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ABSTRACT: Although the activation of elemental sulfur by main
group compounds is well-documented in the literature, the
products of such reactions are often heterocyclic in nature.
However, the isolation and characterization of sulfur catenates
(i.e., acyclic sulfur chains) is significantly less common. In this
study, we report the activation of elemental sulfur by the 9-CAAC-
9-borafluorene radical (1) and anion (2) (CAAC = (2,6-
diisopropylphenyl)-4,4-diethyl-2,2-dimethyl-pyrrolidin-5-ylidene)
to form boron−sulfur catenates (3−6). From the isolation of the
octasulfide-bridged compound 3, a sulfur extrusion reaction using
1,3,4,5-tetramethylimidazol-2-ylidene (IMe4) was used to decrease
the sulfide chain length from eight to seven (4). Bonding analysis
of compounds 3−6 was performed using density functional theory,
which elucidated the nature of the sulfur−sulfur bonding observed within these compounds. We also report the synthesis of a series
of borafluorene-chalcogenide species (7−9), via diphenyl dichalcogenide activation, which portray characteristics described by an
internal heavy atom effect. Compounds 7−9 each exhibit blue fluorescence, with the lowest energy emissive process (S2 → S0) at
436 nm (7 and 8) and 431 nm (9). The S1 → S0 emission is not observed experimentally due to a Laporte forbidden transition.
Density functional theory was employed to investigate the frontier molecular orbitals and absorption and emission profiles of
compounds 7−9.

■ INTRODUCTION
In recent years, there has been a surge in the number of
reported electron-rich boron heterocycles due to their unusual
structural properties and ability to activate chemical bonds.1−32

Boron-based radicals20,24−31 and anions5,10−19 have been used
as chemical synthons for the preparation of compounds
containing new boron-element bonds. By increasing the
electron density at the boron center, the now-filled p-orbital
allows such systems to act as nucleophiles2−5,11−13,20,32 or
single-electron transfer reagents.15,22,23,33 These compounds
have showcased abundant reactivity toward a variety of
industrially relevant small molecules (e.g., H2, CO2,
CO)12,20,21,34 as well as the activation of chalcogens,
particularly sulfur,35−40 selenium,23,38,40−45 and tellu-
rium.38,41,44,46

In its most common allotrope, sulfur exists as S8, or
octasulfur, which is a cyclic allotrope consisting of eight
disulfide (S−S) bonds.47 Because of their prevalence in
biological48−50 and pharmaceutical applications,51,52 as well
as a promising future in the battery field via lithium sulfur
batteries,53,54 there is an ever-growing desire to activate
disulfide bonds. Activation of elemental sulfur has been
shown to result in heterocyclic, polysulfide-containing species.

For example, one of the earliest examples of elemental sulfur
activation by a transition metal was reported by Samuel in
1966, in which a titanocene pentasulfide (TiS5) heterocycle
was generated (Figure 1A).55 Similar structural motifs have
been observed in main-group element-mediated sulfur
activation. Examples include the SiS4 motif reported by
Goto,56 the BS2, BS4, and BS6 heterocycles synthesized by
Cui,36 and the asymmetric B2S3 heterocycles described by
Braunschweig (Figure 1A).38 Despite the number of
polysulfide-containing heterocycles in the literature, acyclic
polysulfide chains are rare.57 Utilizing both base-stabilized
diboranes and boron-based Lewis pairs, Stephan isolated
neutral and ionic boron−sulfur catenates with S4 and S7 chains,
respectively (Figure 1B).58,59 Fitchett activated S8 using
Bi(NONAr) radicals to form a unique Bi−S4 dimer connected
through S-based pancake bonds (Figure 1B).60 During the final
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preparation of this manuscript, Lu published a dianionic
version of an S5-linked bis(borafluorene) (Figure 1B).61 The
chemistry involving the insertion of S into the B−C bonds of
pentaphenyl borole,62 as well as 9-o-carboranyl-substituted 9-
borafluorene63 have also been explored.
Our laboratory has recently showcased a variety of reactions

with the 9-carbene-9-borafluorene anions toward main-group
and transition metal halides,10 selenium,23 CO2,

20 and
diketones.10,22,33 However, the reactivity of the 9-carbene-9-
borafluorene radical31 has remained relatively unexplored. This
study presents reactions of the cyclic(alkyl)(amino) carbene-
stabilized borafluorene radical and anion toward dichalcoge-
nide bonds and shows rare instances of compounds containing
sulfur-linked borafluorene units, some of which possess
polysulfide chains that are among the longest that have been
crystallographically identified (Figure 1C).

■ RESULTS AND DISCUSSION
The combination of 9-CAAC-9-borafluorene radical (CAAC =
(2,6-diisopropylphenyl)-4,4-diethyl-2,2-dimethyl-pyrrolidin-5-
ylidene) (1) and 0.5 equiv of elemental sulfur (S8) in diethyl
ether (Et2O) resulted in a rapid color change from deep purple
to pink. An off-white suspension formed during the course of
the 2 h reaction and was collected by filtration and identified as
compound 3 (64% yield) (Scheme 1). Compound 3 was
characterized by 1H NMR spectroscopy and showed a
multiplet at 3.03 ppm, corresponding to the methine protons
of the 2,6-diisopropylphenyl group. The 11B{1H} NMR
spectrum revealed a single resonance at −4.6 ppm, which is
consistent with a tetracoordinate borafluorene species.34

The 1H NMR spectrum of the filtrate showed peaks
corresponding to multiple methine environments, indicating
additional sulfur-activation products formed during the
reaction. Despite modifying the reaction conditions and
workup procedures, the other products could not be isolated.
In order to understand the side products that could be formed
from this reaction, other methods of disulfide bond activation
were considered. Traditionally, there are three mechanisms of
disulfide bond activation: electrophilic, radical, and nucleo-
philic.64 Accordingly, we pursued S8 reactivity studies with the
more electron-rich CAAC-stabilized borafluorene anion (2),
speculating that similar sulfur-activation products may form.
From these reactions (Scheme 2), compounds 4, 5, and 6 were
identified by single-crystal X-ray diffraction studies of suitable
crystals. However, based on NMR studies, all reactions yielded
complex mixtures of products containing Sn chains of varying
length. These products possess similar solubilities in organic
solvents, which preclude their isolation on a preparative scale.
In an effort to isolate chain lengths shorter than S8, sulfur

extrusion reactions were considered. For decades, sulfur
extrusion from cyclic systems has been used to mediate the
formation of new bonds and promote aromaticity by coupling
aryl C−C bonds.65 These reactions typically proceed using
heat or strongly donating Lewis bases such as phosphines65−68

or N-heterocyclic carbenes.69,70 Combining compound 3 and
1,3,4,5-tetramethylimidazol-2-ylidene (IMe4)

71 in an equimo-
lar ratio in toluene led to the immediate formation of a brown
solution containing a white precipitate. After stirring for 2 h,
the white precipitate was collected by filtration and washed
with toluene to give compound 4 in 29% yield (Scheme 3).
While the conversion to compound 4 is clean, the low isolated
yield is due to its partial solubility in toluene, which is needed
to wash away S�IMe4. As expected, the NMR spectra of
compounds 3 and 4 are similar, with comparable 11B{1H}
resonances (−4.6 vs −5.4 ppm) and similar methine proton
environments in the 1H NMR spectra (3.03 ppm (3) vs 3.00

Figure 1. (A) Examples of ExSn (E = Ti, Si, B) heterocycles formed
from S8 activation (Tbt = 2,4,6-tris[bis(trimethylsilyl)methyl]-phenyl;
Tip = 2,4,6-triisopropylphenyl; Tp = 2,6-bis(2,4,6-trimethylphenyl)-
phenyl). (B) Examples of sulfur catenates formed from S8 activation.
(C) Boryl−sulfur catenates and chalcogenides (this work).

Scheme 1. Synthesis of Compound 3 via S8 Activation of Borafluorene Radicala

aDashed lines in 1 represent delocalization of the radical across the ligand and boron heterocycle.
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ppm (4)). Colorless single-crystals of 4 were grown by vapor
diffusion of pentane into a THF solution of 4 and single-crystal
X-ray diffraction was used to confirm product identity.
Structural characterization of compounds 3−6 was con-

ducted via single-crystal X-ray diffraction studies (Figure 2).
The polysulfide bridges in compounds 3 and 4 represent
uncommon examples of Sn chains where n ≥ 7.59,72−83 Of the
reported 268 polysulfide chains (n ≥ 3) reported in the
Cambridge Structural Database, only 20 structures possess
sulfur chains longer than n = 7.57 Among these polysulfide
chains are the S122− anions reported by Edelmann76 and
Wang,77 which are the longest polysulfide chains reported to
date. Although there have been several isolated species of alkyl-
linked borafluorenes,84,85 compounds 3−6 are unique
examples of heteroatom-linked borafluorene moieties. Interest-
ingly, the length of the B1−S1 bond (2.01(1) Å for 3, 1.980(3)
Å for 4, 1.962(6) Å for 5, 1.951(2) Å for 6) is longer than the
sum of covalent radii (R(B−S) = 1.89 Å),86 which can be
explained by the electron-rich character of the boron center
due to donation from the CAAC ligand. The observed
distances in the S−S bonds of compounds 3−6 are reported in

Table S2. Further analysis of the electronic environment
around the polysulfide chains of compounds 3−6 was
performed by determining the dihedral angles of various
points of interest within each molecule (Table S3). Most
notably, the internal S3−S4−S4′−S3′ dihedral of compound 3
(180.0(3)°) and the B1−S1−S1′−B1′ dihedral of compound 6
(−180.00(8)°) are identical, whereas the dihedral angles of
compounds 4 and 5 are much closer to the ideal 90°. While
this geometric configuration of compound 3 can be ascribed to
electron-pair repulsion from the neighboring sulfur atoms, the
anti-configuration of compound 6 can be attributed to steric
hindrance between the two carbene ligands. Despite this, the
remaining dihedral angles of compounds 3 and 4 are much
closer to the ideal 90°, thereby minimizing electron-pair
repulsion along the polysulfide chain (Table 1).
Further investigation of the bonding of compounds 3−6 was

performed via intrinsic bonding orbital (IBO) analysis.
Tabulation of Wiberg bond indices (WBI) of B−S and S−S
bonds is available in Tables S16−19. With the exception of
compound 6, each sulfur catenate has π delocalization across
B1−S1−S2 as a result of slight orbital overlap between these

Scheme 2. Compounds Identified via Single-Crystal X-ray Diffraction from Reactions between Borafluorene Anion (2) and S8

Scheme 3. 1,3,4,5-Tetramethylimidazol-2-ylidene (IMe4)-Initiated Sulfur Extrusion from the Boryl-S8−Boryl Complex to
Form the Boryl-S7−Boryl Compound 4
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three atoms. Additionally, compounds 3−6 also exhibit
delocalized π interactions, as confirmed by WBI (Tables
S16−S19) and delocalization index (Tables S20−S23)
analysis.
The bonding in compound 3 was analyzed by considering

the S3−S4−S4′−S3′ dihedral angle (180.3(0)°). Figure 3
shows that, although the S4 and S4′ are connected through a
sigma bonding interaction, the sulfurs are oriented in a
direction that maximizes overlap between the lone pairs of
each sulfur center (Figure 3A). As a result, the WBI of the S4−
S4′ bond was calculated to be 0.811, which shows a diminished
bonding interaction between these two species, primarily due
to overlapping lone pairs of each sulfur atom. The 180°
dihedral angle also results in a lower degree of electron
delocalization from S4 to S4′ (Table S20). The same reasoning
was extended to the elongated bond distance between S2−S3/
S2′−S3′. However, the orbital overlap of the pπ lone pairs
between S2 and S3 is less than that of S4−S4′, which results in
the S2−S3 bond distance being slightly shorter than S4−S4′
(Tables S2 and S16). The dihedral angle is closer to the ideal
90° for S1−S2/S1′−S2′, which minimizes lone pair repulsion
(Figure 3B), resulting in a longer S−S distance (WBI = 1.00).
In compounds 4 and 5, however, all of the S−S bonds are
more single bond in character due to decreased π overlap
between sulfur atoms, as indicated by the dihedral angles about

Figure 2. Molecular structures of 3 (A), 4 (B), 5 (C), and 6 (D). Thermal ellipsoids are shown at 50% probability. H atoms and solvent omitted
for clarity.

Table 1. Selected Bond Distances (Å) in Compounds 3−6

compd. B1−S1 B1−C1 C1−N1 S1−S1′/S2 S2−S2′/S3 S3−S4 S4−S4′/S5
3 2.01(1) 1.64(1) 1.30(1) 2.03(1) 2.112(6) 2.051(5) 2.267(7)
4 1.980(3) 1.656(4) 1.312(4) 2.0527(9) 2.0589(9) 2.065(1) 2.057(1)
5 1.962(6) 1.653(8) 1.301(6) 2.052(2) 2.051(2)
6 1.951(2) 1.652(3) 1.309(2) 2.0939(6)

Figure 3. Intrinsic bonding orbitals (IBO) of the solid-state structure
of compounds 3 (A and B), 4 (C), 5 (D), and 6 (E and F). Hydrogen
atoms omitted for clarity.
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each disulfide bond, which are each close to 90° (Table S3).
The slight degree of pπ overlap (Figure 3C,D), however, does
result in π delocalization, and therefore slight bonding
interactions, between nonadjacent sulfur atoms. The B1−
S1−S1′−B1′ dihedral for compound 6 was determined to be
−180.00(8)°, which results in direct overlap of the pπ lone
pairs, leading to repulsion between the sulfur atoms and an
elongated S−S bond (Figure 3E,F). This is further
corroborated by IBO analysis, which shows a Wiberg bond
order of 0.949. Despite the −180° torsion angle, the
delocalization index of S1−S1′ (1.473) was calculated to be
higher than that of S4−S4′ (1.162) in compound 3, despite
possessing similar dihedral angles. This can be attributed to the
interatomic distance between S1−S1′ (2.0939(6) Å, 6) when
compared to S4−S4′ (2.267(7) Å, 3).
Our observations of SET-based disulfide activation then led

us to attempt the activation of diphenyl dichalcogenides with
compounds 1 and 2. The combination of 0.5 equiv of Ph2S2
with 1 equiv of 1 in THF gave a gradual color change from
deep purple to colorless over the course of 2.5 h (Scheme 4).
Subsequent removal of THF under vacuum gave compound 7
as a white powder in 92% yield. Under similar conditions,
reactions of 1 with Ph2Se2 and Ph2Te2 led to immediate color
changes from deep purple to yellow or orange. After a standard
workup, compounds 8 and 9 were isolated as yellow and
orange powders in 88 and 93% yield, respectively (Scheme 4).
The 11B{1H} NMR resonances for 7−9 were observed at −5.1
ppm (7), −6.9 ppm (8), and −12.4 ppm (9), consistent with
compounds containing tetracoordinate boron centers.34 We
then sought to test if compounds 7−9 could be formed from
the reaction of the borafluorene anion 2 and Ph2E2 systems
(Scheme 4). Because these reactions proceed with the

concomitant formation of K(EPh), the isolated reaction yields
are lower (7, 64%; 8, 81%; 9, 81%) due to the need to separate
the coproduct. It should be noted that 8 has been previously
reported by our lab, but was formed through a salt metathesis
reaction by combining 2 and PhSeCl rather than through
diselenide cleavage.10

Structural characterization of compounds 3−6 was con-
ducted via single-crystal X-ray diffraction studies (Figure 4). As
expected, the B−E (E = S, Se, Te) bond length (7: 1.972(2) Å,
8: 2.103(7) Å, 9: 2.335(2) Å) increases as the chalcogen size
increases (Table 2). The B1−E1 bond length for 7−9 is

indeed longer than the average B−E bond (1.915 Å for B−S,
2.055 for B−Se, 2.311 for B−Te), which can be attributed to
the electron-rich nature of the boron center due to donation
from the CAAC ligand. Consequently, the B1−C1 bond length
(7: 1.650(2), 8: 1.634(7), 9: 1.621(3)) is inversely propor-
tional to the B1−E1 distance.
To better understand the properties of compounds 7−9,

photophysical studies of (0.01 mM in THF) were performed
(Figure 5 and Table 3). The λmax for each compound is at
approximately 320 nm. Compounds 7−9 each possess similar
ultraviolet−visible (UV−vis) spectra. Density functional theory
was employed to provide insight into the electronic structure
of these species. All compounds were geometry optimized at
the IEFPCM-SMD-THF-B3LYP-D3BJ/BS1 level of theory

Scheme 4. Synthesis of Boryl Chalcogenides 7−9 via Borafluorene Radical- or Anion-Mediated Dichalcogenide Activationa

aDashed lines in 1 represent delocalization of the radical across the ligand and boron heterocycle.

Figure 4. Molecular structures of 7 (A), 8 (B),10 and 9 (C). H atoms omitted for clarity.

Table 2. Selected Bond Distances (Å) in Compounds 7−9

compd. B1−E1 B1−C1 C1−N1

7 (S) 1.972(2) 1.650(2) 1.312(2)
8 (Se) 2.103(7) 1.634(7) 1.323(7)
9 (Te) 2.335(2) 1.621(3) 1.312(3)
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(BS1 = 6-31G(d) for H, B, C, N;87−90 def2SVP for S, Se,
Te).91,92 Subsequent time-dependent density functional theory
(TD-DFT) single point computations at the IEFPCM-SMD-
THF-TD-CAM-B3LYP-D3BJ//IEFPCM-SMD-THF-B3LYP-
D3BJ/BS1 level of theory were used to determine the nature of
the lowest energy excitation for each compound (Figures S24−
S29 and Tables S4−S6).93−97 The S0 → S1 transition for
compounds 7−9 can be described by a pchalcogen → π*CAAC
transition, which is primarily HOMO → LUMO in nature.
However, this transition is of Laporte forbidden n → π*
character, resulting in a low oscillator strength ( f > 0.003).
Therefore, the S0 → S2 transition is predicted to be the lowest
energy observable electronic transition, which is primarily
π*CAAC → pchalcogen/πborafluorene in nature (Figure 6). These data
are comparable to those computed at the the IEFPCM-SMD-
THF-TD-CAM-B3LYP-D3BJ//IEFPCM-SMD-THF-TD-
B3LYP-D3BJ/BS1 level of theory (Figures S36−S41, Tables
S10−S12). As the chalcogen size is increased from S to Se to
Te, the contribution of the chalcogen to the HOMO of each
molecule increases (7: 43%, 8: 56%, 9: 75%) (Figure S48).
Time-dependent optimizations were performed at the TD-

IEFPCM-SMD-THF-B3LYP-D3BJ/BS1 level of theory to
model the excited state of compounds 7−9. The excited
state structures of these systems are different than that of the
ground state (Kabsch RMSD = 0.393 Å (7), 0.453 Å (8),
0.280 Å (9))98,99 (Figures S52−S54), which is experimentally
corroborated by the difference in absorption and emission
spectra as dictated by the Franck−Condon principle. Each

compound possesses a similar emissive process at approx-
imately 430 nm, which is attributable to emission from the
CAAC π* orbital (Figures S30−S35 and Tables S7−S9).
Although a lower energy emissive process was computed for
compounds 7−9, the oscillator strength was significantly low ( f
> 0.002 for each compound) as a result of a forbidden π* → n
transition. It is predicted that the lowest energy emission
process observable experimentally is the S2 → S0 transition.
Fluorescence lifetimes of compounds 7−9 were calculated
using the time-correlated single photon counting (TCSPC)
method monitored at 440 nm. It was observed that the
fluorescence lifetimes of compounds 7−9 each possess a
triexponential decay (Table 3). The third lifetime of
compound 7 (42.68 ns) is longer than that of both compounds
8 (29.33 ns) and 9 (20.01 ns) (Table 3), which may be
explained by consideration of an internal heavy atom
effect,100−103 whereby larger spin−orbit coupling (Te > Se >
S) results in a decrease in fluorescence lifetime.

Figure 5. (A) Normalized UV−vis spectra and (B) fluorescence spectra for compounds for compounds 7 (yellow), 8 (pink), and 9 (green) (0.01
mM in THF; λex = 320 nm at room temperature).

Table 3. Summary of Photophysical Data for Compounds
7−9

7 8 9

λmax
a 320 nm 320 nm 320 nm

λLEa 436 nm 436 nm 431 nm
τ1b 0.25 ns (24.75%) 0.22 ns (17.03%) 0.63 ns (26.49%)
τ2b 4.73 ns (40.62%) 4.84 ns (40.22%) 4.27 ns (50.13%)
τ3b 42.68 ns (34.62%) 29.33 ns (42.76%) 20.01 ns (23.39%)
χ2 1.117 1.098 1.208

a0.01 mM in THF. bFluorescence lifetime measurements collected at
absorbance values below 0.1 (0.001 mM in THF) using time-
correlated single photon counting (TCSPC).

Figure 6. Natural transition orbitals for S0 → S2 transition for
compounds 7−9 computed at the IEFPCM-SMD-THF-TD-CAM-
B3LYP-D3BJ//IEFPCM-SMD-THF-B3LYP-D3BJ/BS1 level of
theory.
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■ CONCLUSIONS
We report the activation of elemental sulfur by the 9-CAAC-9-
borafluorene radical (1) and anion (2), which proceed via a
single-electron transfer mechanisms to form compounds
containing sulfur-linked borafluorene units of varying length.
The chain length was shortened from S8 to S7 by carbene-
promoted sulfur extrusion via 1,3,4,5-tetramethylimidazol-2-
ylidene (IMe4). Compounds 1 and 2 were then used to
activate disulfide, diselenide, and ditelluride bonds from their
respective diphenyl dichalcogenides to form boryl chalcoge-
nide compounds 7−9. This study showcases the ability of
CAAC-stabilized borafluorene radical and monoanion to
facilitate dichalcogen bond cleavage. This SET mode of
activation is currently being explored in our laboratory for the
activation of a variety of small molecules (e.g., N2O, CO, O2).

■ EXPERIMENTAL SECTION
General Procedures. All air- and moisture-sensitive reactions

were carried out under an inert atmosphere of argon using standard
Schlenk techniques or in an MBRAUN LABmaster glovebox
equipped with a −37 °C freezer. Reaction solvents, including toluene
and hexanes were purified by distillation over sodium. Diethyl ether
and tetrahydrofuran were purified via distillation over Na/
benzophenone. Deuterated benzene and THF were purchased from
Cambridge Isotope Laboratories. Deuterated benzene was dried by
distilled over sodium/benzophenone and deuterated THF was dried
by degassing, followed by stirring over sodium/potassium alloy (NaK)
and filtering with a 0.45 μm PTFE syringe filter. All reaction glassware
was oven-dried overnight at 190 °C. 1H NMR spectra were collected
on Bruker Avance III 600 MHz, Varian 600 MHz, or Bruker Avance
NEO 400 MHz, or Bruker Avance-III HD Nanobay 400 MHz
spectrometers. 11B NMR spectra were collected on Bruker Avance
NEO 400 MHz or Bruker Avance-III HD Nanobay 400 MHz
spectrometers. 13C NMR was collected on Bruker Avance III 800
MHz, Bruker Avance NEO 400 MHz, or Bruker Avance-III HD
Nanobay 400 MHz spectrometers. 2D NMR were collected on Bruker
Avance III 800 MHz and Bruker Avance-III HD Nanobay 400 MHz
spectrometers. NMR signals are reported in parts per million (ppm)
and referenced to residual solvent peaks in the deuterated solvent
(1H: C6D6 δ 7.16; THF-d8 δ 3.58, 1.72; 13C: C6D6 δ 128.06; THF-d8
δ 67.21, 25.31). All boron signals are reported in ppm and were
referenced to BF3·Et2O (11B: δ = 0.0) following the standards and
procedures established by IUPAC104 using the unified scale approach.
UV−vis data were collected on a Cary 60 UV−vis spectrometer, and
samples were held in 1 cm square quartz cuvettes. Fluorescence and
fluorescence lifetime data were collected using an Edinburgh
Instruments FS5 Spectrofluorometer. Solutions were prepared in
THF at 0.001 mM for fluorescence lifetime. A suspension of Ludox
(colloidal silica) in deionized water was used to measure the
instrument response factor (IRF). Lifetime fitting was performed
using the Fluorophore software with χ2 values between 0.8−1.5 with
the smallest number of components being used for each fit. Single
crystal X-ray diffraction data were collected on a Bruker Kappa
APEXII Duo system equipped with a fine-focus sealed tube (Mo Kα,
λ = 0.71073 Å, Cu Kα = 1.5406 Å). Single crystal X-ray diffraction
data collection and structure refinement details are given in the X-ray
crystallographic section. High resolution mass spectrometry (HRMS)
was collected on a JEOL AccuTOF 4G LC-plus equipped with an
ionSense DART (Direct Analysis in Real Time) source. The following
compounds were prepared according to literature procedures: 1,31

2,10 and IMe4.
71 S8 was purchased from Strem Chemicals and

recrystallized from THF before use. Diphenyl disulfide was purchased
from Aldrich Chemical Co. and recrystallized from hot MeOH before
use. Diphenyl diselenide and diphenyl ditelluride were purchased
from Aldrich Chemical Co. and used without further purification.

Compound 3 (EtCAAC-BF−S8−BF-EtCAAC). In a 250 mL round-
bottom flask, S8 (137 mg, 0.535 mmol) was added to 1 (510 mg, 1.07

mmol) in 60 mL Et2O. After several minutes, an off-white suspension
began to form, and the reaction was left to stir at room temperature
for 2 h. The off-white solid was collected via vacuum filtration and
washed with 50 mL Et2O to yield Compound 3 as an off-white solid
(422 mg, 0.70 mmol, 65%). Single, colorless crystals of compound 3
were grown from THF/hexanes at −37 °C.

1H NMR (400 MHz, C6D6) δ 7.87 (d, J = 7.4 Hz, 4H, BF−ArH),
7.77 (d, J = 7.3 Hz, 4H, BF−ArH), 7.38 (t, J = 7.3 Hz, 4H, BF−ArH),
7.32 (t, J = 7.3 Hz, 4H, BF−ArH), 7.12 (t, J = 7.7 Hz, 2H, EtCAAC−
ArH* slight overlap with C6D6), 7.03 (d, J = 7.8 Hz, 4H, EtCAAC−
ArH), 3.03 (h, J = 6.0 Hz, 4H, EtCAAC−(CH3)2CH), 1.85 (d, J = 6.5
Hz, 12H, EtCAAC−CH(CH3)2), 1.46 (p, J = 7.5 Hz, 4H, EtCAAC−
(CH3)CH2), 1.37 (s, 4H, EtCAAC−CH2), 1.32 (p, J = 7.4 Hz, 4H,
EtCAAC−(CH3)CH2), 1.20 (d, J = 6.4 Hz, 12H, EtCAAC−
CH(CH3)2), 0.82 (s, 12H, EtCAAC−CH3), 0.42 (t, J = 7.3 Hz,
12H, EtCAAC−(CH2)CH3). 13C NMR (101 MHz, C6D6) δ 150.39
(EtCAAC−ArC), 146.26 (EtCAAC−ArC), 132.97 (BF−ArCH),
131.25 (EtCAAC−ArCH), 127.00 (BF−ArCH), 126.16 (BF−
ArCH), 125.98 (EtCAAC−ArCH), 119.90 (BF−ArCH), 79.02
(EtCAAC−C), 62.91 (EtCAAC−(CH3)2C), 41.30 (EtCAAC−CH2),
34.07 (EtCAAC−(CH3)2CH2), 29.68 (EtCAAC−(CH3)2CH), 28.94
(EtCAAC−CH3), 28.41 (EtCAAC−CH(CH3)2), 25.68 (EtCAAC−
CH(CH3)2), 11.32 (EtCAAC−(CH2)CH3). 11B{1H} NMR (128
MHz, C6D6) δ −4.6.

Compound 4 (EtCAAC-BF−S7−BF-EtCAAC). From Compound 2: In
a vial, S8 (50 mg, 0.19 mmol) was added to a solution of 2 (100 mg,
0.19 mmol) in Et2O (15 mL). The reaction changed from dark red →
purple → brown → yellow over the course of several minutes. The
reaction was left to stir at room temperature for 16 h. The next day,
the yellow-orange suspension was filtered, resulting in a yellow-orange
solid and pale-yellow solution. The solid was dissolved in minimal
THF, and a small amount of colorless single crystals of 4 were grown
from THF/pentane vapor diffusion.

From Compound 3: To a solution of IMe4 (13 mg, 0.11 mmol) in
toluene (10 mL), 3 (121 mg, 0.10 mmol) was added in one portion,
which resulted in the immediate formation of a brown solution with
white precipitate. The reaction was stirred at room temperature for 2
h before filtering and washing the resulting solid with 15 mL toluene.
Compound 4 was isolated as a white solid (34 mg, 0.03 mmol, 29%).

1H NMR (400 MHz, C6D6) δ 7.92 (d, J = 7.5 Hz, 4H, BF−ArH),
7.75 (d, J = 7.4 Hz, 4H, BF−ArH), 7.37 (t, J = 7.3 Hz, 4H, BF−ArH),
7.26 (t, J = 7.2 Hz, 4H, BF−ArH), 7.11 (t, 3H, EtCAAC−ArH* slight
overlap with C6D6), 7.01 (d, J = 7.7 Hz, 4H, EtCAAC−ArH*), 3.00
(h, J = 6.9 Hz, 4H, EtCAAC−(CH3)2CH), 1.81 (d, J = 6.5 Hz, 12H,
EtCAAC−CH(CH3)2), 1.45 (p, J = 7.6 Hz, 5H, EtCAAC−(CH3)-
CH2), 1.36 (s, 4H, EtCAAC−CH2), 1.31 (p, 4H, EtCAAC−CH2), 1.24
(d, J = 6.3 Hz, 12H, EtCAAC−CH(CH3)2), 0.84 (s, 12H, EtCAAC−
CH3), 0.40 (t, J = 7.3 Hz, 12H, EtCAAC−(CH2)CH3). δ 13C NMR
(101 MHz, C6D6) 150.00 (EtCAAC−ArC), 145.69 (EtCAAC−ArC),
132.70 (BF−ArCH), 131.03 (EtCAAC−ArCH), 126.52 (BF−ArCH),
125.95 (BF−ArCH), 125.65 (EtCAAC−ArCH), 119.33 (BF−ArCH),
78.52 (EtCAAC−C), 62.43 (EtCAAC−(CH3)2C), 40.98 (EtCAAC−
CH2), 33.70 (EtCAAC−(CH3)2CH2), 29.28 (EtCAAC−C), 28.55
(EtCAAC−(CH3)2CH), 27.77 (EtCAAC−CH3), 25.39 (EtCAAC−
CH(CH3)2), 10.94 (EtCAAC−(CH2)CH3). δ 11B{1H} (128 MHz,
C6D6) −5.4.

General Procedures for Compounds 5 (EtCAAC-BF−S2−
BF-EtCAAC) and 6 (EtCAAC-BF−S4−BF-EtCAAC). In a vial, S8 (x
equiv, x = 1 for 5; x = 0.5 for 6) was added to 1 equiv of 2 in 10 mL
THF. The color immediately changed from maroon → purple →
yellow → red for both reactions. Single crystals were grown from slow
evaporation of THF/hexanes for 5 and concentrated THF for 6,
respectively. Due to the complex mixture of products obtained,
neither product was able to be characterized by NMR spectroscopy.

Compound 7 (EtCAAC-BF−SPh). From Compound 1: In a vial,
Ph2S2 (4.4 mg, 0.02 mmol) was added to 1 (20 mg. 0.04 mmol) in 2
mL THF. Over the course of 2.5 h, the reaction color changed from
deep purple to colorless. THF was then removed with vacuum to give
Compound 7 as a white solid (22 mg, 92%). Colorless, single crystals
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of Compound 7 were grown from concentrated THF at room
temperature.

From Compound 2: In a vial, Ph2S2 (21 mg, 0.10 mmol) was added
to 2 (52 mg, 0.10 mmol) in 7 mL toluene. The color gradually
changed from deep maroon to lavender. After 3 h, the resulting white
suspension was filtered through a 0.45 μM syringe filter and dried
under vacuum, giving a 7 as a white solid (38 mg, 64%).

1H NMR (600 MHz, C6D6) δ 7.86 (d, J = 7.2 Hz, 2H, BF−ArH),
7.40 (d, J = 7.5 Hz, 2H, BF−ArH), 7.29 (t, J = 7.2 Hz, 2H, BF−ArH),
7.18 (t, J = 7.0 Hz, 3H, BF−ArH and EtCAAC−ArH), 7.09 (d, J = 7.6
Hz, 2H, EtCAAC−ArH slight overlap with C6D6), 6.62 (dq, J = 6.0,
2.9 Hz, 1H, SPh−ArH), 6.57−6.49 (m, 4H, SPh−ArH), 3.17 (h, J =
6.6 Hz, 2H, EtCAAC−(CH3)2CH), 2.11 (d, J = 6.6 Hz, 6H, EtCAAC−
CH(CH3)2), 1.48 (p, J = 7.4 Hz, 2H. EtCAAC−(CH3)CH2), 1.37 (s,
2H, EtCAAC−CH2), 1.33 (p, J = 7.4 Hz, 2H, EtCAAC−(CH3)CH2),
1.23 (d, J = 6.4 Hz, 6H, EtCAAC−CH(CH3)2), 0.85 (s, 6H,
EtCAAC−CH3), 0.38 (t, J = 7.5 Hz, 6H, EtCAAC−(CH2)CH3). δ 13C
(201 MHz, C6D6) 149.47 (EtCAAC−ArC), 146.44 (BF−ArCH or
EtCAAC−ArCH), 138.43 (SPh−ArC), 136.24 (SPh−ArCH), 133.74
(EtCAAC−ArCH), 132.86 (BF−ArCH), 130.55 (BF−ArCH), 129.45
(ArC), 128.47 (ArC), 126.50 (SPh−ArCH), 126.25 (BF−ArCH or
EtCAAC−ArCH), 125.75 (BF−ArCH), 125.62 (EtCAAC−ArCH),
124.62 (SPh−ArCH), 119.67 (BF−ArCH), 79.21 (EtCAAC−C),
63.18 (EtCAAC−(CH3)2C), 41.36 (EtCAAC−CH2), 34.32 (EtCAAC−
(CH3)2CH2), 29.91 (EtCAAC−(CH3)2CH), 29.12 (EtCAAC−CH3),
28.44 (EtCAAC−CH(CH3)2), 25.76 (EtCAAC−CH(CH3)2), 11.49
(EtCAAC−(CH2)CH3). 11B{1H} NMR (192 MHz, C6D6) δ −5.08.
HRMS (AccuTof): calcd. [C40H48BNS], m/z = 585.35950; found: m/
z = 585.36456

Compound 8 (EtCAAC-BF−SePh). From Compound 1: In a vial,
Ph2Se2 (6.2 mg, 0.02 mmol) was added to 1 (20 mg, 0.04 mmol) in 2
mL THF. The color immediately changed from purple to yellow.
After 2.5 h, the yellow solution was dried under vacuum, giving
Compound 8 as a yellow solid (23 mg, 88%).

From Compound 2: In a vial, Ph2Se2 (31 mg, 0.10 mmol) was
added to 2 (52 mg, 0.10 mmol) in 5 mL toluene. The color
immediately changed from deep maroon to yellow. After 30 min, the
resulting yellow suspension filtered through a 0.45 μM syringe filter
and dried under vacuum, giving 8 as a light-yellow solid. (51 mg, 0.81
mmol, 81%).

NMR spectra are consistent with those reported in the literature.10

Compound 9 (EtCAAC-BF−TePh). From Compound 2: In a vial,
Ph2Te2 (8.2 mg, 0.02 mmol) was added to 1 (20 mg, 0.04 mmol) in 3
mL THF. The color immediately changed from purple to red-orange.
After 2.5 h, the red solution was dried under vacuum, giving 9 as an
orange solid (26 mg, 92%). Orange-yellow, single crystals of
Compound 9 were grown from concentrated Et2O at room
temperature.

From Compound 2: In a vial, Ph2Te2 (41 mg, 0.10 mmol) was
added to 2 (52 mg, 0.10 mmol) in 5 mL toluene. The color
immediately changed from deep maroon to red-orange. After 30 min,
the red-orange suspension was filtered through a 0.45 μM syringe
filter and dried under vacuum, giving 9 as a light orange solid. (55 mg,
0.81 mmol, 81%).

1H NMR (400 MHz, THF) δ 7.64 (d, J = 7.4 Hz, 2H, BF−ArH),
7.53 (t, J = 7.1 Hz, 1H, EtCAAC−ArH), 7.46−7.38 (d, 2H, EtCAAC−
ArH), 6.99 (d, J = 7.5 Hz, 2H, BF−ArH), 6.91 (t, J = 7.2 Hz, 2H,
BF−ArH), 6.80 (td, J = 7.3, 1.2 Hz, 2H, BF−ArH), 6.68−6.59 (m,
1H, TePh−H), 6.22 (t, J = 7.5 Hz, 2H, TePh−H), 6.15 (d, J = 7.4 Hz,
2H, TePh−H), 3.26 (hept, J = 6.5 Hz, 2H, EtCAAC−(CH3)2CH),
2.09 (s, 2H, EtCAAC−CH2), 2.07 (d, J = 6.4 Hz, 6H, EtCAAC−
CH(CH3)2) 1.50 (s, 6H, EtCAAC−CH3), 1.47 (d, J = 6.4 Hz, 6H,
EtCAAC−CH(CH3)2), 1.35−1.19 (p, 4H, EtCAAC−(CH3)CH2),
0.65 (t, J = 7.5 Hz, 6H, EtCAAC−CH2(CH3)2). δ 13C (101 MHz,
THF) 148.00 (EtCAAC−ArC), 147.42 (EtCAAC−ArC), 142.00
(TePh−ArCH), 133.42 (BF−ArCH), 131.59 (EtCAAC−ArCH),
127.29 (EtCAAC−ArCH), 126.36 (TePh−ArCH), 125.56 (BF−
ArCH), 125.23 (BF−ArCH), 125.04 (TePh−ArCH), 119.66
(TePh−ArCH), 114.33 (ArC), 81.05 (EtCAAC−C), 64.88

(EtCAAC−(CH3)2C), 42.61 (EtCAAC−CH(CH3)2), 34.93
(EtCAAC−(CH3)2CH2), 30.58 (EtCAAC−(CH3)2CH), 29.95
(EtCAAC−CH3), 29.09 (EtCAAC−(CH3)2CH), 26.84 (EtCAAC−
(CH3)2CH), 11.51 (EtCAAC−(CH2)CH3). 11B{1H} NMR (192
MHz, C6D6) δ −12.4. HRMS (AccuTof): calcd. [C40H47BNTe]+,
m/z = 682.29074; found: m/z = 682.28693
Computational Details. All density functional theory computa-

tions were carried out using Gaussian 16 Revision C.01,105 using the
default pruned UltraFine grids using 99 radial shells with 590 points
per shell (99,590) and pruned SG1 grids using 50 radial shells with
194 points per shell (50,194) for Hessians. Default convergence for
the SCF (10−8) were used. All structures were optimized at the
IEFPCM-SMD-THF-B3LYP-D3BJ/BS1 level of theory (BS1 = 6-
31G(d) for H, B, C, N;87−90 def2SVP for S, Se, Te91,92) The
IEFPCM-SMD solvation model96,97 was used for all computations to
employ parameters consistent with the use of tetrahydrofuran as the
solvent. To confirm that each stationary point was a minimum or
transition state, analytical frequency computations were performed at
the same level of theory. Time-dependent DFT (TD-DFT)106

geometry optimizations and corresponding harmonic vibrational
frequencies were computed by solving iteratively for the first 5 singlet
excitations [TD(ROOT = 1,NSTATES = 5)] (TD-IEFPCM-SMD-
B3LYP-D3BJ/BS1), after which the first singlet excited states were
optimized using analytical gradients. To simulate absorption and
emission spectra using TD-DFT, the first 20 vertical transitions were
computed for corresponding optimized geometries of each compound
with (TD-IEFPCM-SMD-CAM-B3LYP//IEFPCM-SMD-B3LYP-
D3BJ/BS1) for absorption and (TD-IEFPCM-SMD-CAM-B3LYP//
TD-IEFPCM-SMD-B3LYP-D3BJ/BS1) for emission.107 Simulated
spectra were obtained using GaussSum 3.0108 with a fwhm of 2000
cm−1. Natural transition orbitals (NTOs) were visualized using
ChimeraX109−111 with a contour value of 0.05. Intrinsic bond orbitals
(IBOs) and Wiberg Bond Indices (WBI) were computed on solid
state structures of compounds 3−6 by first running single point
calculations on the solid-state structure of each compound at the
B3LYP-D3BJ/def2SVP91 level of theory using ORCA 5.0,112 followed
by computing the molecular orbital localization within IboView113

using IBO (exponent 2). IBOs were visualized using IboView.113

Delocalization indices were computed on solid state structures of
compounds 3−6 by first running single point calculations on the
solid-state structure of each compound at the B3LYP-D3BJ/
def2SVP91 level of theory using ORCA 5.0,112 and then computing
the indices using Multiwfn 3.8.114 Kabsch RMSD values were
computed using the “Calculate Root-mean-square deviation (RMSD)
of Two Molecules Using Rotation” Python script.98,99 Overlaid
structures of compounds 7−9 were visualized using Jimp2.115
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Lacôte, E.; Malacria, M.; Newcomb, M.; Walton, J. C.; Curran, D. P.
N-Heterocyclic Carbene Boryl Radicals: A New Class of Boron-
Centered Radical. J. Am. Chem. Soc. 2009, 131 (31), 11256−11262.
(29) Sarkar, S. K.; Hollister, K. K.; Molino, A.; Obi, A. D.; Deng, C.-
L.; Tra, B. Y. E.; Stewart, B. M.; Dickie, D. A.; Wilson, D. J. D.;
Gilliard, R. J., Jr. Bis(9-Boraphenanthrene) and Its Stable Biradical. J.
Am. Chem. Soc. 2023, 145, 21475−21482, DOI: 10.1021/
jacs.3c07236.
(30) Xiang, L.; Wang, J.; Krummenacher, I.; Radacki, K.;
Braunschweig, H.; Lin, Z.; Ye, Q. Persistent and Predominantly
Localized Boron Radical from the Reduction of a Three-Dimensional
Analogue of NHC-Stabilized Borafluorenium. Chem. - Eur. J. 2023, 29
(42), No. e202301270.
(31) Yang, W.; Krantz, K. E.; Freeman, L. A.; Dickie, D. A.; Molino,
A.; Frenking, G.; Pan, S.; Wilson, D. J. D.; Gilliard, R. J., Jr. Persistent
Borafluorene Radicals. Angew. Chem., Int. Ed. 2020, 59 (10), 3850−
3854.
(32) Gilmer, J.; Budy, H.; Kaese, T.; Bolte, M.; Lerner, H.-W.;
Wagner, M. The 9H-9-Borafluorene Dianion: A Surrogate for Elusive
Diarylboryl Anion Nucleophiles. Angew. Chem., Int. Ed. 2020, 59 (14),
5621−5625.
(33) Wentz, K. E.; Molino, A.; Freeman, L. A.; Dickie, D. A.; Wilson,
D. J. D.; Gilliard, R. J., Jr. Approaching Dianionic Tetraoxadiborecine
Macrocycles: 10-Membered Bora-Crown Ethers Incorporating
Borafluorenate Units. Angew. Chem., Int. Ed. 2023, 62 (5),
No. e202215772.
(34) Su, X.; Bartholome, T. A.; Tidwell, J. R.; Pujol, A.; Yruegas, S.;
Martinez, J. J.; Martin, C. D. 9-Borafluorenes: Synthesis, Properties,
and Reactivity. Chem. Rev. 2021, 121 (7), 4147−4192.
(35) Braunschweig, H.; Dellermann, T.; Ewing, W. C.; Kramer, T.;
Schneider, C.; Ullrich, S. Reductive Insertion of Elemental
Chalcogens into Boron−Boron Multiple Bonds. Angew. Chem., Int.
Ed. 2015, 54 (35), 10271−10275.
(36) Chen, P.; Cui, C. Isolable Boron Persulfide: Activation of
Elemental Sulfur with a 2-Chloro-Azaborolyl Anion. Chem. - Eur. J.
2016, 22 (9), 2902−2905.
(37) Auerhammer, D.; Arrowsmith, M.; Dewhurst, R. D.; Kupfer, T.;
Böhnke, J.; Braunschweig, H. Closely related yet different: a borylene
and its dimer are non-interconvertible but connected through
reactivity. Chem. Sci. 2018, 9 (8), 2252−2260.
(38) Liu, S.; Légaré, M.-A.; Hofmann, A.; Rempel, A.; Hagspiel, S.;
Braunschweig, H. Synthesis of unsymmetrical B2E2 and B2E3
heterocycles by borylene insertion into boradichalcogeniranes.
Chem. Sci. 2019, 10 (17), 4662−4666.
(39) Chen, P.; Cui, C. Reactivity of the 2-Chloroazaborolyl Anion.
Eur. J. Inorg. Chem. 2017, 2017 (38−39), 4480−4484.
(40) Dietz, M.; Arrowsmith, M.; Gärtner, A.; Radacki, K.;
Bertermann, R.; Braunschweig, H. Harnessing the electronic differ-
ences between CAAC-stabilised 1,4-diborabenzene and 9,10-dibor-
aanthracene for synthesis. Chem. Commun. 2021, 57 (99), 13526−
13529.
(41) von Grotthuss, E.; Nawa, F.; Bolte, M.; Lerner, H.-W.; Wagner,
M. Chalcogen−chalcogen-bond activation by an ambiphilic, doubly
reduced organoborane. Tetrahedron 2019, 75 (1), 26−30.
(42) Goh, G. K. H.; Li, Y.; Kinjo, R. Oxidative addition of elemental
selenium to 1,4,2,5-diazadiborinine. Dalton Trans. 2019, 48 (22),
7514−7518.
(43) Braunschweig, H.; Constantinidis, P.; Dellermann, T.; Ewing,
W. C.; Fischer, I.; Hess, M.; Knight, F. R.; Rempel, A.; Schneider, C.;
Ullrich, S.; et al. Highly Strained Heterocycles Constructed from

Boron−Boron Multiple Bonds and Heavy Chalcogens. Angew. Chem.,
Int. Ed. 2016, 55 (18), 5606−5609.
(44) Liu, S.; Légaré, M.-A.; Hofmann, A.; Braunschweig, H. A
Boradiselenirane and a Boraditellurirane: Isolable Heavy Analogs of
Dioxiranes and Dithiiranes. J. Am. Chem. Soc. 2018, 140 (36), 11223−
11226.
(45) Kundu, G.; Amrutha, P. R.; Tothadi, S.; Sen, S. S. Access to
NHC−Boryl Mono- and Bis-Selenide and Utility as Mild Selenium
Transfer Reagent including to the C−F Bond Chem. - Eur. J., 30 6
e202302984 .
(46) Liu, S.; Légaré, M.-A.; Auerhammer, D.; Hofmann, A.;
Braunschweig, H. The First Boron−Tellurium Double Bond: Direct
Insertion of Heavy Chalcogens into a Mn�B Double Bond. Angew.
Chem., Int. Ed. 2017, 56 (49), 15760−15763.
(47) Steudel, R. Homocyclic Sulfur Molecules; Springer: Berlin,
Heidelberg, 1982; pp 149−176.
(48) Lee, M. H.; Yang, Z.; Lim, C. W.; Lee, Y. H.; Dongbang, S.;
Kang, C.; Kim, J. S. Disulfide-Cleavage-Triggered Chemosensors and
Their Biological Applications. Chem. Rev. 2013, 113 (7), 5071−5109.
(49) Deng, Z.; Hu, J.; Liu, S. Disulfide-Based Self-Immolative
Linkers and Functional Bioconjugates for Biological Applications.
Macromol. Rapid Commun. 2020, 41 (1), No. 1900531.
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