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Isolation and characterization of
bis(silylene)-stabilized antimony(I) and
bismuth(I) cations

Xuyang Wang1,3, Binglin Lei1,3, Zhaoyin Zhang2,3, Ming Chen1, Hua Rong1,
Haibin Song1, Lili Zhao 2 & Zhenbo Mo 1

Monovalent group 15 cations L2Pn + (L = σ-donor ligands, Pn = N, P, As, Sb, Bi)
have attracted significant experimental and theoretical interest because of
their unusual electronic structures and growing synthetic potential. Herein, we
describe the synthesis of a family of antimony(I) and bismuth(I) cations sup-
ported by a bis(silylene) ligand [(TBDSi2)Pn][BAr

F
4] (TBD = 1, 8, 10, 9-triaza-

boradecalin; ArF = 3,5-CF3-C6H3; Pn = Sb, (2); Bi, (3)). The structures of 2 and 3
have been unambiguously characterized spectroscopically and by X-ray dif-
fraction analysis and DFT calculations. They feature bis-coordinated Sb and Bi
atoms which exhibit two lone pairs of electrons. The reactions of 2 and 3 with
methyl trifluoromethane sulfonate provide a approach for the preparation of
dicationic antimony(III) and bismuth(III)methyl complexes. Compounds 2 and
3 serve as 2e donors to group 6 metals (Cr, Mo), giving rise to ionic antimony
and bismuth metal carbonyl complexes 6–9.

Over the past decades, low-valent main group chemistry constantly
gives surprising discoveries. Among them, themonoatomic zerovalent
group 14 compounds L2E (E =C, Si, Ge, Sn, Pb; L =σ-donor ligands),
termed as tetrylones, have moved from theoretical curiosities to syn-
thetically accessible molecules by using a base-stabilization
protocol1–3. These species have unique electronic structures and dis-
play synthetic potential as soluble molecular allotropes4. In spite of
this, the chemistry of tetrylone homologs still contains much
uncertainty5. Cationic group 15 element compounds are valuable main
group species owing to their isoelectronic relationship with the cor-
responding group 14 element compounds shown in Fig. 1 and their
wide implications in catalysis6–22. Recently, group 15 cations of the type
R2Pn

+ (Pn = P, As, Sb, Bi; R = aryl groups), cationic homologs of car-
bene, were described by Beckmann et al.23–26. Monovalent group 15
cations L2Pn

+ (Pn =N, P, As, Sb, Bi) are isoelectronic analogs of tetry-
lones, which are highly sought-after synthetic targets5. Similar to the
E(0) atoms, the Pn(I)+ atoms possess two lone pairs of electrons and
Pn(I)+ cations of the lighter elements (N, P, As)27–30 are most familiar.

Their heavier cationic counterparts (Sb(I)+ and Bi(I)+) have been much
less explored in spite of significant progress that has been recorded in
recent years in the isolation of neutral antimony(I) and bismuth(I)
complexes31–41. In a seminal publication in 2020, Roesky et al. reported
the isolation and characterization of Sb(I) and Bi(I) cations stabilized
by a cyclic (alkyl)(amino)carbene (CAAC)42, but study on their reac-
tivity remains elusive. The bis(diisopropylamino)cyclopropenylidene-
stabilized Sb(I) cation was prepared by Stephan et al., but was found to
decompose at room temperature43. More recently, Majumdar et al.
obtained a bis(phosphine)-coordinated Sb(I) cation and disclosed its
fascinating coordination behavior with transition metals44. Therefore,
the investigation of antimony(I) and bismuth(I) cations is still in its
infancy and their reactivity is waiting to be explored.

The effective stabilization of antimony(I) and bismuth(I) cations
relies heavily on the appropriate supporting ligands. N-heterocyclic
silylenes, homologs ofN-heterocyclic carbenes, havebeen shown tobe
capable of stabilizing low-valent main group complexes as a result of
their strong σ-donating ability and partial π-accepting ability45–55. Of
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particularnote are the recent reports byDriess and co-workers that the
stannylone and plumbylone52,53, which are isoelectronic with anti-
mony(I) and bismuth(I) cations, can be prepared with a bis(NHSi)
ligand. However, antimony and bismuth complexes with NHSi ligands
have remained unknown to date. Herein, we report the synthesis, and
characterization of NHSi-stabilized antimony(I) and bismuth(I) cations
[(TBDSi2)Pn][BAr

F
4] (TBD= 1, 8, 10, 9-triazaboradecalin; ArF = 3,5-

CF3–C6H3; Pn = Sb, (2); Bi, (3)). Reactions of compounds 2 and 3 with
MeOTf have led to methyl antimony(III) and bismuth(III) dications (4,
5). The coordination of 2 and 3 towards group 6 metals (Cr, Mo)
affords a series of ionic antimony and bismuth metal carbonyl com-
plexes [(TBDSi2)Pn→M(CO)5][BAr

F
4] (Pn = Sb, M=Cr, 6; Pn = Sb,

M=Mo, 7; Pn = Bi, M =Cr, 8; Pn = Bi, M =Mo, 9).

Results
Preparation and characterization of 1
First, we synthesized a bidentate NHSi ligand by lithiation of 1,8,10,9-
triazaboradecalin (TBD), a cyclic triaminoborane56, with 2 equiv. of
n-BuLi followed by salt-metathesis with 2 equiv. of the chlorosilylene
[PhC(NtBu)2]SiCl (Fig. 2a). The rigid TBD spacer was selected to pre-
vent the dimerization of two NHSi moieties and generate a suitable
space for metal coordination. The donation of the nitrogen lone pairs
into the vacant p-orbital on boron would impact the electronic prop-
erty of the bridgedNHSis. Recent studies have revealed that the nature
of the spacers is of crucial importance to the success of bidentate
NHSis57–64. The 29Si NMR peaks of 1 (δ = −22.3 ppm) are shifted upfield
from those of the bis(NHSi)ferrocene (43.3 ppm)57, bis(NHSi) xanthene

(17.3 ppm)58, bis(NHSi) carborane (18.9 ppm)45, and bis(NHSi)aniline
(−12.9 ppm)59 ligands (Fig. 2b), indicating its enhanced electron-
donating properties. The 11B NMR spectrum of 1 shows a broad sig-
nal at 27.2 ppm. The structure of 1 was characterized by single-crystal
X-ray diffraction analysis, and its molecular structure is shown in
Supplementary Fig. 60. The Si atom features a trigonal-pyramidal
geometry as indicated by the 272.1° sumof the bond angles around the
silicon atom. The Si…Si separation in 1 is 3.005(2) Å which is shorter
than the Si···Si bond in bis(NHSi)carborane (3.267 Å) and bis(NHSi)
xanthene (4.316 ppm), but longer than that of the bis(NHSi)aniline
(2.9Å). The Si1−N1 bond distance in 1 (1.761(5) Å) is comparable to the
value of 1.781(1) in bis(NHSi)aniline. The N–B bond distances of 1.452
and 1.443 Å are comparable to those in B(NMe2)3 (1.44Å), indicating
significant N–B double-bond character.

Isolation and characterization of 2 and 3
Treatment of 1 with a variety of antimony(III) and bismuth(III) halides
such as SbCl3, SbBr3, BiCl3, BiBr3, [IPr→ SbBr3]

64 or [IPr→BiBr3]
64 led to

elemental Sb and Bi and intractable mixtures. Reaction of 1,
[IPr→SbBr3], with Na[BArF4] in THF at −30 °C followed by reduction
with 2 equiv. of potassium graphite (KC8), however, afforded the
desired antimony(I) cation [(TBDSi2)Sb][BAr

F
4] (2) as a yellow solid in

53% yield (Fig. 3). A similar reaction using [IPr→BiBr3] gave a red-
brown solution, from which the bismuth(I) cation [(TBDSi2)Bi][BAr

F
4]

(3) was isolated as orange crystals in 44% yield (Fig. 4). Complexes 2
and 3 are stable both in the solid state and in solution under an inert
atmosphere. They have been characterized by NMR spectroscopy, UV/
Vis-NIR spectroscopy, single-crystal X-ray diffraction, and elemental
analysis. The 1H NMR spectra of 2 and 3 show one sharp singlet at 1.30
and 1.26 ppm, respectively, for the tert-butyl groups, consistent with
their C2v symmetry. The 29Si NMRresonance of 2 (−8.71 ppm) is shifted
downfield relative to the signal from 3 (−28.6 ppm). The UV–Vis
spectrum of 2 in THF shows two absorption bands at 244 and 306 nm,
whereas that of 3 has two broad absorption bands at 240 and 305 nm.
These values are close to the predicted absorptions for the anionic
parts of 2 and 3 (2: 238 and 329 nm; 3: 227 and 350 nm) which were
calculated using the TDDFT-PBE0 method with the def2-svp basis set.
The maximum bands (329 and 350 nm) are assigned to the HOMO→
LUMO-1 transition.
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Fig. 1 | Isoelectronic relationship of monoatomic zerovalent group 14 com-
pounds and monovalent group 15 cations. Monovalent group 15 cations L2Pn+
(Pn =N, P, As, Sb, Bi) are isoelectronic analogs of tetrylones L2E (E = C, Si,
Ge, Sn, Pb).
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Fig. 2 | Synthetic routes to the bis(silylene) ligand and compare with bis(silylene)s with different spacers. a Synthetic routes to the bis(silylene) ligand (1) with
1,8,10,9-triazaboradecalin; b bis(silylene)s with different spacers.
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Single crystals of 2 and 3
Single crystals of 2 and 3 were obtained by slow diffusion of hexane
into the saturated THF solutions of 2 and 3, respectively, and their
molecular structures are depicted in Fig. 4. Both compounds feature a
nearly planar six-membered BN2Si2Pn ring in which the sum of the
internal bond angles is 719.1° (Sb) and 719.0° (Bi), respectively.
The central Sb and Bi atoms of 2 and 3 are both bis-coordinated with
the silicon atoms of NHSi, which are well separated from the weakly
coordinating counteranion [BArF4]

−. The Si‒Sb‒Si bond angle of 2
(85.33(2)°) is comparable to the P–Sb–P bond angle in bis(pho-
sphine)-coordinated Sb(I) cation (89.53(3)°), but is much smaller than
the C‒Sb‒C bond angle in CAAC-stabilized Sb(I) cation (111.87(7)°).
The Sb–Si bond lengths are 2.4619(9) and 2.455(5) Å and are shorter
than the sum of the covalent radii of the Sb and Si (2.56 Å), but longer
than the Sb═Si bond length in [TripSbSi(SiMetBu2)2] (Trip = 2,4,6-iPr-
C6H2, 2.4146(7) Å)65. The Bi–Si bond lengths of 2.5610(8) and
2.5565(9) Å are markedly shorter with respect to those in
[Bi{Si(SiMe3)3}2[Li(THF)4] (2.668(5) and 2.672(4) Å)66.

Quantum chemical calculations
To probe the electronic structures of 2 and 3, density functional the-
oretical (DFT) calculations were performed on the anionic parts of 2
and 3 at the BP86+D3(BJ)/def2-TZVPP level. The optimized structures
are in good agreement with the X-ray-derived structures, and both
have a singlet electronic ground state, which is 47.0 and 36.8 kcalmol–1

lower in energy than their triplet state isomers, respectively (Supple-
mentary Fig. 68). TheWiberg bondorders of the Sb−Si andBi–Si bonds
are 1.22 and 1.18, respectively, suggesting their partial double-bond
character. The large bond dissociation energies for the scission of the
Pn−Si bonds (233.6 kcalmol–1 for 2; 214.7 kcalmol–1 for 3) unambigu-
ously support their strong bonding nature. The molecular orbitals
defining the lone pairs of electrons located at the central Sb and Bi
atoms are displayed in Fig. 5a and Supplementary Fig. 69. The highest
occupied molecular orbital (HOMO) of 2 and 3 represents a π-type
lone pair. The HOMO-5 of 2 and HOMO-6 of 3 are dominated by a σ-
type lone pair. The natural population analysis (NPA) charges in 2 (Sb:

Fig. 4 | The molecular structures of 2 and 3. The molecular structures of the
antimony(I) and bismuth(I) cations 2 and 3 showing 30% probability of ellipsoids.
The anion [BArF4] and hydrogen atoms are omitted for clarity. Selected bond dis-
tances (Å) and angles (°): for 2: Sb1−Si1 2.4619(6), Sb1−Si2 2.455(5), Si1−N1 1.703(3),
Si2−N2 1.706(2), Si1−Sb1−Si2 85.33(3)°, N1−B1−N2 123.1(2)°; for 3: Bi1−Si1 2.561(8),
Bi1−Si2 2.557(1), Si1−N1 1.710(3), Si2−N2 1.712(2), Si1−Bi1−Si2 82.10(3)°,
N1−B1−N2 123.5(3)°.

Fig. 3 | Synthesis of the antimony(I) and bismuth(I) cations [(TBDSi2)Pn][BArF4]
(Pn = Sb, 2; Bi, 3).Reaction of 1, [IPr→SbBr3] or [IPr→BiBr3], with Na[BArF4] in THF at
−30 °C followed by reduction with 2 equiv. of potassium graphite (KC8).

Fig. 5 | Molecular orbital analysis and plot of deformationdensitiesΔρ1–Δρ3 of
3. a Selected frontier orbitals of 3, determined by DFT calculations (isovalue =
0.05). b Plot of deformation densities Δρ1–Δρ3 of 3 by using the Bi+ and Bis(sily-
lene) interacting fragments in their Singlet (S) states, with the associated

interaction energies ΔEorb (in kcalmol–1). The eigenvalues ν are a measure of the
relative amount of charge transfer. The direction of the charge flow is from
red→ blue.
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−0.340; Si: +1.608) and 3 (Bi: −0.275; Si: +1.587) indicate strong elec-
tron donation from the Si atoms toward the formal empty molecular
orbitals on Sb and Bi.

More detailed information about the Pn−Si bonds in 2 and 3 is
available from the state-of-the-art energy decomposition analysis with
natural orbitals for chemical valence (EDA-NOCV)67,68 method by con-
sidering the interacting fragments in various electronic states. Details
about the method can be found in Supplementary Information. As
shown in Table 1, the most appropriate fragments for the two Bi−Si
bonds in 3 are Bi+ and Bis(silylene) species in their electronic singlet (S)
states, because the fragments that give the smallest orbital term are
the best choice for a faithful representation of the bond69,70. The lar-
gest contribution to the attractive interactions in 3 comes from the
orbital term ΔEorb, which provides 49.7% of the total attraction. The
electrostatic attraction ΔEelstat is 46.1%, which is slightly weaker than
the orbital term ΔEorb. Note that the weak dispersion forces provide
the remaining 4.3% of the total attraction, which is weak but still not
negligible.

Table 1 shows that there are three major orbital interactions (i.e.,
ΔEorb1−ΔEorb3) which provide 89.7% of ΔEorb. Figure 5b shows that the
strongest two orbital interactions ΔEorb1 and ΔEorb2 are mainly due
to the formation of two Si→Bi dative bonds, which are denoted as
Bis(silylene) (HOMO,HOMO-1)→Bi+ (LUMO, LUMO+ 1)σ-donation. The
third orbital interaction, ΔEorb3 (–8.9 kcalmol–1), is mainly due to the π
backdonation from the occupied p orbital of Bi+ (HOMO) to the anti-
bonding orbital (LUMO+ 7) of the Bis(silylene) ligand. The left con-
tribution of orbital relaxation ΔErest of 10.3% originates from the
polarization within the fragments. Inspection of the composition of
the interacting orbitals is given in Supplementary Fig. 70. The similar
bonding nature of two Sb−Si bonds in 2 can be found in Table 1 and
Supplementary Figs. 71, 72. The EDA-NOCV analysis clearly showed
that the structure of 2 and 3 can be most accurately described as
>Si:→:Pn+:←:Si<, denoting NHSi-stabilized antimony(I) and bismuth(I)
cations.

Reactivity studies
The reactivity of 2 and 3 towards methyl trifluoromethane sulfonate
(MeOTf) was investigated in order to examine their nucleophilic nat-
ure. Addition of 1.0 equiv. of MeOTf to 2 in fluorobenzene followed by
anion exchange with Na[BArF4] immediately afforded a colorless
solution. After workup the methyl antimony(III) dication [(TBDSi2)
SbMe][BArF4]2 (4) was obtained in 78% yield (Fig. 6a). The bismuth(III)
dication [(TBDSi2)BiMe][BArF4]2 (5) was prepared in 71% yield using the
same synthetic protocol. The 1H NMR spectra of 4 and 5 in d8-THF
reveal a singlet at 2.05 and 2.30 ppm, respectively for the methyl
groups, which is shifted downfield compared to those of the parent
compounds SbMe3 and BiMe3, due to their electron-deficient nature.
Single-crystal X-ray diffraction analysis of 5 revealed that the bismuth
center adopts a trigonal-pyramidal coordination geometry (Fig. 6b).
The Si–Bi–Si angle of the chelating ligand (81.70°) is comparable to
that of 3 (82.113°). The Si‒Bi distances (2.651 and 2.636Å) are sig-
nificantly elongated compared to those in 3 because the oxidation of 3
weakens the electrondelocalization between Bi and Si atoms. The Bi–C
bond length of 2.300Å is akin to those in BiMe3 (on average: 2.26 Å)
and the dimethylbismuth cation [BiMe2(SbF6)] (2.22 Å)

71. Compound 5
crystallizes with a severely disordered anion [BArF4] and consequently
its metric parameters are not discussed here. The remaining lone pairs
located on Sb and Bi atoms canbe found in theHOMO−6 andHOMO-8

Fig. 6 | Synthetic routes to the complexes 4–5 and themolecular structure of 5.
a Synthetic routes to the methyl antimony(III) and bismuth(III) dications [(TBDSi2)
PnMe][BArF4]2 (Pn = Sb, 4; Bi, 5). b The molecular structure of the methyl bis-
muth(III) dication 5 showing 30% probability ellipsoids. The anion [BArF4], solvent,

and hydrogen atoms are omitted for clarity. Selected bond distances (Å) and angles
(°): Bi1−Si1 2.651, Bi1−Si2 2.636, Bi1−C1 2.300, Si1−N1 1.681(8), Si2−N2 1.69(1),
Si1−Bi1−Si2 81.70°, Si1−Bi1−C1 98.76°, Si2−Bi1−C1 95.55°, N1−B1−N2 124(1)°.
c HOMO-8 of 5, determined by DFT calculations (isovalue = 0.05).

Table 1 | EDA-NOCV results of 2, 3byusing thePn+ (Pn = Bi, Sb)
and Bis(silylene) interacting fragments in their Singlet (S)
states at the BP86+D3(BJ)/TZ2P-ZORA//BP86+D3(BJ)/def2-
TZVPP level of theory

Fragments Bi+ (S, 6s26px
06py

06pz
2)

+Bis(silylene) (S)
Sb+ (S, 5s25px

05py
05pz

2)
+Bis(silylene) (S)

ΔEint −239.1 −261.0

ΔEPauli 277.7 295.8

ΔEdisp
[a] −22.0(4.3%) −20.7(3.7%)

ΔEelstat
[a] −238.1(46.1%) −239.4(43.0%)

ΔEorb
[a] −256.7(49.7%) −296.6(53.3%)

ΔEorb1
[b] −106.8(41.6%) −125.4(42.3%)

ΔEorb2
[b] −104.4(40.7%) −121.4(40.9%)

ΔEorb3
[b] −18.9(7.4%) −20.7(7.0%)

ΔErest
[b] −26.6(10.3%) −29.1(9.8%)

Energy values are given in kcalmol–1.
aThe values in parentheses give the percentage contribution to the total attractive interactions
ΔEelstat +ΔEorb +ΔEdisp.
bThe values in parentheses give the percentage contribution to the total orbital interac-
tions ΔEorb.
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(see Fig. 6c and Supplementary Fig. 73). NBO analysis reveals that the
lone pairs feature a high s-character (73% for 4 and 83% for 5). NPA
revealed positive charges of +0.45 and +0.53 at Sb and Bi atoms,
respectively.

In order to evaluate the Lewis acidity of compounds 2−5, we
calculated the fluoride ion affinity (FIA), and hydride ion affinity (HIA)
of compounds 2–5 which is detailed in Supplementary Table 4. The
calculated FIA and HIA of 2 (114.2 and 113.0 kcal mol−1, respectively)
and 3 (115.3 and 113.7 kcal mol−1, respectively), are much lower than
those of 4 (192.8 and 201.4 kcal mol−1, respectively) and 5 (190.2 and
196.4 kcal mol−1, respectively). The calculated values for 4 and 5 are
comparable to that of bismuth(III) dication with a hydro tris (pyr-
azolyl)borate ligand (234 kcal mol−1)17. The Lewis acidity of 2–5 was
further estimated by Gutmann− Beckett method using Et3PO as an
internal standard. When OPEt3 was mixed with one equivalent of 2, 3,
4, or 5 in CD2Cl2, the peak shifted to δ 50.8, 51.3, 54.0, and 55.2 ppm
(Supplementary Table 5), respectively, indicating aweak coordination
of Et3P=O to them thatmight bedue to the strong coordination of two
silylene moieties to the Sb and Bi centers.

Coordination chemistry of 2 and 3 towards transition metal
carbonyls
Ligands based on heavy main group elements have attracted con-
siderable attention on account of their unique structural and electro-
nic properties as well as their synthetic potential. Antimony(I) and
bismuth(I) cations should be a class of interesting ligands for the
coordination of transition metals as the presence of two lone pairs on
the Bi(I) and Sb(I) centers. However, there is only one report on the
coordination behavior of bis(phosphine)-stabilized antimony(I)
cation44. The reactions of 2 and 3 with in situ prepared [M(CO)5(thf)]
(M =Cr, Mo) taken in 1:1 ratio in fluorobenzene result in the formation
of ionic antimony and bismuth group 6 carbonyl complexes [(TBDSi2)
Pn→M(CO)5][BAr

F
4] (Fig. 7, Pn = Sb, M=Cr, 6; Pn = Sb, M=Mo, 7;

Pn = Bi, M =Cr, 8; Pn = Bi, M =Mo, 9). Complexes 6–9 were isolated in
good yields (70–80%) as orange crystals and fully characterized by
NMR spectroscopy, IR spectroscopy, elemental analysis, and single-
crystal X-ray diffraction. The 1H NMR spectra of 6–9 recorded in CDCl3
show one resonance for the tBu groups, revealing the symmetry of
their structure in solution. Their 13CNMRspectra contained twosignals
above 200ppm for the equatorial or axial carbonyl groups. The 29Si
NMR resonances of 6 (−15.59 ppm) and 8 (−81.46 ppm) are shifted
upfield relative to those of 2 (−8.71 ppm) and 3 (−28.60ppm). The IR
spectra of complexes 6–9 show several bands in the region
2063–1901 cm−1, which are comparable to those of the neutral N,C,N-
chelated pnictinidene group 6 carbonyl complexes72.

Single crystals of 6–9 suitable for X-ray diffraction were produced
by slowdiffusionof hexane to the saturatedfluorobenzene solutions at
room temperature. The molecular structures of 6–9 closely resemble
each other (Fig. 8). Complexes 6 and 7 crystallize in the monoclinic

space group P21/c and complexes 8 and 9 crystallize in the triclinic
space group P-1. The Sb and Bi atoms in complexes 6–9 are three-
coordinate with a distorted trigonal-pyramidal geometry (ΣSb =
325.47° (6), 325.45 (7), ΣBi = 314.53 (8)), suggesting the presence of
another lone pair of electrons. The Sb and Bi atoms are shifted out of
the plane defined by Si1−Si2−Pn. The Pn−M bond distances in 6–9
(2.702(1), 2.8584 (6), 2.802(3), and 2.9450(7) Å, respectively) are
comparable to those in N,C,N-chelated pnictinidene group 6 carbonyl
complexes (2.7482(6), 2.8916(6), 2.8144(19) and 2.9425(5) Å), but are
significantly longer than those in the reported Sb(III) complex
[Me3Pn→Cr(CO)5]

73 (Pn = Sb, 2.6171(3) Å; Pn = Bi, 2.7049(4) Å) and
[Ph3Pn→Mo(CO)5]

74 (Pn = Sb, 2.7560(17) Å; Pn = Bi, 2.8327(10) Å). The
Pn‒Si distances are elongated compared to those in 2 and 3 due to the
decreased electron delocalization between Pn and Si atoms. In com-
plexes 6–9, the M–Caxial bond distances are shorter than those of
M–Cequatorial bond as the Sb(I) and Bi(I) donors enhanced π‐back
donation to the axial carbonyl group.

Density functional theory (DFT) calculations were conducted to
disclose the electronic structure, stability, andbonding natureof6 and
8. The highest occupiedmolecular orbitals (HOMO) of 6 and 8 consist
mainly with the lone pairs at Pn (Pn = Sb and Bi) atoms (Supplementary
Fig. 74). The HOMO-2 represents the orbital overlap between the p-
type lone pair on Pn atoms and the vacant d orbital on Cr atom. We
investigated thenatureof the Pn−Crbonds in6 and8byusing the EDA-
NOCV method. As detailed in Table 2, the interacting fragments in 8
should be better described as Bi+[bis(silylene)] and Cr(CO)5 in their
Singlet (S) states. The relative size of orbital (ΔEorb) and electrostatic
(ΔEelstat) energies reveals that the interaction is somewhat more elec-
trostatic than covalent in nature, while the dispersion contribution is
also quite stronger and not negligible, contributing 19.0% of the total
attraction. There are three major orbital interactions (i.e.,
ΔEorb1−ΔEorb3) and the relative deformation densities (i.e., Δρ1−Δρ3),
which are detailed in Supplementary Fig. 75. The strongest orbital
interaction (i.e., ΔEorb1 = –43.7 kcalmol–1) arises mainly from the for-
mation of the Bi→Cr dative bond. The second and third orbital inter-
actions ΔEorb2 and ΔEorb3 (–3.5 and –3.1 kcalmol–1, respectively), are
mainly attributable to the π backdonation from the Cr center to the Bi
center. Detailed information about the composition of the interacting
orbitals is given in Supplementary Fig. 76. Similar bonding nature of Sb
−Cr bond in 6 can be found in Table 2 and Supplementary Figs. 77, 78.

Discussion
In summary, this work reports that the bis(silylene)-supported anti-
mony(I) and bismuth(I) cations can be synthesized through a one-pot
reaction of bis(NHSi) ligand (1), [IPr→ PnBr3] (Pn = Sb, Bi), with
Na[BarF4] in THF at −30 °C followed by reduction with 2 equiv. of KC8.
X-ray diffraction analysis and DFT calculations reveal the presence of
two-coordinated Sb and Bi centers, each featuring two lone pairs of
electrons. A preliminary study of the reactivity showed that the

Fig. 7 | Synthetic routes to complexes 6–9. The reactions of 2 and 3 with in situ prepared [M(CO)5(thf)] (M=Cr, Mo) were taken in a 1:1 ratio in fluorobenzene at room
temperature.
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reaction of 2 and 3 with 1 equiv. of MeOTf afforded the examples of
dicationic antimony(III) and bismuth(III) methyl complexes (4 and 5).
The coordination of 2 and 3 towards group 6 metals (Cr, Mo) gives
ionic antimony and bismuth metal carbonyl complexes 6–9, demon-
strating the nucleophilic property of the antimony(I) and bismuth(I)
cations. Further applications of bis(silylene)-supported cationic anti-
mony and bismuth complexes are the subjects of ongoing work.

Methods
General procedures
All reactions were carried out under a dry and oxygen-free argon or
dinitrogen atmosphere by using Schlenk techniques or under an argon
or dinitrogen atmosphere in a Vigor glovebox. The argonordinitrogen

in the gloveboxwas constantly circulated through a copper/molecular
sieves catalyst unit. The oxygen and moisture concentrations in the
glovebox atmosphere were monitored by an O2/H2O Combi-Analyzer
(Vigor LG2400/750TS-F) to ensure both were always below 1 ppm. Full
information on the synthetic, spectroscopic, crystallographic, and
computational methods is given in Supplementary Information.

Preparation of Compound 1. n-BuLi (5mL of a 1.6M solution in hex-
ane, 8.0mmol) was added dropwise to a solution of 1,8,10,9-triami-
noborane (556mg, 4.0mmol) in THF (20mL) at −30 °C. The mixture
was warmed to room temperature and stirred for a further 16 h. The
resulting white solution was cooled to −30 °C, and then a solution of
[PhC(NtBu)2]SiCl (2.36 g, 8.0mmol) in THF was added slowly. The
color of the mixture changed from colorless to dark red gradually.
After warming to room temperature and stirring for 4 h, the solvent
was removed in a vacuum and the residue was extracted with hexane
(30mL). The extract was concentrated to 5mL and crystallized over-
night at −30 °C to afford compound 1 as a red solid (1.84 g, 2.8mmol,
70%). Single crystals suitable for X-ray diffraction studies were
obtained by recrystallization from a hexane solution at room
temperature.

1H NMR (400MHz, C6D6, 298 K): δ 7.15–7.13 (m, 2H, Ar-H),
7.04–7.02 (m, 2H, Ar-H), 6.97–6.95 (m, 4H, Ar-H), 6.90–6.86 (m, 2H, Ar-
H), 3.25 (m, 4H, NCH2), 3.18 (t, 4H, NCH2, J = 6.2Hz), 2.07 (m, 4H, CH2-
CH2-CH2), 1.39 (s, 36H, C(CH3)3).

13C NMR (101MHz, C6D6, 298 K): δ 158.1 (s, NCN), 135.9 (s, ArC),
130.7 (s, ArC), 128.9 (s, ArC), 128.8 (s, ArC), 127.6 (s, ArC), 127.5 (s, ArC),
53.2 (s, C(CH3)3), 50.0 (s, NCH2), 40.2 (s, NCH2), 32.7 (s, C(CH3)3), 30.0
(s, CH2-CH2-CH2).

11B NMR (128MHz, C6D6, 298 K): δ 27.2 ppm (br).
29Si NMR (79MHz, C6D6, 298K): δ −22.3 ppm (s).
Anal. calcd. for C36H58BN7Si2: C, 65.93; H, 8.91; N, 14.95. Found: C,

65.65; H, 8.86; N, 14.60.

Preparation of Compound 2. THF (15mL) was cooled to −30 °C and
added to a mixture of compound 1 (200mg, 0.30mmol), (IPr)SbBr3

Fig. 8 | The molecular structures of 6–9. The molecular structure of the 6–9
showing a 30% probability of ellipsoids. The anion [BArF4], solvent, and hydrogen
atoms are omitted for clarity. Selected bond distances (Å) and angles (°): for 6:
Sb1−Si1 2.4950(9), Sb1−Si2 2.498(1), Sb1−Cr1 2.702(1), Si1−Sb1−Si2 88.02(3)°; for 7:

Sb1−Si1 2.485(1), Sb1−Si2 2.498(1), Sb1−Mo1 2.8584(6), Si1−Sb1−Si2 87.76(4)°; for 8:
Bi1−Si1 2.609(3), Bi1−Si2 2.588(4), Bi1−Cr1 2.802(3), Si1−Bi1−Si2 84.0(1)°; for 9:
Bi1−Si1 2.600(2), Bi1−Si2 2.599(1), Bi1−Mo1 2.9450(7), Si1−Bi1−Si2 83.69(6)°.

Table 2 | EDA-NOCV results of 6, 8 by using the
Pn+[bis(silylene)] (Pn = Bi, Sb) and Cr(CO)5 interacting frag-
ments in their Singlet (S) states at the BP86 +D3(BJ)/TZ2P-
ZORA//BP86 +D3(BJ)/def2-TZVPP level of theory

Fragments Bi+[bis(silylene)](S)
+Cr(CO)5(S)

Sb+[bis(silylene)] (S)
+Cr(CO)5 (S)

ΔEint −57.4 −57.5

ΔEPauli 93.1 95.2

ΔEdisp
[a] −28.6(19.0%) −28.9(18.9%)

ΔEelstat
[a] −63.9(42.4%) −65.9(43.2%)

ΔEorb
[a] −58.1(38.6%) −57.9(37.9%)

ΔEorb1
[b] −43.7(75.2%) −42.1(72.7%)

ΔEorb2
[b] −3.5(6.0%) −4.2(7.2%)

ΔEorb3
[b] −3.1(5.3%) −3.4(5.9%)

ΔErest
[b] −7.9(13.6%) −8.2(14.2%)

Energy values are given in kcalmol–1.
aThe values in parentheses give the percentage contribution to the total attractive interactions
ΔEelstat +ΔEorb +ΔEdisp.
bThe values in parentheses give the percentage contribution to the total orbital interac-
tions ΔEorb.
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(225mg, 0.30mmol), KC8 (81mg, 0.60mmol) and Na[BArF4] (266mg,
0.30mmol). Then the mixture was warmed to room temperature and
stirred for 3 h and filtered. The solvent was removed in a vacuum,
and the residue was washed with hexane (8mL), diethyl ether (8mL),
and toluene (8mL) to yield compound 2 as a yellow powder (265mg,
0.16mmol, 53%). Single crystals suitable for X-ray diffraction studies
were obtained by slow diffusion of hexane into the saturated THF
solutions of 2 at room temperature.

1H NMR (400MHz, THF-d8, 298K): δ 7.79 (s, 8H, Barf-Ar-H),
7.65–7.55 (m, 14H, Ar-H), 3.28 (br, 4H, NCH2), 3.02 (t, 4H, NCH2,

J = 6.9Hz), 1.95 (br, 4H, CH2-CH2-CH2), 1.30 (s, 36H, C(CH3)3).
13C NMR (101MHz, THF-d8, 298 K): δ 176.8 (s, NCN), 162.8

(q, JC-B = 51 Hz, Barf-Ar-C), 135.6 (s, ArC), 132.4 (s, ArC), 130.3 (s, ArC),
130.2 (m, Barf-Ar-C), 129.9 (m, Barf-Ar-C), 129.5 (s, ArC), 129.4 (s, ArC),
128.4 (s, ArC), 125.5 (q, JC-F = 274Hz, Barf-CF3), 118.2 (m, Barf-Ar-C), 56.7
(s, NC(CH3)3), 50.0 (s, NCH2), 42.9 (s, NCH2), 31.2 (s, C(CH3)3), 28.2
(s, CH2-CH2-CH2).

11B NMR (128MHz, THF-d8, 298 K): δ 26.6 ppm (br), −6.5 ppm
(s, Barf-B).

19F NMR (377MHz, THF-d8, 298 K): δ −63.4 ppm (s).
29Si NMR (79MHz, THF-d8, 298 K): δ −8.7 ppm (s).
Anal. calcd. for C68H70B2SbF24N7Si2: C, 49.78; H, 4.30; N, 5.98.

Found: C, 49.42; H, 4.51; N, 5.58.

Preparation of Compound 3. THF (15mL) was cooled to −30 °C and
added to a mixture of compound 1 (200mg, 0.30mmol), (IPr)BiBr3
(251mg, 0.30mmol), KC8 (81mg, 0.60mmol) and Na[BArF4] (266mg,
0.30mmol). Then the mixture was warmed to room temperature and
stirred for 3 h and filtered. The solvent was removed in a vacuum,
and the residue was washed with hexane (8mL), diethyl ether (8mL),
and toluene (8mL) to yield compound 3 as an orange powder (231mg,
0.13mmol, 44%). Single crystals suitable for X-ray diffraction studies
were obtained by liquid phase diffusion of a solution of THF with
hexane at room temperature.

1H NMR (400MHz, CDCl3, 298K): δ 7.71 (s, 8H, Barf-Ar-H),
7.59–7.47 (m, 9H, Ar-H), 7.39–7.32 (m, 5H, Ar-H), 3.18 (br, 4H, NCH2),
2.94 (br, 4H, NCH2), 1.91 (br, 4H, CH2-CH2-CH2), 1.26 (s, 36H, C(CH3)3).

13C NMR (101MHz, CDCl3, 298 K): δ 175.1 (s, NCN), 161.9
(q, JC-B = 51 Hz, Barf-Ar-C), 135.0 (s, ArC), 131.7 (s, ArC), 130.4 (s, ArC),
129.4 (s, ArC), 129.2 (m, Barf-Ar-C), 128.8 (m, Barf-Ar-C), 128.7 (s, ArC),
127.5 (s, ArC), 124.7 (q, JC-F = 273Hz, Barf-CF3), 117.6 (m, Barf-Ar-C), 55.8
(s, NC(CH3)3), 49.1 (s, NCH2), 42.6 (s, NCH2), 31.6 (s, C(CH3)3), 27.5
(s, CH2-CH2-CH2).

11B NMR (128MHz, THF-d8, 298 K): δ 27.0 ppm (br), −6.5 ppm (s,
Barf-B).

19F NMR (377MHz, THF-d8, 298 K): δ −65.2 ppm (s).
29Si NMR (79MHz, THF-d8, 298 K): δ −28.6 ppm (s).
Anal. calcd. for C68H70B2BiF24N7Si2: C, 47.26; H, 4.08; N, 5.67.

Found: C, 47.55; H, 4.21; N, 5.10.

Preparation of Compound 4. MeOTf (10.3μL, 0.098mmol) was
added to 2 (160mg, 0.098mmol) in fluorobenzene (10mL) at −30 °C.
Then Na[BArF4] (87mg, 0.098mmol) was added to this mixture
immediately. The solution was stirred for 30min and the color chan-
ged from yellow to white. The reaction solution was diluted with 5mL
of hexane with rigorous stirring to give a white precipitate. After
decanting the supernatant, the precipitate was washed with diethyl
ether (6mL) anddried under vacuum togive4 as a colorless,moisture-
sensitive solid (199mg, 0.076mmol, 78% yield).

1H NMR (400MHz, THF-d8, 298 K): δ 7.78 (s, 16H, Barf-Ar-H),
7.72–7.70 (m, 4H, Ar-H), 7.65–7.61 (m, 6H, Ar-H), 7.57 (s, 8H, Barf-
Ar-H), 3.42 (br, 4H, NCH2), 3.08 (t, 4H, NCH2, J = 6.3 Hz), 2.09
(br, 4H, CH2-CH2-CH2),1.99 (s, 3H, Sb(CH3), 1.32 (s, 18H, C(CH3)3),
1.29 (s, 18H, C(CH3)3).

13C NMR (101MHz, THF-d8, 298K): δ 181.5 (s, NCN), 162.6
(q, JC-B = 49Hz, Barf-Ar-C), 135.4 (s, (s, ArC), 133.2 (s, ArC), 130.0 (m,
Barf-Ar-C), 129.7 (m, Barf-Ar-C), 129.6(s, ArC), 129.4 (s, ArC), 129.3(s,
ArC), 129.2(s, ArC), 129.1 (s, ArC), 128.1(s, ArC), 125.3 (q, JC-F = 274Hz,
Barf-CF3), 118.0 (m, Barf-Ar-C), 57.5 (s, NC(CH3)3), 56.4 (s, NC(CH3)3),
49.7 (s, NCH2), 43.9 (s, NCH2), 31.0(s, C(CH3)3), 30.7 (s, C(CH3)3), 28.4
(s, Sb(CH3)), 27.5 (s, CH2-CH2-CH2).

11B NMR (128MHz, THF-d8, 298 K): δ 30.1 ppm (br), −6.5 ppm (s,
Barf-B).

19F NMR (377MHz, THF-d8, 298 K): δ −63.3 ppm (s).
29Si NMR (79MHz, THF-d8, 298 K): δ −15.5 ppm (s).
Anal. calcd. for C107H90B3SbF49N7Si2: C, 49.14; H, 3.47; N, 3.75.

Found: C, 48.89; H, 3.77; N, 3.34.

Preparation of Compound 5. MeOTf (9.7μL, 0.092mmol) was added
to 3 (160mg, 0.092mmol) in fluorobenzene (10mL) at −30 °C. Then
Na[BArF4] (82mg, 0.092mmol) was added to this mixture immedi-
ately. The solution was stirred for 30min and the color changed from
yellow to white. The reaction solution was diluted with 5mL of hexane
with rigorous stirring to give a white precipitate. After decanting the
supernatant, the precipitate was washed with diethyl ether (6mL) and
dried under vacuum to give 5 as a colorless, moisture sensitive solid
(177mg, 0.065mmol, 71% yield). Single crystals suitable for X-ray dif-
fraction studies were obtained by slow diffusion of hexane into the
saturated fluorobenzene solutions of 5 at 5 °C.

1H NMR (400MHz, THF-d8, 298K): δ 7.79 (s, 16H, Barf-Ar-H),
7.75–7.65 (m, 10H,Ar-H), 7.58 (s, 8H, Ar-H), 3.47 (t, 4H,NCH2, J = 4.8Hz),
3.09 (m, 4H, NCH2), 2.25 (s, 3H, Bi(CH3)), 2.09 (m, 4H, CH2-CH2-CH2),
1.31 (s, 18H, C(CH3)3), 1.30 (s, 18H, C(CH3)3).

13C NMR (101MHz, THF-d8, 298 K): δ 179.7 (s, NCN), 162.6
(q, JC-B = 51Hz, Barf-Ar-C), 135.4 (s, ArC), 132.9 (s, ArC), 130.2 (m,Barf-Ar-
C), 129.8. (s, ArC), 129.7 (m, Barf-Ar-C), 129.6. (s, ArC), 129.5 (s, ArC),
129.3 (s, ArC), 128.9 (s, ArC), 128.8 (s, ArC), 125.3 (q, JC-F = 273Hz, Barf-
CF3), 118.0 (m, Barf-Ar-C), 57.0 (s, NC(CH3)3), 56.0 (s, NC(CH3)3), 49.9
(s, NCH2), 44.1 (s, NCH2), 31.3(s, C(CH3)3), 30.6 (s, C(CH3)3), 28.4
(s, Bi(CH3)), 27.8 (s, CH2-CH2-CH2),

11B NMR (128MHz, THF-d8, 298 K): δ 29.3 ppm (br), −6.5 ppm (s,
Barf-B).

19F NMR (377MHz, THF-d8, 298 K): δ −65.2 ppm (s).
29Si NMR (79MHz, THF-d8, 298 K): δ −31.2 ppm (s).
Anal. calcd. for C107H90B3BiF49N7Si2: C, 47.56; H, 3.36; N, 3.63.

Found: C, 47.12; H, 3.70; N, 3.33.

Preparation of Compound 6. A sample of [Cr(CO)6] (13mg,
0.06mmol) in THF (6mL) was irradiated by UV-lamp for 1 h to gen-
erate a yellow solution of [Cr(CO)5(thf)], that was then added to a
solution of complex 2 (100mg, 0.06mmol) in fluorobenzene (5mL) at
room temperature The resulting yellow solution was stirred for a fur-
ther 1 h at room temperature. The solvent was removed in a vacuum,
and the residue was washed with hexane (10mL) and extracted with
Et2O (5mL). The solvent was evaporated to yield compound 6 as a
yellow powder (88mg, 0.048mmol, 80%). Single crystals suitable for
X-ray diffraction studies were obtained by slow diffusion of hexane to
the saturated fluorobenzene solutions at RT.

1H NMR (400MHz, CDCl3, 298K): δ 7.71 (s, 8H, Barf-Ar-H),
7.62–7.60 (m, 2H, Ar-H), 7.52–7.44 (m, 10H, Ar-H), 7.35–7.34 (m, 2H, Ar-
H), 3.23 (br, 4H, NCH2), 2.93 (br, 4H, NCH2), 1.92 (br, 4H, CH2-CH2-CH2),
1.27 (s, 36H, C(CH3)3).

13C NMR (101MHz, CDCl3, 298 K): 222.7 (s, CO-ax.), 219.1 (s,
CO-eq.) δ 178.3 (s, NCN), 160.7 (q, JC-B = 51Hz, Barf-Ar-C), 133.8 (s, ArC),
131.2 (s, ArC), 128.1 (s, ArC), 127.8 (m, Barf-Ar-C), 127.7 (m, Barf-Ar-C),
127.6 (s, ArC), 127.5 (s, ArC), 127.4 (s, ArC), 126.9 (s, ArC), 125.7 (s, ArC),
123.5 (q, JC-F = 274Hz, Barf-CF3), 116.5 (m, Barf-Ar-C), 55.2 (s, NC(CH3)3),
47.9 (s, NCH2), 41.4 (s, NCH2), 29.9. (s, C(CH3)3), 25.8 (s, CH2-CH2-CH2).

Article https://doi.org/10.1038/s41467-023-38606-2

Nature Communications |         (2023) 14:2968 7



11B NMR (128MHz, CDCl3, 298 K): δ 29.0 ppm (br), −6.6ppm (s,
Barf-B).

19F NMR (377MHz, CDCl3, 298 K): δ −62.4 ppm (s).
29Si NMR (79MHz, CDCl3, 298 K): δ −15.6 ppm (s).
IR (CO, cm−1): 2045, 1967, 1930, and 1909 cm−l.
Anal. calcd. for C73H70B2CrF24N7O5SbSi2: C, 47.84; H, 3.85; N, 5.35.

Found: C, 47.52; H, 3.60; N, 4.93.

Preparation of Compound 7. A sample of Mo[(CO)6] (16mg,
0.06mmol) in THF (6mL) was irradiated by UV-lamp for 1 h to gen-
erate a yellow solution of [Mo(CO)5(thf)], that was then added to a
solution of complex 2 (100mg, 0.06mmol) in fluorobenzene (5mL) at
room temperature The resulting yellow solution was stirred for a fur-
ther 1 h at room temperature. The solvent was removed in a vacuum,
and the residue was washed with hexane (10mL) and extracted with
Et2O (5mL). The solvent was evaporated to yield compound 7 as a
yellow powder (81mg, 0.043mmol, 71%).

1H NMR (400MHz, CDCl3, 298 K): δ 7.70 (s, 8H, Barf-Ar-H),
7.63–7.60 (m, 2H, Ar-H), 7.56–7.45 (m, 10H, Ar-H), 7.38–7.33 (m, 2H, Ar-
H), 3.23 (br, 4H, NCH2), 2.93 (br, 4H, NCH2), 1.92 (br, 4H, CH2-CH2-CH2),
1.27 (s, 36H, C(CH3)3).

13C NMR (101MHz, CDCl3, 298K): 210.5 (s, CO-ax.), 208.0 (s,
CO-eq.) δ 178.9 (s, NCN), 161.7 (q, JC-B = 49Hz, Barf-Ar-C), 134.8 (s, ArC),
132.2 (s, ArC), 129.0 (m, Barf-Ar-C), 128.7 (m, Barf-Ar-C), 128.6 (s, ArC),
128.5 (s, ArC), 128.4 (s, ArC), 128.0 (s, ArC), 126.5 (s, ArC), 125.7 (s, ArC),
124.5 (q, JC-F = 274Hz, Barf-CF3), 117.5 (m, Barf-Ar-C), 56.3 (s, NC(CH3)3),
48.9 (s, NCH2), 42.4 (s, NCH2), 30.9. (s, C(CH3)3), 26.8 (s, CH2-CH2-CH2).

11B NMR (128MHz, CDCl3, 298 K): δ 29.3 ppm (br), −6.6 ppm (s,
Barf-B).

19F NMR (377MHz, CDCl3, 298 K): δ −62.4 ppm (s).
29Si NMR (79MHz, CDCl3, 298 K): δ −15.1 ppm (s).
IR (CO, cm−1): 2063, 1987, 1936, and 1901 cm−l.
Anal. calcd. for C73H70B2MoF24N7O5SbSi2: C, 46.72.; H, 3.76; N,

5.22. Found: C, 46.31; H, 3.15; N, 4.93.

Preparation of Compound 8. A sample of [Cr(CO)6] (15mg,
0.06mmol) in THF (6mL) was irradiated by UV-lamp for 1 h to gen-
erate a yellow solution of [Cr(CO)5(thf)], that was then added to a
solution of complex 3 (100mg, 0.06mmol) in fluorobenzene (5mL) at
room temperature The resulting yellow solution was stirred for a fur-
ther 1 h at room temperature. The solvent was removed in a vacuum,
and the residue was washed with hexane (10mL) and extracted with
Et2O (5mL). The solvent was evaporated to yield compound 8 as a
yellow powder (81mg, 0.040mmol, 75%). Single crystals suitable for
X-ray diffraction studies were obtained by slow diffusion of hexane to
the saturated fluorobenzene solutions at RT.

1H NMR (400MHz, CDCl3, 298K): δ 7.71 (s, 8H, Barf-Ar-H),
7.63–7.60 (m, 2H, Ar-H), 7.53–7.49 (m, 8H, Ar-H), 7.44–7.42 (m, 2H, Ar-
H), 7.38–7.36 (m, 2H, Ar-H), 3.24 (br, 4H, NCH2), 2.93 (br, 4H, NCH2),
1.93 (br, 4H, CH2-CH2-CH2), 1.26 (s, 36H, C(CH3)3).

13C NMR (101MHz, CDCl3, 298K): 220.9 (s, CO-ax.), 220.8 (s,
CO-eq.) δ 177.0 (s, NCN), 160.1 (q, JC-B = 49Hz, Barf-Ar-C), 133.8 (s, ArC),
131.1 (s, ArC), 128.1 (s, ArC), 128.0 (m, Barf-Ar-C), 127.8 (s, ArC), 127.7 (m,
Barf-Ar-C), 127.6 (s, ArC), 127.4 (s, ArC), 127.2 (s, ArC), 126.2 (s, ArC),
123.5 (q, JC-F = 274Hz, Barf-CF3), 116.5 (m, Barf-Ar-C), 55.0 (s, NC(CH3)3),
48.0 (s, NCH2), 41.4 (s, NCH2), 30.2. (s, C(CH3)3), 26.0 (s, CH2-CH2-CH2).

11B NMR (128MHz, CDCl3, 298 K): δ 28.7 ppm (br), −6.6 ppm (s,
Barf-B).

19F NMR (377MHz, CDCl3, 298 K): δ −62.4 ppm (s).
29Si NMR (79MHz, CDCl3, 298 K): δ −81.6 ppm (s).
IR (CO, cm−1): 2037, 1963, 1928, and 1905 cm−l.
Anal. calcd. for C73H70B2CrF24N7O5BiSi2: C, 45.66; H, 3.67; N,

5.11.Found: C, 46.12; H, 3.40; N, 5.53.

Preparation of Compound 9. A sample of [Mo(CO)6] (15mg,
0.06mmol) in THF (6mL) was irradiated by UV-lamp for 1 h to gen-
erate a yellow solution of [Mo(CO)5(thf)], that was then added to was
added to a solution of complex 3 (100mg, 0.06mmol) in fluor-
obenzene (5mL) at room temperature The resulting yellow solution
was stirred for a further 1 h at room temperature. The solvent was
removed in vacuum, and the residue was washed with hexane (10mL)
and extracted with Et2O (5mL). The solvent was evaporated to yield
compound 9 as a yellow powder (81mg, 0.040mmol, 70%). Single
crystals suitable for X-ray diffraction studies were obtained by slow
diffusion of hexane to the saturated fluorobenzene solutions at RT.

1H NMR (400MHz, CDCl3, 298 K): δ 7.70 (s, 8H, Barf-Ar-H),
7.63–7.60 (m, 2H, Ar-H), 7.56–7.48 (m, 8H, Ar-H), 7.44–7.42 (m, 2H, Ar-
H), 7.37–7.36 (m, 2H, Ar-H), 3.24 (br, 4H, NCH2), 2.93 (br, 4H, NCH2),
1.93 (br, 4H, CH2-CH2-CH2), 1.26 (s, 36H, C(CH3)3).

13C NMR (101MHz, CDCl3, 298 K): 208.5 (s, CO-ax.), 200.0 (s,
CO-eq.) δ 176.7 (s, NCN), 160.7 (q, JC-B = 51Hz, Barf-Ar-C), 133.8 (s, ArC),
131.1 (s, ArC), 130.5 (s, ArC), 128.3 (s, ArC), 128.0 (m, Barf-Ar-C), 127.7 (m,
Barf-Ar-C), 127.5 (s, ArC), 127.4 (s, ArC), 126.4 (s, ArC), 126.0 (s, ArC),
123.5 (q, JC-F = 274Hz, Barf-CF3), 116.4 (m, Barf-Ar-C), 54.5 (s, NC(CH3)3),
47.9 (s, NCH2), 41.4 (s, NCH2), 30.2. (s, C(CH3)3), 26.4 (s, CH2-CH2-CH2).

11B NMR (128MHz, CDCl3, 298K): δ 29.8 ppm (br), −6.6 ppm
(s, Barf-B).

19F NMR (377MHz, CDCl3, 298 K): δ −62.4 ppm (s).
29Si NMR (79MHz, CDCl3, 298 K): δ −78.6 ppm (s).
IR (CO, cm−1): 2057, 1958, 1944, and 1913 cm−l.
Anal. calcd. for C73H70B2MoF24N7O5BiSi2: C, 44.64; H, 3.59; N,

4.99. Found: C, 45.32; H, 3.23; N, 4.73.

Data availability
All data generated or analyzed during this study are included in this
manuscript (and its Supplementary Information). Details about mate-
rials and methods, experimental procedures, characterization data,
and NMR spectra are available in the Supplementary Information. The
structures of 1–9 in the solid statewere determined by single-crystal X-
ray diffraction studies and the crystallographic data have been
deposited with the Cambridge Crystallographic Data Centre under
nos. CCDC 2208058 (1), 2208059 (2), 2208060 (3), 2208061(5),
2245419 (6), 2245420 (7), 2245422 (8), and 2245421 (9). Copies of the
data can be obtained free of charge on application to CCDC. These
data can be obtained free of charge from The Cambridge Crystal-
lographic Data Centre via www.ccdc.cam.ac.uk/data request/cif. All
data are also available from corresponding authors upon request.

References
1. Yao, S., Xiong, Y. & Driess, M. A new area in main-group chemistry:

zerovalent monoatomic silicon compounds and their analogues.
Acc. Chem. Res. 50, 2026–2037 (2017).

2. Majhi, P. K. & Sasamori, T. Tetrylones: an intriguing class of
monoatomic zero-valent group 14 compounds. Chem. Eur. J. 24,
9441–9455 (2018).

3. Yao, S., Xiong, Y., Saddington, A. & Driess, M. Entering new che-
mical space with isolable complexes of single, zero-valent silicon
and germanium atoms. Chem. Commun. 57, 10139–10153 (2021).

4. Ota, K. & Kinjo, R. Zero-valent species of group 13–15 elements.
Chem 8, 340–350 (2022).

5. Petz, W. & Frenking, G. Chapter seven - neutral and charged group
13–16 homologs of carbones EL2 (E = B

−–In−; Si–Pb; N+–Bi+, O2+–Te2+).
Adv. Inorg. Chem. 79, 243–295 (2022).

6. Lichtenberg, C., Pan, F., Spaniol, T. P., Englert, U. & Okuda, J. The
bis(allyl)bismuth cation: a reagent for direct allyl transfer by Lewis
acid activation and controlled radical polymerization. Angew.
Chem. Int. Ed. 51, 13011–13015 (2012).

Article https://doi.org/10.1038/s41467-023-38606-2

Nature Communications |         (2023) 14:2968 8

http://www.ccdc.cam.ac.uk/data


7. Caputo, C. B., Hounjet, L. J., Dobrovetsky, R. & Stephan, D. W. Lewis
acidity of organofluorophosphonium salts: hydrodefluorination by
a saturated acceptor. Science 341, 1374–1377 (2013).

8. Bayne, J. M. & Stephan, D. W. Phosphorus Lewis acids: emerging
reactivity and applications in catalysis. Chem. Soc. Rev. 45,
765–774 (2016).

9. Pogoreltsev, A., Tulchinsky, Y., Fridman, N. & Gandelman, M.
Nitrogen lewis acids. J. Am. Chem. Soc. 139, 4062–4067 (2017).

10. Zhou, J., Liu, L. L., Cao, L. L. & Stephan, D. W. A phosphorus lewis
super acid: η5-pentamethylcyclopentadienyl phosphorus dication.
Chem 4, 2699–2708 (2018).

11. Ritschel, B., Poater, J., Dengel, H., Bickelhaupt, F. M. & Lichtenberg,
C. Double CH activation of a masked cationic bismuth amide.
Angew. Chem. Int. Ed. 57, 3825–3829 (2018).

12. You, D. & Gabbaï, F. P. Tunable σ-accepting, z-type ligands for
organometallic catalysis. Trends Chem. 1, 485–496 (2019).

13. Mehta, M. & Goicoechea, J. M. Nitrenium salts in Lewis acid cata-
lysis. Angew. Chem. Int. Ed. 59, 2715–2719 (2020).

14. Planas, O., Wang, F., Leutzsch, M. & Cornella, J. Fluorination of
arylboronic esters enabled by bismuth redox catalysis. Science.
367, 313–317 (2020).

15. Walley, J. E. et al. Carbodicarbene bismaalkene cations: unravelling
the complexities of carbene versus carbone in heavy pnictogen
chemistry. Angew. Chem. Int. Ed. 60, 6682–6690 (2021).

16. Lichtenberg, C. Molecular bismuth(III) monocations: structure,
bonding, reactivity, and catalysis. Chem. Commun. 57,
4483–4495 (2021).

17. Balasubramaniam, S. et al. A dicationic bismuth(III) lewis acid: cat-
alytic hydrosilylation of olefins. Eur. J. Inorg. Chem. 2019,
3265–3269 (2019).

18. Kannan, R. et al. Electrophilic organobismuth dication catalyzes
carbonyl hydrosilylation. Chem. Eur. J. 26, 12717–12721 (2020).

19. Carmalt, C. J., Walsh, D., Cowley, A. H. & Norman, N. C. Cationic
complexes of antimony(III) and bismuth(III) stabilized by intra- or
intermolecular coordination. Organometallics 16,
3597–3600 (1997).

20. Schwamm, R. J., Day, B. M., Coles, M. P. & Fitchett, C. M. Low-
coordinate bismuth cations. Inorg. Chem. 53, 3778–3787 (2014).

21. Schwamm, R. J., Coles, M. P. & Fitchett, C. M. Neutral and cationic
bismuth compounds supported by bis(amidodimethyl)disiloxane
ligands. Dalton Trans. 46, 4066–4074 (2017).

22. Sakabe, M. & Sato, S. Isolation and structural determination of a
hexacoordinated antimony(V) dication. Chem. Eur. J. 27,
5658–5665 (2021).

23. Olaru, M., Duvinage, D., Lork, E., Mebs, S. & Beckmann, J. Heavy
carbene analogues: donor-free bismuthenium and stibenium ions.
Angew. Chem. Int. Ed. 57, 10080–10084 (2018).

24. Olaru, M. et al. Functionalized fluorophosphonium ions.Chem. Eur.
J. 25, 9861–9865 (2019).

25. Olaru, M. et al. Intramolecular reaction of transient phosphenium
and arsenium ions giving rise to isolable 9-phospha- and 9-arsena-
fluorenium ions. Angew. Chem. Int. Ed. 59, 14414–14417 (2020).

26. Olaru, M., Mebs, S. & Beckmann, J. Cationic carbene analogues:
donor-free phosphenium and arsenium ions. Angew. Chem. Int. Ed.
60, 19133–19138 (2021).

27. Bruns, H. et al. Synthesis and coordination properties of nitrogen(I)-
based ligands. Angew. Chem. Int. Ed. 49, 3680–3683 (2010).

28. Coffer, P. K. & Dillon, K. B. Cyclic triphosphenium ions and related
species. Coord. Chem. Rev. 257, 910–923 (2013).

29. Deb, R., Balakrishna, P. &Majumdar, M. Recent developments in the
chemistry of Pn(I) (Pn = N, P, As, Sb, Bi) cations. Chem. Asian J. 17,
e202101133 (2022).

30. Yao, S. et al. Bis(silylene)-stabilized monovalent nitrogen com-
plexes. Angew. Chem. Int. Ed. 59, 22043–22047 (2020).

31. Tokitoh, N., Arai, Y., Okazaki, R. & Nagase, S. Synthesis and char-
acterization of a stable dibismuthene: evidence for a Bi-Bi double
bond. Science 277, 78–80 (1997).

32. Twamley, B., Sofield, C. D., Olmstead, M. M. & Power, P. P. Homo-
logous series of heavier element dipnictenes 2,6-Ar2H3-
C6E=EC6H3-2,6-Ar2 (E = P, As, Sb, Bi; Ar =Mes =C6H2-2,4,6-Me3; or
Trip = C6H2-2,4,6-iPr3) stabilized by m-terphenyl ligands. J. Am.
Chem. Soc. 121, 3357–3367 (1999).

33. Ganesamoorthy, C. et al. From stable Sb- and Bi-centered radicals
to a compound with a Ga=Sb double bond. Nat. Commun. 9,
87 (2018).

34. Šimon, P., de Proft, F., Jambor, R., Růžička, A. & Dostál, L. Mono-
meric organoantimony(I) and organobismuth(I) compounds stabi-
lizedbyanNCNchelating ligand: Syntheses and structures.Angew.
Chem. Int. Ed. 49, 5468–5471 (2010).

35. Kretschmer, R., Ruiz, D. A., Moore, C. E., Rheingold, A. L. & Ber-
trand, G. One-, two-, and three-electron reduction of a cyclic
alkyl(amino)carbene–SbCl3 adduct. Angew. Chem. Int. Ed. 53,
8176–8179 (2014).

36. Hyvl, J., Yoshida,W. Y., Rheingold, A. L., Hughes, R. P. &Cain,M. F. A
masked phosphinidene trapped in a fluxional NCN pincer. Chem.
Eur. J. 22, 17562–17565 (2016).

37. Wang, G. et al. Isolation of cyclic(alkyl)(amino) carbene–
bismuthinidene mediated by a beryllium(0) complex. Chem. Eur. J.
25, 4335–4339 (2019).

38. Kindervater, M. B., Marczenko, K. M., Werner-Zwanziger, U. &
Chitnis, S. S. A redox-confusedbismuth(I/III) triamidewith a t-shaped
planar ground state. Angew. Chem. Int. Ed. 58, 7850–7855 (2019).

39. Wang, F., Planas, O. & Cornella, J. Bi(I)-catalyzed transfer-
hydrogenation with ammonia-borane. J. Am. Chem. Soc. 141,
4235–4240 (2019).

40. Pang, Y., Leutzsch, M., Nöthling, N. & Cornella, J. Catalytic activa-
tion of N2O at a low-valent bismuth redox platform. J. Am. Chem.
Soc. 142, 19473–19479 (2020).

41. Pang, Y., Leutzsch, M., Nöthling, N., Katzenburg, F. & Cornella, J.
Catalytic hydrodefluorination via oxidative addition, ligand
metathesis, and reductive elimination at Bi(I)/Bi(III) centers. J. Am.
Chem. Soc. 143, 12487–12493 (2021).

42. Siddiqui, M. M. et al. Donor-stabilized antimony(I) and bismuth(I)
ions: heavier valence isoelectronic analogues of carbones. J. Am.
Chem. Soc. 143, 1301–1306 (2021).

43. Zhou, J., Kim, H., Liu, L. L., Cao, L. L. & Stephan, D. W. An arene-
stabilized η5-pentamethylcyclopentadienyl antimony dication acts
as a source of Sb+ or Sb3+ cations. Chem. Commun. 56,
12953–12956 (2020).

44. Kumar, V., Gonnade, R. G., Yildiz, C. B. &Majumdar, M. Stabilization
of the elusive antimony(I) cation and its coordination complexes
with transition metals. Angew. Chem. Int. Ed. 60,
25522–25529 (2021).

45. Zhou, Y.-P., Raoufmoghaddam, S., Szilvási, T. & Driess, M. A bis(si-
lylene)-substituted ortho-carborane as a superior ligand in the
nickel-catalyzed amination of arenes. Angew. Chem. Int. Ed. 55,
12868–12872 (2016).

46. Wang, Y., Karni, M., Yao, S., Apeloig, Y. & Driess, M. An isolable
bis(silylene)-stabilized germylone and its reactivity. J. Am. Chem.
Soc. 141, 1655–1664 (2019).

47. Wang, Y. et al. Synthesis of an isolable bis(silylene)-stabilized sily-
lone and its reactivity toward small gaseous molecules. J. Am.
Chem. Soc. 141, 12916–12927 (2019).

48. Yao, S., Kostenko, A., Xiong, Y., Ruzicka, A. & Driess, M. Redox
noninnocent monoatomic silicon(0) complex (“silylone”): its one-
electron-reduction induces an intramolecular one-electron-
oxidation of silicon(0) to silicon(I). J. Am. Chem. Soc. 142,
12608–12612 (2020).

Article https://doi.org/10.1038/s41467-023-38606-2

Nature Communications |         (2023) 14:2968 9



49. Yao, S. et al. Changing the reactivity of zero- and mono-valent
germanium with a redox non-innocent bis(silylenyl)carborane
ligand. Angew. Chem. Int. Ed. 60, 14864–14868 (2021).

50. Yao, S., Saddington, A., Xiong, Y. &Driess,M.Chelatingbis-silylenes
as powerful ligands to enable unusual low-valent main-group ele-
ment functions. Acc. Chem. Res. 56, 475–488 (2023).

51. Koike, T., Nukazawa, T. & Iwamoto, T. Conformationally switchable
silylone: electron redistribution accompanied by ligand reorienta-
tion around a monatomic silicon. J. Am. Chem. Soc. 143,
14332–14341 (2021).

52. Du, S. et al. Synthesis and reactivity of N-heterocyclic silylene sta-
bilized disilicon(0) complexes. Angew. Chem. Int. Ed. 61,
e202115570 (2022).

53. Xu, J., Dai, C., Yao, S., Zhu, J. & Driess, M. A genuine stannylonewith
a monoatomic two-coordinate tin(0) atom supported by a bis(sily-
lene) ligand. Angew. Chem. Int. Ed. 61, e202114073 (2022).

54. Xu, J., Pan, S., Yao, S., Frenking, G. & Driess, M. The heaviest bottle-
able metallylone: synthesis of a monatomic, zero-valent lead com-
plex (“plumbylone”). Angew. Chem. Int. Ed. 61, e202209442 (2022).

55. Chen, M. et al. A silylene-stabilized germanium analogue of alky-
nylaluminum. Angew. Chem. Int. Ed. 61, e202204495 (2022).

56. Lee, K., Donahue, C. M. & Daly, S. R. Triaminoborane-bridged
diphosphine complexes with Ni and Pd: coordination chemistry,
structures, and ligand-centered reactivity. Dalton Trans. 46,
9394–9406 (2017).

57. Wang, W., Inoue, S., Enthaler, S. & Driess, M. Bis(silylenyl)- and
bis(germylenyl)-substituted ferrocenes: synthesis, structure, and
catalytic applications of bidentate silicon(II)–cobalt complexes.
Angew. Chem. Int. Ed. 51, 6167–6171 (2012).

58. Wang, Y., Kostenko, A., Yao, S. & Driess, M. Divalent silicon-assisted
activation of dihydrogen in a bis(N-heterocyclic silylene)xanthene
nickel(0) complex for efficient catalytic hydrogenation of olefins. J.
Am. Chem. Soc. 139, 13499–13506 (2017).

59. Xiong, Y. et al. An isolable 2,5-disila-3,4-diphosphapyrrole and a
conjugated Si=P−Si=P−Si=N chain through degradation of white
phosphorus with a N,N-bis(silylenyl)aniline. Angew. Chem. Int. Ed.
61, e202209250 (2022).

60. Kalra, S. et al. A bis(silylene)pyridine pincer ligand can stabilize
mononuclear manganese(0) complexes: facile access to isolable
analogues of the elusive d7-Mn(CO)5 radical. Chem. Sci. 13,
8634–8641 (2022).

61. Gallego, D., Inoue, S., Blom, B. & Driess, M. Highly electron-rich
pincer-type iron complexes bearing innocent bis(metallylene)pyr-
idine ligands: syntheses, structures, and catalytic activity. Organo-
metallics 33, 6885–6897 (2014).

62. Wang,W., Inoue, S., Irran, E. & Driess, M. Synthesis and unexpected
coordination of a silicon(II)-based SiCSi pincerlike arene to palla-
dium. Angew. Chem. Int. Ed. 51, 3691–3694 (2012).

63. Wang, W., Inoue, S., Yao, S. & Driess, M. An isolable bis-silylene
oxide (“disilylenoxane”) and its metal coordination. J. Am. Chem.
Soc. 132, 15890–15892 (2010).

64. Waters, J. B., Chen, Q., Everitt, T. A. & Goicoechea, J. M.
N-heterocyclic carbene adducts of the heavier group 15 tri-
bromides. Normal to abnormal isomerism and bromide ion
abstraction. Dalton Trans. 46, 12053–12066 (2017).

65. Lee, V. Y., Aoki, S., Kawai, M., Meguro, T. & Sekiguchi, A. Stibasilene
Sb═Si and its lighter homologues: a comparative study. J. Am.
Chem. Soc. 136, 6243–6246 (2014).

66. Linti, G., Köstler, W. & Pritzkow, H. Bismuthanides and bismutha-
nediides—synthesis and structural characterization of [R2Bi]

− and
[(RBi)12Na21]

3− salts with bulky silyl substituents. Eur. J. Inorg. Chem.
2002, 2643–2647 (2002).

67. Mitoraj, M. P., Michalak, A. & Ziegler, T. A combined charge and
energy decomposition scheme for bond analysis. J. Chem. Theory
Comput. 5, 962–975 (2009).

68. Zhao, L., von Hopffgarten, M., Diego, M. A. & Frenking, G. Energy
decomposition analysis. WIREs Comput. Mol. Sci. 8, e1345 (2018).

69. Zhao, L., Hermann, M., Schwarz, W. H. E. & Frenking, G. The Lewis
electron-pair bonding model: modern energy decomposition ana-
lysis. Nat. Rev. Chem. 3, 48–63 (2019).

70. Lu, T. & Chen, F. Multiwfn: amultifunctional wavefunction analyzer.
J. Comput. Chem. 33, 580–592 (2012).

71. Ramler, J. et al. The dimethylbismuth cation: entry into dative Bi−Bi
bonding and unconventional methyl exchange. Angew. Chem. Int.
Ed. 60, 24388–24394 (2021).

72. Vránová, I. et al. A comparative study of the structure and bonding
in heavier pnictinidene complexes [(ArE)M(CO)n] (E = As, Sb and Bi;
M =Cr, Mo, W and Fe). Dalton Trans. 46, 3556–3568 (2017).

73. Carty, A. J., Taylor, N. J., Coleman, A. W. & Lappert, M. F. The
chromium–heavy group 5 donor bond: a comparison of structural
changes within the series [Cr(CO)5(XPh3)](X = P, As, Sb, or Bi)via
their x-ray crystal structures. J. Chem. Soc. Chem. Commun. 15,
639–640 (1979).

74. Aroney, M. J., Buys, I. E., Davies, M. S. & Hambley, T. W. Crystal
structures of [W(CO)5(PPh3)], [M(CO)5(AsPh3)] and [M(CO)5(SbPh3)]
(M =Mo or W): a comparative study of structure and bonding in
[M(CO)5(EPh3)] complexes (E = P, As or Sb; M =Cr, Mo or W). J.
Chem. Soc. Dalton Trans. 23, 2827–2834 (1994).

Acknowledgements
We thank the financial support from the National Natural Science
Foundation of China (Nos. 22071124, Z.M.; 22188101, Z.M.; 21973044,
L.Z.), Frontiers Science Center for New Organic Matter at Nankai Uni-
versity (C029215001), the Fundamental Research Funds for the Central
Universities (No. 63223010, Z.M.), Nankai University, Young Elite Scien-
tists Sponsorship Program by Tianjin, the Natural Science Foundation of
the Jiangsu province [No. BK20211587, L.Z.], Nanjing Tech University
[Nos. 39837123, L.Z.; and 39837132, L.Z.], and the International Coop-
eration Project at Nanjing Tech University. L.Z. appreciates the high-
performance center of Nanjing Tech University for supporting the
computational resources. We are sincerely grateful to Professor Qi-Lin
Zhou for his generous support.

Author contributions
Z.M. designed the project. X.W. and B.L. carried out the experiments.
Z.Z. did the theoretical calculations. L.Z. and Z.M. analyzed the data and
wrote the manuscript. M.C., H.R., and H.S. performed single-crystal X-
ray diffraction studies.

Competing interests
The authors declare no competing interests.

Additional information
Supplementary information The online version contains
supplementary material available at
https://doi.org/10.1038/s41467-023-38606-2.

Correspondence and requests for materials should be addressed to Lili
Zhao or Zhenbo Mo.

Peer review information Nature Communications thanks Adrian Whit-
wood and the other, anonymous, reviewer(s) for their contribution to the
peer review of this work. A peer review file is available.

Reprints and permissions information is available at
http://www.nature.com/reprints

Publisher’s note Springer Nature remains neutral with regard to jur-
isdictional claims in published maps and institutional affiliations.

Article https://doi.org/10.1038/s41467-023-38606-2

Nature Communications |         (2023) 14:2968 10

https://doi.org/10.1038/s41467-023-38606-2
http://www.nature.com/reprints


Open Access This article is licensed under a Creative Commons
Attribution 4.0 International License, which permits use, sharing,
adaptation, distribution and reproduction in any medium or format, as
long as you give appropriate credit to the original author(s) and the
source, provide a link to the Creative Commons license, and indicate if
changes were made. The images or other third party material in this
article are included in the article’s Creative Commons license, unless
indicated otherwise in a credit line to the material. If material is not
included in the article’s Creative Commons license and your intended
use is not permitted by statutory regulation or exceeds the permitted
use, you will need to obtain permission directly from the copyright
holder. To view a copy of this license, visit http://creativecommons.org/
licenses/by/4.0/.

© The Author(s) 2023

Article https://doi.org/10.1038/s41467-023-38606-2

Nature Communications |         (2023) 14:2968 11

http://creativecommons.org/licenses/by/4.0/
http://creativecommons.org/licenses/by/4.0/

	Isolation and characterization of bis(silylene)-stabilized antimony(I) and bismuth(I) cations
	Results
	Preparation and characterization of 1
	Isolation and characterization of 2 and 3
	Single crystals of 2 and 3
	Quantum chemical calculations
	Reactivity studies
	Coordination chemistry of 2 and 3 towards transition metal carbonyls

	Discussion
	Methods
	General procedures
	Preparation of Compound 1
	Preparation of Compound 2
	Preparation of Compound 3
	Preparation of Compound 4
	Preparation of Compound 5
	Preparation of Compound 6
	Preparation of Compound 7
	Preparation of Compound 8
	Preparation of Compound 9

	Data availability
	References
	Acknowledgements
	Author contributions
	Competing interests
	Additional information




