.43; Found: C 47.04, H
4.78, S 5.43.

Supporting Information

The authors have cited additional references within the Support-
ing Information [64].

Author Contributions

A.S. and C.L. conceptualized the project. A.S. performed major exper-
imental work and data acquisition. J.S., F.G., A.F., M.J., J.P,, and LK.
contributed to experimental work and data acquisition. Funding was
raised by J.P. and C.L. The manuscript was written by A.S. and C.L. All
authors discussed the data and finalized the manuscript.

Acknowledgements

Funding by the Deutsche Forschungsgemeinschaft (DFG, grant number
LI2860/5-1), the LOEWE program (LOEWE/4b//519/05/01.002(0002)/85)
and the Spanish Ministerio de Ciencia, Innovacién y Universidades
(PID2022-138861NB-100) is gratefully acknowledged. This project has
received funding from the European Research Council (ERC) under the
European Union’s Horizon 2020 research and innovation program (grant
agreement No 946184). Valuable discussions with Dr. Krzysztof Radacki
on crystallographic issues are kindly acknowledged.

Open access funding enabled and organized by Projekt DEAL.

Conflicts of Interest

The authors declare no conflicts of interest.

Data Availability Statement

The data that support the findings of this study are available in the
supplementary material of this article.

References

1. R. J. Schwamm, M. Lein, M. P. Coles, and C. M. Fitchett, “Catalytic
Oxidative Coupling Promoted by Bismuth TEMPOxide Complexes,”
Chemical Communications 54 (2018): 916-919.

2. R.J. Schwamm, M. Lein, M. P. Coles, and C. M. Fitchett, “Bismuth(III)
Complex of the [S 4 | *- Radical Anion: Dimer Formation via Pancake
Bonds,” Journal of the American Chemical Society 139 (2017): 16490-16493,
https://doi.org/10.1021/jacs.7b10454.

3. R. J. Schwamm, M. Lein, M. P. Coles, and C. M. Fitchett, “Bi—P Bond
Homolysis as a Route to Reduced Bismuth Compounds and Reversible
Activation of P 4,” Angewandte Chemie International Edition 55 (2016):
14798-14801, https://doi.org/10.1002/anie.201608615.

4.]. Ramler, I. Krummenacher, and C. Lichtenberg, “Bismuth Com-
pounds in Radical Catalysis: Transition Metal Bismuthanes Facilitate
Thermally Induced Cycloisomerizations,” Angewandte Chemie Inter-
national Edition 58 (2019): 12924-12929, https://doi.org/10.1002/anie.
201904365.

5.J. Ramler, I. Krummenacher, and C. Lichtenberg, “Well-Defined,
Molecular Bismuth Compounds: Catalysts in Photochemically Induced
Radical Dehydrocoupling Reactions,” Chemistry—A European Journal 26
(2020): 1455114555, https://doi.org/10.1002/chem.202002219.

6. K. Oberdorf, A. Hanft, J. Ramler, et al., “Bismuth Amides Mediate
Facile and Highly Selective Pn-Pn Radical-Coupling Reactions (Pn=N,
P, As),” Angewandte Chemie International Edition 60 (2021): 6441-6445,
https://doi.org/10.1002/anie.202015514.

7. S. Martinez, M. A. Junghanns, T. Dunaj, and C. Lichtenberg, “Bismuth
Radical Catalysis: Thermally Induced Intramolecular C(sp 3 )-C(sp)
Cyclization of Unactivated Alkyl Iodides and Alkynes,” ACS Catalysis 15
(2025): 1497614982, https://doi.org/10.1021/acscatal.5c02812.

8. K. Oberdorf, A. Hanft, X. Xie, F. M. Bickelhaupt, J. Poater, and
C. Lichtenberg, “Insertion of CO 2 and CS 2 Into Bi-N Bonds
Enables Catalyzed CH-Activation and Light-Induced Bismuthinidene
Transfer,” Chemical Science 14 (2023): 5214-5219, https://doi.org/10.1039/
D3SCO01635H.

9.J. Schwarzmann, T. Eskelinen, S. Reith, et al., “Bismuth as a Z-
Type Ligand: An Unsupported Pt—Bi Donor-Acceptor Interaction and
Its Umpolung by Reaction With H 2,” Angewandte Chemie International
Edition 63 (2024): €202410291, https://doi.org/10.1002/anie.202410291.

10. D. P. Mukhopadhyay, D. Schleier, S. Wirsing, et al., “Methylbis-
muth: An Organometallic Bismuthinidene Biradical,” Chemical Science
11 (2020): 7562~7568, https://doi.org/10.1039/D0SC02410D.

11. M. Mato, D. Spinnato, M. Leutzsch, H. W. Moon, E. J. Reijerse, and
J. Cornella, “Bismuth Radical Catalysis in the Activation and Coupling
of Redox-active Electrophiles,” Nature Chemistry 15 (2023): 1138-1145,
https://doi.org/10.1038/s41557-023-01229-7.

12. X. Yang, E. J. Reijerse, K. Bhattacharyya, et al., “Radical Activation of
N-H and O-H Bonds at Bismuth(II),” Journal of the American Chemical
Society 144 (2022): 16535-16544, https://doi.org/10.1021/jacs.2c05882.

13.S. Ni, D. Spinnato, and J. Cornella, “Reductive Cyclopropanation
Through Bismuth Photocatalysis,” Journal of the American Chemical
Society 146 (2024): 22140-22144, https://doi.org/10.1021/jacs.4c07262.

14. S. Martinez, and C. Lichtenberg, “Bismuth-Centered Radical Species:
Access and Applications in Organic Synthesis,” Synlett 35 (2024): 1530-
1539.

15. M. Mato, and J. Cornella, “Bismuth in Radical Chemistry and Catal-
ysis,” Angewandte Chemie International Edition 63 (2024): 202315046,
https://doi.org/10.1002/anie.202315046.

16. J. Kriiger, C. Wolper, and S. Schulz, “Stepwise Bi-Bi Bond Formation:
From a Bi-centered Radical to Bi4 Butterfly and Bi8 Cuneane-Type
Clusters,” Inorganic Chemistry 59 (2020): 11142-11151. PMID: 32663023.

17. G. Kundu, A. Fetoh, J. Poater, and C. Lichtenberg, “The Careful
Combination of Bismuth Compounds and CAAC: Formal Halonium

Helvetica Chimica Acta, 2026

7 of 9

85LB01 T SUOWILLIOD AR 3|cedt dde ay) Aq pauenob a8 S3o11e YO 9SN J0 SaInJ 10j ARIq1TaUIIUQ AB]1M UO (SUOTPUOO-PUE-SLLIBI WD A3 1M ATe.q 1 [BUUO//STIY) SUORIPUOD PUe SWLB | 8U) 89S *[9202/80/2T] Uo AreiqiTauluo A8 ‘Bingien spyioljqigsieelsieniun Aq Z8T00SZ0Z ©21U/Z00T OT/I0p/Lod A8 i Akeiqpuljuo//:Sdny Woij pepeojumod ‘T ‘9202 'S29222ST


https://doi.org/10.1021/jacs.7b10454
https://doi.org/10.1002/anie.201608615
https://doi.org/10.1002/anie.201904365
https://doi.org/10.1002/chem.202002219
https://doi.org/10.1002/anie.202015514
https://doi.org/10.1021/acscatal.5c02812
https://doi.org/10.1039/D3SC01635H
https://doi.org/10.1002/anie.202410291
https://doi.org/10.1039/D0SC02410D
https://doi.org/10.1038/s41557-023-01229-7
https://doi.org/10.1021/jacs.2c05882
https://doi.org/10.1021/jacs.4c07262
https://doi.org/10.1002/anie.202315046

and Nitrenium Transfer via Radical Pathways,” Chemistry—A European
Journal 31 (2025): 202500913, https://doi.org/10.1002/chem.202500913.

18.J. Ramler, J. Schwarzmann, A. Stoy, and C. Lichtenberg, “Two
Faces of the Bi—O Bond: Photochemically and Thermally Induced
Dehydrocoupling for Si—O Bond Formation,” European Journal of Inor-
ganic Chemistry 2022 (2022): €202100934, https://doi.org/10.1002/ejic.
202100934.

19. S. Ishida, F. Hirakawa, K. Furukawa, K. Yoza, and T. Iwamoto,
“Persistent Antimony- and Bismuth-Centered Radicals in Solution,”
Angewandte Chemie International Edition 53 (2014): 11172-11176, https://
doi.org/10.1002/anie.201405509.

20. X. Wang, M. A. A. Mahbub, D. Das, and W. Schuhmann, “Design
of Bismuth-Based Electrocatalysts for Carbon Dioxide Electroreduc-
tion,” ChemCatChem 16 (2024): €202400601, https://doi.org/10.1002/cctc.
202400601.

21. F. Yang, A. O. Elnabawy, R. Schimmenti, et al., “Bismuthene for Highly
Efficient Carbon Dioxide Electroreduction Reaction,” Nature Communi-
cations 11 (2020): 1088, https://doi.org/10.1038/s41467-020-14914-9.

22. Z.Zhang, M. Chi, G. M. Veith, et al., “Rational Design of Bi Nanopar-
ticles for Efficient Electrochemical CO2 Reduction: The Elucidation of
Size and Surface Condition Effects,” ACS Catalysis 6 (2016): 6255-6264,
https://doi.org/10.1021/acscatal.6b01297.

23. C. Helling, and S. Schulz, “Long-Lived Radicals of the Heavier Group
15 Elements Arsenic, Antimony, and Bismuth,” European Journal of
Inorganic Chemistry 2020 (2020): 3209-3221, https://doi.org/10.1002/ejic.
202000571.

24. C. Lichtenberg, "Radical Compounds of Antimony and Bismuth,” in
Encyclopedia of Inorganic and Bioinorganic Chemistry, ed. R. A. Scott
(Wiley, 2020): 1-12, https://doi.org/10.1002/9781119951438.eibc2751.

25. C. Lichtenberg, “Main-Group Metal Complexes in Selective Bond
Formations Through Radical Pathways,” Chemistry—A European Journal
26 (2020): 9674-9687, https://doi.org/10.1002/chem.202000194.

26. C. Lichtenberg, and J. Okuda, “Structurally Defined Allyl Compounds
of Main Group Metals: Coordination and Reactivity,” Angewandte Chemie
International Edition 52 (2013): 5228-5246, https://doi.org/10.1002/anie.
201208942.

27. S. Pavlidis, C. Teutloff, A. G. Buzanich, et al., “A Crystalline Bis-
muth(II) Radical Anion: Synthesis, Characterization, and Reactivity,”
Angewandte Chemie International Edition (2025): https://doi.org/10.1002/
anie.202515545.

28. R.J. Schwamm, J. R. Harmer, M. Lein, C. M. Fitchett, S. Granville, and
M. P. Coles, “Isolation and Characterization of a Bismuth(II) Radical,”
Angewandte Chemie International Edition 54 (2015): 10630-10633, https://
doi.org/10.1002/anie.201504632.

29. C. Ganesamoorthy, C. Helling, C. Wdlper, et al., “From Stable Sb-
and Bi-Centered Radicals to a Compound With a Ga=Sb Double Bond,”
Nature Communications 9 (2018): 87, https://doi.org/10.1038/s41467-017-
02581-2.

30. H. M. Weinert, C. Wolper, J. Haak, G. E. Cutsail, and S. Schulz,
“Synthesis, Structure and Bonding Nature of Heavy Dipnictene Radical
Anions,” Chemical Science 12 (2021): 14024-14032, https://doi.org/10.1039/
D1SC04230K.

31. X. Yang, E. J. Reijerse, N. Nothling, et al., “Synthesis, Isolation, and
Characterization of Two Cationic Organobismuth(II) Pincer Complexes
Relevant in Radical Redox Chemistry,” Journal of the American Chemical
Society 145 (2023): 5618-5623, https://doi.org/10.1021/jacs.2c12564.

32.J. Kriiger, J. Haak, C. Wolper, G. E. Cutsail III, G. Haberhauer,
and S. Schulz, “Single-Electron Oxidation of Carbene-Coordinated
Pnictinidenes-Entry Into Heteroleptic Radical Cations and Metalloid
Clusters,” Inorganic Chemistry 61 (2022): 5878-5884.PMID: 35333051.

33.J. Haak, J. Kriiger, N. V. Abrosimov, C. Helling, S. Schulz, and G. E.
Cutsail, “X-Band Paralle]-Mode and Multifrequency Electron Paramag-
netic Resonance Spectroscopy of S = 1/2 Bismuth Centers,” Inorganic

Chemistry 61 (2022): 11173-11181, https://doi.org/10.1021/acs.inorgchem.
2c01141.

34. B. Hornung, A. Bodi, C. I. Pongor, Z. Gengeliczki, T. Baer, and
B. Sztaray, “Dissociative Photoionization of X(CH3)3 (X = N, P, As,
Sb, Bi): Mechanism, Trends, and Accurate Energetics,” Journal of
Physical Chemistry A 113 (2009): 8091-8098, https://doi.org/10.1021/
jPp900920r.

35. E. G. Janzen, “Spin Trapping,” Accounts of Chemical Research 4 (1971):
31-40, https://doi.org/10.1021/ar50037a005.

36. F. A. Villamena, M. H. Dickman, and D. R. Crist, “Nitrones as Ligands
in Complexes of Cu(II), Mn(II), Co(II), Ni(I), Fe(II), and Fe(III) With
N—Tert -Butyl-a-(2-Pyridyl)Nitrone and 2,5,5-Trimethyl-1-Pyrroline- N -
Oxide,” Inorganic Chemistry 37 (1998): 1446-1453, https://doi.org/10.1021/
1c9709741.

37. J. R. Hutchison, G. N. La Mar, and W. D. Horrocks, “Dichlorobis[N-
Methyl-.Alpha.-(2-Pyridyl)Nitrone|Nickel(II). Synthesis and Proton Mag-
netic Resonance Spectra,” Inorganic Chemistry 8 (1969): 126-131, https://
doi.org/10.1021/ic50071a029.

38. R. W.Kluiber, and W. W. Horrocks Jr., “Spin Delocalization in Nitrones
and Imines Coordinated to Metal Acethylacetonates,” Inorganica Chim-
ica Acta 4 (1970): 183-186, https://doi.org/10.1016/S0020-1693(00)93269-
9.

39. S. Sivasubramanian, P. Manisankar, M. Palaniandavar, and N.
Arumugam, “Donor Properties of the Nitrone Function in Cop-
per(II) Complexes of Some 2-Hydroxy-1-Naphthylnitrones,” Transi-
tion Metal Chemistry 7 (1982): 346-349, https://doi.org/10.1007/BF006-
18348.

40. B. M. Handwerker, K. E. Garrett, K. L. Nagle, G. L. Geoffroy, and A.
L. Rheingold, “Cycloaddition of Imines and ButN = O With the Carbyne
Complexes [Cp(CO)2 M.tplbond.CTol]+ (M = Mn, Re),” Organometallics
9 (1990): 1562-1575, https://doi.org/10.1021/0m00119a031.

41. A. T. Hutton, D. M. McEwan, B. L. Shaw, and S. W. Wilkinson,
“Transition Metal-Carbon Bonds. Part 56. Attack on Allene Complexes
of Type Cis-[PtCl 2 (PR 3 )(C 3 H 4 )] by the Ambident Nucleophile,
Acetoxime: Crystal Structure of [PtCI(PMe 2 Ph){ON(_CMe 2 )CH_
CMe}],” Journal of the Chemical Society, Dalton Transactions (1983):
2011-2013, https://doi.org/10.1039/DT9830002011.

42. W. D. Emmons, “The Preparation and Properties of Oxaziranes,”
Journal of the American Chemical Society 79 (1957): 5739-5754, https://doi.
0rg/10.1021/ja015782043.

43.S. Yamago, E. Kayahara, M. Kotani, et al., “Highly Controlled
Living Radical Polymerization Through Dual Activation of Organobis-
muthines,” Angewandte Chemie International Edition 46 (2007): 1304-
1306, https://doi.org/10.1002/anie.200604473.

44. C. Lichtenberg, F. Pan, T. P. Spaniol, U. Englert, and J. Okuda, “The
Bis(allyl)Bismuth Cation: A Reagent for Direct Allyl Transfer by Lewis
Acid Activation and Controlled Radical Polymerization,” Angewandte
Chemie International Edition 51 (2012): 13011-13015, https://doi.org/10.
1002/anie.201206782.

45. R. Wang, S. Martinez, J. Schwarzmann, et al., “Transition Metal
Mimetic 7z-Activation by Cationic Bismuth(III) Catalysts for Allylic C-H
Functionalization of Olefins Using C=0 and C=N Electrophiles,” Journal
of the American Chemical Society 146 (2024): 22122-22128, https://doi.org/
10.1021/jacs.4c06235.

46. T. Dunaj, J. Schwarzmann, J. Ramler, et al., “Bismuth Cations:
Fluoride Ion Abstraction, Isocyanide Coordination, and Impact of Steric
Bulk on Lewis Acidity,” Chemistry—A European Journal 29 (2023):
€202204012, https://doi.org/10.1002/chem.202204012.

47. J. Ramler, F. Fantuzzi, F. Geist, et al., “The Dimethylbismuth Cation:
Entry Into Dative Bi—Bi Bonding and Unconventional Methyl Exchange,”
Angewandte Chemie International Edition 60 (2021): 24388-24394, https://
doi.org/10.1002/anie.202109545.

48. M. Mantina, A. C. Chamberlin, R. Valero, C. J. Cramer, and D. G.
Truhlar, “Consistent van der Waals Radii for the Whole Main Group,”

8 of 9

Helvetica Chimica Acta, 2026

85LB01 T SUOWILLIOD AR 3|cedt dde ay) Aq pauenob a8 S3o11e YO 9SN J0 SaInJ 10j ARIq1TaUIIUQ AB]1M UO (SUOTPUOO-PUE-SLLIBI WD A3 1M ATe.q 1 [BUUO//STIY) SUORIPUOD PUe SWLB | 8U) 89S *[9202/80/2T] Uo AreiqiTauluo A8 ‘Bingien spyioljqigsieelsieniun Aq Z8T00SZ0Z ©21U/Z00T OT/I0p/Lod A8 i Akeiqpuljuo//:Sdny Woij pepeojumod ‘T ‘9202 'S29222ST


https://doi.org/10.1002/chem.202500913
https://doi.org/10.1002/ejic.202100934
https://doi.org/10.1002/anie.201405509
https://doi.org/10.1002/cctc.202400601
https://doi.org/10.1038/s41467-020-14914-9
https://doi.org/10.1021/acscatal.6b01297
https://doi.org/10.1002/ejic.202000571
https://doi.org/10.1002/9781119951438.eibc2751
https://doi.org/10.1002/chem.202000194
https://doi.org/10.1002/anie.201208942
https://doi.org/10.1002/anie.202515545
https://doi.org/10.1002/anie.201504632
https://doi.org/10.1038/s41467-017-02581-2
https://doi.org/10.1039/D1SC04230K
https://doi.org/10.1021/jacs.2c12564
https://doi.org/10.1021/acs.inorgchem.2c01141
https://doi.org/10.1021/jp900920r
https://doi.org/10.1021/ar50037a005
https://doi.org/10.1021/ic9709741
https://doi.org/10.1021/ic50071a029
https://doi.org/10.1016/S0020-1693(00)93269-9
https://doi.org/10.1007/BF00618348
https://doi.org/10.1021/om00119a031
https://doi.org/10.1039/DT9830002011
https://doi.org/10.1021/ja01578a043
https://doi.org/10.1002/anie.200604473
https://doi.org/10.1002/anie.201206782
https://doi.org/10.1021/jacs.4c06235
https://doi.org/10.1002/chem.202204012
https://doi.org/10.1002/anie.202109545

Journal of Physical Chemistry A 113 (2009): 5806-5812, https://doi.org/10.
1021/jp8111556.

49.Y. Liu, X. Wang, B. Chen, G. Xu, “Crystal Structure of Phenyl-Tert-
Butylnitrone,” Jiegou Huaxue (Chinese Journal of Structural Chemistry) 6
(1987): 17-19.

50. E. Karaev, M. Gerlach, L. Faschingbauer, et al., “Bonding in
Low-Coordinated Organoarsenic and Organoantimony Compounds: A
Threshold Photoelectron Spectroscopic Investigation,” Chemistry—A
European Journal 29 (2023): €202300637, https://doi.org/10.1002/chem.
202300637.

51. L. D. Haire, P. H. Krygsman, E. G. Janzen, and U. M. Oehler,
“Correlation of Radical Structure With EPR Spin Adduct Parameters:
Utility of the Proton, Carbon-13, and Nitrogen-14 Hyperfine Splitting
Constants of Aminoxyl Adducts of PBN-nitronyl-13C for Three-Parameter
Scatter Plots,” Journal of Organic Chemistry 53 (1988): 4535-4542, https://
doi.org/10.1021/j0002542022.

52. A. Stoy, M. Jirgensen, C. Millidoni, et al., “Bismuth in Dynamic
Covalent Chemistry: Access to a Bowl-Type Macrocycle and a Barrel-
Type Heptanuclear Complex Cation,” Angewandte Chemie International
Edition 62 (2023): €202308293, https://doi.org/10.1002/anie.202308293.

53. A. Marquardt, “Ueber Wismuthalkyle,” Berichte Der Deutschen
Chemischen Gesellschaft 20 (1887): 1516-1523, https://doi.org/10.1002/cber.
188702001332.

54. M. Hébert, P. Petiot, E. Benoit, et al., “Synthesis of Highly Function-
alized Triarylbismuthines by Functional Group Manipulation and Use
in Palladium- and Copper-Catalyzed Arylation Reactions,” Journal of
Organic Chemistry 81 (2016): 5401-5416.PMID: 27231755.

55. A. Gagnon, J. Dansereau, and A. Le Roch, “Organobismuth Reagents:
Synthesis, Properties and Applications in Organic Synthesis,” Synthesis 49
(2017): 1707-1745, https://doi.org/10.1055/s-0036-1589482.

56. W. L. F. Armarego and C. L. L. Chai, Purification of Laboratory
Chemicals (Pergamon Press, 1988).

57. W. Tyrra, and D. Naumann, “Perfluoroorganosilver(I) Compounds,”
Journal of Fluorine Chemistry 125 (2004): 823-830, https://doi.org/10.1016/
jjfluchem.2004.01.032.

58. W. E. Tyrra, “Oxidative Perfluoroorganylation Methods in Group 12-
16 Chemistry,” Journal of Fluorine Chemistry 112 (2001): 149-152, https://
doi.org/10.1016/S0022-1139(01)00484-5.

59. H. J. Breunig, and D. Miiller, “Tetraalkyldibismu-
tane/Tetraalkyldibismutanes,” Zeitschrift Fiir Naturforschung B 38
(1983): 125-129, https://doi.org/10.1515/znb-1983-0202.

60. H. Schumann, and H. J. Breunig, “Carbonyl(Organoelement-IVb-
Bismutin)Ubergangsmetall-Komplexe,” Journal of Organometallic Chem-
istry 87 (1975): 83-92, https://doi.org/10.1016/S0022-328X(00)80345-9.

61. A. Gagnon, and P. Petiot, “Palladium-Catalyzed Cross-Coupling
Reaction of Trialkylbismuthines With 2-Haloazines and Diazines,” Het-
erocycles 88 (2014): 1615-1624, https://doi.org/10.3987/COM-13-S(S)114.

62. S. Stoll, and A. Schweiger, “EasySpin, a Comprehensive Software
Package for Spectral Simulation and Analysis in EPR,” Journal of
Magnetic Resonance 178 (2006): 42-55, https://doi.org/10.1016/j.jmr.2005.
08.013.

63. G. M. Sheldrick, “Crystal Structure Refinement With SHELXL,” Acta
Crystallographica Section C Structural Chemistry 71 (2015): 3-8, https://
doi.org/10.1107/S2053229614024218.

64. 0. H. Rubio, A. L. Fuentes de Arriba, F. Sanz, F. M. Muniz,
and J. R. Mordn, “4,5-Dibromo-2,7-Di-Tert-Butyl-9,9-Dimethyl-9H-
Thioxanthene,” Acta Crystallographica Section E Structure Reports Online
68 (2012): 01814, https://doi.org/10.1107/S1600536812020624.

Supporting Information

Additional supporting information can be found online in the Supporting
Information section.

Supporting file: hlca70032-sup-0001-SuppMat.pdf

Helvetica Chimica Acta, 2026

9 0f9

85LB01 T SUOWILLIOD AR 3|cedt dde ay) Aq pauenob a8 S3o11e YO 9SN J0 SaInJ 10j ARIq1TaUIIUQ AB]1M UO (SUOTPUOO-PUE-SLLIBI WD A3 1M ATe.q 1 [BUUO//STIY) SUORIPUOD PUe SWLB | 8U) 89S *[9202/80/2T] Uo AreiqiTauluo A8 ‘Bingien spyioljqigsieelsieniun Aq Z8T00SZ0Z ©21U/Z00T OT/I0p/Lod A8 i Akeiqpuljuo//:Sdny Woij pepeojumod ‘T ‘9202 'S29222ST


https://doi.org/10.1021/jp8111556
https://doi.org/10.1002/chem.202300637
https://doi.org/10.1021/jo00254a022
https://doi.org/10.1002/anie.202308293
https://doi.org/10.1002/cber.188702001332
https://doi.org/10.1055/s-0036-1589482
https://doi.org/10.1016/j.jfluchem.2004.01.032
https://doi.org/10.1016/S0022-1139(01)00484-5
https://doi.org/10.1515/znb-1983-0202
https://doi.org/10.1016/S0022-328X(00)80345-9
https://doi.org/10.3987/COM-13-S(S)114
https://doi.org/10.1016/j.jmr.2005.08.013
https://doi.org/10.1107/S2053229614024218
https://doi.org/10.1107/S1600536812020624

	Bismuth Compounds React With a Nitrone: Lewis Pair Formation and Quantification of Radical Trapping
	1 | Introduction
	2 | Results and Discussion
	3 | Conclusions
	4 | Experimental Section
	4.1 | General Considerations
	4.1.1 | [BiMe2PBN][SbF6] (2)
	4.1.2 | [BiMe2(PBN)2][SbF6] (3)
	4.1.3 | Bi(nBu)3 (5)
	4.1.4 | Bi(iPr)3 (6)
	4.1.5 | Bi(tBu)3 (7)
	4.1.6 | 2,7-Di-tert-Butyl-4,5-Diiodo-9,9-Dimethyl-9H-Thioxanthene (10)


	Supporting Information
	Author Contributions
	Acknowledgements
	Conflicts of Interest
	Data Availability Statement
	References
	Supporting Information


