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The diorgano(bismuth)alcoholate [Bi((C6H4CH2)2S)OPh] (1-OPh)
has been synthesized and fully characterized. Stoichiometric
reactions, UV/Vis spectroscopy, and (TD-)DFT calculations
suggest its susceptibility to homolytic and heterolytic Bi� O
bond cleavage under given reaction conditions. Using the
dehydrocoupling of silanes with either TEMPO or phenol as
model reactions, the catalytic competency of 1-OPh has been

investigated (TEMPO= (tetramethyl-piperidin-1-yl)-oxyl). Differ-
ent reaction pathways can deliberately be addressed by
applying photochemical or thermal reaction conditions and by
choosing radical or closed-shell substrates (TEMPO vs. phenol).
Applied analytical techniques include NMR, UV/Vis, and EPR
spectroscopy, mass spectrometry, single-crystal X-ray diffraction
analysis, and (TD)-DFT calculations.

Introduction

Molecular bismuth complexes show a range of properties that
turn them into highly attractive candidates for applications as
catalysts in organic and inorganic reactions. This includes low
costs and a good availability of starting materials, a relatively
low toxicity,[1] catalyst recyclability,[2] the accessibility of
cationic[3,4] and dicationic species,[5] a strong, tunable, and soft
Lewis acidity,[4,6] multiple available oxidation states,[7–10] the
accessibility of radical[8] and biradical species,[11] as well as the
possibility to realize reversible homolytic[12] and reversible
heterolytic[13] Bi� X bond cleavage (e.g.: X=Bi, C).

As a consequence, bismuth compounds with unique
features have been reported as catalysts for a growing number
of transformations. In Lewis acid catalysis, examples include
hydroamination,[14] hydrosilylation,[5a,b] diastereoselective Man-
nich reactions,[15] Diels-Alder reactions,[16] and the ring-opening
polymerization of cyclic esters.[17] The exploitation of Bi(I)/Bi(III)
and Bi(III)/Bi(V) redox shuttling catalysis has recently allowed for

reactions such as the transfer hydrogenation of azoarenes,[18]

the hydrodefluorination of fluoroarenes,[19] and the fluorination
of arylboronic esters to be realized.[20] In the context of main
group radical chemistry,[21] bismuth catalysts have been ex-
ploited for the polymerization of activated α-olefins,[22] the
cyclo-isomerization of δ-iodo-olefins,[23] and the dehydrocou-
pling of (2,2,6,6-tetramethylpiperidin-1-yl)oxyl (TEMPO) with
silanes.[24]

With their potential to show a considerable Lewis acidity on
the one hand[4,6] and low homolytic bond dissociation energies
on the other hand,[8c,d,11,12,25] bismuth compounds seem to bring
along the prerequisites to deliberately address different reac-
tion pathways by complex design and the variation of reaction
conditions. For example, systems that respond to photochem-
ical and thermal activation have been investigated in the
context of chemical reaction control, aiming towards the
ultimate goal to synthesize different products from a pool of
starting materials steered by external stimuli.[26] To the best of
our knowledge, bismuth catalysts that address two different
productive reaction pathways in either photochemically- or
thermally-initiated transformations have not been reported to
date.

Here we report the synthesis, isolation, and full character-
ization of a diaryl bismuth alcoholate and its catalytic activity in
the photochemically- and thermally-initiated dehydrogenative
coupling of silanes with TEMPO or phenol as model reactions.

Results and Discussion

The diaryl(bismuth)alcoholate 1-OPh was isolated in 79% yield
as a colorless solid from a salt elimination reaction of
(C14H12S)BiCl with NaOPh (Figure 1a). The complex completes
the series of diorgano(bismuth)chalcogenides [Bi(di-aryl)EPh] (1-
EPh, E=O, S, Se, Te), the heavier congeners of which have
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recently been investigated as catalysts in the dehydrocoupling
of phenylsilane with TEMPO.[24]

Single-crystal X-ray diffraction analysis of 1-OPh revealed a
typical molecular structure without directional intermolecular
bonding in the solid state (Figure 1b, orthorhombic space
group Pbca with Z=8). The Bi1� O1 distance of 2.22 Å and the
Bi� C1/14 distances of 2.25–2.26 Å lie in the range of bond
lengths reported for the small number of literature-known
mononuclear diorgano bismuth(III) alcoholates (Bi� O: 2.13–
2.33 Å; Bi� C: 2.17–2.31).[27] The bisphenoidal coordination
geometry of the central bismuth atom in 1-OPh is commonly
found for bismuth atoms with a coordination number of four,
with the carbon-based ligands in the equatorial positions.[5c,28] A
detailed comparison of compounds 1-EPh (E=O� Te) uncovered
a close relationship of the structural parameters within this
series of compounds (Table 1).[29]

Bonding interactions between Bi1 and the sulphur atom S1
are present in all these complexes.[23a,24b] The Bi1� S1 distance
steadily increases with a growing atomic number of E. This is
due to the electronegativity of E decreasing in the same order,
thus resulting in the most polarized Bi� E bond and the shortest
Bi1� S1 distance in 1-OPh. Accordingly, the Bi� C bond lengths
in 1-OPh are on average and within one standard deviation the
shortest ones among compounds 1-EPh. This was also ascribed
to the high electronegativity of oxygen, which leads to a
relatively high partial charge at bismuth.

The bonding situation in compound 1-OPh was investigated
by density functional theory (DFT) calculations and natural
bond orbital (NBO) analyses at the B3LYP/LANL2DZ (Bi), 6-
31G(d,p) (H, C, O, S) level of theory, i. e. at the same level of
theory as the remaining compounds in the series 1-EPh.
According to NBO analyses, the Bi� O bond in 1-OPh is realized
through a n(O1)!p(Bi) interaction with a deletion energy of

92.1 kcal ·mol� 1. The natural charge at the bismuth atom
amounts to +1.46. This is in contrast to the bonding situation
in 1-EPh with E=S� Te, where NBO analyses indicate covalent
σ-type Bi� EPh bonding and natural charges at the bismuth
atoms of +1.21 (E=S), +1.13 (E=Se), and +1.03 (E=Te).[24b] As
a result, the S1� Bi1 interaction originates either from n(S1)!
p(Bi) interactions (E=O) or from n(S1)!σ*(Bi� EPh) bonding
(E=S� Te). Despite the qualitative differences in Bi� S bonding
according to NBO theory, the deletion energies for these
interactions are similar to each other with 1-OPh showing the
largest value (E=O: 21.7 kcal ·mol� 1; E=S� Te: 18.2–
21.3 kcal ·mol� 1).[24b]

The 1H NMR spectroscopic analysis of 1-OPh in solution
revealed two characteristic doublets for the protons in benzylic
positions and typical ABCD and A2B2C signal patterns for the
benzo and the phenyl group, respectively. The protons at the
α-carbon atoms (relative to the C� Bi functional group) charac-
teristically resonate at high frequencies (δ=8.80 ppm), albeit
this effect is less pronounced than for compounds 1-EPh (δ=

9.34 (E=S), 9.40 (E=Se), 9.48 (E=Te) ppm).[23a,24b] The 13C NMR
chemical shifts of the bismuth-bound carbon atoms in 1-EPh
nicely reflect the trends of the natural charges at the bismuth
atom, thus resulting in the highest chemical shift for the Bi� C
atoms in 1-OPh: δ=176.8 (E=O), 165.1 (E=S), 161.1 (E=Se),
154.5 (E=Te) ppm.[23a,24b]

In order to evaluate the potential of 1-OPh for photochemi-
cally induced reactions, UV/Vis spectroscopy in combination
with (TD)-DFT calculations were conducted with the
CAM� B3LYP functional and the same basis sets as for the DFT
calculations. The experimental UV/Vis spectrum of 1-OPh in
acetonitrile solution shows an absorption feature beginning at
ca 350 nm (Figure 2). Due to significant overlap with solvent
absorptions in the UV region, experimental absorption maxima
are only tentatively assigned at λmax(exp)=261 nm and λmax-
(exp)=269 nm. According to TD-DFT calculations the absorp-
tion corresponds to two singlet-singlet transitions at λmax(theo) -

Figure 1. Synthesis (a) and molecular structure in the solid state (b) of
compound 1-OPh. Displacement parameters are drawn at the 50%
probability level. Selected bond lengths (Å) and angles (°): Bi1� C1, 2.263(3);
Bi1� C14, 2.249(3); Bi1� O1, 2.2176(18); Bi1� S1, 2.8995(7); C1� Bi1� C14,
97.25(9); C1� Bi1� O1, 89.27(8); C14� Bi1� O1, 85.99(8); S1� Bi1� O1, 151.49(5).

Table 1. Selected bond parameters in species 1-EPh (E=O, S, Se, Te), as
determined by single-crystal X-ray analyses.

Bonding
parameter

1-OPh 1-SPh[23a] 1-SePh[24b] 1-TePh[24b]

Bi� E [Å] 2.2176(18) 2.6149(16) 2.7285(11) 2.9296(3)
Bi� S [Å] 2.8995(7) 2.9401(15) 2.966(3) 3.0007(7)
Bi� C [Å]
[average]

2.263(3),
2.249(3)
[2.256(3)]

2.254(5),
2.287(5)
[2.271(5)]

2.284(11),
2.303(10)
[2.294(11)]

2.288(3),
2.289(3)
[2.289(3)]

S� Bi� E [°] 151.49(5) 157.10(4) 157.23(6) 161.818(14)

Figure 2. Experimental UV/Vis spectrum of 1-OPh in acetonitrile at a
concentration of c=0.78 mmol · L� 1 (solid black line), lowest energy calcu-
lated transitions (blue bars), and molecular orbitals involved in the two
lowest calculated absorptions. Isovalue=0.03.
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=260 (T1) and λmax(theo)=246 nm (T2). T1 and T2 correspond
to HOMO/LUMO (T1, 57%) and HOMO/LUMO+2 (T2, 62%)
transitions. While the HOMO and the LUMO show dominating
contributions of π-type molecular orbitals located on the
phenolate ligand (HOMO) or the diaryl ligand (LUMO), the
LUMO+2 contains significant σ*(Bi� O) antibonding contribu-
tions, suggesting the possibility of photochemically-initiated
Bi� O homolysis in 1-OPh.

The catalytic dehydrocoupling of phenylsilane (S1) with
TEMPO has recently been investigated as a model reaction for
thermally-initiated radical reactions by Hill and Coles, using
[Mg(N(SiMe3)2)2(thf)2] and the isolable bismuth radical [Bi-
(NONDipp)]*, respectively, as (pre-)catalysts (NONDipp=

[(NDippSiMe2)2O]
2� , Dipp=2,6-iPr2-C6H3).

[24a,30] We have demon-
strated that 1-SPh catalyzes this reaction in a complementary
photochemically-induced approach, thereby introducing well-
defined molecular bismuth compounds to the field of homoge-
neous photochemically-induced catalysis.[24b] With 1-OPh in
hands, we set out to evaluate the catalytic activity of this
compound in the dehydrocoupling of S1 with TEMPO.

In the absence of a catalyst, the reaction of PhSiH3 (S1) with
one equivalent of TEMPO in benzene at ambient temperature
gave only minor amounts of the coupling product
PhSiH2(OTEMP) (P1), when constantly irradiated with a Hg-vapor
lamp (Table 2, entry 1). The product of a potential two-fold
dehydrocoupling, PhSiH(OTEMP)2 (P1’), was not detected. In the
presence of 10 mol% of 1-OPh, however, quantitative conver-
sion of TEMPO with S1 was observed to give P1 (50%) and P1’
(25%) according to 1H NMR spectroscopy, along with the
formation of H2 as a stoichiometric by-product (entry 2). This is
a slight improvement of the catalytic performance compared to
previously reported 1-SPh (entry 3)[24b] and demonstrates that

the efficient bismuth-based photochemically-induced approach
to dehydrocoupling reactions is not limited to bismuth
thiolates.

While unique reactivity patterns of bismuth compounds in
stoichiometric dehydrocoupling reactions have been
uncovered,[25c] the catalytic performance of bismuth compounds
in thermally-initiated dehydrocoupling reactions has been
moderate to poor so far.[24] For example, reaction of S1 with
TEMPO in the presence of 10 mol% of the isolable bismuth
radical [Bi(NONDipp)]* led to the formation of 10% of P1 after 1.7
d reaction time at 70 °C,[24a] and 10 mol% of 1-SPh proved to be
essentially inactive under similar conditions (1 d, 80 °C;
entry 4).[24b] In contrast, 10 mol% of 1-OPh led to 79%
conversion of the substrate TEMPO, yielding the mono- and the
disubstituted products P1 and P1’ (entry 5).[31] This is the first
example of a thermally-initiated radical dehydrocoupling reac-
tion that is effectively catalyzed by a bismuth compound.
Importantly, the formation of the by-product H2 is not observed
during these reactions. This is in stark contrast to the reactions
with 1-EPh under photochemical conditions or with magnesium
catalysts under thermal conditions, for which H2 evolution has
been reported.[24b,30] The formation or absence of H2 in the
course of these dehydrocoupling reactions indicates that differ-
ent mechanistic scenarios are realized, depending on the choice
of catalyst. I.e., different reaction pathways can be addressed
with the catalyst 1-OPh by applying either photochemical or
thermal reaction conditions (entries 2 and 5). It should be noted
that the formation of H2 was suggested, when catalyst [Bi-
(NONDipp)]* was applied, but a resonance for H2 is not visible in
the 1H NMR spectra of the reaction monitoring in the
Supporting Information of this work; i. e. we suggest that a
different mechanism may be operative here as well.[24a]

The lack of the formation of H2 in the thermal approach
with catalyst 1-OPh raises the question of the fate of the
hydrogen atoms. The elimination of benzene from a molecule
containing an S� H and a Si� Ph moiety or from phenylsilane in
the presence of a rare earth hydride complex have been
reported.[32] This possibility could be ruled out, since no
benzene was detected by 1H NMR spectroscopy, when the
reaction was performed in toluene under otherwise identical
catalytic conditions (as in entry 5). Alternatively, TEMPO could
act as a hydrogen atom acceptor to give TEMPO� H or the
corresponding amine (2,2,6,6-tetramethylpiperidine) plus water.
Their formation could not be unambiguously confirmed by 1H
NMR or IR spectroscopy (see Supporting Information). However,
high-resolution mass spectrometric analysis of a standard
catalytic reaction at 80 °C revealed a signal at m/z=158.1536,
indicating the formation of TEMPOH+H+ during the reaction
(this signal was not detected when analyzing a solution of pure
TEMPO under identical conditions; see Supporting
Information).[33] In addition, a catalytic experiment under
standard conditions (entry 5) was also performed in previously
silanized glassware, resulting in reduced yields of 33%
(entry 6).[34] Thus, the substrate TEMPO and the surface of the
glassware have been identified as being involved in providing
hydrogen atom acceptors for the dehydrocoupling reaction,
suggesting a complex mechanistic scenario in which parallel

Table 2. Bismuth species in the catalyzed dehydrocoupling reaction of
TEMPO with PhSiH3 (S1), nHexSiH3 (S2) or Ph2SiH2 (S3).

# Cat. Silane n Cond. H2 for-
mation

Conversion [%][a]

1 none S1 1 h ·ν no 10 (P1)
2 1-OPh S1 1 h ·ν yes >99 (50% P1, 25% P1’)
3[24b] 1-SPh S1 1 h ·ν yes 93 (53% P1, 20% P1’)
4[24b] 1-SPh S1 1 80 °C no 3 (P1)
5 1-OPh S1 1 80 °C no 79 (55% P1, 12% P1’)
6[b] 1-OPh S1 1 80 °C no 33 (P1)[b]

7 2 S1 1 80 °C no 6 (12% P1)
8 3 S1 1 80 °C no 14 (14% P1)
9 1-OPh S2 1 80 °C no 19 (15% P2, 2% P2’)
10 1-OPh S2 2 80 °C no 11 (18% P2, 2% P2’)
11 1-OPh S3 1 80 °C no 71 (39% P3, 16% P3’)
12 1-OPh S3 2 80 °C no 38 (40% P3, 18% P3’)

[a] Conversion of TEMPO, determined by 1H NMR spectroscopic analysis of
silanes S1–S3 and P1–P3 (also see Supporting Information). [b] Conducted
in silanized glass ware. nHex=n-hexyl.
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reaction pathways are likely to be operative. Two literature-
known[24b] bismuth compounds, the “tempoxide” [Bi(C6H4CH2)2S-
(OTEMP)] (2) and the dibismuthane [Bi(C6H4CH2)2S]2 (3), could
be detected as potential intermediates from standard catalytic
reactions by 1H NMR spectroscopy and single crystal X-ray
diffraction analysis, respectively. Applying 2 as a catalyst in the
thermal approach gave only low conversions, suggesting it is
not directly involved in the main catalytic cycle (entry 7).
Dibismuthane 3 as a catalyst leads to low, but significant
conversions of S1 (entry 8) and higher conversions may be
possible, when 3 is generated in situ, because the isolated
species shows a low solubility in benzene.[24b] These observa-
tions suggest 3 as a potential intermediate in the catalytic
cycle.

Preliminary investigations into the substrate scope of the
thermally-initiated dehydrocoupling of TEMPO with silanes
show reduced catalytic activities for silanes bearing one alkyl
substituent (nHexSiH3 (S2), entries 9,10). However, in contrast to
the photochemically-induced reaction with 1-SPh as catalyst,
using 1-OPh in a thermally-initiated catalysis leads to good
conversions of di(phenyl)silane (S3), and even the double
substituted product (P3’) is observed in relevant yields
(entries 11,12). Substitutions on tertiary (Ph3SiH and Hex3SiH) or
sterically hindered secondary silanes (tBu2SiH2) with TEMPO
were not observed under the applied reaction conditions.

The polar character of the Bi� O bond and the relatively high
natural charge at the bismuth atom of 1-OPh prompted us to
also investigate this compound as a catalyst in dehydrocoupling
reactions of alcohols with silanes, which may be expected to
follow a polar reaction pathway (Table 3). As a model reaction,
the dehydrocoupling of phenylsilane (S1) with phenol (S4) was
investigated. Under photochemical conditions, 1-OPh as a
catalyst led to low conversions (Table 3, entry 1). In contrast,
10 mol% of 1-OPh as a catalyst led to quantitative conversion
in the reaction of S1 with two equivalents of S4 in benzene at
80 °C in 1 d with a negligible background reaction (entries 2,3).
Relevant conversions of 50% were observed for the less reactive
secondary silane Ph2SiH2 (S5) (entry 4). While considerably more
active catalysts for this type of reaction have been reported,[35]

these results broaden the substrate scope of the bismuth-based
catalyst and demonstrate its versatility in dehydrocoupling
reactions.

In order to test for the involvement of radical species in
these transformations, the reaction of phenylsilane with phenol
in the presence of 10 mol% 1-OPh was monitored by EPR
spectroscopy at 80 °C for 24 h. Based on the absence of EPR
spectroscopic resonances in these experiments, the involve-
ment of persistent radical species was ruled out. At the same
time, the formation of H2 can be observed 1H NMR spectroscopi-
cally in the thermally-induced dehydrocoupling reactions
summarized in Table 3. Stoichiometric reaction between 1-OPh
with PhSiH3 (S1) at 60 °C gives dibismuthane 3, which was
isolated as a red solid in near-quantitative yields. The use of 3
as a catalyst in the dehydrocoupling with phenol leads to low
conversions of the starting materials – higher conversions are
probably prevented by the poor solubility of the dibismuthane
in benzene solution (vide supra; entry 5).

Conclusions

In summary, the molecular di-organo(bismuth)alcoholate
(C14H12S)Bi(EPh) (1-OPh, E=O) has been synthesized, isolated,
and fully characterized, thereby completing the series of
compounds 1-EPh (E=O� Te). NMR and UV/Vis spectroscopy, in
combination with (TD-)DFT calculations reveal a relatively polar
Bi� O bond in 1-OPh, which, however, remains susceptible to
homolysis. Using simple dehydrocouplings between TEMPO or
phenol and a range of silanes as model reactions, this unusual
bonding situation was translated into catalytic scenarios. In
contrast to previously reported main group catalysts for these
reactions, 1-OPh is active as a radical catalyst (with TEMPO as a
substrate) under thermal and photochemical conditions, operat-
ing via different mechanisms (with and without the necessity
for a hydrogen acceptor), and as a catalyst operating via polar
reaction pathways (with phenol as a substrate). The versatility
of the bismuth alcoholate catalyst opens up perspectives for
future investigations towards switchable catalysis.

Experimental Section
General considerations. All air- and moisture-sensitive manipula-
tions were carried out using standard vacuum line Schlenk
techniques or in gloveboxes containing an atmosphere of purified
argon (for details see the Supporting Information).

Synthesis of 1-OPh. Phenol (47.1 mg, 0.50 mmol) was added to a
suspension of sodium hydride (12.0 mg, 0.50 mmol) in THF (1 mL)
at 0 °C. The reaction mixture was stirred at 0 °C for 1 h, then for
additional 45 min at ambient temperature. A solution of precursor
[(C14H12S)BiCl]

[36] (212 mg, 0.45 mmol) in THF (5 mL) was added
dropwise at � 78 °C. The suspension was stirred at � 78 °C for
20 min, then at ambient temperature for 1 h 25 min. All volatiles
were removed under reduced pressure and the residue was
extracted with a benzene/THF (1 :0.5, 2×3 mL) mixture and filtered.
The filtrate was layered with n-pentane (6 mL). The product had
precipitated as colorless crystals after 16 h at ambient temperature,

Table 3. Bismuth species in the catalyzed dehydrocoupling reaction of
phenol (S4) with PhSiH3 (S1) or Ph2SiH2 (S3).

# Cat. Alc. Silane n Cond. Conversion [%][a]

1 1-OPh S4 S1 1 h ·ν 22 (7% P4, 6% P4’, 1% P4’’)
2 none S4 S1 2 80 °C <1
3 1-OPh S4 S1 2 80 °C >99 (1% P4, 23% P4’, 51% P4’’)
4 1-OPh S4 S3 2 80 °C 50 (42% P6, 29% P6’)
5 3 S4 S1 2 80 °C 10 (8% P4’, 1% P4’’)

[a] The conversion of S4 was determined by NMR spectroscopy
(Supporting Information).
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was isolated by filtration and dried in vacuo. Yield: 189 mg,
0.36 mmol, 79%.
1H NMR (500 MHz, C6D6):

[37] δ=3.45 (d, 2H, 2JHH=15.4 Hz, CH2), 3.55
(d, 2H, 2JHH=15.4 Hz, CH2), 6.91–7.02 (m, 5H, para-C6H5, H-4, H-8, H-
3, H-9), 7.17 (m, 2H, ortho-C6H5, overlap with solvent resonance),
7.27 (ddd, 2H, 4JHH=1.5 Hz, 3JHH=7.0 Hz, 3JHH=7.0 Hz, H-2, H-10),
7.39 (m, 2H, meta-C6H5), 8.80 (d, 2H, 3JHH=7.6 Hz, H-1, H-11) ppm.
13C{1H} NMR (125.8 MHz, C6D6):

[37] δ=40.3 (s, CH2), 117.9 (s, para-
C6H5), 121.1 (s, ortho-C6H5), 128.4 (s, C-3, C-9), 130.0 (s, meta-C6H5),
130.2 (s, C-2, C-10), 131.0 (s, C-4, C-8), 137.4 (s, C-1, C-11), 146.7 (s,
C-4a, C-7a), 166.0 (s, ipso-C6H4), 176.8 (br, C-11a, C-12a) ppm.

Elemental analysis: Anal. calc. for: [C20H17BiSO] (514.39 g/mol): C
46.70, H 3.33, S 6.23; found: C 46.87, H 3.44, S, 6.27.

General procedure for catalytic coupling of TEMPO or phenol
with silanes. In a J. Young-NMR tube, the substrate (typically
0.09 mmol) was dissolved in benzene-d6 (0.5 mL). The desired
amount (typically 10 mol%) of the selected catalyst and TEMPO or
phenol (one or two equivalents, see Tables 2 and Table 3) were
added, and the chosen reaction conditions were applied for the
time noted in Tables 2 and Table 3. The conversion of TEMPO/
phenol is given in these tables and was determined through NMR
spectroscopic quantification of the silanes S1–S3 and P1–P5 in the
reaction mixture. The reaction conditions used (as noted in Table 2
and Table 3) were either a photochemical set-up (constant
irradiation with a mercury-vapor lamp at 23 °C (conditions: h ·ν)) or
the reaction was kept under ambient light at 80 °C (thermal
approach). For further details, see the Supporting Information.

Deposition Number 2115890 (for 1-OPh) contains the supplemen-
tary crystallographic data for this paper. These data are provided
free of charge by the joint Cambridge Crystallographic Data Centre
and Fachinformationszentrum Karlsruhe Access Structures service
www.ccdc.cam.ac.uk/structures.
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