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Z
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THF
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X-

Generic anion

TMS

Trimethylsilyl
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2-Dicyclohexylphosphino-2',4',6'-triisopropylbiphenyl
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1.

Introduction

1.1.

General Properties of Sulfonium Salts

A sulfonium salt R3S+X– can be defined as a positively charged cationic sulfur moiety, bearing
three either alkyl, alkenyl or aryl substituents as well as a lone electron pair and a
counteranion. The lone pair forces the sulfonium salts to adopt a pyramidal geometry
according to the VSEPR theory and is in the origin of their stereochemical properties.1,2 The
typical C–S bond length in sulfonium salts is 1.806 Å, and the C–S–C bond angles have an
average value of 102.5° in the solid state.1 These salts are isoelectronic and isostructural to
tertiary phosphines (Figure 1).2

Figure 1: Isoelectronic and isostructural comparison of sulfonium salts with tertiary phosphines.

The inversion of the pyramidal structure of sulfonium salts is identical to these of tertiary
phosphines.3,4 This process is thermodynamically hindered, which allows the isolation of both
possible enantiomers. The typical energy value of the inversion barrier for triarylsulfonium
salts was determined with ∆𝐺 ‡ = 25.4 kcal · mol–1 (value range 23.8–31.0 kcal · mol–1) while
coalescence occurred at approximately 200 °C.3 For the comparison, the isostructural oxonium
salts are much less stable than their higher sulfonium analogs.5 In fact, many sulfonium salts
turned out to be easy to handle under ambient condition; furthermore, isolation by column
chromatography is not uncommon.
The chemical application of sulfonium salts is mainly divided into four categories (Figure 2).
Utilizing a base converts them into sulfur ylides, which can be used to form cyclopropanes,
oxiranes or aziridines.6–8 At least one of the substituents should be an alkyl chain to allow
abstraction of the α-proton. It has been shown that sulfonium ylides can be transformed into
thioethers via intramolecular sigmatropic shifts.9,10
The formal positive charge on the sulfur atom renders the sulfonium moiety more electrowithdrawing. Thus, this leads to an inversion of the carbon neighbor's polarity, the so called
“Umpolung”. This property allows nucleophiles to attack the relatively low energetic σ*(S–R)
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orbital which results in a successive ligand coupling of the nucleophile and the carbon
substituent. Alternatively the nucleophile attacks the α-carbon center directly and forms a
bond with the sp-11, sp2-12 or sp3-hybridized carbon13 (see Chapter 1.3.3 and 1.3.4 for detailed
explanation of the mechanistic pathways). Such a reactivity is not the prerogative of sulfonium
salts; thus, hypervalent iodineIII-based reagents show similarities in this respect (see Chapter
1.2.1).14
The delivery of an electron to a sulfonium salt, either through radical chemistry or by redox
process, results in a homolytic cleavage of C–S bond with the release of an alkyl12 or aryl
radical15.
At last, transition metals like palladium can oxidatively insert into the C–S bond allowing to
perform successive cross-coupling reactions.16

Figure 2: Four different transformation types of sulfonium salts.

Although sulfonium salts are well known and their reactivity has been widely explored since
the middle of the last century, their chemistry still attracts the attention of a number of
scientists nowadays. These salts appear to have great potential for expanding the known
methodologies of inorganic and organic chemistry.
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1.1.1.

Sulfonium Salts in Nature

In nature, sulfonium salts play a key role in biosynthetic pathways. The natural abundance of
S-methylmethionine 1 (Scheme 1), sometimes called vitamin U, is most noticeable in
vegetables such as cabbage, kohlrabi, turnip, tomatoes, celery, leek, garlic leaves, beet root,
raspberries and strawberries.17 This natural compound has not only a therapeutic effect in
preventing gastrointestinal ulceration but moreover enhances skin regeneration and offers
photoprotective properties to the skin.18

Scheme 1: S-Methylmetionine (1, SMM; left) & S-adenosyl methionine (2, SAM; right).

S-Adenosyl methionine 2 (Scheme 1) is a natural alkylating reagent, which is produced and
consumed mostly in the liver. Biosynthetically this compound is used for methylation
of nucleic acids, proteins, lipids and secondary metabolites. Over 40 different methylation
reactions of 1 and 2 are known up to now.19
As a proof of concept, 2 is an example from nature that shows how a chiral transfer reagent
should look like. This molecule could be the basis for many types of asymmetric transfer
reactions.
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1.2.

C(sp)-Substituted Sulfonium Salts

Until very recently, the knowledge on the synthetic utility of S-alkynylated sulfonium salts was
very limited. The main issue was the deficient accessibility towards these compounds since
the main synthetic protocols either included IodineIII-reagents20 or sulfur-centered radicals21
(see Chapter 1.2.1). In 2009 another approach was considered by Liska et al. utilizing TMSprotected alkynes and activated sulfoxides (see Chapter 1.2.1).22 With this sophisticated
procedure the chemistry of S-(alkynyl)sulfonium salts flourished and enabled not only the
synthesis of (alkynyl)dibenzothiophenium salts but also their S-cyanated analogues (see
Chapter 1.2.5).11,23,24
It has to be noted that this synthetic approach was introduced by Nara et al. in 1998 to
synthesize the analogous 5-(alkynyl)dibenzoselenophenium triflate 4 (Scheme 2, I).25
However, the potential of this structural motif as [RC≡C]+-synthon has not been pointed out
and therefore not explored by the authors (Scheme 2, II).
These sulfonium salts were only used as cationic polymerization photoinitiators 22 but recently
they were established as versatile alkynylation reagents and, moreover, used in natural
product synthesis (see Chapter 1.2.3).26

Scheme 2: I) Synthetic method by Nara towards selenophenium salt 4. II) Compounds 4 and 5 as ethynylsynthons.
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1.2.1.

Synthesis of S-(Alkynyl) Sulfonium Salts

The early synthetic approaches to these compounds consisted either in treatment of diphenyl
sulfide 7 with iodonium salts 620 (Scheme 3, I) or of terminal alkyne with two equivalents of
thiantrenium radical 921 (Scheme 3, II) to gain access to the corresponding sulfonium salts 8
and 11, respectively.

Scheme 3: Three pathways to obtain S-alkynyl sulfonium salts I) via iodineIII salts;20 II) via thiantrenium radical;21
III) via sulfoxides22 and IV) synthesis of S-(alkynyl)dibenzothiophenium triflates 5.11,23

The formation of 8 can follow two different pathways (Scheme 3, I). Pathway A starts with an
attack by the sulfur to the β-carbon and generates intermediate A. After migration of the
residue from β-C to α-C, the final product 8 is formed. The alternative pathway B starts with
20

the attack of the sulfur to the α-carbon. Intermediate B then releases iodobenzene and affords
the sulfonium salt 8. In the control ethynylation of diphenyl telluride and diphenyl selenide
with β-13C-enriched 6-Ph (99%), no randomization of the label was detected, as

13C

atom

remainded in β-position in both 8-Te (98%) and 8-Se (95%). However, these results did not
exclude either one of the suggested mechanisms, and both pathways A and B could indeed
take place.20
Addition of two equivalents of thianthrene radical 9 to the terminal alkyne results in the
formation of compound 10 (Scheme 3, II). Upon treatment of the latter with a base, a simple
elimination

reaction

of

one

thianthrene

occurs,

and

S-(alkynyl)thianthrenium

tetrafluoroborate 11 is formed.
The method described in Scheme 3, III became the most prominent one and is used exclusively
throughout the entire thesis. Treatment of a sulfoxide with an activator like triflic anhydride
will generate intermediate A. This intermediate can react with a TMS-protected alkyne via an
addition reaction forming B, which rapidly releases TMSOTf furnishing the corresponding
sulfonium salt 14.
In 2018 Alcarazo and coworkers demonstrated a convenient protocol based on the work of
Liska et al.22 for the preparation of a series of S-(alkynyl)dibenzothiophenium triflates 5a5f.11,23
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1.2.2.

Structure of S-(Alkynyl) Sulfonium Salts

The crystal structures of 5a and 5f in solid state are displayed in Figure 3.11 Both compounds
adopt distorted bipyramidal geometries around the cationic sulfur in the solid state and, as
depicted in Figure 3, form dimeric structures by two bridging triflate anions, usually with a pair
of shorter and longer S–O chalcogenic interactions.

Figure 3: X-ray structures of the salts 5a (left) and 5f (right) in solid state. Anisotropic displacement shown at 50%
probability level. Hydrogen atoms & solvent molecules were omitted for clarity. Selected bond lengths
[Å] and angles [°]: 5a (left) S1–C1 1.6871(12), S1–C20 1.7878(11), S1–C9 1.7897(11), S1–O1 3.157(1),
S1–O2 3.413, O1–C1 3.179(2), C9–S1–O1 179.0(1);11 5f (right) S1–C1 1.6980(9), S1–C3 1.7933(8), S1–
C14 1.7935(8), S1–O1 3.038(1), S1–O2 2.971(9), O1–C1 3.101(1), C14–S1–O2 177.3(1).11

While 5a adopts an almost colinear angle C9–S1–O1 of 179.0(1)°, the tendency to a slightly
more distorted pyramidal geometry is observed in 5f with the angle C14–S1–O2 = 177.3(1)°.
The sum of angles around S1 in 5a is 302.3° and compared to that 294.6° in 5f, showing
somewhat stronger pyramidalization for the latter.
Additionally, consideration of the bond distances S1–O1 and S1–O2 indicates a short and a
long chalcogen bond in each dimeric structure. Compound 5a shows a short S1–O1 contact of
3.157 Å which reveals a strong interaction between the triflate anion and the sulfur center.
On the other hand, the bond distance between S1 and O2 with 3.413 Å represents a rather
weak interaction.
In 5f both S–O distances are significantly shorter (3.038 Å for S1–O1 and 2.972 Å for S1–O2),
even shorter than the sum of the van der Waals radii of the corresponding elements (3.32 Å).
This fact hinds towards an electron deficient chalcogen center in 5f or in other words a more
Lewis acidic sulfur center compared to 5a.[24]
This observation is in accordance with the reactivity of both reagents, since alkynylation of the
nucleophiles tend to proceed via a participation of the sulfurane intermediate. The low
22

electron density on C1 in 5f leads to the direct ligand coupling between C1 and nucleophile,
whereas in 5a the tendency to undergo a nucleophilic C2-attack predominates (see Chapter
1.2.3).2,11,27

1.2.3.

Reactivity of S-(Alkynyl) Sulfonium Salts

With the set of 5-(alkynyl)dibenzothiophenium triflates in hand, Alcarazo presented a variety
of nucleophiles suitable for electrophilic alkynylation. 11 In Scheme 4 a few selected examples
of S-, C-, N- or P-centered nucleophiles are shown. To each C–H acidic nucleophile a slight
excess of cesium carbonate as a base was added.

Scheme 4: Selected examples of the substrate scope for the electrophilic alkynylation.11

Alkyl thiols and thiophenols were easily alkynylated in excellent yields, as represented by
examples 16a to 16f. Compounds with activated C–H bonds also proved to be suitable
nucleophiles, as depicted in examples 16g to 16j, although the reaction required 60 °C to
proceed. Overall, nitrogen-based nucleophiles delivered slightly lower yields (16l to 16o, 55–
67%). Lastly triphenylphosphine was also utilized and gave 16p in excellent yield.
23

A competition experiment of 5f versus the EBX-TIPS analog 17a revealed a higher selectivity
for the sulfur-based transfer reagent. Hypervalent iodineIII-based 17a reacts much faster but
is more likely to deliver mixtures when exposed to more than one nucleophilic reaction
partner (Scheme 5, I).

Scheme 5: I) Competition reaction between 17a and 5f; II) Reaction pathways for the nucleophilic attack on a
generic electrophilic alkynylation reagent (green dot: 13C-labeled carbon atom).

Additionally, the same reactions were repeated with the specially synthetized β-13C-labeled
transfer reagents 5a and 5f identifying the positions of the 13C label in the final products. These
studies revealed following mechanistic insights (Scheme 5, II): It is assumed that the
nucleophile approaches the cationic sulfur center and coordinates it to form a sulfurane. This
results in two potential pathways which depend on the substitution of the alkyne. If the
terminal residue of the alkyne is of aromatic nature, the nucleophile preferentially attacks the
β-carbon affording the coordinative intermediate A. Formation of the σ-bond Cβ–Nu furnished
vinyl anion B, both substituents of which, either the nucleophile or R, are able to undergo a
24

1,2-shift giving C and C', respectively. Subsequent elimination of dibenzothiophene led to the
formation of the final product. Depending on which group finally migrated, the 13C will be in
the α- or β-position of the product.
In cases of a TIPS group as the terminal residues, coordination of the nucleophile to the αcarbon is preferred. After connection of the σ-bond Cα–Nu in D, the vinyl anionic intermediate
E is formed, which also released dibenzothiophene via an elimination process and generated
the Nu-C-sp3 bond.
Just recently Bisai and coworkers demonstrated extended reactivity of S-(alkynyl)
dibenzothiophenium triflates (Scheme 6).26

Scheme 6: I) Four selected examples of the scope for electrophilic alkynylation of 2-oxoindole derivatives. II)
Transfer reagents used. III) Total synthetic sequence towards (±)-deoxyeseroline (22) & (±)esermethole (23) using 5f.26

In this paper, not only a wide variety of 2-oxoindoles was alkynylated – 4 selected examples
20a to 20d are displayed in Scheme 6, I – but also additional transfer reagents 5g-5i were
synthetized (Scheme 6, II). This methodology was used to first alkynylate 21 to 20e in 68%
yield and convert this molecule into (±)-deoxyeseroline 22 within six steps. Two additional
steps were undertaken to synthetize (±)-esermethole 23 (Scheme 6, III).
25

1.2.4.

Alternative Alkynylation Reagents

Besides S-(alkynyl)sulfonium salts 5 and 14, a variety of alkynylation reagents based on various
elements have been reported (Scheme 7).

Scheme 7: Alternative alkynylation reagents based on iodine (17, 24, 25), sulfur (26), lead (27) or halides (28a–
c).

Hypervalent iodine-based alkynyl reagents 24 were first synthetized by Galton at al. in 1965.28
The acyclic version 24 (with R = Ph) inspired many chemists to explore their reactivity. While
Galton focused on the addition reactions onto a triple bond, they also hypothesized that 24
would act as an [RC≡C]+ synthon. The authors could show that 2-phenylindandione could be
ethynylated in 73% yield. In 1990 Nagao extended the substrate scope to terminal alkynylation
with 24 (R =TMS, H) of β-dicarbonyl compounds with C–H acidic functionalities.29 One year
later this chemistry was further driven by Stang,30 whereas Shiro published a follow up
protocol on benziodoxoles 17 where additional residues (R = Cy, n-Oct, t-Bu) were introduced
and analyzed by X-ray analysis.31 During the 90’s Simonsen32 and others developed the
nowadays widely used EBX analogs of 17 and 25, finally reviewed by Waser in 2010.33
Waser examined the alkynylation of not only thiols34, but also of phosphor-centered
nucleophiles35. However, one drawback makes hypervalent iodineIII-based transfer reagents
inconvenient in usage. Differential scanning calorimetry (DSC) measurements revealed
spontaneous decomposition upon exposure to elevated temperatures of benziodoxoles and
therefore these compounds may exhibit dangerous properties while using, especially on larger
scales.36
In 2015 Alcarazo developed sulfurane acetylene 26 which proved to be an alternative for
electrophilic alkynylation reactions.37 DSC measurements did not show any sharp exothermic
combustion signals up to a temperature of 200 °C, which bypasses the unsafety aspects of 17,
26

24 and 25. Compound 26 showed comparable to the iodine-based alkynylation reagents
reactivity; however, the reactivity is exclusive for 26 since the ester group is needed for the
alkynylation of nucleophiles. Therefore, a small substrate scope of nucleophiles was
demonstrated.
Additional to the popular reagents 17, 24 and 25, Roche and Pinhey introduced alkynyl-lead
triacetates 27 as reagents for the same purpose.38,39 However, the need to use toxic acetylene
stannanes40,41 to synthetize these compounds makes this synthetic approach less attractive.
It is noteworthy, that organolead compounds like 27 are not harmless themselves.42
The structurally simplest electrophilic alkynylation agents are haloalkynes 28, at least
theoretically.

Scheme 8: I) Addition reactions to haloalkynes 28. II) Alkynylation of ethers 29. III) C–H alkynylation of isoindoles
31.

In the presence of a nucleophile the haloalkynes 28 rather tend to undergo addition reactions
than alkynylation (Scheme 8, I).43,44 Yet there are a few examples of alkynylation with
haloacetylides. The work of Wang consisted in KOAc-promoted alkynylation of α-C–H-bonds
of ethers, although via a radical and not an electrophilic mechanism (Scheme 8, II).45 Suginome
showed that alkynylation of isoindoles is possible with bromoacetylides, but again not via a
classical electrophilic approach.46 Initially a [4+2] cycloaddition under basic conditions took
27

place upon elevated temperatures, and then HBr was eliminated alongside with a ring opening
(Scheme 8, III).

1.2.4.1.

Alkynylation Reagents in Diyne Synthesis (Cadiot-Chodkiewicz
Coupling)

The classical Cadiot-Chodkiewicz coupling, published in 1957, became a common method for
the synthesis of unsymmetrical diynes (Scheme 9, I).47 Catalytic amounts of copperI enable the
generation of the carbon-carbon bond starting from a terminal alkyne and a haloalkyne. Since
the past decades a number of protocols for the same purpose had been developed using
either palladium48, copper49 or gold50 as catalyst. Even if only substoichiometric amounts of
transition metals are used in most methodologies, the development of transition metal-free
protocols is of high priority because of the toxicity and pricing related with the use of transition
metals.

Scheme 9: I) Classical Cadiot-Chodkiewicz coupling. II) Modified Cadiot-Chodkiewicz-type coupling introduced by
Liu51; III) Modified Cadiot-Chodkiewicz-type coupling introduced by Patil52; IV) Modified CadiotChodkiewicz-type coupling introduced by Waser53.

Recently a few protocols employing the increasingly popular benziodoxoles-based reagents
17 and 25 have been published. Liu et al. used these alongside with catalytic amounts of
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triazole-Au (TA-Au) and silver tosylate to couple them with a terminal alkyne (Scheme 9, II).51
The generality of this transformation could be represented in a large substrate scope.
Homocoupling products formation which is a common problem for this reaction could also be
suppressed. Patil established a similar synthesis which includes 17 and only
triphenylphosphine goldI chloride as catalyst (Scheme 9, III).52 In view of this thesis, however,
the work of Waser is of most importance, since only a strong base is used to deprotonate the
terminal alkyne and directly coupled with the acetylide unit of 17 (Scheme 9, IV).53 In a part
of this thesis we follow a similar approach by using deprotonated alkyne, which is then
coupled with sulfur based alkynylating reagent 5f.

1.2.4.2.

Alkynylation Reagents in Alkynyl Sulfone Synthesis

Sulfone-containing compounds are widely used for pharmaceutical purposes because of their
various biological activities. Three selected examples are displayed in Scheme 10.54

Scheme 10: Pharmaceutical compounds containing a sulfone moiety: COX-2 inhibitor Vioxx (34, left), antibacterial drug Dapsone (35, middle) & anti-androgen agent Casodex (36, right).

The commercial drug Vioxx 34 is a cyclooxigenase-2 inhibitor and has an anti-inflammatory
effect. Dapsone 35 and Casodex 36 are also used for the treatment of human diseases and are
commercialized as antibacterial and anti-androgen drugs.54
Alongside with their pharmaceutical significance, from a synthetic point of view sulfones are
important building blocks due to their versatile reactivity. A sulfone has a strong electronwithdrawing effect and therefore activates the neighboring triple bond of a sulfone-attached
alkyne moiety towards electron-rich reaction partners. This property allows chemists to use
these compounds in cycloadditions and conjugate addition reactions. 55
Most synthetic approaches to alkynylsulfones rely on the oxidation of the corresponding
sulfides.56,57 Another strategy is the reaction of the corresponding sulfinate salt with an
electrophile, which proved to be a convenient alternative.

29

In this thesis the reactions of sulfonium salts 5a and 5f with sulfinate salts towards alkynyl
sulfones were explored. Various methods for the synthesis of alkynyl sulfones are shown in
Scheme 11.

Scheme 11: Four different methods to obtain alkynylsulfones as elaborated: I) by Waser54; II) by Patil58; III) by
Moran59; IV) by Chen and Stang60. TEBA = tetraethylbenzylammonium chloride.

Thus, in 2015 Waser reported a one-pot synthetic approach to sulfone alkynes using DABSO,
iodineIII-compound 17 and either an aryl-Grignard reagent or an aryliodide with catalytic
amounts of palladium (Scheme 11, I).54 This method excels in the rapid formation of sulfone
alkynes in moderate to good yields. Additionally, the reaction is not restricted to formation of
aryl-alkynyl substituted sulfones. The sp-hybridizided reaction center substituent can be
replaced with a one possessing sp2 or sp3 carbon atom, although only a few examples were
presented in this report. Patil demonstrated a dehydrazinative sulfone-alkyne coupling
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catalyzed by gold chloride (Scheme 11, II).58 This method is not exclusive for arylsubstituted
sulfone moieties: the alkyl- and alkenyl-substituted products were synthetized as a proof of
concept. On the other hand, the reaction did not proceed if the terminal residue of
benziodoxole 17 was a phenyl-group.
The Moran's work was focused upon the influence of the counteranion and the aryl backbone
of 24a on the reactivity (Scheme 11, III, a)).59 As concluded, the combination of
tetrafluoroborate as a counteranion and ortho-methoxyphenyl as an aryl scaffold appeared to
be the most efficient reagent. With these insights, a cyclization reaction with 24b was
undertaken and yielded 71% of sulfone 38 (Scheme 11, III, b). The authors propose that the
reaction occurs via an intramolecular insertion of a vinyl carbene intermediate into C–H bond.
The early works of Chen and Stang consist in the very minimalistic but effective reaction of a
sulfinate salt and 24a (Scheme 11, IV).60 The triflates[60a] or tosylates[60b] of 24a yielded
alkynylsulfones 37 in acceptable to excellent yields under phase transfer catalytic conditions
in either dichloromethane/- or chloroform/water with triethylbenzylammonium chloride as a
catalyst (12 examples). Since the reaction conditions for the formation of alkynylsulfones with
sulfonium salts 5a and 5f are comparable, the latter works are mostly related to this thesis.
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1.2.5.

Synthesis & Reactivity of S-(Cyano) Sulfonium Salts

Cyano groups are a prevalent structural motif in natural compounds. Saframycin (39) (Scheme
12), one from several α-aminonitriles found in Streptomyces cultures, shows high antibiotic
and antitumor activities. Although being one of the first examples of such α-aminonitrile
isolated from Streptomyces (lavendulae), its absolute stereochemistry still remains
unidefined.61
Indoleacetonitrile (40) (Scheme 12) can be isolated from several Cruciferae plants. This
compound is found in lightgrown cabbage (Brassoca olearea) and is the main factor for
seedling-growth inhibition.61 The molecule participates in the mechanism of plant growth, i.
e. its presence retards the growth on the light exposed side of the plant stem. This causes
bending of the seedling towards the source of light. Additionally, it is proposed that the
enzymatic biosynthesis is induced by exposure on light and originates from its corresponding
glucosinolate.61

Scheme 12: Two selected examples of nitrile-containing natural compounds: Saframycin (39, left) and Indoleacetonitrile (40, middle) as well as an example of nitrile-containing pharmaceutical drugs Vildagliptin
(41, right).

Moreover, nitrile-containing compounds are also used for pharmaceutical purposes. One
selected example is a recently introduced drug named Vildagptin (41) (Scheme 12), which
exerts an antidiabetic effect. The metabolism of this compound has been extensively studied.
The main concern using this drug was the release of cyanide caused by hydrolysis in the human
body. However, this hypothesis could be revised since this metabolic pathway plays only a
minor role.62
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It is also worth mentioning that nitriles have a wide application as agrochemicals63, organic
dyes64 and in polymer chemistry65. Additionally, nitriles are key precursors for the
transformation to amines, amidines, tetrazoles, aldehydes, amides and carboxylic acids. 66,67
The importance of nitriles in these disciplines drove chemists to explore economic and
trouble-free protocols for cyano group introduction into molecules. However, most
approaches depend on the natural nucleophilicity of the cyanide anion. The 'Umpolung' of
cyanide to a [N≡C]+-synthon is known, although not many compounds exist which provide the
inverted electronic property to cyanide (Scheme 13, I).68 Therefore, their chemistry is not
extensively studied, and their limited application can also be ascribed to disadvantages of
accessible electrophilic cyanation reagents.

Scheme 13: I) 'Umpoled' cyanating reagents based on sulfurane (26a), hypervalent iodine (17a & 45), halonitriles
42a-42c, sulfonamides 43, benzotriazole 44a and benzimidazole 44b.68 II) Synthetic approach
towards 46.

The low boiling points and high toxicity of cyano halides make them very inconvenient and are
therefore rather unpopular reagents (b.p. of cyanogen chloride (42a) and cyanogen bromide
(42b) are 13 and 61.5 °C, respectively, whereas cyanogen iodide (42c) sublimes under
atmospheric pressure).69 Alternatively N-cyanoimidazole (44b),70,71 N-cyanobenzotriazole
(44a)71 and N-cyanotosylamide (43)72 can be used as cyanating reagents. Their utility is
restricted to either transition metal catalysis,68c,72 enolate chemistry73 and cyanation of hard
carbon nucleophiles like Grignard compounds 74,75.
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Simonsen et al. introduced cyanoiodinanes 17a and 45 in 1995 and demonstrated their ability
to form C–Cyano bonds in an electrophilic fashion.76 The reactivity was further studied by
Waser and coworkers. The authors extended the range to S-nucleophiles77, performed a
decarboxylative light-induced cyanation of carboxylic acids78 and used the reaction in
enantiopure synthesis of 1,5-substituted hydantoin derivatives 79. Studer achieved the metalfree cyanation of alkenes.80 Recently, Alcarazo and coworkers introduced the sulfurane-based
cyanating reagent 26a, which showed comparable reactivity to those of 17a and 45.37 With
this reagent in hand, regio- and stereoselective chloro-cyanation of triple bonds81 and, as
further development of this chemistry, a cyano-cyclization towards phenanthrenes and similar
compounds82 was elaborated. In 2019, the same group reported on the synthesis of S(cyano)dibenzothiophenium triflate 46 in 60% isolated yield (Scheme 13, II).24 The reaction
conditions were very similar to those previously used in the preparation of S(alkynyl)dibenzothiophenium triflates.11,23
This reagent successfully cyanates nucleophiles, either in the presence or absence of a base
(Scheme 14, I). Five selected examples representing a scope of nucleophiles ranging from
amines 47a over thiols 47b, enolates 47c, indoles 47d to electron-rich arenes 47e are shown
in Scheme 14, II.
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Scheme 14: I) General method of electrophilic cyanation. II) Selected examples demonstrating the substrate
scope. III) General approach to the intramolecular cyclization induced with 46. IV) Selected examples
of the intramolecular cyanocyclization. V) Cyclization towards indole scaffold 48d.24

The authors took a closer look to indole derivatives and predicted the 46-promoted
intramolecular cyanocyclization with a nucleophile attached to an aliphatic chain in 3-position
of the indole (Scheme 14, III). They demonstrated that intramolecular cyclization with either
nitrogen-, oxygen- or enolate-based nucleophiles indeed occur in moderate to excellent yields
(Scheme 14, IV). Lastly, Alcarazo and coworkers were able to transform indole derivatives
bearing an olefine substituent into complex indole scaffolds like 48d (Scheme 14, V). This
approach has never been shown before and is even unknown in transition metal catalysis so
far.
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1.3.

C(sp2)-Substituted Sulfonium Salts: Alkenyl substituents

Over the past few decades organosulfur ylide chemistry established itself as a versatile
academic and industrial chemical field.7b Key contributors to this topic Johnson83, Corey and
Chaykovsky84 independently developed methods in the 1960's to synthetize sulfur ylides, and
these zwitterionic compounds showed application in highly diastereoselective and
enantioselective ways. The formation of epoxides, cyclopropanes and aziridines via sulfur
ylides later led to the establishment of the well-known Johnson-Corey-Chaykovsky reaction.85
An ylide consists from a positively charged sulfur atom with an adjacent carbon bearing a
negative charge (Scheme 15, I). It is known that the sulfur in an ylide stabilizes the negative
charge very efficiently, and this property was intensively used in synthesis86,87 and studied in
theoretical field88,89. It was long believed that the energetically low d-orbitals of the sulfur
contribute to the delocalization of the electron density from the occupied p-orbital of the
carbanion.90 Nowadays the community has revised this statement, and generally accepted
that the stabilization can merely be tracked back to the negative hyperconjugative interaction
between the lone pair orbital of the carbanion with the σ*-orbital of the sulfur-carbon
bond.91–94

Scheme 15: I) Left: Orbital interactions in a sulfur ylide; right: generic Michael acceptor95; II) Left: mesomeric
structures of a classical Michael acceptor;96 right: mesomeric structures between a vinylsulfonium
salt, S-Ylides & S-Yliden (analog of phosphor ylides, see p. 465 in97); III) Nucleophilic attack in a
Michael-type reaction with a generic vinylsulfonium salt.98

The electron deficiency at the α-carbon makes vinylsulfonium salts potent Michael acceptors,
since the sulfur stabilizes the occurring ylide intermediates or transition states (Scheme 15, II
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& III). Therefore, the synthetic utility of S-alkenyl sulfonium salts as ethylene transfer reagents
was recognized and has been explored since decades.85 With the increased knowledge about
transition metal catalysis in recent time the versatility of the possible reactions of
vinylsulfonium salts rose dramatically (see Chapter 1.3.3 for examples of reactivity).99,100

1.3.1.

Synthesis of S-(Alkenyl) Sulfonium Salts

The two most commonly used methods to prepare vinylsulfonium salts are shown in Scheme
16 I & II.

Scheme 16: I) Method to prepare vinylsulfonium salts 50 via activation of the corresponding sulfoxide followed
by alkenylation. II) Alternative synthesis via a SN2-substitutive alkylation and successive
dehydrobromination. III) Most common sulfonium backbones.

The activation of sulfoxides can either be achieved via utilization of Tf2O, TFAA (trifluoroacetic
anhydride) or triflic acid and leads to the formation of bis-triflate A (Scheme 16, I). Treatment
of A with an alkene bearing at least one hydrogen substituent results in the formation of the
corresponding vinylsulfonium salt 50.
Two decades ago Mukaiyama et al.

101

and Balenkova et al.102 demonstrated the synthetic

approach to vinylsulfonium salts via Tf2O activation. Recently the research group of Procter
continued this chemistry and broadened the spectrum of existing vinylsulfonium salts 100,103,
whereas Ritter and coworkers relied on the activation of TFAA with triflic acid.99 Aggarwal
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followed a different method to the target molecule 50a (Scheme 16, II).104 First the
corresponding sulfide 51 reacts with 2-bromoethyl triflate affording the S-alkyl sulfonium salt
52. Treatment of 52 with a potassium bicarbonate formally eliminates hydrogen bromide and
the desired compound 50a is obtained.
Scheme 16, III shows the different sulfonium backbones which were used for the formation
of vinylsulfonium salts. Thianthrene 43, diphenylsulfide 51, benzothiophene 56, and
dibenzothiophene 57 either bear two aryl substituents or are completely aromatic
themselves, whereas dimethylsulfide 13, tetrahydrothiophene 54 and tetrahydrothiopyran 55
have simple alkyl substituents.
The reaction described in Scheme 16, I is most commonly used to obtain vinylsulfonium salts
50 and tolerant to functional groups like halogens, ethers, amides, nitriles and sulfonamides.
However, this method possesses some drawbacks. Unprotected alcohols and amines could
undergo undesired ester or amide formation by the direct reaction with the activator Tf2O or
TFAA, and hydrolysis of these needs to be done with care, so that the sulfonium moiety
remains intact. Vinylsulfonium salts could potentially react as a Michael acceptor in the
presence of an appropriate nucleophile which results in the decomposition of the sulfonium
moiety. Additionally, it should be taken into account that either primary or secondary alcohols
could undergo a Swern-type oxidation in the presence of activated sulfoxides like A (Scheme
16, I). Lastly, the substrate must not have aromatic substituents with high electron density
besides the vinylic group. Otherwise both moieties would react competitive towards the
activated sulfoxide A, and a mixture of S-arylated and S-vinylated sulfonium salts would be
obtained.2
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Scheme 17: Selected examples of vinylsulfonium salts reported by: I) Procter103; II) Procter100; III) Ritter99; IV)
Nenajdenko and Balenkova102.

Procter demonstrated the in situ generation of vinylsulfonium salts based on benzothiophene
(50b & 50c) and on dibenzothiophene (50d) scaffold (Scheme 17, I).103 The formation of similar
salts with a tetrahydrothiophene moiety 50e–g was reported by Procter and coworkers as well
(Scheme 17, II).100 Only a few examples were isolated, crystallized and completely
characterized; the majority was in situ generated and directly used for successive
transformations. Ritter showed a substrate scope containing many complex structures like
50h, 50i or 50j which were obtained by sulfenylation of vinylic compounds with thianthrene
(Scheme 17, III).99 Additionally, structures 50k–50m and 50n were synthetized by Balenkova
in 1997.102 Therefore, the latter paper represents the pioneer work of modern vinylsulfonium
chemistry.
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1.3.2.

Structure of S-(Alkenyl) Sulfonium Salts

Procter and coworkers published the crystal structures of the salts 50o103, 50p100 and 50q100
in the solid state which are depicted in Figure 4. In contrast to S-(alkynyl)dibenzothiophenium
triflates (see above), these compounds do not form well defined dimeric structures. In
addition to the chalcogen interactions, hydrogen bonding between the triflate anion and the
vinylic protons is present.

Figure 4: X-ray structure of the salts 50o (top left; displayed with two triflate anions to show all significant
interactions), 50p (top right) & 50q (bottom, displayed with four triflate anions to show all significant
interactions) in the solid state. Anisotropic displacement shown at 50% probability level. Hydrogen
atoms were omitted for clarity. Selected bond lengths [Å] and angles [°]: 50o: S1–C6 1.782(3), S1–C7
1.784(3), S1–C13 1.761(3), S1–O1 3.038(2), O1–C14 3.388(3), O3–C13 3.462(3), O3–C16 3.256(3), C6–
S1–O1 163.3; 50p: S1–C2 1.761(4), S1–C10 1.835(4), S1–C13 1.821(5), C5–O3 3.519(5), C2–O3 3.458(5),
S1–O3 3.004(3), C2–S1–O3 169.5. 50q: S1–C8 1.771(6), S1–C9 1.802(6), S1–C10 1.794(6), C9A–O1
3.319(8), C9B–O1 3.341(8), C10A–O1 3.496(9), C10B–O1 3.347(9), C10C–O2 3.201(9), C7–O3 3.256(8),
C8–O2 3.390(8), C6–02 3.579(9), S1–O1 3.372(5), S1–O2 3.207(6), S1–O3 3.115(6), C10–S1–O3 164.8,
C9–S1–O2 174.3, C8–S1–O1 171.7.
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In structure 50o the sulfur S1 expectedly adopts a distorted pyramidal geometry with the sum
of angles around S1 being 297.8°. Differing from S-(alkynyl)dibenzothiophenium triflates, the
triflate anion of 50o rather interacts with the hydrogen atoms of the vinyl moiety via hydrogen
bonding (O3–C13 3.462(3) Å; for others see legend to Figure 4). This hydrogen bond distance
is considered to be a weak interaction between the H-donor and acceptor (2.2–2.5 Å strong,
mostly covalent; 2.5–3.2 Å moderate, mostly electrostatic, 3.2–4.0 Å weak, electrostatic).105
An interaction between O1–S1 could be observed additionally, whereas the triflate anion and
the vinyl moiety lie in an apical array. However, the hydrogen bond interactions lead to
distortion of the trigonal bipyramidal structure, which can be seen in the bond angle of C6–
S1–O1 163.3°.
In 50p the contact of O3–S1 is even shorter with a bond length of 3.004(3) Å. additionally to
that the interaction of O3 to C2 was measured with a distance of 3.458(5) Å. The sum of angles
around S1 is larger with 301.7° compared to 50o. The triflate anion even interacts with the
aromatic ortho-proton.
Structure 50q shows similar hydrogen bonding interactions, which again indicates strong
Brønsted acidity of the hydrogen atoms of all C–H neighboring bonds of S1. Three O–S1
contacts can be observed in this particular case, whereby the distortion of the 180° angle (O–
S1–C) has a range between 164.8° to 174.3°. This structure has a sum of angles around S1 of
303.4° and tends to less pyramidalization than its cyclic analogs.
Overall, the observations in these solid-state structures reveal C–H acidic bonds besides the
sulfonium moiety, which is in accordance with the reactivity of vinylsulfonium salts. The
deprotonation of the vinylic proton results in well stabilized S-ylides which is explained in
detail in chapter 1.3. Therefore, it is no surprise that the triflate anion readily forms hydrogen
bonds with the corresponding sulfonium cations hydrogens.
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1.3.3.

Reactivity of S-(Alkenyl) Sulfonium Salts

S-Alkenyl sulfonium salts are known to possess Michael acceptor properties and therefore
these salts can be used in Michael reaction-related chemistry.

Scheme 18: Reactivity modes of S-alkenyl sulfonium salts. Pathway A: nucleophilic α-attack; Pathway B1:
nucleophilic β-attack followed by elimination; Pathway B2: nucleophilic β-attack followed by 2nd
nucleophilic attack on α-carbon; Pathway C: coupling reactions.

The reactivity modes are divided into three main pathways (Scheme 18). Pathway A consists
in a straight nucleophilic attack at the α-carbon of the vinylsulfonium salt 50. This occurs when
the residue on the other terminus is of electron-withdrawing nature, results in the inversion
of the polarity of the vinyl-moiety and makes the α-carbon more Lewis acidic than the βcarbon. Therefore, pathway A is a classical Michael addition-elimination sequence, in which
the sulfide moiety is substituted by the nucleophile and the product 58a is formed.
If the residue R2 is sufficiently electron-rich, the nucleophilic attack preferentially occurs on
the β-carbon. The generated sulfur ylide A can be quenched by an electrophile, which results
in the formation of S-(alkyl)sulfonium salt B.
For B, two possible types of behavior can be predicted. Pathway B1 results in the elimination
of the sulfide alongside with the proton on the other terminus. A double bond is formed, and
product 58b is obtained. Another possibility is the attack with a second nucleophile on the αcarbon of the S-(alkyl)sulfonium salt via nucleophilic substitution and successive substitution
of the sulfide (Pathway B2). In this case product 58c will be produced.
Lastly, 50 can be used in transition metal-catalyzed coupling reaction where the sulfonium
moiety acts as a leaving group in analogy to halide or pseudohalide surrogates.2
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Selected examples of the generic reactivity modes depicted above in Scheme 18 are shown in
Scheme 19.

Scheme 19: Representative examples for the reactivities following I) Pathway A; II) Pathway B1; III) Pathway B2.
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Qian et al. demonstrated a chemo- and regioselective vinylation of N-heterocyclic compounds
such as indole with the help of vinylsulfonium salts 50r (Scheme 19, I).106 Noteworthy, the
counteranion in this particular transformation is tetraphenylborate which generally is used
less frequently. The counteranion is incorporated during the three-step synthesis of 50r which
consists of bromination of the vinylic compound and nucleophilic substitution of the primary
bromide with tetrahydrothiophene. Then the bromide counteranion is replaced with a
tetraphenylborate one followed by successive dehydrobromination with K2CO3 in aqueous
solution.
Xiao and coworkers demonstrated the synthetic utility of 50a as an efficient ethylene transfer
reagent (Scheme 19, II, first line). Staring from isoquinolinium bromides 59c, the authors
performed a mild transformation to pyrrolo[2,1-a]isoquinoline derivatives 59d via 1,3-dipolar
cycloaddition of the vinyl moiety.107 DABCO was used as a base, and the terminal step was a
simple oxidation to 59d by air. Moreover, the same research group performed a similar
reaction by using indole derivatives 59e and 50a as a Michael-acceptor with KOH as a base.
The resulting N-fused indoles are formed via an intramolecular nucleophilic cyclization step
(Scheme 19, II, second line).108
Aggarwal and McGarrigle intensively worked in the field of vinylsulfonium salts and
established protocols following reaction pathway B2 (Scheme 19, III). In 2008 Aggarwal
published a method for an annulation reactions for the synthesis of morpholines,
thiomorpholines and piperazines 59h. β-Heteroatom-substituted amines 59g were used as
starting material were treated with 50a as ethylene transfer reagent.109 However, this
transformation appeared to be neither regio- nor diastereoselective. This issue has been
tackled in another report of Aggarwal where it was stated that the choice of base and solvent
influenced both diastereoselectivity and regioselectivity.110 The authors also extended the
same methodology towards the synthesis of four-membered heteroatom-containing rings
59j.111 Azetidines and oxetanes were successfully synthetized in moderate to good yield.
Additionally, Aggarwal and coworkers reported on the synthesis of seven-membered 1,4heterocyclic systems 59l.112
Lin et al. used 50s for the formation of cyclopropanes 59n. Remarkably, only the Zdiastereomers were formed upon cyclopropanation with the phenyl-substituted
vinylsulfonium salt 50s.113 Additionally, the products were later transformed into 2benzoylquinolines by utilizing DEAD (diethyl diazenedicarboxylate) at elevated temperatures.
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Aziridines 59o were synthetized by Hanamoto et al. using primary amines as nitrogen source
and the salt 50t.114
Procter and coworkers developed a transition metal-free approach to synthesize (E,Z)-1,3dienes 61. Their strategy involved an interrupted Pummerer reaction followed by a ligand
coupling (Scheme 20).103

Scheme 20: I) One-pot transformation of styrene derivatives into (E,Z)-1,3-dienes 61, as reported by Procter et
al. II) Mechanistic proposal towards the formation of 61a, 61b and 61c.103

This one-pot synthesis started from readily available benzothiophene S-oxides 60 which can
be easily accessed by oxidation of their parent benzothiophenes. After activation of the S46

oxide with triflic anhydride, the intermediate easily reacts with styrene derivatives affording
the vinylic sulfonium salts 50u or 50v. Treatment of the latter with organolithium or Grignard
reagents results in the formation of hypervalent sulfurane intermediates A or B. A succeeding
reductive elimination step is accompanied by the degradation of the benzothiophene scaffold
to form decorated derivatives of (E,Z)-1,3-dienes 61. The protocol is modular in terms of the
variety of S-oxides 60, styrenes and the employed organometallic reagent; therefore, a large
substrate scope was demonstrated by the authors.
Moreover, mechanistic proposals explaining the origin of the high selectivity of this reaction
were highlighted, (Scheme 20, II). After generation of the vinylsulfonium salt 50u, the
organometallic reagent attacks the sulfur center in pathway a or b, and hypervalent (10-S-4)
sulfuranes A or B are formed, depending on the substituent in 2-position of the
benzothiophene. The nucleophile attacks the opposite to an already existing substituent side
and therefore will end up in an axial position. In addition, the nucleophile will preferentially
attack via the most accessible pathways in the coordination sphere around the sulfur center,
which are opposite to the C–S bonds of the heterocycle.
If the substituent R1 is a carbon substituent, sulfurane A will be formed since nucleophilic
attack via pathway a is favored due to less sterical hindrance. The orbital overlap of the sp2hybridized axial and equatorial ligands (marked as blue and green dot in Scheme 20, II) is
favorable, and the product 61a is liberated via ligand coupling. The 2-position of
benzothiophene can also be hydrogen whereas formation of sulfurane B is favored
(nucleophile attacks via pathway b). In this case the ligand coupling leads to formation of 61b.
The sterical effect is also important if an unsymmetrical 4-substituted dibenzothiophenium
salt 50v is used. In this case the nucleophile will attack opposite to the C–S bond nearby the
steric providing substituent and sulfurane C is formed. The ligand coupling from this
intermediate will deliver 61c. Pseudorotation from C towards D is possible, but D is high in
energy since the lone pair will occupy a less favorable axial position.
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In 1997 Liebeskind reported the electrophilic role of S-(alkenyl) and S-(aryl) sulfonium salts in
transition metal-catalyzed reactions.115 The authors prepared a set of tetrahydrothiophenium
salts and proved their synthetic utility as coupling partners in palladium-catalyzed crosscouplings with boronic acids and organotin reagents as well as nickel-catalyzed reactions with
organozinc reagents.

Scheme 21: Selected examples of transition metal-catalyzed coupling reactions with vinylsulfonium salts, as
reported by I) Lu116, III) Ritter99, IV) Procter100. II) Optimized transition states for the oxidative
addition of palladium0 into a vinyl C–S bond (TS-OA-Vinyl) and aryl C–S bond (TS-OA-Aryl) (left).
Proposed mechanism and orbital interactions during the OA (right).116
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Lu et al. examined the higher selectivity of the activation of alkenyl C–S bonds over aryl C–S
bonds and reported on the selective Suzuki coupling of the (E)-trifluorovinyl moiety with
boronic acids (Scheme 21, I).116 Moreover, DFT calculations have been performed and gave
insight into the favorable interaction of palladium 0 with a vinyl C–S bond comparably to an
aryl C–S bond (Scheme 21, II).
The first step of the oxidative addition is the approach of the palladium 0 center to the
sulfonium salt. Then a π-complex between the 4d-orbital of the palladium and the π*-orbital
of the double bond is formed. During this process the electrons of the C–S+ bond migrate
towards the sulfur center and cause the release of the corresponding sulfide as a leaving
group. DFT-calculations revealed that this process is more favored with a vinyl C–S bond in
comparison with an aryl C–S bond (relative free energy in solution: ΔGsol = 11.7 kcal · mol–1).
Additionally, the authors found an energetically low lying LUMO of the (trifluoromethyl)vinyl
moiety through NBO (natural bond orbital) analysis. The energetic difference of the π*orbitals of the vinyl and both individual phenyl rings is 0.27 eV which is in accordance with the
observed reactivity. The electron-withdrawing nature of the trifluoromethyl group lowers the
energy of the π*-orbital of the adjacent vinyl group significantly and therefore makes this
group more prone towards oxidative additions.
The research groups of Ritter and Procter recognized the potential of the pioneer work on
vinylsulfonium salts in transition metal catalysis and expanded the arsenal during the past few
years.
A regio- and stereoselective thianthrenation of unactivated double bonds followed by
palladium- and ruthenium-catalyzed cross-coupling reactions have been performed by
Ritter.99 The reactions were conducted for one particular substrate shown in Scheme 21, III.
The authors reported not only on the palladium-catalyzed coupling of a sp3-, sp2- and spcarbon to olefins but also found the direct replacement of the sulfonium moiety with
(pseudo)halides with the help of ruthenium as a catalyst.
Procter and coworkers demonstrated a one-pot Pummerer reaction followed by a nickelcatalyzed cross-coupling sequence (Scheme 21, IV).100 The transformation proved to be
versatile in choice of both reaction participants, i. e. the vinylsulfonium salts 50x and
organozinc reagents as coupling partners. In addition to broadly used arylzinc reagents,
Procter showed that sp3- and sp-hybridized zincates can be employed for these couplings as
well. On the other hand, the sulfenylation reaction could be applied to arenes and alkynes.
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Both types of substrares could be successfully coupled with an organozincate, showing not
only applicability in Heck-type but also Sonogashira- and Negishi-type reactions.
It is worth noting that both reactions of Ritter and Procter used either cyclic or aliphatic
sulfonium backbones to tackle the possibility of the undesired oxidative addition other than
the target coupling partner.
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1.3.4.

Alternative Alkenylation Reagents

Besides the well-established vinylsulfonium salts, structurally related iodine- and seleniumbased Csp2-substituted salts of the types 65 and 66 play a significant role in similar chemistry
as shown for sulfur-based ones. A brief overview on the structural diversity of these reagents
is shown in Scheme 22.

Scheme 22: Selenium- (65a–d) and iodine-based (66a–f) alkenylating reagents.

More than two decades ago Nara and Shimizu developed a synthetic strategy towards (Z)-(βphenylsulfonyl)vinylselenonium salts 65a and 65b (Scheme 23).25,117 Starting from readily
available phenylacetylene, compound 67 can be obtained by deprotonation with nbutyllithium and treatment with elemental selenium. Successive quenching with methyl
iodide affords 67. After treatment of 67 with Meerwein salt [Me3O]BF4, 69a is obtained. The
latter can add PhSO2H furnishing 65a.

Scheme 23: Synthetic strategies towards alkenylselenonium salts 65a and 65b.
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A well-known method starting from selenoxides 68a and 68b consists in their activation with
triflic anhydride followed by reaction with TMS-capped phenylacetylene to afford 69b and
69c. Addition of PhSO2H in a protic solvent gives 65b, although the reaction towards 65e does
not proceed under the same conditions.
With reagents 65a and 65b in hand, their properties as Michael acceptor have been tested by
Kataoka and Muraoka with a variety of nucleophiles, as shown in Scheme 24.

Scheme 24: Synthetic applications of vinylselenonium salts 65 as reported I) & IV) by Kataoka and II) & III) by
Muraoka. V) Mechanistic proposal of the nucleophilic attack towards 70.118–121

Kataoka successfully used a variety of complex alcohols as nucleophiles to obtain 70a in
acceptable to good yields (Scheme 24, I).121 Either sodium hydride or phenyl lithium was
utilized as a base. Moreover, Kataoka found out that halogenides and acetylides120 underwent
the same transformations as well as chiral oxazolidinone 71. Alkenylation of the latter resulted
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in the formation of enantiomerically enriched 70b118 (Scheme 24, II & III). Lastly, under basic
conditions the salt 65c underwent cyclopropanation by the reaction with compounds
possessing an activated methylene groups affording products 71a or 71b (Scheme 24, IV).119
However, this transformation appeared to be strongly dependent on the fine structure of a
substrate.
In each publication discussed in Scheme 24 the same mechanistic rationalizations were
proposed (Scheme 24, V). Two possible routes of the nucleophilic attack were considered.
First, the nucleophile potentially can attack the α-carbon, and a stabilized negative charge
remains on the β-carbon by formation of intermediate A. Rotation around the σ-Cα–Cβ-bond
by 60° leads to an anti-periplanar conformation of the selenonium moiety and the negative
charge in the conformer A'. The elimination of the selenide occurs and delivers 70 via a simple
addition-elimination sequence. Route B involves the nucleophilic attack on the selenonium
center forming selenurane B. Product 70 is subsequently formed by ligand coupling of the
nucleophile and the α-carbon.121
Kataoka published a closely related work on selenonium salts with a sulfide as a βsubstituent.122 Treatment of the triflate 69b with a thiol in the presence of triethylamine gave
a series of selenonium salts 65d (Scheme 25, I).

Scheme 25: I) Addition reaction onto 69b affording 65d. II) Nucleophilic attacks towards products 72. III) Intramolecular nucleophilic cyclization reactions of selenonium salts 65d'.122

These salts showed the same behavior in the presence of nucleophiles as their sulfone-derived
analogs. O- and S-nucleophiles as well as the generated from alkynes ones are suitable, and
the corresponding products were obtained in moderate to good yields (Scheme 25, II).
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Moreover, Kataoka synthetized a selenonium salts 65d' with an alcohol group attached on
aliphatic chains of different lengths (Scheme 25, III). The authors successfully performed their
intramolecular cyclization by deprotonation of the alcohol function which then undergoes a
nucleophilic attack via the mechanism described in Scheme 24, V. The ring sizes of the
resultant 5,6-dihydro-4,1-benzoxathiocine skeleton extends from six-membered over eight
membered ones (72a–72d), although 72d in particular was obtained only in 17% yield.
Besides the versatile applicability of vinylsulfonium salts, the chemistry of alkenyl-containing
iodineIII reagents has been extensively explored. A general overview of the synthetic strategy
towards vinyliodine reagents 66 is given in Scheme 26.

Scheme 26: I-III) General strategies for the synthesis of alkenyliodine reagents 66.
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Compound 66w was obtained upon treatment of 2-iodosylbenzoic acid (73) with TMSOTf123
or oxidation of 2-iodobenzoic acid (74) with mCPBA followed by reaction with vinyl boronic
acid 75a
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(Scheme 26, I). Alternatively, (E)-styryl(phenyl)iodonium salts 66y were

synthetized by treatment of (diacetoxy)iodobenzene (75), aryl(cyano)iodonium triflate (77)
and iodosobenzene (76) with alkenylzirconium- (75c),125 alkenltrimethylsilane- (75d)123 or
alkenylstannane compound75b,126 respectively (Scheme 26, II). The formation of
vinyliodonium salt 66 was also carried out by hydrogalogenation of the corresponding alkynyl
iodonium salt 24 under acidic conditions (Scheme 26, III).127 Stang and coworkers reported on
the direct synthesis of (E)-(β-trifluormethylsulfonyloxylvinyl) iodonium triflates 66 by using
iodosobenzene 76, triflic acid and a terminal alkyne, whereby the anti-addition of in situ
generated PhIO·TfOH to the triple bond occured.128,129 The addition of benzenesulfinic acid to
the alkyne moiety in 24 was also performed, analogously to the chemistry of the discussed
above selenium-based alkynylation reagent, to afford 66.130
Especially Arif payed much attention to the synthesis of vinyliodonium triflates 66b-v via DielsAlder reactions (Scheme 27).131 The reaction of 24 as a dienophile with a diene was conducted
under mild conditions and afforded more than 20 examples in moderate to good yield.
Remarkably, dicationic salt 66v was synthetized from its parent diiodoniumacetylene salt.

Scheme 27: Diels-Alder reactions of 24 with dienes affording alkenyliodonium triflates 66b–66v. All Diels-Alder
products have been synthetized with every residue R1 depicted in the top right corner (5 examples
each).
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The property of alkenyliodonium salts as Michael acceptors has attracted much attention over
past three decades, and a number of protocols demonstrating their synthetic utility as
vinylating reagents have been established.

Scheme 28: I) to IV) Synthetic utility of vinyliodonium salts 66 as alkenylating reagents.

In 1985, Fujita synthetized 66a and performed a variety of different coupling reactions with
this compound (Scheme 28, I).132 Gilmann cuprates [LiCuMe2, LiCu(n-Bu2)] and KCu(CN)2
appeared to be appropriate carbon nucleophiles for the vinylations. The nitration was
conducted by utilizing a mixture of CuSO 4 and NaNO2. Thiolation and halogenation was done
by nucleophilic attack of their corresponding anions. At last, the cyclohexenylester was
obtained using palladium catalysis under carbon monoxide atmosphere.
Xu and Huang used Grignard reagents in the presence of CuI and achieved the resultant direct
C–C coupling, although with a narrow substrate scope of E-alkenes 79 (Scheme 28, II).125
Masaki et al. utilized tetrabutylammonium halides as halogen sources towards the formation
of 80 (Scheme 28, III).130 Galton's work from 1965 included the alkenylation of indan-1,3-dione
(81), although only two examples were reported in this publication without detailed
characterization (Scheme 28, IV).28
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Additionally, Fujita and Yoshioka demonstrated that vinyliodonium salts can be used as aryne
precursors (Scheme 29).133,134

Scheme 29: Synthetic strategies towards aryne formation starting from alkenyliodonium salts 66a, 66aa or 66ab.

The first of three options to synthesize arynes 83 from phenyliodonium salt 66a is the
treatment with a base which causes a rapid elimination of iodobenzene and affords aryne 83.
Secondly, in the salt 66aa with a geminal to PhI group α-proton the latter can be abstracted
under basic conditions. This leads to the elimination of iodobenzene and formation of the
corresponding vinylcarbene, which undergoes the rapid Fritsch-Buttenberg-Wiechell (FBW)
rearrangement accompanied with a ring expansion to a seven membered ring and furnishing
aryne 83. Lastly, β-silylsubstituted iodonium salt 66ab produces the aryne upon fluorideinduced elimination.

57

1.4.

C(sp2)-Substituted Sulfonium Salts: Aryl substituents

S-(aryl)sulfonium salts are established as industrially useful compounds. Especially
triarylsulfonium salts excel in their photosensitivity and are mostly used as photoinitiators for
cationic polymerization and as acid generators. 135 Furthermore, these salts found applications
in photolithography, coatings, seals, inks, and as adhesives.1,136–139
The inherent photosensitivity of arylsulfonium salts also attracted the attention of many
chemists and was therefore studied intensively. Whereas direct irradiation with highly
energetic ultraviolet light caused fragmentation to various photolysis products (Scheme
30),136,140,141 their great potential as single-electron reducing agent142,143 was also recognized.

Scheme 30: Photolysis products of triarylsulfonium triflate 84.

The reactivity of triarylsulfonium salts with alkoxide nucleophiles even assumed the
participarion of aryl radicals during the course of the nucleophilic aromatic reactions.144 Since
the

one-electron

reduction of

arylsulfonium

salts

can

be

performed

utilizing

photosensitizer,145 the establishment of these salts in organic chemistry, especially in
photoredox catalysis, followed rapidly.141,146,147
In addition to their usfullness in photocatalysis, the employment of arylsulfonium salts in
transition metal-catalyzed transformations, where classical coupling partners like
(pseudo)halides were replaced by sulfonium salts, was demonstrated as well.115 These more
sophisticated transformations, catalyzed both photochemically and by transition metals, have
not been sufficiently developed,2,141 despite the fact that they have been known for more than
two decades.
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1.4.1.

Synthesis of S-(Aryl) Sulfonium Salts

Various synthetic strategies towards arylsulfonium salts have been reported and are shown in
Scheme 31.

Scheme 31: I) to VI) Synthetic strategies towards S-(aryl) sulfonium salts 86, 90.

Lam reported on the synthesis of triarylsulfonium salts via arylation of arylsulfides with
aryliodonium salts (Scheme 31, I).148 This synthetic method included harsh conditions: without
using a copper catalyst, temperatures over 200 °C were required, and this made this approach
not convenient. However, the authors demonstrated its applicability not only to arylsulfides,
but also to arylselenides. With this method specified sulfonium salts which had no demands
of regioselectivity could be prepared.
Peng and coworkers focused their efforts on the arylation of diarylsulfides with in situ
generated arynes (Scheme 31, II).149,150 This method was applicable to diarylselenides as well
and could be performed in gram scale without significantly diminished yield.
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Another reliable synthetic route was the alkylation of sulfoxide 87 with a Meerwein salt and
successive treatment with a Grignard reagent (Scheme 31, III).3,151 The structural diversity of
the products which can be obtained was broad but with the typical functional group
limitations due to Grignard chemistry. The choice of activators was restricted not only to
Meerwein salts, since trimethylsilyl triflate152 and trimethylsilyl chloride153 efficiently served
to the same purpose as well.
An alternative approach was the activation of a sulfoxide by the mixture of P2O5 and
methanesulfonic acid followed by a subsequent counteranion exchange (Scheme 31, IV).154
The reaction was carried out under mild conditions, and the salts were obtained as either
hexafluoroarsenates, -phosphates or -antimonates.
It was also shown by Rumpf that the reaction of sulfinimines 91 with Grignard reagents
followed the same synthetic pathway as its isoelectronic analog 88 (Scheme 31, V).155
However, since the authors focused on the subsequent chemistry, only one example as
triarylsulfonium salt was isolated
Just recently, Tf2O by Alcarazo156 and the mixture of TFAA and HOTf by Ritter 157 were
introduced both as efficient activators, transforming a large substrate scope into more
complex sulfonium salts (Scheme 31, VI). The synthesis and applications of S(aryl)dibenzothiophenium triflates is a part of this thesis and will be discussed in detail in
Chapter 3.4.
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Selected examples for the regioselective sulfenylation are shown in Scheme 32.

Scheme 32: Selected examples for the regioselective sulfenylation, as presented by Ritter et al.157–159

Both methods, independently developed by Alcarazo and Ritter, opened a resourceful field of
aromatic transition metal-free C–H activation.156–159 After activation of the corresponding
sulfoxide with an anhydride, the reaction with a non-functionalized arene occurs under mild
conditions. Preferably the most electron-rich position of the arene is activated via electrophilic
aromatic substitution, although site-selectivities occur occasionally by a small percentage. 160
The functional group tolerance of the protocols is broad, ranging from cyclopropyl(alkyl)-,
halogenide-, heterocyclic-, ether-, ester-, keto-, amide-, sulfonamide- and even over aminefunctionalities (93a'-94b). The substrate range in general covers electron-poor arenes like 1,2dichlorobenzene over those of moderate electron-richness (benzofurane) (see Chapter 3.4.1).
Substrates too poor in electrons do simply not react with the activated sulfoxide, whereas too
electron-rich ones will undergo a single electron transfer as a side reaction (see Chapter 3.4.1).
It has to be noted that the electronic range of the aromatic substrates strongly depends on
the structure of the sulfenylation agent, since these provide different electronic properties
themselves (see Chapter 1.4.3, Figure 6).
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The research group of Ritter developed a method for the highly selective thianthrenation
(Scheme 33). 159

Scheme 33: I) Gerenal method for the tetrafluorothianthrenation (TFT) of a generic arene; II) Proposed radical
mechanism; III) Mechanistic experiment, electrolysis towards 94.159

Additionally to the arene, catalytic amounts of 96, one equivalent of the TFT-sulfoxide 95 and
a mixture of TFAA and HBF4·OEt2 was added to afford sulfonium salts 94 under mild conditions
(Scheme 33, I). The authors proposed a mechanism for this specific transformation involving
a radical step (Scheme 33, II). A disproportionation of activated sulfoxide 97 with TFT 95
generated two equivalents of radical cation A. A second electron transfer through the reaction
with the generic arene delivered dicationic species B and regenerated TFT 95. Under
abstraction of a proton, intermediate B afforded sulfonium salt 94 by rearomatization.
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Ritter and coworkers detected an EPR-signal for radical cation A and concluded that this
reaction could be conducted by electrolysis in an undivided cell (Scheme 33, III). TFT-Salt 94c
could be obtained, and the regioselectivity of the sulfenylation was determined. With a p:oratio of 500:1 and a p:m-ratio of 250:1, the observations were comparable to those for the
same chemical transformation (p:o-ratio of 520:1, p:m-ratio of 230:1).
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1.4.2.

Structure of S-(Aryl) Sulfonium Salts

The X-ray structure of 93b in the solid state is depicted in Figure 5 and discussed as
representative for the complete set of S-(aryl)sulfonium salts, as all exhibited similar structural
features.156

Figure 5: X-ray structure of 93b in the solid state. Anisotropic displacement shown at 50% probability level.
Disorder of the triflate anion (80:20) was omitted for clarity. Selected bond lengths [Å] and angles [°]:
S1–C13 1.7038(15), S1–C1 1.7733(16), S1–C4 1.7810(15), S1–O2 3.251(3), C1–S1–O2 138.5, C4–S1–O2
119.0.156

Again, as expected the sulfur center adopts a pyramidal geometry while the sum of angles
around S1 being 300°. The S1–O2 contact is present in this structure with a bond length of
3.251(3) Å which is longer than the one of S-(alkynyl)sulfonium salt 5f. This fact can be traced
back to the phenyl group which is has a higher steric demand than an alkyne. 156
No additional hydrogen or chalcogen bond could be observed. Since the triflate does not lie
in the apical array but in the trigonal plane, the C–S1–O bond angles of 119.0° and 138.5° were
observed.
A dimeric arrangement in the solid state of compound 93b was not found here. The triflate
anion is disordered (80:20), which by itself already indicates that it is not tightly fixed in
position. Since the triflate-sulfonium chalcogenic bond usually is strongly directed and prefers
a 180° angle in respect to the C–S bond, this interaction cannot be very strong. Therefore, a
monomeric structure seems to be a plausible consequence.
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1.4.3.

Reactivity of S-(Aryl) Sulfonium Salts

The reactivities of S-(aryl)sulfonium salts can be divided into three main categories: transition
metal-free nucleophilic aromatic substitutions, transition metal-catalyzed transformations
and photoredox catalysis.

1.4.3.1.

Transition Metal-Free Transformations

Zhang et al. demonstrated the formation of ethers by utilizing strong alkoxide nucleophiles
for nucleophilic aromatic substitution in triarylsulfonium salts 84 and 99 (Scheme 34).161a

Scheme 34: Ethers fromformation via triarylsulfonium salts. I) General method; II) Alternative sulfonium salts.161a

30 ethers were synthetized by phenylation of a set of alcohols (Scheme 34, I & II). Moreover,
if salts of triarylsulfonium 99 with different aryl substituents were used, then for each
substituent a different reactivity was observed (Scheme 35).
Starting from S-(phenyl)thiantrenium triflate 99a, the formation of 98a in 79% yield could be
observed

along

with

15%

of

diphenyl

ether

(98b).

The

very

similar

5-

(phenyl)dibenzothiophenium triflate 93a delivered phenylated 98b (88%) as the main product
and almost no ring-opened compound 98c. The authors stated that the reason of the different
reactivity remains unclear.
However, treatment of triarylsulfonium salt 99b, bearing three different aryl substituents
(electron-rich, -neutral and -poor), with an alkoxide afforded 89% of 98d (Scheme 35). As
explained by the authors, the alkoxide entered the nucleophilic substitution reaction
preferably on the most electron-poor arene center; therefore, a ratio of 16.7 : 1 : 0 for the
arene moieties substituted with a bromide, hydrogen and methyl, respectively, was observed.
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Scheme 35: Three selected examples for the aryl ether formation.161a

Several authors suggest up to three types of mechanisms for this transformation: S NAr
mechanism162,163, the formation of an aryne intermediate164 and a radical process165.
Control experiments revealed no diminished yield by using a radical trap which suggests a nonradical mechanism. Additionally, the authors stated that they exclude an aryne intermediate
for the base-mediated O-arylation of alcohols. Lastly, it has to be mentioned that small
amounts of benzene and benzaldehyde were observed by HPLC analysis. This hints towards
side reactivity which is a Swern-type oxidation via formation of the alkoxysulfoniumion,
formed by the sulfonium salt and the direct attack of the alkoxide to the sulfur center, under
basic conditions (e. g. 99b to 98d).161
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Zhang and coworkers used very similar conditions not only for the O-arylation of alcohols but
extended this methodology towards S-, Se-, Sn- and Si-arylation (Scheme 36).166

Scheme 36: I) Conditions for the formation of ethers & thioethers; II) Conditions for the selenylation, stannylation and silylation, as reported by Zhang.166

In this protocol the sulfonium salt contained only one aryl substituent; therefore,
dimethylsulfide acts as a leaving group. The O- and S-arylation was done directly by reacting
an alkoxide and thiolate with the arylsulfonium salt, respectively, whereas for the
selenylation, stannylation and silylation the corresponding dielemental precursor was used.
Another field of interest is the fluorination, even more specific the radio labelling by
incorporation.167,168

18F-containing

18F-

molecules have medical application as PET (positron-

emission-tomography) tracers; therefore, selective and mild incorporation of

18F-fluoride

is

highly desired. S-(Aryl)sulfonium salts turned out to be excellent reaction partners in the direct
fluorination of aromatic compounds (Scheme 37).

Scheme 37: Fluorination via nucleophilic aromatic substitution in arylsulfonium salts.167,168
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However, these methods were applied to a rather narrow substrate scope and additionally
side-product 103a was formed with acyclic sulfonium salt 102 (Scheme 37, I). Ritter combined
an efficient side-selective sulfenylation with the late-stage 18F-fluorination (Scheme 38).157

Scheme 38: I) Methodology for the fluorination; II) Selected examples, RCY = decay-corrected radio chemical
yield; III) Parent dibenzothiophene-backbones used for the former sulfenylation. Sulfenylation
proceeds with the corresponding sulfoxide and either Tf2O in DCM or TFAA/HOTf in MeCN.157

This strategy involved a regioselective sulfenylation with different dibenzothiophene
derivatives and successive 18F-fluorination. Temperature of 110 °C was used, and the reaction
was stopped after 20 min (Scheme 38, I). The formation of side-products was not reported,
and an extract of the substrate scope shown in Scheme 38, II. The sulfenylation was conducted
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with three different dibenzothiophene backbones (Scheme 38, III). Compound 103c was
obtained in good yield, and iodine substituent remained unchanched during the reaction.
Sulfonamides, ketones (103d) and ester functionalities (103e) were also tolerated.
Examples 103f and 103g show the fluorinated products derived from different
dibenzothiophene derivatives (S2 & S3). The authors stated the fluorination (SNAr) will take
place at the most electron deficient arene. Hence, S3 will provide two electron-rich positions
which are unlikely to be attacked by a fluoride anion, and the fluorination should take place
at the desired exocyclic aryl group. However, S3-oxide (S3O) proves to be less efficient in the
sulfenylation step than the more electron-poor S1-oxide (S1O) and therefore cannot be used
for the sulfenylation of less electron-rich arenes.
The authors concluded that the choice of the sulfoxide is individual for each arene since the
sulfoxide should be adequately electron-poor to sufficiently activate C–H in the arene but
electron-rich enough to be highly selective in the fluorination step.
To exemplify this statement, both parent sulfonium salts S1-103f and S2-103f were synthesized
in satisfactory yields. Nevertheless, the 19F-fluorination yielded 94% of 103f in the case of S2103f, while S1-103f gave only 55% of 103f and 42% of 103f' as side-product (Scheme 38, II).

Figure 6: Electronic map of arenes (left: electron-poor to right: electron-rich) for the applicability of the
dibenzothiophene scaffolds S1O, S2O & S3O in sulfenylation reactions with arenes.157

Figure 6 shows the three dibenzothiophene oxides S1O, S2O and S3O (colors S1O = red; S2O =
blue; S3O = violet) and their match to arenes in terms of electron density which is underlined
with a bar in their corresponding color (can be found in the supporting information of

157).

With this evaluation in hand, theoretically the match of dibenzothiophene oxides with arenes
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could be predicted. It has to be noted that the reaction with arenes less electron-rich than 1,2dichlorobenzene is neither efficient nor selective.

1.4.3.2.

Transition Metal-Catalyzed Transformations

Liebeskind reported on the transition metal-catalyzed Suzuki coupling with sulfonium salts as
(pseudo)halide reactants in the late 20th century (Scheme 39, I).115 In addition, the same
reactivity could be found under Stille and Negishi coupling conditions, either palladium- or
nickel-catalyzed. The authors especially used tetrahydrothiophene as sulfonium motif to
ensure the selective aryl coupling.
One example of an aryl-aryl coupling under nickel catalysis was performed by Procter. Again,
tetrahydrothiophene was used as an efficient sulfonium coupling partner for the mild Negishi
couling (Scheme 39, II).100
The versatile applicability of S-(aryl)sulfonium salts also includes Sonogashira couplings, as
showed by Zhang and coworkers (Scheme 39, III).169

Scheme 39: Nickel- or palladium-catalyzed C–C couplings; I) by Liebeskind; II) Negishi coupling by Procter; III)
Sonogashira coupling according to Zhang.

The research group of Zhang also developed a Suzuki coupling protocol, again with an arylboronic acid and an arylsulfonium salt (Scheme 40, I). Moreover, they investigated the effect
of different substituents on the diarylsulfonium salt 106. Amongst all examples, the sulfonium
salts which contain either an ethyl- or a trifluoroethyl-group performed best under the
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otherwise equal conditions and therefore were used to synthetize 19 products in good
yield.170
Lewis demonstrated the functionalization of azulene derivates by sulfenylation, whereas
sulfonium salts 108 were obtained as hexafluorophosphates. The coupling with 108 under
Suzuki coupling conditions yielded a variety of azulene compounds 105a (Scheme 40, II).171
Heck-Reactions were also perfomed by Zhang et al. In this study a diarylsulfonium salt with a
perfluorinated alkyl substituent was chosen to compose styrene derivatives under mild
conditions (Scheme 40, III).172
Yorimitsu used a coupling strategy via palladium-catalyzed intramolecular C–H activation
starting from tetrahydrothiophenium salts 110. After the oxidative addition to the C–S bond,
an intramolecular aryl-aryl coupling occurred forming a six-membered ring system. This route
was used to synthesize 15 compounds of type 111 with different substitution patterns
(Scheme 40, IV).173
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Scheme 40: I) Suzuki coupling reported by Zhang; II) Arylation of azulene by Suzuki coupling, as reported by Lewis;
III) Heck reaction according to Zhang; IV) Pd-catalyzed intramolecular C–H arylation reported by
Osuka.

Starting from diarylsulfonium salt 106c, Zhang realized the Ullmann-type C–N coupling
reactions (Scheme 41, I). With cooperative palladium/copper catalyst, 33 compounds of type
113 were prepared in moderate to good yields.16
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Scheme 41: I) C-N Ullmann-type coupling reported by Zhang; II) Buchwald-Hartwig-type amination elaborated
by Ritter.

Ritter demonstrated the use of thianthrene sulfonium salts in Buchwald-Hartwig-type
couplings (Scheme 41, II).174
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Scheme 42: I) Generic scheme for the products of coupling reactions; II) Coupling reaction products; III) Competition reactions of the TFT-moiety vs. (pseudo)halides in Suzuki-type coupling reactions.

Ritter developed protocols for the synthesis of TFT-sulfonium salts 94 and for arylations with
94 (Scheme 42, I). These salts proved to be efficient in various metal-catalyzed
transformations. Starting from sulfonium salt 94d, a carbonylation (115a), Suzuki- (115b),
Sonogashira- (115c), Negishi- (115d &115e), Heck-type (115f) and a sulfenylation (115g)
reactions could be performed (Scheme 42, II). Scheme 42, III shows the competition reaction
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between the TFT-moiety, a triflate and a bromide in the same molecule in a Suzuki crosscoupling. Interestingly, in both cases over 90% of 116a and 116b could be isolated in this
reaction, hinting towards a huge difference in terms of reactivity for the corresponding
(pseudo)halide compared to the TFT-unit. The higher reactivity of the TFT-unit offers
orthogonality in chemoselective palladium-catalyzed coupling reactions.159
Structurally similar iodineIII reagents are not suitable for transition metal-catalyzed coupling
reactions since the leaving group would be aryl iodide, which itself undergoes oxidative
additions under the conditions applied. In contrast, the advantage of sulfonium salts over
iodineIII reagents is the property of sulfides as side-products to be inert in the presence of
transition metals like palladium.2
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1.4.3.3.

Photochemical Transformations

In 1978, Kellogg and coworkers investigated the reduction of sulfonium salts 117 (Scheme 43,
I) promoted by light.175,176 Hantzsch ester 118 was used as a hydrogen donor, while the
reactants were exposed to the light of a neon fluorescent lamp. If the reaction mixture was
solely stirred under the absence of light, acetophenone 119 was obtained in 0 and 38% yield
at ambient temperature/72 h or at 60 °C/10 h, respectively. Exposing the reaction mixture to
the light drastically increased the yield and shortened the reaction times. Thus, complete
conversion of the reactants could be achieved within 20 min by utilizing [Ru(bpy)3]Cl2 as a
photocatalyst. It was suggested that a single electron transfer, which causes the reduction of
the C–S bond, took place. This example represents the very early work on modern photoredox
catalysis.

Scheme 43: I) Pioneering work on photoredox catalysis published by Kellogg et al.; TPP = meso-tetraphenylporphine; II) Photoredox catalysis with aryl sulfonium salts and ethylene derivatives as radical
traps reported by Fensterbank, Goddard & Ollivier. *Obtained in 53–60% as a mixture with the 2phenylacrylate derivative.
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Ollivier et al. presented related work which involved photocatalytic hydroarylation with
sulfonium salts induced with the visible light.146 The resulting aryl radicals are trapped by
ethylene derivatives 120, 1,1-diphenylethylene 122 or ethylacrylates 124, which are used in
excess, and yielded a scope of 121, 123 and 125, respectively (Scheme 43, II).
In this study the effect of the counteranion of the sulfonium salts on the yield was
investigated. Triflates, tetrafluoroborates and hexafluorophosphates gave comparable
reaction outcomes, whereas transformations with bromides resulted in lower yield. On the
contrary, the differences in the electronic densities of aryl substituents on the sulfonium salt
or of the substrate itself have only little effect on the product yield.
The authors proposed a mechanism of this transformation which is depicted in Scheme 44.

Scheme 44: Proposed mechanism for the photocatalytic transformation of 86 into 123.

A single electron transfer to the triarylsulfonium salt 86 releases diphenyl sulfide and
arylradical A, while [Ru]I is oxidized to [Ru]II. In this example 1,1-diphenylethylene 122 acts as
the radical acceptor; after radical addition of A to 122 and formation of the C–C bond, the
stabilized radical intermediate B is formed. Irradiation of [Ru]II with light results in the excited
[Ru]II-state, which oxidizes diisopropyl amine in the cocatalytic cycle. Finally, B formally
abstracts a hydrogen atom from the radical cation of the Hünig's base and delivers the desired
product 123.
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Just recently, Procter et al. published a metal-free C–H/C–H coupling strategy of nonprefunctionalized arenes which is again enabled by an interrupted Pummerer sequence and
followed up by photoredox catalysis (Scheme 45, I).15 The sulfonium salts are generated in situ
and subsequently subjected to photocatalytic conditions. In this case, the amine is not
required as a co-reducing agent. Scheme 45, II presents an extract of the vast and versatile
scope of this transformation.

Scheme 45: Selected examples of the C–H/C–H coupling of arenes via the interrupted Pummerer protocol
followed by photoredox catalysis.

With this one-pot protocol, a variety of arenes with sufficiently high electron density was
functionalized. Among them iodides, ketones, heterocycles like thiophenes as sulfonium salts
etc. were tolerated (127a-127d). Moreover, changing the coupling partner to thiophenes,
benzofuran or 1,4-difluorobenzene yielded the corresponding products at least in good yields,
considering the potential regioselectivity issues (127e-127f). Procter also provided the late78

stage C–H-functionalization of the bioactive molecules boscalid 127h and salicin pentaacetate
127i in 66 and 71% yield, respectively.
The proposed mechanism of this transformation is shown in Scheme 46.

Scheme 46: Mechanism of the photochemical transformation proposed by Procter; PTH: 10-phenylphenothiazine.

5-(Phenyl)dibenzothiophenium triflate (93a) is reduced by the excited state of the
photocatalyst; according to the mechanism discussed above in Scheme 44, dibenzothiophene
is released under the formation of phenyl radical A. The heterocyclic arene A’ forms a C–C
bond with the radical A which results in formation of intermediate B. A SET between the
cationic PTH species and B occurs, and cationic intermediate C is obtained. Rearomatization
of C affords the final product 127.
König has shown that the reactivities of diazonium salts 128 in the presence of a photocatalyst
and of a radical acceptor in the presence of visible light are very similar to those of sulfonium
salts (Scheme 47).177

Scheme 47: Method for the photoinduced biaryl coupling presented by König.
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However, the main disadvantage of this method is the need to obtain diazonium salts, which
requires the initial presence of an amino group. The latter can be converted to diazonium salt
by the Knoevenagel diazotization method.178
With the help of photochemical approach Ritter demonstrated such versatile transformations
of thianthrenium salts 94 like oxygenation179, trifluoromethylation158 and fluorination180
(129a-129c) (Scheme 48).

Scheme 48: Photochemical transformations applying the thianthrenium salts 94, as elaborated by Ritter.
Conditions: a) B2pin2 (2.5 equiv.), pyridine (5.0 equiv.), LED; b) P(OPh)3 (5.0 equiv.), pyridine (4.9
equiv.), NaI (20 mol%), LED; c) NBu4CN (2.5 equiv.), Cu(MeCN)4BF4 (1.2 equiv.), LED; d) NMe4SCF3
(1.1 equiv.), Cu(MeCN)4BF4 (1.0 equiv.), LED; e) CuCl (2.0 equiv.), NBu4Cl (2.5 equiv.), LED; f) LiI (10
equiv.), Cu(MeCN)4BF4 (1.0 equiv.), MeCN/DMSO (3/2), LED; g) ROH (2.0 equiv.), CuTC (1.0 equiv.),
Na2CO3 (1.0 equiv.), 3 Å MS, MeCN, then 94 (1.0 equiv.), [Ir[dF(CF3)ppy]2(dtbpy)PF6] (1 mol%), Blue
LED or 94 (1.0 equiv.), [Ir[dF(CF3)ppy]2(dtbpy)PF6] (1 mol%), dimethylglyoxime (10 mol%), Cu2O (0.8
equiv.), MeCN/H2O (10/3), Blue LED; h) [Ir[dF(CF3)ppy]2(dtbpy)PF6] (1 mol%), Cu(MeCN)4BF4 (1.5
equiv.), CsF (1.2 equiv.), Acetone, Blue LED; i) CuSCN (1.5 equiv.), CsF (2.0 equiv.), TMSCF 3 (1.5
equiv.), DMF, then 94 (0.2−0.3 mmol), Ru(bipy)3(PF6)2 (2.0 mol%), MeCN, blue LED.

Moreover, (pseudo)halogenation (129g-129i), cyanation phosphorylation and borylations181
of 94 were possible as well (129d-129f).159
Lastly, the reaction was also performed in the presence of aryl iodides. The thianthrenium
moiety proved to be superior in terms of reactivity in this particular competition.
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1.5.

C(sp3)-Substituted Sulfonium Salts

Since C(sp3)-substituted sulfonium salts play only a minor role in this thesis, the synthetic
routes towards this class of compounds and its applications will be only briefly discussed.

1.5.1.

Synthesis of S-(Alkyl) Sulfonium Salts

The most general chemical transformations towards S-(alkyl)sulfonium salts are shown in
Scheme 49.

Scheme 49: Formation of S-(alkyl)sulfonium salts I) By SN-substitution; II) Using Grignard or organocadmium
reagents; III) Via intramolecular sulfenylation; IV) Via acid-induced cyclization; V) Oxonium analog
of the Umemoto reagent derived from diazonium salt 135.

A simplest method for the preparation of S-(alkyl)sulfonium salts 130 is the direct alkylation
of the corresponding sulfide 85 with an alkyl iodide or triflate (Scheme 49, I).182–184 AgBF4 or
NaClO4 are commonly used for the subsequent counterion exchange, yielding the salts 130
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either as tetrafluoroborates or perchlorates. Alternatively, alkoxy-substituted sulfonium salt
89 can be reacted with either Grignard or organocadmium reagents to generate 130' (Scheme
49, II).185 Treatment of o-substituted biaryl sulfoxide 131 with triflic anhydride causes an
intramolecular sulfenylation reaction towards 132 (Scheme 49, III).186–189 This method is wellknown for the synthesis of Umemoto's reagent 132, which cannot be obtained by
straightforward alkylation of the sulfide. Additionally, the acid-induced cyclization strategy of
(o-ethynylaryl)-substituted sulfides 133 was demonstrated as well (Scheme 49, IV).190 Lastly,
136, the oxygen analog of Umemoto's reagent, can also be synthetized, although its handling
is quiet inconvenient since these compounds are only stable at low temperatures below –90
°C (Scheme 49, V).5
A small collection of S-(alkyl)sulfonium salts shown in Scheme 50 was synthetized by
Tsuchida191, Shine192 and Shibata.190

Scheme 50: Six examples of S-(alkyl)sulfonium salts.
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1.5.2.

Reactivity of S-(Alkyl) Sulfonium Salts

As shown in Scheme 51, S-(alkyl)sulfonium salts can be used in four reactivity modes.

Scheme 51: General reactivity of S-(alkyl)sulfonium salts 141.

The salts 141 can be converted into an ylide by using a base. The main properties of ylides
were already discussed in Chapter 1.3.6–8 Ylides are well-established reagents used in organo, transition metal-, Lewis-acid- and photocatalysis. In general, these compounds are easily
accessible, bench-stable and with the mentioned above Johnson-Corey-Chaykovsky reaction
even became textbook chemistry.193–195
Compounds 141 can also be used for the alkylation of nucleophiles, as shown in the work of
Shine192 and Kamigata196. Phenols, amines, enolates or thiolates can be used as nucleophiles,
whereas the reaction mechanism is dictated by the nucleophile’s properties. For hard
nucleophiles the reaction pathway suggests the participation of a sulfurane intermediate,
which undergoes ligand coupling to furnish the final product (see also a comparable
mechanism in Chapter 1.3.3,). For soft nucleophiles a simple S N2 reaction is proposed.
Yorimitsu used S-(alkyl)sulfonium salts as a potent alkyl radical sources, which can generate
radicals under mild photocatalytic conditions.12 An example which includes the C(sp3)–C(sp3)
bond formation employing an iridium-nickel dual photochemical catalytic system and
involving a single electron transfer was presented by Novák et al.197
Lastly, the transition metal-catalyzed alkylation of arenes has been explored. For this purpose,
palladium catalysis enhanced by the assistance of a copper catalyst proved itself as a powerful
tool for the ortho-directed trifluoromethylation198 and methylation.199 The reaction pathway
remains still unclear; both Pd0/PdII and PdII/PdIV catalytic cycles have been proposed.

83

2.

Project Aim

Alcarazo et al. reported on the synthesis of S-(alkynyl)sulfonium salts by the reaction of TMScapped acetylenes and the bistriflate-activated dibenzothiophene-5-oxide 15.11,23 The direct
synthetic approach from terminal alkynes to S-(alkynyl)sulfonium salts has never been
reported. According to Novák, aryl(trifloxyalkenyl)iodonium triflates were selectively obtained
staring from (diacetoxyiodo)benzene and a terminal alkyne.200 With specially focused
experiments the aforementioned possible pathway towards S-(alkynyl)sulfonium salts shall be
unraveled and the reaction products identified (Scheme 52).

Scheme 52: Generic reaction scheme towards S-(alkynyl)dibenzothiophenium triflates 5.

Addition reactions to their parenting alkynylation reagents based either on selenium25,117,122
or iodine127,130 have been reported. Stang also studied the addition of dienes to various
iodonium alkynyl triflates via Diels-Alder reactions.131 Therefore, it is of high interest if these
addition reactions can be performed on S-(alkynyl)dibenzothiophenium triflates 5 (Scheme
53).

Scheme 53: Addition reactions of S-(alkynyl)dibenzothiophenium triflates 5 and subsequent Michael-type
transformations.

In addition, the ability of structurally related (alkenyl)selenonium and (alkenyl)iodonium salts
to undergo Michael-type reactions was demonstrated before.28,118–121 To expand the synthetic
potential of 5 and to fill the gap in our knowledge, it is also necessary to test the capacity of
S-(alkenyl)dibenzothiophenium triflates 142 to perform Michael reactions as well (Scheme
53). Following the work of Procter, it will be investigated if these salts undergo C(sp2)-CAryl
coupling reactions under photocatalytic conditions. 15
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Waser found the alkynyliodonium salts to be feasible reaction partners in combination with
acetylides

for

a

transition

metal-free

Cadiot-Chodkiewicz

coupling.68

Since

S-

(alkynyl)dibenzothiophenium triflates 5 showed similar reactivity to their iodine-based
analogues, the reaction with acetylides towards diynes 33 will be investigated (Scheme 54).

Scheme 54: Simplified reaction of an acetylide with alkynylation reagent 5.

Previously, Procter171 and Ritter157,159 independently established protocols for the preparation
of S-(aryl)sulfonium salts from their parent sulfoxides by activation with either Tf2O or TFAA.
Combined with the recent findings of Alcarazo11, the feasibility of this concept with
dibenzothiophene oxide 15 will be tested focusing on the limitations caused by the electronic
properties of the arene moieties (Scheme 55).

Scheme 55: Synthesis of S-(aryl)dibenzothiophenium triflates 93.

Moreover, the generally accepted mechanism for the sulfenylation of arenes with TFT is
associated with a radical process.159 It will be investigated in detail whether this also applies
to the reaction shown in Scheme 55.
The ability of S-(aryl)sulfonium salts to undergo ipso-substitutions have previously been
reported.161a However, the authors only had limited access to triarylsulfonium salts with two
substituents being connected to each other. Therefore, the potential of ipso-substitutions
with S-(aryl)dibenzothiophenium triflates 93 will be explored in this thesis (Scheme 56, a).
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Scheme 56: a) ipso-Substitution of 93 with nucleophiles; b) Chemoselective Suzuki coupling with 93.

Ritter showed that chemoselective cross-coupling reactions with TFT salts is possible and
yielded desired products in high yields and without affecting concurring (pseudo)halides.159
In this thesis the chemoselectivity in S-(aryl)dibenzothiophenium salts 93 will be investigated
in Suzuki couplings. Moreover, it is of high interest to explore their limitations in terms of Pd
catalyst loading and reaction temperatures (Scheme 56, b). These experiments will provide
information about the relative reactivity of dibenzothiophenium salts in comparison to
common (pseudo)halides in palladium catalysis.

86

3.

Results and Discussion

3.1.

Synthesis & Applications of (Z)-Vinyl-Dibenzothiophenium Triflates

3.1.1.

Alternative Approach towards S-(Alkynyl)dibenzothiophenium
Triflates

Up to date the synthesis of 5-(alkynyl)dibenzochalcogenium triflates is restricted to TMSprotected alkynes.11,23,25 To make the synthesis towards the corresponding salts more atom
economic, terminal alkynes were envisaged as substitutes (Figure 7).

Figure 7: General synthetic method towards 5-(alkynyl)dibenzothiophenium triflates 5 with TMS-protected
alkynes & terminal alkynes. Dibenzothiophenium triflate will be abbreviated with DBT+ in reaction
schemes.

In mechanistic rationalizations reported in the literature, the syn-addition of 144 to the triple
bond is proposed as an intermediate step.22 After the addition, TMSOTf is rapidly released
since this intermediate is unstable, and the desired product 5 is formed. Substitution of TMSprotected alkynes with a terminal one would change the leaving group to triflic acid. It is
unclear if the trimethylsilyl group plays a crucial role during the reaction to form the desired
alkynyl sulfonium salts or not.
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According to Alcarazo, the reaction of 15 with the TMS-capped 1-ethynyl-4-fluorobeneze
delivered the S-(alkynyl)sulfonium salt in good yield.11 It was envisioned that 1-ethynyl-4fluorobenzene as a terminal alkyne would show similar reactivity. Especially this alkyne was
chosen since tracking of the fluorine distribution with

19

F NMR allows identification of

fluorine-containing species. Surprisingly, the salt 142a was formed as the main product in
good yield of 71% and identified as a 1:1 mixture of E/Z-isomers (Scheme 57, I).

Scheme 57: Reagents and conditions: a) 1. HOTf (0.5 equiv.), Tf2O (1.2 equiv.), then p-F-C6H4-acetylene (1.2
equiv.), DCM, –50 °C → rt, 16 h.

MS analysis and 19F NMR spectra confirmed the presence of 142a, although 5b was also found
as traces. Therefore, it can be assumed, that either 5b formed first and the released equivalent
of HOTf added to the triple bond, or 142a is indeed an intermediate formed by a syn-addition
of bis-triflate adduct 144, which later undergoes an elimination reaction towards 5b (Scheme
57, II). Treatment of 142a with different types of bases (Na2CO3, pyridine, and DIPEA) did not
result in formation of 5b (Scheme 57, III). Other bases or reaction conditions were not tested
since too nucleophilic bases would decompose 5b. The reaction from 5b towards 142a with
stoichiometric amounts of triflic acid did not result in the desired addition reaction either
(Scheme 57, III).
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In case of using TMS-alkynes, the addition reaction did not happen since solely TMS-OTf
appears to be inert towards addition reactions in this system. According to the literature
reports, the addition of TMS-OTf to triple bonds under Lewis acid catalysis is possible, whereas
formally HOTf acts as an addition partner to the triple bond. The triflic acid is generated in situ
by hydrolysis of TMS-OTf with water.201
Novák

investigated

a

closely

related

reaction

involving

the

synthesis

of

aryl(trifloxyalkenyl)iodonium triflates from (diacetoxyiodo)benzene, a terminal alkyne and
TMS-OTf as a triflate source (Scheme 58).200

Scheme 58: Reaction towards aryl(trifloxyalkenyl)iodonium triflates 66 presented by Novák.

The authors frequently observed formation of the mixture of E- and Z-isomers whereas the Econfiguration predominated. Using DFT calculations they found a low energy gap between
both isomers. The separation of both isomers by crystallization was not successful. However,
the authors did not mention the formation of an alkynyl iodonium triflate as intermediate and
rather suggested a transition state formed by the coordination of the iodineIII-center to the
acetylenic bond.
Taking Nováks results into account, a similar transition state can be formulated which includes
the coordination of the sulfur-center to the alkyne (Scheme 59).

Scheme 59: Alternative pathway towards 142a rationalized on the base of Novák.200

A syn-addition (Scheme 59, blue arrows) or the anti-addition (Scheme 59, red arrow) from the
depicted transition state can be formulated. Both reaction pathways lead to the formation of
another product; the syn-addition to the Z-isomer and the nucleophilic attack to the E-isomer.
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A 1:1 mixture of both isomers leads to the fact that both reaction pathways coexist and occur
equally likely. The formation of 5b occurs via an elimination reaction.
In conclusion, the rationalization shown in Scheme 59 is the most plausible explanation
towards the formation of 142a. The fact that small amounts of 5b could be observed means,
that it is possible to generate this reagent via this method in principle. However, the window
for the appropriate reaction conditions towards 5b are rather narrow and require precise
determination and operation. Therefore, using TMS-capped alkynes to synthetize S(alkynyl)dibenzothiophenium triflates is the most reliable method in this regard.
Two decades ago the formation of β-functionalized (Z)-vinylsulfones via the formation of βsulfonylselenonium salts were described (see Chapter 1.3.4).25,117,121 The selenonium salts
could be isolated and crystallized as either triflates or tetrafluoroborates, although the Zisomer was formed exclusively. The general structural motif in 142 is similar to those obtained
in the former described reaction (Figure 8).

Figure 8: Similarity of previously published β-sulfonylselenonium salts and β-trifluorsulfonyldibenzothiophenium salts.

With this preliminary results and related literature reports in hand, other addition reactions
towards S-(alkynyl)dibenzothiophenium triflates were performed.

3.1.2.

Addition Reactions of S-(Alkynyl)dibenzothiophenium Triflates

The addition reaction of phenylsulfinic acid to the triple bond of 5 occurs via a simple antiaddition reaction mechanism.117 Therefore, other reagents known to undergo similar
reactivity in the presence of alkynes like acids, halogens and dienes (Diels-Alder reactions)
were tested. Similar addition reactions were done with iodineIII-based alkynylation reagents
before.202
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Scheme 60: Reactivity of the salts 5. Reagents and conditions:a) PhSO2H (1.0 equiv.) DCM/t-BuOH, rt, 12 h; b) 2
M HCl in Et2O (1.5 equiv.), DCM/t-BuOH, rt, 12 h; c) I-Cl (1.2 equiv.), DCM, rt, 12 h; d) Br2 (1.0 equiv.),
DCM, rt, 12 h; e) Cyclopentadiene (5.0 equiv.), MeCN, 100 °C, MW, 2 h.

When phenylsulfinic acid was added to S-(alkynyl)sulfonium salt 5a under protic conditions,
compound 142b was obtained in 83% yield in gram scale (Scheme 60). Interestingly, the
reaction was not proceeding without tert-butanol as an external proton source in addition to
PhSO2H. The addition of hydrochloric acid was conducted successfully yielding 48% of 142c.
Halogens like iodo monochloride and bromine gave products 142d & 142e in 80 and 74% yield,
respectively.
The same reaction conditions were applied to more electron poor 5c and gave 142f and 142h
in high yields. Additionally, 5c could be converted easily to 142g with excess of
cyclopentadiene in 100 °C via typical Diels-Alder reaction conditions.
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3.1.2.1.

Structure of S-(Alkenyl)dibenzothiophenium Triflates 142b & 142f

Structure of the salt 142b in the crystal is shown in Figure 9.

Figure 9: X-Ray structure of 142b in the solid state. Anisotropic displacement shown at 50% probability level.
Hydrogen atoms were omitted for clarity. Selected bond lengths [Å] and angles [°]: S1–C1 1.7923(12),
S1–C4 1.7836(12), S1–C13 1.7947(12), S1–O1 2.6801(10), S1–O5 3.428(5), O1–C12 3.0674(16), O5–C5
3.325(5), O5–C16 3.231(4), C4–S1–O1 176.7, C1–S1–O5 172.0.

The structure of 142b in the solid-state shows two chalcogen contacts to the sulfonium center,
whereas the bond distance of the intermolecular contact O1 –S1 is significantly shorter than
O5–S1 (triflate contact) with S1–O1 of 2.6801(10) Å. The strongly interacting oxygen atom of
the sulfonium moiety O1 lies in a colinear bond angle in C4 –S1–O1 of 176.7, which is only
slightly distorted. One intramolecular hydrogen bond between O1 and H12 could be observed.
The rather weakly interacting triflate anion shows two additional hydrogen bonds to the
ortho-aryl protons of C5 and C16. Surprisingly, no interactions from the hydrogen atom of C13
were present which differs much to the observations of the solid-state structures of other
vinylsulfonium salts (see Chapter 1.3.2). Additionally, a sum of angles around S1 with 297.5°
was measured and tends to stronger pyramidalization compared to other vinylsulfonium salts.
No dimeric structural motif could be observed in the crystal structure of 142b. The strong
interactions of the sulfonium center indicate low electron density at the sulfur atom.
Therefore, it is likely that this compound will undergo a vinylation reaction in the presence of
nucleophiles via the mechanisms discussed in Chapter 1.3.4 (selenonium analog).
The crystal structure of the salt 142f is presented in Figure 10 and will be discussed
representatively as typical for structures 142d, 142e and 142h as well.
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Figure 10: X-Ray structure of 142f in the solid state. Anisotropic displacement shown at 50% probability level.
Selected bond lengths [Å] and angles [°]: S1–C1 1.7866(10), S1–C10 1.7761(10), S1–C17 1.7831(11),
S1–O2 3.3742(13), O2–Cl1 3.2082(12), I1–O1 2.8310(9), C17–S1–O2 159.6, C1–I1–O1 173.6, C2–Cl1–
O2 79.6.

In the solid-state structure of 142f displayed a strong tendency of halogen bonding. The
triflate anion is the bridging link between the halogenides connected to the vinyl moiety (O1 –
I1 and O2–Cl1). The halogenide-triflate interactions are quite strong, and the distances are
shorter than their corresponding sum of van-der-Waals-radii, especially O1–I1 (vdW-radiusO–I
= 3.50 Å).203 This results in a weakened interaction of the triflate anion to the sulfonium
moiety, as indicated by slightly longer bonding distance between S1 and O2 than the
corresponding sum of van-der-Waals radii.
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3.1.3.

Michael-Type Reaction of Vinylsulfonium Salt 142b

As mentioned in Chapter 1.3.4, Muraoka used the higher analogs of 142b as Michael
acceptors.120 Starting from Se-alkynylated selenonium salts 69, the authors found the facile
conversion of 69 into (Z)-β-(alkoxyvinyl)sulfones 70 (Scheme 61, I). This transformation could
be performed in one step by adding 69 to PhSO2Na and stirring in an alcoholic solvent. It was
also possible to realize an addition reaction of PhSO2H onto 69 to generate 65. Upon
treatment of this salt with nucleophiles such as alkoxides, 70 could be prepared as well.

Scheme 61: I) General reaction conditions for the transformation to 70; II) Pathway A and Pathway B leading to
the formation of either product 146a or 70, respectively, are presented.120

Mechanistically this transformation was described as an addition of the sulfinate salt (Scheme
61, II). Zwitterionic intermediate A is formed and could potentially undergo two reaction
pathways. According to Pathway A, the alkenyl anion A can be protonated due to the presence
of a protic solvent forming β-sulfonylselenium salt 65. Successive attack of a nucleophile
(alkoxide in this case) to the α-carbon forms the desired product 70. Pathway B includes the
elimination of the neutral dialkylselenide. The vinyl carbene C is formed, which results in either
1,2-migration of the phenyl or the sulfone to form product 146a via insertion in the O−H bond
of the alcohol. However, as formation of 146a was never observed, which decreases the
likelihood for Pathway B to be operative.
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With this information in hand, we have tested if S-(alkynyl)dibenzoselenophenium triflate 69c
undergoes the same reaction pathway as its analogues. Compound 69c was synthetized by
well-known previously reported procedures.25,204
Employing the reaction conditions similar to indicated in Muraoka's work,120 product 70a was
isolated in 81% yield [Scheme 62, a)], and comparable to observed by Kataoka reactivity and
kinetics properties were detected. Then 5-(alkynyl)dibenzoselenophene triflate 69c was
replaced by less toxic 5-(alkynyl)dibenzothiophene triflate 5a, which presumably should
possess similar reactivity.205 The reaction was carried out in ethanol instead of hexanol
[Scheme 62, b)]. Product 70b was obtained in comparable to the product 70a yield.

Scheme 62: Comparison of reactivity of the salts 69c and 5a. Reagents and conditions:a) PhSO2Na (1.1 equiv.), 1hexanol, rt, 1 h; b) PhSO2Na (1.1 equiv.), EtOH, rt, 1 h; c) PhSO2Na (1.2 equiv.), MeCN, rt, 1 h; d)
DCM:MeOH, rt, 1 h. * The compound was not characterized but H-NMR and MS confirmed the
structure of the product.

It was also investigated if alcohol can be replaced by another solvent with acidic properties.
Utilizing thiol 147 resulted in excellent yield of the sulfide 70c [(Scheme 62, c)]. Surprisingly,
70c was obtained as a diastereomeric mixture with a Z:E-ratio of 9:1.
With sodium thiophene-2-sulfinate (148) alkyne 5a gave the expected product 70d in good
yield [Scheme 62, d)]. A Z:E-ratio of 10:1 was observed as well, and the Z-isomer could be
isolated. Configuration of the major Z diastereomer of 70d was confirmed by NOE
experiments.
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In Chapter 3.1.2 the successful synthesis of 142b was described. With this reagent in hand, it
was tested if nucleophiles can attack the sp 2-hybridized α-carbon in 142b and replace
dibenzothiophene. The scope of different nucleophiles is shown in Scheme 63, whereas one
salt 142b was used as a representative example for this compound class.

Scheme 63: Different nucleophiles converting 142b into β-functionalized (Z)-alkynylsulfones. Reagents and
conditions: a) PPh3 (1.2 equiv.), DCM, rt, 12 h; b) MeNHTs (1.2 equiv.), Cs2CO3 (1.2 equiv.), DCM,
rt, 12 h; c) o-Br-thiophenol (1.0 equiv.), Cs2CO3 (1.0 equiv.), DCM, rt, 12 h; d) 1,3-Diketone (1.0
equiv.), Cs2CO3 (1.0 equiv.), DCM, rt, 12 h; e) TsNa (1.0 equiv.), DCM:t-BuOH, rt, 12 h; f) n-Bu4NBr
(1.0 equiv.), DCM, rt, 12 h; g) p-Cresol (1.0 equiv.), Cs2CO3 (1.0 equiv.), DCM, rt, 12 h; h) KF (1.2
equiv.), DCM/t-BuOH, rt, 12 h; i) LiHMDS (1.0 equiv.), 1-ethynyl-4-fluorobeneze (1.0 equiv.), DCM,
–78°C → rt, 15 min; j) NaSCN (1.1 equiv.), DCM/t-BuOH, rt, 12 h.

Triphenylphosphine gave phosphonium salt 70e in acceptable yield. Thiolates, sulfonamides
and 1,3-diketones under basic conditions gave 70g, 70f and 70h in 90, 83 and 87% yield,
respectively. Compound 70g was obtained as a 5:1 mixture of Z/E isomers which could not be
separated, whereas 70h was isolated as the single Z isomer in 87% yield. Also, tolylsulfinic
sodium salt and a bromide from n-Bu4NBr afforded the expected products 70i and 70j,
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respectively, in satisfactory yields. Fluoride as a much weaker nucleophile than bromide was
tested as well, and the desired product 70l was isolated in only 40% yield. para-Cresol
converted 142b into 70k in 92% yield without isomerization. 1-Ethynyl-4-fluorobeneze was
deprotonated with LiHMDS at –78°C and reacted with 142b to give 70m in 50% yield as a 3:1
Z/E mixture of diastereomers. The pseudohalide thiocyanate yielded 70n in 72%.
It was investigated if electron-rich aromatic molecules can act as nucleophiles as well (Scheme
64, I). As 1-phenylpyrrole was found to be an efficient nucleophile in electrophilic cyanation24,
it was tested again in reaction with the salt 142b. However, the desired product 149 could not
be detected in the reaction mixture. Based on this result it was assumed that the electron-rich
aromatic systems cannot be alkenylated by 142b.

Scheme 64: I) Attempted reaction of 142b with 1-phenylpyrrole as a nucleophile. II) Mechanistic explanation of
E/Z-isomerization during the nucleophilic attack.

As indicated above, in several cases the formation of both diastereomers, E and Z, was
observed. In Scheme 64, II two operative mechanisms are proposed. Pathway a) describes the
attack of the nucleophile to the sulfur center, forming the corresponding sulfurane
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intermediate which then delivers exclusively the E-Diastereomer via ligand coupling (see also
Chapter 1.3.3).
In Pathway b) the mechanistic rationalization towards this phenomenon is proposed assuming
syn-elimination in the intermediate carbanions as a key step. trans-Elimination should result
in predominant formation of the E-product, as conformation leading to the E-isomer is less
sterically hindered.
After the nucleophilic attack, the initially formed intermediate A possesses an appropriate
conformation to produce the main Z-diastereomer immediately via syn-elimination. However,
if the steric demands of the nucleophile causes a steric clash, intermediate A can undergo an
inversion of configuration at the carbanionic center affording, after turning along the C-C axis,
a new conformation B, in which the steric clash is minimized.206a,b The syn-elimination in B
affords the E-diastereomer, and a mixture of two isomers will occur.
It cannot be excluded, that the intermediates can additionally be stabilized by Coulomb's
forces as in A' as well as secondary 1,2-interactions between the nucleophile and the sulfone
may take part upon the isomerization.

98

3.1.3.1.

Reactions with Disulfides

The concept of the one-pot reaction described by Muraoka is reported with different protondonating nucleophiles.120 In the literature the insertion of the alkenyl moiety into an
unpolarized bond is not reported (see Chapter 3.1.3 for comparison). Therefore, it was tested
if disulfides are appropriate reaction partners for this transformation (Scheme 65).

Scheme 65: I) Reaction conditions towards formation of 151a and 151b; II) Proposed mechanism towards
generation of 151a and 151b.

The reaction conditions applied to 5a with diphenyl disulfide 150a as geminal addition partner
were similar as for the common nucleophiles such as alkoxides (Scheme 65, I). The reaction
was sluggish and yielded low amounts of desired product 151a.
Another cyclic disulfide 150b was used instead, and 151b could be isolated in 42% yield. In
this reaction 15-Crown-5 was utilized to dissolve the sulfinate salt in DCM.
Expectedly, the reaction was slower since a non-polarized bond must be broken by alkenyl
anion A (Scheme 65, II). When diphenyldisulfide is used as a reaction partner, the released
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phenylthiolate appeares to be potent for electrophilic alkynylation and consumes starting
material 5a to form 152.11 Compound 152 was detected by mass spectrometry; its formation
was clearly a reason for the low yield of 151a.
The attack of alkenyl anion A to the cyclic disulfide 150b results in zwitterionic species B'. The
local high concentration of the nucleophile facilitates C–S bond formation towards vinylsulfide
151b under abstraction of dibenzothiophene.
The connectivity in 151b could be confirmed by X-ray crystallography; the structure of 151b
in the crystal is shown in Figure 11.

Figure 11: X-Ray structure of 151b in the solid state. Anisotropic displacement shown at 50% probability level.

The structural motif of a vinylsulfide moiety is known in the literature albeit this compound
class can be described as quite exotic.207,208

3.1.3.2.

Reaction with Benzoylacetonitrile

Based on the results obtained with phenylsulfinic acid salts and the work of Alcarazo, our
efforts were focused on reaction of alkynylation reagent 5a and benzoyl acetonitrile 152.11
Especially, the phenylacetylation of 152 gave inconsistent results compared to other examples
in this publication, and the reaction was therefore declared as affording an indistinct complex
mixture of products.
With more insight to the structural product diversity the experiment was repeated, whereas
alkynylated product 153' was not in focus (Scheme 66, I). Furan 153 could be detected as
exclusive product in the reaction of benzoyl acetonitrile with reagent 5a. Under elevated
temperature and basic conditions, 153 was obtained in excellent yield in a short reaction time.
The reaction was also performed at room temperature; however, as expected, the
consumption of starting material was not complete after 12 hours.
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Scheme 66: Attempted alkynylation of benzoyl acetonitrile with the salt 5a. I) Reaction conditions; II) Mechanism towards the formation of 2,3,4-trisubstituted furan 153.

The mechanism of the reaction is visualized in Scheme 66. First, deprotonation of the acidic
proton in methylene moiety of benzoyl acetonitrile 152 can occur. Then a nucleophilic β-attack
of A furnished the intermediate B. Protonation of B resulted in alkenylsulfonium salt 154,
which could be detected in HRMS. Upon heating the oxygen atom can attack either the αcarbon, eliminating dibenzothiophene and forming the furan scaffold D. Last, rearomatization
occured under abstraction of a proton to form 153. Alternatively, the attack can also proceed
at the sulfur which results in the formation of sulfurane E. From there 153 can be obtained by
a thermal induced ligand coupling. Related selenurane analogs of E have been reported and
even were isolated although these compounds decompose easily to furane scaffolds related
to 153.209 E could never be isolated since the compound seems to be unstable.
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This result is very similar to those reported by Fujita, who used iodineIII-based alkynylation
reagents.210
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3.1.4.

Phenanthrene Synthesis via Photochemical Cyclization of
Vinylsulfonium Salts

As phenanthrenes can be cleaved in many positions retrosynthetically, the synthetic tools for
the preparation of these compounds is rather broad. Most of these transformations rely on
transition metal catalysis applying palladium-211, platinum-212 or ruthenium-based catalysts213,
or thermal induction for either the construction of the whole phenanthrene scaffold or the
final cyclization step from the parent alkyne.214,215 (Scheme 67).

Scheme 67: Cyclizations towards a generic phenanthrene.

Another synthetic strategy involved ortho-vinylated biphenyls which can be transformed in
situ into their hypervalent vinyliodine reagent and cyclized with a Lewis acid (Scheme 67).216
Alternatively, a decarboxylation reactions of ortho-carboxylic acids also undergoe cyclizations
towards phenanthrenes.217
However, these transformations either depend on transition metal catalysis or harsh reaction
conditions which limit the tolerance of functional groups.
Up to now a synthetic route from S-(alkynyl)sulfonium salts is not reported. This prompted us
to performe the synthesis of an ortho-biphenyl-substituted S-(alkynyl)sulfonium salt with the
purpose of their subsequent cyclization.
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3.1.4.1. Synthesis of S-(Alkynyl)sulfonium Salt 5j
The synthetic route to sulfonium salt 5j in four steps and 61% overall yield is shown in Scheme
68.

Scheme 68: Synthesis of the sulfonium salt 5j. Reagents and conditions: I) a) PhB(OH)2 (1.2 equiv.), K3PO4 (2.0
equiv.), Pd(PPh3)2Cl2 (5.0 mol%), DMSO, 80 °C, 12 h;218 b) Ohira-Bestmann-Reagent (1.2 equiv.),
K2CO3 (2.0 equiv.), MeOH, rt, 12 h;82 c) n-BuLi (1.0 equiv.), TMSCl (1.0 equiv.), THF, –78 °C → rt, 12
h;23 d) DBTO (1.0 equiv.), Tf2O (1.0 equiv.), –50 °C → rt, 1 h.23

Besides the reaction conditions in the caption of Scheme 68, all these transformations were
known and described in the literature. Starting from virtualy quantitative Suzuki crosscoupling with 2-bromobenzaldehyde (155), the obtained biphenyl-2-aldehyde (156) was easily
converted to alkyne 157 with the Ohira-Bestmann-reagent, then successively treated with nBuLi and TMSCl to afford TMS-capped alkyne 158 in good yield. At last, compound 5j was
synthesized according to the indicated literature procedure in good yield, even on gram scale.

3.1.4.2.

Structure of S-(Alkynyl)dibenzothiophenium Triflate 5j

The structure of 5j in the solid state is shown in Figure 12.

Figure 12: X-Ray structure of 5j in the solid state. Anisotropic displacement shown at 50% probability level. Hydrogen atoms were omitted for clarity. Selected bond lengths [Å] and angles [°]: S1–C1 1.7878(10), S1–C4
1.7886(10), S1–C13 1.6966(10), S1–O1 2.8287(8), S1–O2 2.9297(9), C1–S1–O2 175.7, C13–S1–O1
174.9.
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The salt 5j demonstrated the typical dimer formation in the solid state. This phenomenon was
previously observed in the whole family of S-(alkynyl)sulfonium salts and discussed above. The
bond distance of S1–O1 with 1.6966 Å is comparable to those in other S-(alkynyl)sulfonium
salts. Two observed chalcogen bonds differ only slightly; both are shorter than the sum of vander-Waals radii for a S–O bond. This indicates strong Lewis acidity at the sulfur center, and
similar behavior like of the known S-(alkynyl)sulfonium salts in the presence of nucleophiles
can be expected.11
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3.1.4.3.

Photochemical Cyclization of Vinylsulfonium Salts

With the salt 5j being synthetized, multiple strategies for the cyclization towards the
phenanthrene scaffold were attempted. It was envisioned to obtain 159 upon exposure of 5j
to elevated temperatures or by treatment with sodium phenylsulfinate under aprotic
conditions (Scheme 69, I). Unfortunately, only traces of 159 could be detected after prolonged
heating in MeCN, while applying reaction condition b) merely led to 5% of the desired product
159.

Scheme 69: I) Attempted cyclizations of the salt 5j. Reagents and conditions: a) MeCN, 100°C, 16 h. b) PhSO2Na
(1.5 equiv.), 15-C-5 (2.0 equiv.), DCM, rt, 12 h. II) Proposed reaction pathways towards 159.

The mechanistic consideration of the cyclization step for condition b) is depicted in Scheme
69, II. S-(Alkynyl)sulfonium salt 5j enters an addition reaction furnishing zwitterionic
alkenylsulfonium structure A. Vinyl carbene intermediate C, which could potentially be
formed from A, undergoes a rapid C–H bond insertion to form 159 (Pathway B). Alternatively,
intermediate 142i could first be generated by protonation of A (Pathway A). Either elevated
temperatures or a base could transform 142i into 159. It should also be noted that A can be
converted into 159 directly via a 1,6-hydrogen shift and successive nucleophilic aromatic
attack to the α-carbon. If intermediate D as key step is considered for pathway A, a seven
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membered sulfurane is formed which should be energetically unfavorable. The high energetic
barrier of D would explain the low yields in this reaction under the given conditions.
With the superior goal for an intramolecular cyclization reaction, a closer look to
photocatalytic protocols was taken. As alkenylsulfonium salt 142i can be synthesized and
isolated, it might be reactive upon single electron reduction, and the cyclization could be done
by a radical attack.
The research group of Procter developed a method for transition metal-free aryl-aryl coupling,
which exploits the straightforward in situ formation of S-(aryl)dibenzothiophenium triflates
and their proneness to undergo mild photocatalytic transformations (Scheme 70, I).15 In this
reaction an excess of trapping reagent was used, whereas PTH served as an efficient
photocatalyst.

Scheme 70: I) Reaction conditions developed by Procter; II) Modified reaction conditions applied to sulfonium
salt 142b.

In Procter's transformation an aryl-aryl coupling has been done. This is not desired result in
the case of cyclization of 159, since not aryl, but a vinyl radical would be generated after single
electron transfer.
Upon applying modified reaction conditions to vinylsulfonium salt 142b with an excess of 1phenylpyrrole as a trapping reagent, alkenylpyrrole 149 was obtained in 34% yield (Scheme
70, II). The result of this test reaction seemed to be promising for potential cyclization of orthobiphenylvinylsulfonium salts.
Based on the result previously discussed in Chapter 3.1.2, an addition reactions to S(alkynyl)sulfonium salt 5j have been performed (Scheme 71, I). The reaction of 5j with
phenylsulfinic acid yielded the salt 142i in 75% yield. Then the latter was exposed to
photocatalytic conditions and yielded 58% of phenanthrene derivative 159 via an
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intramolecular radical cyclization. Additionally, 5j could be converted to 142j by a Diels-Alderreaction with cyclopentadiene. The salt 142j showed the same reactivity by applying
photocatalysis and yielded hydrocarbon 160 in 47% yield.

Scheme 71: I) Reagents and conditions: a) PhSO2H (2.0 equiv.), DCM/t-BuOH, rt, 12 h; b) Cs2CO3 (1.1 equiv.),
[Ru(BPy)3]Cl2  6 H2O (2.0 mol%), MeCN, Blue LED (28 W), rt, 16 h.; c) Cyclopentadiene (5.0 equiv.),
MeCN, MW, 100 °C, 3 h. II) Mechanistic proposal towards 159, 160 and 149.
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A mechanistic rationalizations derived from the mechanism of Procter's transformation15 are
shown in Scheme 71, II. Tris(bipyridine)ruthenium(II) chloride is known to be excited by blue
light (ca. 460 nm). The rutheniumI species can reduce 159 upon releasing dibenzothiophene
to form alkenyl radical A. The latter undergoes rapid intramolecular cyclization towards
intermediate B forming the C–C bond. The excited rutheniumII species takes the electron from
B affording the cationic intermediate C. After deprotonation and rearomatization, the final
product 159 is formed.
The mechanism for converting 142j to 160 and 142b to 149 is analogous. The yield of 149 is
lower (34%) since this transformation is not intra- but intermolecular. Additionally, the radical
attack could also occur in 3-position of the pyrrole or at the phenyl group.
Multifunctionalization of 1-phenylpyrrole, which would explain the low yield of the compound
149, is also possible. However, 149 was the only isolated product.
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3.2. Alkynylsulfone Synthesis
In Chapter 3.1.3 the reactions of sodium arylsuflinates with S-(alkynyl)dibenzothiophenium
triflates were explored extensively. In accordance with previous findings by Alcarazo et al.,
these salts consistently underwent a β-attack on the alkyne moiety, whereas the
triisopropylsilyl-substituted alkynylation reagent 5f was exclusively attacked by nucleophiles
in α-position.11 Therefore, the reactive behavior of aryl sulfinates in the presence of 5f was
investigated (Scheme 72, I).

Scheme 72: Preparation of alkynylsulfones 37: I) Reaction conditions; II) Scope of sodium sulftinates with the
transfer reagent 5f.

A 1:1 mixture of DCM and methanol had to be used because of the low solubility of sodium
arylsulfinate in aprotic organic solvents. Unexpectedly, product 37a was obtained in excellent
yield within a short reaction time. Other sodium sulfinates were also tested, and the scope of
the reaction is shown in Scheme 72, II. A methyl group as in the sulfinate 37b had no influence
on the yield of the reaction. As shown in examples 37c, 37d and 37e, halogens were also
tolerated in this transformation, although 37e was obtained in moderate yield of 46%. This
could be explained by the electron-withdrawing nature of the chlorine substituent, which
reduced the nucleophilicity of the sulfinate. The same effect was observed for onitrosubstituted sulfinate, as the product 37g was obtained in moderate yield. On the other
hand, utilizing a sulfinate salt with an electron-rich heterocyclic moiety furnished 37f in
excellent yield, again indicating a correlation between the yield of the desired 1-triisopropyl2-sulfonylacetylen and electron density on the utilized sulfinate salt.
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A mechanism for this transformation is described in Scheme 73. Two potential pathways can
be formulated towards generation of the desired product 37. Pathway A consists of a β-attack
of the nucleophile forming intermediate A. Intermediate A could eliminate dibenzothiophene
to form the alkenylcarbene B, which forms the product 37 via a 1,2-migration of the TIPS
group. However, based on the work of Alcarazo et al., a β-attack on 5f can be ruled out due to
steric bulkiness of the TIPS substituent.11 Additionally, in none of the investigated examples
insertion products of the vinyl carbene were detected as a byproduct.

Scheme 73: Proposed reaction pathways A & B towards alkynylsulfones 37.

In the case of an α-attack of the sulfinate sulfonium salt C should be formed. The latter rapidly
decomposed to the desired product 37 via elimination of dibenzothiophene. However, C (or
protonated C) was never detected by mass spectrometry (for more detailed mechanistic
explanation see Chapter 1.2.3).

111

The connectivity in alkynylsulfonium salt 37e was confirmed by X-ray crystallography; its
structure in the solid state is shown in Figure 13.

Figure 13: X-Ray structure of 37e in the solid state. Anisotropic displacement shown at 50% probability level.

Additionally, diphenylphosphine oxide was considered to be an appropriate nucleophile for
alkynylation since it is structurally similar to arylsulfinic salts (Scheme 74).

Scheme 74: Reaction of diphenylphosphine oxide with 5f.

However, when 5f was subjected to the conditions shown in Scheme 74 under basic
conditions, the reaction afforded only 20% of 37h. This transformation was not further
investigated.
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3.3. Diyne Synthesis
Based on the previous work of Alcarazo et al., new nucleophiles in a similar reactive fashion
were tested.11 The research group of Waser investigated the transition metal-free coupling of
terminal alkynes with hypervalent iodine-based alkynylating reagents 17 (Scheme 75).53 Their
approach was the deprotonation of the alkyne with n-BuLi at –78 °C in THF followed by adding
the alkynylation reagent. While stirring over several hours, the reaction mixture was allowed
to warm up to rt and afforded hetero-coupled diyne 33.
Waser chose exactly 1.5 equivalents of alkynylation reagent and 1.1 equivalents of n-BuLi to
suppress formation of homocoupling products, which is an ubiquitous side reaction in this
transformation. In some cases, this undesired side reaction still occurred. The authors stated
that the presence of polar or silyl groups in the terminal alkyne reduces the reactivity and
increases the amounts of homocoupling products. Therefore, this transformation is most
suitable for electron-neutral alkynes.

Scheme 75: Reaction conditions for the alkyne-alkyne coupling, as reported by Waser.53

Since hypervalent iodineIII-based alkynylation reagents 17 and S-(alkynyl)dibenzothiophenium
triflates 5 have many parallels in terms of reactivity, it was obvious to investigate the alkynealkyne coupling with sulfonium salt 5 as well.
As dichloromethane was required as a solvent to ensure the solubility of the sulfonium salts,
even at low temperatures, lithium hexamethyldisilazane appeared to be a base of choice since
it is basic enough and does not react with dichloromethane.
Exactly one equivalent of the alkyne, base and transfer reagent 5f was utilized under chosen
conditions (Scheme 76).

Scheme 76: Reaction conditions for the alkyne-alkyne coupling with the transfer reagent 5f.
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Altering the ratio of either one of the reactants caused formation of more undesired
homocoupling products. In a few examples homocoupling side products could be isolated.
Replacing LiHMDS with n-BuLi and DCM with THF resulted in worse yields.
A set of diynes was synthetized under the given conditions, and their scope is shown in
Scheme 77. First of all, it should be mentioned that there was no obvious direct correlation
between the electronic densities on the substrates and the efficacy of homocoupling. The
occurrence of the side products seems to be individual to each example.

Scheme 77: Scope and limitations for the diyne formation; yields of homocoupling products are shown below
those of the heterocoupling products and marked with an apostrophe (generic homocoupled
product: 33x'). *1.0 equiv. of CuCN was used to suppress homocoupling formation. 219

Starting with electroneutral phenylacetylene, diyne 33a was obtained in 52% yield.
Additionally, 13% of diphenyl diacetylene 33a' could be isolated as a homocoupling product.
Compound 33b was obtained in 38% yield and accompanied with only small amounts of 33b'.
para-Methoxy-substituted 33c as an electron-rich product was isolated in 28% yield, whereas
33c' was formed as a major product (34% yield). However, utilizing one equivalent of CuCN
allowed to increase the yield of 33c to 52% and suppressed homocoupling completely.219
Isolation of 33d and 33e demonstrated the compatibility of this method with halogenated
arylacetylenes. Moreover, heterocyclic substrates 33f and 33g were also tolerated without
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occurrence of homocoupling. Ferrocenylacetylene yielded almost equal amounts of hetero(33h) and homocoupling (33h') products. More sophisticated alkynes gave 33i and 33j in
acceptable yields. In these couplings the ester groups remain intact (33j), whereas
homocoupling product 33i' was isolated in considerable amounts.
The connectivity in 33i' and 33j was confirmed by X-ray crystallography; their structures in
solid state are shown in Figure 14.

Figure 14: X-Ray structures of 33i' & 33j in the solid state. Anisotropic displacement shown at 50% probability
level. Hydrogen atoms were omitted for clarity.

Additionally, alkynylation reagent 5a was examined for the diyne formation, as presented in
Scheme 76. Here, the same reaction conditions were applied, with the exception of the
reaction time. The latter had to be lengthened to 18 h, since the reaction proceeds much more
slowly compared to the analogous reaction with 5f.

Scheme 78: I) General method for the diyne formation from 5a; II) Isolated products 33a, 33l & 33m synthetized
by this method (with homocoupling products 33a'–c',k'). *Product was not isolated, yield
determined by 1H NMR.
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Reagent 5a is likely to be more prone to follow the homocoupling pathway (Scheme 78). Only
12% of 33a and significant amounts of homocoupled products 33a' and 33k' were isolated.
Diyne 33l was also obtained in rather low yield, as well as the corresponding side products
33a' and 33c'. Lastly, the coupling of 5a with para-trifluoromethyl-substituted alkyne afforded
solely the homocoupling products 33a' and 33b'. The reaction was not further investigated
due to disappointing initial results.
The mechanistic proposal is depicted in Scheme 79 (see also Chapter 1.2.3).

Scheme 79: Mechanistic proposal towards diyne formation with the transfer reagents 5.

The mechanistic rationalization is similar to those proposed by Alcarazo et al. (Scheme 79).11
At first, generic S-(alkynyl)sulfonium salt 5 is attacked by an acetylide forming intermediate A,
in which the acetylide is coordinated with the sulfur center. Afterwards a C–S bond between
the sulfur and the acetylenic carbanion is formed and sulfurane B is obtained. After
elimination of dibenzothiophene from B the ligand coupling furnished the desired
heterocoupled diyne 33.
This mechanism however does not explain the occurrence of homocoupling products.
Therefore, the second reaction pathway from B is proposed, in which B is in equilibrium with
intermediate C. The dissociation of acetylenic ligand R 1C≡C– in C leads to formation of S(alkynyl)sulfonium salt 5' upon release of the ligand. Attack of the second equivalent of R2C≡C–
on 5' will deliver the homocoupled product 33' by the same mechanism.
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The exact role of the in situ generated copper acetylides to suppress the homocoupling
formation is speculative and remains unclear.219
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3.4.

Synthesis & Reactivity of S-(Aryl)dibenzothiophenium
Triflates

Triarylsulfonium salts are known since half a decade and their potential in organic chemistry
is still not exhausted.220,221 In this thesis a family of S-(aryl)dibenzothiophenium triflates was
synthetized, characterized and used in ipso-substitutions and Suzuki couplings. Moreover,
mechanistic insights towards the formation of these salts were gained.
The research group of Ritter developed a strongly related protocol for the synthesis of S(aryl)dibenzothiophenium triflates independently at the same time. Therefore, some of the
following content overlaps with the work of Ritter and coworkers.156,157

3.4.1.

Synthesis of S-(Aryl)dibenzothiophenium Triflates

The well-established method by Alcarazo including the activation of dibenzothiophene 15 with
Tf2O has been associated with the synthesis of S-(alkynyl)- or S-(cyano)dibenzothiophenium
triflates so far.11,23,24 The potential for the sulfenylation of aromatic compounds has been
realized and exploited in this thesis. Preliminary results disclosed the rapid and selective
formation of para-sulfenylated ethylbenzene after exposure of 144 with the aforementioned
arene.
Therefore, the scope and limitations of the synthesis of S-(aryl)sulfonium salts 93 from
electron-rich arenes were explored (Scheme 80).

Scheme 80: General reaction conditions to the formation to aryl sulfonium salts 93.

As usually the reaction was carried out at –50 °C, which avoids the decomposition of
intermediate 144. In the presence of a sufficiently electron-rich aromatic system, an
electrophilic aromatic substitution reaction occurs smoothly, preferably in para position
respect to the most electron-rich substituent. The resulting S-(aryl)dibenzothiophenium
triflates are air stable, even survive aqueous workups without noticeable decomposition,
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which makes them very convenient in handling. The scope of S-(aryl)dibenzothiophenium
triflates is shown in Scheme 81.

Scheme 81: Scope and limitations towards S-(aryl)dibenzothiophenium triflates 93.

Starting from electro-neutral benzene, 93a was obtained in 91% yield. An additional ethyl
group directed the electrophile in para- and ortho-position (9:1) in product 93b, which was
isolated in 83% yield. In 93c a para/ortho-ratio of 5:1 was observed. This cannot be explained
by the steric factors, as a cyclopropyl group provides greater steric bulk than the ethyl
group,206c but should be attributed to the special property of a cyclopropyl to exhibit oorientation due to its very special electronic properties.206d Compound 93d was obtained in
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good yield as well, demonstrating that ortho-disubstitution in the sulfonium aryl did not inhibit
the transformation. Using anisole gave product 93e in good yield with a para/ortho-ratio of
26:1. This indicated that the regioselectivity is controlled not only sterically but also
electronically. An even better para-selectivity was observed in the product 93f. 1,2Dichlorobenzene was functionalized to form 93g, although in moderate yield. Halogenated
benzene rings yielded 93h to 93j smoothly with an excellent para selectivity. para-Iodo- and
para-triflate-substituted biphenyl yielded 93h and 93i in 72 and 67% yield, respectively.
Heterocyclic 3,4-dibromothiophene was converted into 93m in 76% yield. The reaction with
dibenzothiophene occurred almost quantitatively and afforded 95% of 93n. Arylsulfonium salt
93o was obtained in 88% yield. This example shows once more the electronic effect of a
methoxy group, which tolerates electron-withdrawing groups like an ester. Benzofuran was
functionalized in 2-position furnishing 93p in a yield of 21%. Product 93q was obtained as a
mixture of 1:1 ratio in regards of regioselectivity. Methoxylated estrone was converted into
93r in 65% yield, also forming a para-ortho mixture in a 9:1 ratio. Flavone could also be
functionalized at the double bond yielding 38% of 93s. Surprisingly, sterically demanding 2,6di-tert-butylpyridine was rather efficiently converted to 93t. Exclusively the ortho-position in
respect to the tert-butyl group was functionalized in acceptable yield of 60%.
Upon the synthesis of 93r, small amounts of compound 93u were detected in HRMS (Scheme
82). Therefore, it was investigated whether 93u could be intentionally synthetized by simple
enolization and triflation of 93r. This transformation was conducted in the presence of the
dibenzothiophene moiety without essential decomposition and yielded 93u in moderate yield.
The para/ortho-ratio still remained 9:1.

Scheme 82: Post-synthetic modification of 93r to 93u.

Apart from the products presented in Scheme 81, other starting materials were tested as well.
Three additional examples are shown in Scheme 83.
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Scheme 83: Reaction with miscellaneous substrates.

Corannulene was functionalized, and crude 1H NMR and HRMS could confirm the presence of
the desired compound 93v. However, the dimer 93n was also formed, and these two
monocationic salts could not be separated by column chromatography. All attempts to
perform a selective crystallization for the characterization of the sulfonium salt failed,
although a not well-defined crystal structure of sulfenylated 93v could be obtained (see
Experimental part 5). Multiple attempts of altering temperature or reaction time did not lead
to selective formation of 93v. It is assumed, that the delocalization of the electron density
provided by the annulated aromatic system prevents the selective formation of the sulfonium
salt.
To evaluate the lower limit of electron-poor arenes in this reaction, acetophenone was chosen
as an electron-deficient substrate. Here the same problem was encountered. The two
sulfonium salts 93w and 93n were formed and could be separated neither by column
chromatography nor by crystallization. This experience is in accordance with the results of
Ritter.157 In Chapter 1.4.3.1 the match of the dibenzothiophene oxides with different arenes
is described. According to the authors, a less electron-rich than 1,2-dichlorobenzene arene
cannot be sulfenylated efficiently, which is the case here.
More electron-poor benzoate did not form the corresponding sulfonium salt 93x at all.
Exclusively starting material could be reisolated, and a mixture of different sulfonium salts was
obtained (for the detailed description see Chapter 3.4.5).
The limitation of this reaction is connected to the electronic nature of the reaction center in
the aryl substrate. Hence, no further electron poor substrates were tested.
As depicted in Scheme 81, the sulfenylation to 93n proceeded well. Occasionally, the
formation of dicationic salt 93n' could be observed in some sulfenylation reactions of arenes
as a byproduct additionally to 93n (explanation for the formation of dibenzothiophene see in
Chapter 3.4.5). Albeit the separation of 93n' from the monocationic salts by column
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chromatography or crystallization was always successful, this observation led to the idea of
the premeditated synthesis of 93n' by the sulfenylation of sulfonium salt 93n (Scheme 84).

Scheme 84: Synthesis of dication 93n' from monocation 93n.

The reaction afforded 62% of desired compound 93n'. In conclusion this result represents the
limitations of suitable arenes for this reaction. The arene should be at least as electron-rich
than dibenzothiophene (and 93n). In the reactions where 93n is not formed as a side product
the reaction towards 93n’ can obviously not occur and will not diminish the yield of the
targeted sulfonium salt.
The product 93q was isolated as a 1:1 mixture of para-ortho regioisomers (Scheme 81). In fact,
3 isomers are present in this example.
Due to the high inversion/roration barrier of the sulfonium salt, the ortho-positions are not
equivalent and constitute distinguishable isomers (Scheme 85). In the case where the reaction
took place at the para-position in respect to the methoxy group, either rotation around the
C−S axis or inversion of the sulfonium moiety lead to the identical molecule. However, for the
ortho-substitution both operations result in a second ortho-substituted isomer. In this
particular example inversion and rotation forming the same product. The three isomers were
obtained as a mixture and could not be separated neither by column chromatography nor
crystallization.

Scheme 85: All isomers of the salt 93q. The triflate anions were omitted for simplification.
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Compound 93d also shows two signal sets in the 1H NMR spectrum caused by the high
rotation/inversion barrier of the ortho-disubstituted sulfonium moiety.
Temperature-dependent

1H

NMR experiments enabled the determination of the

rotation/inversion barrier of 93d. Rotation/inversion rate constant 𝑘 was calculated using
Formula (1), with the average line broadening ∆𝜗1⁄2 for T1 = 25 °C and T2 = 120 °. The barrier
∆𝐺 of compound 93d was then calculated by Formula (2), with the 𝑅 being the universal gas
constant.
𝑘 = 𝜋 ∙ ∆𝜗1⁄2
𝑘

∆𝐺 = 𝑅𝑇 [23,76 − 𝑙𝑛 (𝑇)] = 82.34

(1)
kJ
mol

(2)

With typical values for inversion barriers of triarylsulfonium salts being 23.9–31.0 kcal · mol–1,
the energetic barrier with 19.6 kcal · mol–1 for 93d is lower than average.2,3 For S-aryl
trisubstituted sulfonium salts no data for the value range for the rotational barrier is available.
This large deviation leads to a high probability that the calculated value can be assigned to the
rotational barrier.

3.4.2.

Structure of S-(Aryl)dibenzothiophenium Triflates 93o & 93m

The crystal structure of 93o is depicted in Figure 15. Arylsulfonium salt 93o adopts a dimeric
structure analog to those observed in most structures of S-(alkynyl)sulfonium salts in the solid
state (see Chapter 1.2.2). Two chalcogen interactions between two triflate anions and two
sulfonium centers can be observed, whereas one of them is by far shorter than the other. The
sulfonium salt 93b, which crystal structure is presented and discussed above in Chapter 1.4.2,
possesses a monomeric structure in the solid state. This differs from the structure of 93o
fundamentally.
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Figure 15: X-Ray structure of 93o in the solid state. Anisotropic displacement shown at 50% probability level.
Hydrogen atoms were omitted for clarity. Selected bond lengths [Å] and angles [°]: S1–C1 1.7789(10),
S1–C4 1.7791(9), S1–C13 1.7762(9), S1–O3 3.5321(12), S1–O6 2.9904(13), C1–S1–O6 174.6, C4–S2–
O4 163.3.

The structure of 93m in the solid state shows additional interactions to the usual ones
associated with sulfonium salts (Figure 16).

Figure 16: X-Ray structure of 93m in the solid state. Anisotropic displacement shown at 50% probability level.
Hydrogen atoms were omitted for clarity. Selected bond lengths [Å] and angles [°]: S1–C1 1.763(3),
S1–C5 1.785(3), S1–C12 1.784(3), S2–C1 1.718 (3), S1–O3 3.057(2), S2–O1 2.775(3), Br2–O2 2.978(3),
C5–S1–O3 179.7, C1–S2–O1 177.3.

The presence of the halogenated thiophene moiety enables halogen interactions between Br2
and O2 from the triflate anion which are much shorter than the sum of the corresponding van124

der-Waals radii. Similar interactions have been described in the solid-state structures shown
in Chapter 3.1.2.1. Additionally, a strong triflate contact to the thiophene sulfur is present (S2–
O2 2.775 Å) which is even shorter than the triflate contact to the sulfonium center (S1 –O3
3.057 Å). The aforementioned interactions cause a polymeric structure of 93m in the solid
state.
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3.4.3.

Nucleophilic Aromatic Substitution of S-(Aryl)sulfonium
Triflates

With the set of S-(aryl)sulfonium salts in hand, the reactivity towards nucleophiles was tested.
A nucleophilic aromatic substitution in explicitly the exocyclic aryl position was envisioned
(Scheme 86, Pathway A).

Scheme 86: Potential reactivity of S-(aryl)dibenzothiophenium triflates in the presence of nucleophiles. Triflate
anions were omitted for simplification.

Dibenzothiophene will be then released to form a covalent bond between the nucleophile and
the aryl group. Depending on the nature of the sulfonium salt and the nucleophile, the
undesired reaction products produced along pathway B can also be observed. Mechanistically
it is proposed that the reaction undergoes the formation of a sulfurane, which then forms the
product upon a ligand coupling.103,157
Similar transformations with arylsulfonium salts have been reported before. Scheme 87 shows
the strongly related work of Zhang et al. which deals with the O-arylation under basic
conditions.161a
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Scheme 87: Base-mediated O-arylation with arylsulfonium salts 93a, 99b.161a

The transformation from 93a is of special interest since this salt structurally represents the
family of the salts presented in Scheme 81, and undesired 98c is only observed as a minor
product. Additionally, the authors evaluated the electronic influence of the aryl substituents
of the arylsulfonium salt. The authors explained the transformation of 99b as a result of
synchronous nucleophilic substitution on the most electron-poor aryl center.
Following the work of Zhang et al., para-chloro-substituted compound 93i was tested as an
appropriate dibenzothiophenium salt. Obviously, the electron-withdrawing effect of chlorine
should have facilitated the ipso-substitution on the sulfonium salt (Scheme 88).

Scheme 88: Reaction of the salt 93i with phenol and thiophenol under basic condition.
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3-Methoxythiophenol (161a) and 3-methoxyphenol (161b) were used as nucleophiles, and
cesium carbonate served as a base. The reaction mixtures were stirred for 12 hours at room
temperature. In the first reaction, product 162a was isolated in 29% yield; however, it
remained unclear if its predecessors 163 or 165 were formed first and successively underwent
the second ipso-substitution. Raising the reaction temperature to 100 °C did not lead to a
higher yield of 162a.
Under identical reaction conditions, reaction with 3-methoxyphenol resulted in 44% of 165b.
No other reaction product could be identified in the reaction mixture. Moreover, none of the
additional reaction products could be isolated even when the reaction temperature was raised
to 100 °C, while the traces of 162b, 163b and 164b could be detected in HRMS. This result
shows that the first nucleophilic attack is more likely to take place at the sulfonium moiety.
The use of other phenols under the same conditions did not result in formation of the
corresponding ethers, although these compounds could be detected in HRMS. Because of the
unpromising results the reaction conditions were changed, and another sulfonium salt was
tested in these nucleophilic aromatic substitution reactions. Nevertheless, it should be
mentioned that these results are in accordance with these of Zhang et al.. In both cases the
most electron poor aromatic position underwent ipso-substitution with the nucleophile.
Additionally, products from the endocyclic nucleophilic attack could not be observed.
The newly selected substrate should be easily available in gram scale and should have as few
ortho-substituted impurity as possible. Moreover, the salt must not have substituents which
are able to undergo ipso-substitutions being themselves the leaving group in this reaction. The
sulfonium salt of choice was 93f (with proportion p:o = 33:1), and fluorination and amination
reactions were attempted instead of ether and thioether formations (Scheme 89).
Analogously to the ipso-fluorination procedure described by Ritter (detailed discussion see in
Chapter 1.4.3.1),157 compound 93f was treated with an excess of cesium fluoride in 1,4dioxane at 80 °C over two days. Formation of compound 167 as the main product could be
observed, whereas 166 was only detected as traces by GC−MS. This result is in accordance
with those of Ritter et al., since the electron density in para position to the phenoxy
substituent was too high to provide an exocyclic attack of the nucleophile.
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Scheme 89: Attempted fluorination and amination of the salt 93f.

Just recently Zhang et al. published a procedure for transition metal-free N-arylation by
triarylsulfonium salts.222 Based on their closely related results, an ipso-amination was
envisioned (Scheme 89). Unfortunately, only traces of 168 were observed but significant
amounts of 169a could be detected in HRMS.
This observation led to the idea to use the salt 93h instead of 93f since it is known that a
fluoride anion is a good leaving group in an electron-poor aromatic environment. For example,
1-fluoro-2,4-dinitrobenzene, also known as Sanger's reagent, is used for the selective reaction
of free amino groups in terminal amino acids.223 Using the good leaving group properties of
the fluoride of 93f the sulfonium salt 169a was synthetized intentionally which is not
accessible in another synthetic way.
Similar reaction conditions than shown in Scheme 89 were applied to 93h, and product 169a
was isolated in 59% yield. A small scope for the aniline derivatives is presented in Scheme 90,
I & II.
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Scheme 90: Scope of the transformations towards anilines 169a–169e.

The reaction is common for secondary amines. The aniline derivatives 169a–169e were
obtained in yields ranging from 46 to 66%.
Moreover, it was investigated if 169a can be obtained by ipso-substitution from 93i (Scheme
90, III). The presence of the desired sulfonium salt could not be confirmed. Another way to
prepare 169a would obviously be the sulfenylation starting from parent arene 170, but again
the formation of 169a could not be detected. This observation was confirmed by mechanistic
experiments (see Chapter 3.4.5 for detailed explanation), which reveal that too electron-rich
aromatic substrates undergo radical pathways instead of electrophilic aromatic substitution
reactions.
In every example a significant amount of the starting material was lost during the reaction.
Therefore, the side products were qualitatively investigated via HRMS; the results are
depicted in Scheme 91.
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Scheme 91: Side products of the nucleophilic aromatic substitution in aryl fluoride with a secondary amine.

A fluoride ion is released after the nucleophilic attack. As shown in Scheme 89, fluoride is a
suitable nucleophile for aromatic substitutions. This explains the formation of side products
171 and 173. Moreover, the endocyclic side reactivity at the dibenzothiophene moiety takes
place, as can be demonstrated by formation of the products 173 and 174. The desulfination
product of 93h, aniline 172, was identified as well. All of these side reactions withdrawed a
significant portion of starting material and diminish the yields of 169a–169e.

3.4.3.1.

Structure of S-(Aryl)dibenzothiophenium Triflates 169c & 169d

Structures of 169c and 169d in the solid state are shown in Figure 17.

Figure 17: X-Ray structure of the salts 169d (left) & 169c (right) in the solid state. Anisotropic displacement shown
at 50% probability level. Hydrogen atoms were omitted for clarity. 169d, selected bond lengths [Å]
and angles [°]: S1–C1 1.7785(9), S1–C8 1.7830(9), S1–C13 1.7592(10), S1–O1 3.4837(8), S1–O2
3.100(9), C8–S1–O1 177.3, C1–S1–O2 161.0. 169c, selected bond lengths [Å] and angles [°]: S1–C1
1.7827(10), S1–C4 1.7846(10), S1–C13 1.7647(9), S1–O1 3.2189(7), C1–S1–O1 163.5.

The salt 169d adopts a trigonal-bipyramidal geometry around the sulfur center, as expected
for a sulfonium salt. Two chalcogen bonds are present, whereas the triflate-sulfonium
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interaction is stronger with the distance of S1–O2 being slightly shorter than the sum of the
van-der-Waals radii of the corresponding elements. The second chalcogen interaction is the
very weak coordination from the oxygen of the morpholine unit, although it lies in an almost
ideal colinear array with C8–S1–O1 being 177.3°.
The rather weak interactions with the sulfonium center indicate moderate Lewis acidity of the
sulfur. Therefore, it is no surprise that the sulfonium center does not suffer from the attack of
nucleophiles extensively albeit the applied harsh reaction conditions for its synthesis.
The solid-state structure of 169c shows no unusual features since it crystallizes in a monomeric
structure in solid-state and shows no additional interactions. Again, the triflate-sulfonium
contact with 3.2189(7) Å being comparatively weak underlines the observation of low
susceptibility towards nucleophilic attacks at the sulfur center.

3.4.4.

Palladium Catalysis with S-(Aryl)sulfonium Triflates

In a classical Suzuki couplings either halogenated224 or triflated225 arenes are commonly used.
However, the direct selective halogenation of aromatic compounds still remains a challenge
up to date (Scheme 92).226,227 Triflation of an aromatic substance requires the presence of an
OH group in the molecule, and therefore prefunctionalization is needed. 228 It is also known
that arylsulfonium salts can serve the same purpose as halides or triflates in Suzuki
couplings.115 With the sulfenylation method which is related to the work of Ritter and
discussed in Chapter 1.4.1, a selective cross-coupling reaction starting from unfunctionalized
arenes is possible in a two-step protocol.156,157
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Scheme 92: General halogenation, sulfenylation and triflation strategy.

The utilization of arylsulfonium salts as excellent cross-coupling partners was reported already
in the literature (see Chapter 1.4.3.2). However, S-(aryl)dibenzothiophenium triflates were not
used in transition metal catalysis up to now.
A S-(aryl)dibenzothiophenium triflate possesses three S-CAryl bonds where the palladium
center can oxidatively insert (Scheme 93). Statistically the two endocyclic bonds are favored
over the exocyclic one with a ratio 2:1. Depending upon the insertion position, different
reaction products will be formed. To prevent this, either arylsulfonium salts with the same
aryl substituents or with two alkyl groups are used (see Chapter 1.4.3.2). Some transition
metal-catalyzed reactions require basic conditions which might convert alkylsulfonium salts
into ylides and cause undesired side reactions (see Chapter 1.3).
Furthermore, the oxidative addition will most likely take place at the most electron-deficient
S–CAryl bond.229 The aim of this transformation is the selective coupling of the exocyclic aryl
group A. If the exocyclic aryl group is more electron-rich than the dibenzothiophenium
backbone, palladium species B is formed more likely, and the undesired thioether scaffold will
be obtained as a byproduct.
The research group of Ritter solved this issue with the thianthrenation of arenes. Here the
endocyclic bond of the thianthrenium salt remained unaffected by the transition metal since
the second sulfur atom makes the thianthrene backbone more electron-rich compared to the
dibenzothiophenium systems.159,174
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Scheme 93: Palladium intermediates A and B towards different reaction products.

With the aforementioned considerations taken into account, a modified procedure from
Kotha et al. was used for Suzuki-type couplings with S-(aryl)sulfonium salts (Scheme 94).230

Scheme 94: Initial results for the Suzuki couplings with S-(aryl)dibenzothiophenium triflates.

The initial results for Suzuki reactions were quite promising. The salt 93b was chosen as a
simple example and coupled with an electron-poor boronic acid. Compound 175 was obtained
in a yield of 79% as the only reaction product (Scheme 94, I). The same reaction was conducted
with estrone derivative 93r as a more complex example (Scheme 94, II). Usually electron-poor
boronic acids facilitate Suzuki-Miyaura couplings (SMC) since their boronate species are more
stabilized.231 Under the same reaction conditions reactions with electron-richer boronic acids
afforded 176a and 176b in moderate yields without any side-products.
With these initial results in hand, the limitations of the SMC with S-(aryl)dibenzothiophenium
triflates were explored. A Suzuki protocol with low catalyst loading and mild reaction
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conditions was targeted.232 Furthermore, the limitations of the reaction in presence of an
additional (pseudo)halogenide were determined. Arylsulfonium salts 93i to 93l were chosen
as having a (pseudo)halide and a sulfonium moiety in one molecule. This resulted in a
competition of the sulfonium salts versus the (pseudo)halide in the SMC reactions. If exactly
one equivalent of the boronic acid and the sulfonium salt was used, the relative reactivity of
dibenzothiophenium triflates comparatively to different (pseudo)halides can be estimated by
the ratio of the reaction products. As previously described (Scheme 93), four reaction products
could be the outcome in this reaction (Scheme 95).

Scheme 95: Reaction conditions for the competitive SMC reactions: sulfonium vs. Cl & Br.

In this reaction 0.5 mol% of Pd(OAc)2 at 35°C was used. To ensure the solubility of the
sulfonium salts at this temperature, the reaction was conducted in a mixture of water and
acetone. Chloro-substituted compound 93i yielded 47% of 177a and 17% of 177d after only
one hour. The formation of 177b or 177c could not be observed, which means 64% of the
consumed sulfonium moiety totally. The results obtained with 93j were better by far, as
desired product 178a was obtained in 83% yield without the formation of side products.
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Scheme 96: I) Reaction conditions for the competitive SMC reactions: sulfonium vs. I & TfO. (*could be identified
and quantified by 1H NMR but not separated from other reaction products and not characterized). II) SMC with
other boronic acids.

Aryl iIodides and triflates are known to be the most reactive coupling partners in Suzuki crosscoupling reactions.233 Therefore, the direct competition of a dibenzothiophenium moiety with
iodides and triflates would be highly interesting (Scheme 96). Compounds 93k and 93l were
used under similar conditions as shown in Scheme 95, whereas DMF was used instead of
acetone and the reaction time was elongated to 16 h. The advantage of both sulfonium salts
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is that both substituents are connected to individual aryl rings which minimize the electronic
influence on both substituents vice versa. Salt 93k was converted to 179a in excellent yield of
91% (Scheme 96, I). Only traces of 179b, 179c and 179d were detected.
Aryl triflate 93l however delivered inferior results with 44% of product 180a. Since 93l is a 7:
3 mixture of para-ortho isomers by itself, 23% of ortho-180a should be present but cannot be
isolated and characterized. Product 180c could not be detected in this case, but significant
amounts of side product 180d (p:o = 2.5:1), which unfortunately was inseparable from the
ortho-180a, was obtained in 21% yield,
The reaction with 93k was repeated while altering the boronic acid to electroneutral
phenylboronic acid (Scheme 96, II). The desired product 181a was isolated as the main product
in 68% yield, and traces of 181b and 181d could be detected.
Continuing with an electron-rich boronic acid, product 182a was isolated again as the main
product (60% yield). However, activation of both sides, the iodide and sulfonium salt, did occur
as well. By-product 182b was isolated in 15% yield, and additionally traces of 182d could be
observed.
Overall, it can be summarized that dibenzothiophenium salts possess a superior reactivity in
comparison to (pseudo)halides, even higher than of iodides and triflates. The chemoselectivity
for Suzuki couplings is not only dependent on the aryl substitution pattern, but also on the
nature of the boronic acids. Electron-poor boronic acids outperform electron-rich ones in
terms of selectivity. Other catalysts and solvent mixtures were not tested. Lower
temperatures could potentially enhance chemoselectivity as well. Ritter reported similar
results with TFT-functionalized arenes which undergo highly chemoselective SMC reactions in
the presence of bromides and triflates (see Chapter 1.4.3.2).

3.4.5.

Mechanistic

investigation:

Preparation

of

S-

(Aryl)dibenzothiophenium Triflates
Besides the exploration of scope and limitations for S-(aryl)dibenzothiophenium triflates and
their applications, a deeper insight into the reaction mechanism towards these sulfonium salts
was undertaken. The reaction towards arylsulfonium salts from parenting arenes with nonappropriate electron density shows the formation of side products. According to Ritter et al.,
a less electron-rich arene than 1,2-dichlorobenzene results in an inefficient arylsulfonium salt
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formation, whereas benzofuran defines the upper limit of electron-richness for this
reaction.2,156,157
Conducting the sulfenylation with electron-poor examples, the arenes were reisolated and a
mixture of byproducts was obtained. Therefore, it was speculated that the electron-poor
arenes did not take part in the reaction at all and bistriflate adduct 144 underwent thermally
induced side reactions. The attention was focused on 144 which is an orange suspension at –
50 °C. When exposing 144 to elevated temperatures (up to room temperature), the
suspension disappeared irreversible affording a yellow solution, and multiple compounds are
formed (Scheme 97).

Scheme 97: I) Thermal decomposition of 144; II) Proposed mechanism towards 57 & 183.

The salt 93y was isolated in 20% yield along with 11% of 93n' (Scheme 97, I). Additionally,
oligomeric structures related to 93n bearing up to four positive charges could be observed in
HRMS.
The formation of sulfone 93y suggests that a triflic anhydride induced disproportionation
reaction between two dibenzothiophene oxide units, resulting in one equivalent of 57 and
183 (Scheme 97, II). These compounds then undergo the S-arylation reaction in the presence
of remaining 144.
The activation of 93y at the meta-position supports the theory that the S-arylation reaction
follows an electrophilic aromatic substitution mechanism. All EPR monitorings throughout
decomposition of 144 did not show any EPR activity; therefore, a radical mechanism towards
the formation of S-(aryl)dibenzothiophenium triflates is less likely.159 As an electron-rich
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aromatic system, dibenzothiophene 57 is further transformed into 93n' at the para-positions
in respect to the sulfur and then into other oligomeric polycationic structures derived from
93n' via the same mechanism.
Furthermore, the reaction of 1-methylindole was thoroughly investigated. This reactant
exceeds the aforementioned upper limitations of the S-arylation of 144, since it is more
electron rich than benzofuran (Scheme 98).

Scheme 98: I) Reactivity of 144 in the presence of electron-rich arenes beyond the limitation gap of benzofuran.
II) Reaction of 144 with TEMPO.

Besides formation of 93n and dibenzothiophene 57, the sulfenylation took place in the 3position of the indole and yielded 93z in 7% (Scheme 98, I; characterization of 93z can be
found in

156).

As an electron-rich aromatic compound, the indole is able to dimerize under

abstraction of an electron. Therefore, 184 is formed in small amounts including oligomeric
structures derived from 184.
To confirm that a SET reaction with 144 is possible, 144 was treated with TEMPO (Scheme 98,
II). Indeed, product 93n (75% yield) as well as oxoammonium triflate 185 were isolated from
the reaction mixture.
Originally, it was envisioned that the reaction of difluorosubstituted dibenzothiophene oxide
derived from 188 with triflic anhydride as activator yields S-(alkynyl)sulfonium salt 187
(Scheme 99). However, the desired compound could not be obtained, albeit large amounts of
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188 and 189 were reisolated. Additionally, small amounts of 190 were crystallized from the
reaction mixture, and its structure was determined by X-ray crystallography.

Scheme 99: Reaction outcome from 186 with TMS-capped TIPS-acetylene.

Remarkably, one of the fluoride substituents in 190 changed the position from para to ortho
in respect to the sulfur. Umemoto et al. observed a similar structural motif in the synthesis of
fluoride-decorated S-(trifluoromethyl)dibenzothiophenium triflates (Scheme 100) although
the isomer formation has a different origin than in the case of 190.234 The authors proposed a
mechanism starting from 192 which involved two possible attacks from both ortho-positions
of the aromatic system which form the five membered heterocycles 193 and 194.

Scheme 100: Transformation of sulfoxide 191 towards 193 and 194, as reported by Umemoto.

With this information in hand, a mechanic rationalization towards the formation of 190 is
proposed and presented in Scheme 101.
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Scheme 101: Proposed mechanism towards 190. Compound 188 is formed via the disproportionation reaction
analogously to 57.

Ditriflate 186, as the activated electrophilic intermediate from the parent sulfoxide, reacts
with 188 towards intermediate A which is formed by the disproportionation reaction
described in Scheme 97. Intermediate A then releases one equivalent of triflic acid by
rearomatization and delivers sulfonium salt B. The positive mesomeric effect of the fluoride
causes a C–S bond cleavage and generates intermediate C. This non-cyclic intermediate
underwent rotation of the aromatic group, and intermediate D is formed after the hydrogen
1,3-shift. Cyclization in D accompanied by aromatization with ortho-migration of the C–S bond
afforded S-(aryl)sulfonium salt 190.
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3.4.5.1.

Structure of S-(Aryl)-2,7-difluorodibenzothiophenium Triflate 190

The structure of 190 in the solid state is shown in Figure 18.

Figure 18: X-Ray structure of 190 in the solid state. Anisotropic displacement shown at 50% probability level.
Hydrogen atoms were omitted for clarity. Selected bond lengths [Å] and angles [°]: S2–C11 1.7856(14),
S2–C13 1.7834(14), S2–C20 1.7840(15), S2–F3 3.1509 (13), S2–O1 3.2386(14), C13–S2–F3 166.0, C20–
S2–O1 164.9.

Compound 190 shows two interactions emanating from the sulfonium unit. The distance
between the triflate and the sulfur (S2–O1) is slightly shorter than the sum of the van-derWaals radii of the corresponding elements and this interaction is therefore weak compared to
those observed in other dibenzothiophenium triflates. Surprisingly, the aromatic fluoride
interacts with the sulfonium center with a bond distance of F3 –S2 [3.1509(13) Å] which is
shorter than the sum of their van der Waals-radii. This sulfonium salt forms a polymeric
structure in the solid state over the S2–F3 interaction.
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4.

Summary

The content of this thesis focused on the general syntheses and applications S-substituted
alkynyl-, alkenyl- and aryldibenzothiophenium triflates. Inspired by previous results from
Alcarazo et al., we investigated the problem if S-(alkynyl)dibenzothiophenium triflates can be
generated by utilizing terminal alkynes instead of TMS-capped alkynes, as described in wellestablished protocols.11,23 The resultant alkenylsulfonium salt indicates the addition reaction
of triflic acid to S-(alkynyl)dibenzothiophenium triflate (Scheme 102). This observation led to
the idea to perform addition reactions of halogens, acids and Diels-Alder cycloadditions of
dienes to the triple bond of S-(alkynyl)dibenzothiophenium triflates 5 with the goal to obtain
the corresponding alkenylsulfonium salts 142 (Scheme 102).

Scheme 102: Addition reactions of S-(alkynyl)dibenzothiophenium triflates 5.

With the successfully synthetized alkenylsulfonium reagents in hand, their abilities as
potential Michael-acceptors were tested (Scheme 103).

Scheme 103: Michael-type reaction of a generic nucleophile and alkenylsulfonium salts 142b.

In addition to conventional Michael-type reactions, the reaction of disulfides as Michaelacceptors was also investigated in a one-pot protocol under aprotic conditions (Scheme 104,
a).

The

reaction

of

benzoyl

acetonitrile

as

a

nucleophile

with

S-

(phenylacetylene)dibenzothiophenium triflate (5a) revealed the formation of a furan scaffold
via an S-(alkenyl)dibenzothiophenium triflate intermediate, which could be observed in HRMS
(Scheme 104, b). These findings are in accordance with prior mechanistic proposals by
Alcarazo et al.11, which were further supported by the investigation of the chemical behavior
of arylsuflinic acid sodium salts in the presence of alkynylation reagents 5a and 5f (Scheme
104, c).
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Scheme 104: Reactions of S-(alkynyl)sulfonium salts 5 with: a) disulfides, b) sodium arylsuflinates or c)
benzoylacetonitrile 152.

To expand the scope of nucleophiles presented by Alcarazo et al.11, a closer look to the diyne
formation with acetylides and sulfonium salt 5f was given. A versatile scope of diynes was
demonstrated (Scheme 105).

Scheme 105: Simplified reaction of an acetylide with alkynylation reagent 5.

Additionally, it was shown that alkenylsulfonium salts are potent vinyl radical generators
under photocatalytic conditions, and with specially designed S-(alkenyl)sulfonium salts
photocatalytic phenanthrene synthesis was successful (Scheme 106).

Scheme 106: Photocatalytic formation of phenanthrenes 159 and 160 starting from 142i and 142j, respectively.
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A synthetic protocol for the preparation of S-(aryl)dibenzothiophenium salts 93 starting from
inexpensive dibenzothiophene S-oxide and simple arenes via the in situ formation of
dibenzothiophenium bistriflate 144 was elaborated (Scheme 107).156

Scheme 107: Synthesis of S-(aryl)dibenzothiophenium triflates 93.

The scope of the method regarding the nature of the arene was evaluated, intermediates
along the reaction sequence have been trapped, and side-reactions identified. Interpretation
of these findings enabled a deeper insight into the reaction mechanism for the formation of
the desired molecules. Moreover, the X-ray structures of a complete set of these salts were
reported and their reactivities studied. ipso-Substitution on the fluorobenzene sulfonium salt
with N-nucleophiles was investigated opening a new synthetic approach to aniline-derivatized
sulfonium salts (Scheme 108, a). In addition, chemoselective Suzuki coupling with low Pdcatalyst loading under mild conditions was observed with the dibenzothiophenium moiety in
the presence of iodides and triflates (Scheme 108, b).

Scheme 108: a) ipso-Substitution in 93h with secondary amines; b) Chemoselective Suzuki coupling.
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5.

Experimental Part

All anhydrous solvents were obtained from a solvent purification system MBSPS7 from
M.Braun Intergas-Systeme GmbH. All reactions were carried out under nitrogen atmosphere
unless other way stated. IR: JASCO FT-4100 spectrometer, wavenumbers in cm–1. Microwave:
Biotage Initatior. MS (EI): Finnigan MAT 8200 (70 eV), ESIMS: Finnigan MAT 95, accurate mass
determinations: Bruker APEX III FT-MS (7 T magnet). GC-MS: Reactions were monitored by GCMS on Agilent Technologies 7820A gas chromatography system coupled with an Agilent
Technologies5977 E MSD EI-MS detector.
NMR: Spectra were recorded on a Bruker AV 500, 400 or DPX 300; 1H and 13C chemical shifts
(δ) are given in ppm using the residual solvent signals and were converted to the TMS scale;
coupling constants (J) in Hz. All flash chromatography was performed using a Biotage One
automated column chromatography system on CHROMABOND  Flash BT 15g (or 25g) SiOH
40-63 μm from Macherey-Nagel. Thin layer chromatography (TLC) analysis was performed
using POLYGRAM SIL G/UV254 TLC plates from Macherey-Nagel; visualization by UV
irradiation and/or phosphomolybdic acid staining. All commercially available compounds
(Acros, ABCR, Alfa Aesar, Aldrich, Fluorochem, TCI) were used as received.
All not-commercially available known compounds were either synthetized according to
literature procedures or their analytical data compared to the indicated literature.
Crystal structure analysis: Data collection was performed on a Bruker D8 Venture four-circlediffractometer from Bruker AXS GmbH; used detector: Photon II from Bruker AXS GmbH; used
X-ray sources: microfocus IμS Cu/Mo from Incoatec GmbH with mirror optics HELIOS and
single-hole collimator from Bruker AXS GmbH.
Used programs: APEX3 Suite (v2017.3-0) and therein integrated programs SAINT (Integration)
und SADABS (Absorption correction) from Bruker AXS GmbH; structure solution was done with
SHELXT, refinement with SHELXS2; OLEX2 was used for data finalization.
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5-([1,1'-Biphenyl]-2-ylethynyl)-5H-dibenzo[b,d]thiophen-5-ium
Trifluoromethanesulfonate (5j):
A

Schlenk

flask

was

charged

with

a

stirring

bar

and

dibenzo[b,d]thiophen oxide (1.0 g, 4.99 mmol, 1.0 equiv.). The reaction
vessel was purged with nitrogen and anhydrous DCM (40 mL) was
added. The reaction mixture was cooled down to −50 °C and stirred for
5 min. Tf2O (0.91 mL, 4.99 mmol, 1.0 equiv.) was added dropwise and
the resulting orange suspension was stirred for 10 minutes. Afterwards ([1,1'-biphenyl]-2ylethynyl)trimethylsilane (1.25 g, 5.99 mmol, 1.2 equiv.) was added in one portion and the
reaction mixture was warmed up to room temperature over 15 min. The solvent was
evaporated to a small fraction, the crude compound precipitated with diethyl ether (25 mL)
and successively washed with diethyl ether (2 x 25 mL). After drying in vacuo the compound
was obtained as a yellow solid (2.14 g, 4.19 mmol, 84% yield). 1H NMR (400 MHz, CD3CN): δ =
8.27 – 8.22 (m, 4H), 7.95 (td, J = 7.6, 1.0 Hz, 2H), 7.81 – 7.74 (m, 3H), 7.68 – 7.63 (m, 1H), 7.49
– 7.45 (m, 2H), 7.30 – 7.25 (m, 3H), 7.18 – 7.13 (m, 2H) ppm. 13C NMR (101 MHz, CD3CN): δ =
147.3, 140.1, 139.4, 135.9, 135.5, 134.1, 133.1, 131.3, 130.9, 129.6, 129.32, 129.30, 128.92,
128.90, 125.7, 122.1 (q, 1JC−F = 322 Hz), 116.9, 106.1 ppm. IR (ATR): 𝑣̃ = 3088, 2177, 1447, 1274,
1253, 1224, 1159, 1028, 758, 638 cm–1. HRMS (ESI) calcd for C26H17S+ [M–OTf]+ m/z: 361.1046;
found: 361.1045.

General Procedure for the Synthesis of Compounds 33a-33m
The corresponding terminal alkyne (0.2 mmol) was dissolved in anhydrous DCM (2 mL, 0.1 M)
under inert atmosphere. LiHMDS (0.2 mL of 1 M solution in THF, 0.2 mmol, 1.0 equiv.) was
added at –78 °C under stirring. The reaction mixture was allowed to warm up to 0 °C and
stirred for 5 min. Successively it was cooled back to –78 °C, and the transfer reagent 5f (103
mg, 0.2 mmol, 1.0 equiv.) was added in one portion. The reaction mixture was warmed up to
room temperature and stirred for an additional 10 min. The reaction was quenched with water
and extracted with EtOAc (3  5 mL). After drying over Na2SO4 the solvent was evaporated.
The product was isolated by column chromatography (pentane) or HPLC.

147

Triisopropyl(phenylbuta-1,3-diyn-1-yl)silane (33a):
Diyne 33a was obtained as a colorless oil in 52% yield. 1H NMR (300
MHz, CDCl3): δ = 7.54 – 7.49 (m, 2H), 7.39 – 7.28 (m, 3H), 1.12 (s, 21H)
ppm. 13C NMR (75 MHz, CDCl3): δ = 132.8, 129.4, 128.5, 121.7, 89.6,
88.0, 75.7, 74.8, 18.7, 11.5 ppm. IR (neat): 𝑣̃ = 2943, 2865, 2202, 2101,
1459, 1017, 879, 755, 677, 602 cm–1. HRMS (EI) calcd for C19H26Si+ [M]+ m/z: 282.1798; found:
282.1788. Analytical data are identical to the previously reported ones.51

1,4-Diphenylbuta-1,3-diyne (33a'):
Was isolated as a homocoupling by-product of 33a and obtained as
colorless needles in 13% yield. 1H NMR (300 MHz, CDCl3) δ = 7.54
(dd, J = 7.5, 1.9 Hz, 2H), 7.35 (d, J = 7.2 Hz, 3H). 13C NMR (75 MHz,
CDCl3): δ = 132.5, 129.2, 128.4, 121.8, 81.6, 76.6 ppm. HRMS (EI)
calcd for C16H10+ [M]+ m/z: 202.0777; found: 202.0781. Analytical
data corresponds to those reported in literature.235

Triisopropyl{[4-(trifluoromethyl)phenyl]buta-1,3-diyn-1-yl}silane (33b):
Was obtained as a colorless oil in 38% yield. 1H NMR (300 MHz,
CDCl3): δ = 7.64 – 7.55 (m, 4H), 1.12 (m, 21H) ppm. 19F NMR (282
MHz, CDCl3): δ = –63.0 ppm.

13C

NMR (125 MHz, CDCl3): δ =

133.0, 131.1, 125.7, 125.5 (q, 3JC−F = 3.9 Hz), 122.1, 89.9, 89.1,
77.0, 74.0, 18.7, 11.4 ppm. IR (neat): 𝑣̃ = 2945, 2865, 2103, 1612, 1462, 1316, 1126, 1064, 841,
594 cm–1. HRMS (EI) calcd for C20H25F3Si+ [M]+ m/z: 350.1672; found: 350.1675. The compound
was reported in literature although its analytical data is not provided.236

1,4-Bis[4-(trifluoromethyl)phenyl]buta-1,3-diyne (33b'):
Was isolated as a homocoupling by-product of 33b & 33n
(see Chapter 3.3) and obtained as colorless crystals in 1%
yield. 1H NMR (300 MHz, CDCl3): δ = 7.71 – 7.53 (m, 8H)
ppm. 19F NMR (282 MHz, CDCl3): δ = –63.0 ppm. 13C NMR
(75 MHz, CDCl3): δ = 133.0, 131.1 (q, 2JC−F = 34.1 Hz),
125.6 (q, 3JC−F = 3.8 Hz), 125.4 (q, 4JC−F = 1.5 Hz), 123.6 (q, 1JC−F = 256 Hz), 81.1, 75.8. HRMS (EI)
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calcd for C18H8F6+ [M]+ m/z: 338.0525; found: 350.0533. Analytical data corresponds to those
reported in the literature.237

Triisopropyl[(4-methoxyphenyl)buta-1,3-diyn-1-yl]silane (33c):
Was obtained as a yellow oil in 28% yield (cf. 52% with 1.0
equiv. of CuCN according to the literature procedure219). 1H
NMR (300 MHz, CDCl3): δ = 7.48 – 7.41 (m, 2H), 6.86 – 6.81 (m,
2H), 3.81 (s, 3H), 1.11 (s, 21H) ppm. 13C NMR (75 MHz, CDCl3):
δ = 160.5, 134.5, 114.3, 113.6, 89.9, 87.2, 75.9, 73.7, 55.5, 18.7, 11.5 ppm. IR (neat): 𝑣̃ = 2943,
2862, 2199, 2098, 1502, 1298, 1249, 1171, 830, 671 cm–1. HRMS (EI) calcd for C20H28OSi+ [M]+
m/z: 312.1903; found: 312.1904. Analytical data corresponds to those reported in the
literature.238

1,4-Bis(4-methoxyphenyl)buta-1,3-diyne (33c'):
Was isolated as a homocoupling by-product of 33c &
33m and obtained as colorless needles in 34% yield. 1H
NMR (300 MHz, CDCl3): δ = 7.46 (d, J = 8.9 Hz, 4H), 6.85
(d, J = 8.9 Hz, 4H), 3.82 (s, 6H) ppm. 13C NMR (75 MHz,
CDCl3): δ = 160.2, 134.0, 114.1, 114.0, 81.2, 72.9, 55.4
ppm. HRMS (EI) calcd for C18H14O2+ [M]+ m/z: 262.0988; found: 262.0989. Analytical data
corresponds to those reported in the literature.235

{(4-Bromo-[1,1'-biphenyl]-3-yl)buta-1,3-diyn-1-yl}triisopropylsilane
(33d):
Was obtained as a colorless oil in 58% yield. 1H NMR (300 MHz,
CDCl3): δ = 7.77 (d, J = 2.2 Hz, 1H), 7.63 (d, J = 8.4 Hz, 1H), 7.56 – 7.51
(m, 2H), 7.47 – 7.37 (m, 4H), 1.13 (s, 21H) ppm. 13C NMR (75 MHz,
CDCl3): δ = 140.5, 139.0, 133.4, 133.0, 129.1, 129.1, 128.2, 127.0,
125.1, 124.5, 90.1, 89.3, 79.0, 73.8, 18.7, 11.5 ppm. IR (neat): 𝑣̃ =
2940, 2862, 2098, 1464, 1238, 1014, 882, 760, 695, 607 cm–1. HRMS (EI) calcd for C25H29BrSi+
[M]+ m/z: 436.1216; found: 436.1219.
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[(4-Iodophenyl)buta-1,3-diyn-1-yl]triisopropylsilane (33e):
Was obtained as a slightly yellow oil in 71% yield. 1H NMR (300
MHz, CDCl3): δ = 7.66 (d, J = 8.6 Hz, 2H), 7.22 (d, J = 8.7 Hz, 2H),
1.11 (s, 21H) ppm. 13C NMR (125 MHz, CDCl3): δ = 137.8, 134.1,
121.2, 95.7, 89.4, 89.1, 76.2, 74.7, 18.7, 11.4 ppm. IR (neat): 𝑣̃ =
2943, 2865, 2204, 2101, 1462, 1002, 879, 815, 656, 601 cm–1. HRMS (EI) calcd for C19H25ISi+
[M]+ m/z: 408.0765; found: 408.0761.

Triisopropyl(thiophen-3-ylbuta-1,3-diyn-1-yl)silane (33f):
Was obtained as a slightly brown oil in 49% yield. 1H NMR (300 MHz,
CDCl3) δ = 7.58 (d, J = 4.0 Hz, 1H), 7.26 (dd, J = 4.9, 3.1 Hz, 1H), 7.15
(d, J = 6.1 Hz, 1H), 1.11 (s, 21H). 13C NMR (125 MHz, CDCl3): δ = 131.7,
130.4, 125.7, 120.8, 89.6, 87.9, 74.5, 70.9, 18.7, 11.5 ppm. IR (neat):
𝑣̃ = 3112, 2940, 2862, 2199, 2101, 1459, 994, 861, 778, 659 cm–1. HRMS (EI) calcd for C17H24SSi+
[M]+ m/z: 288.1363; found: 288.1374.

3-[(Triisopropylsilyl)buta-1,3-diyn-1-yl]pyridine (33g):
Was obtained as a yellow oil in 63% yield. 1H NMR (300 MHz, CDCl3):
δ = 8.73 (s, 1H), 8.56 (d, J = 4.2 Hz, 1H), 7.78 (d, J = 7.9 Hz, 1H), 7.29 –
7.22 (m, 1H), 1.11 (s, 21H).

13C

NMR (125 MHz, CDCl3): δ = 153.5,

149.3, 139.6, 123.1, 119.2, 89.9, 89.0, 78.0, 72.2, 18.7, 11.4 ppm. IR
(neat): 𝑣̃ = 2940, 2862, 2204, 2106, 1462, 1404, 996, 882, 659, 602 cm–1. HRMS (EI) calcd for
C18H25NSi+ [M]+ m/z: 283.1751; found: 283.1750.

(Ferrocenylbuta-1,3-diyn-1-yl)triisopropylsilane (33h):
Was obtained as red crystals in 37% yield. 1H NMR (300 MHz,
CDCl3): δ = 4.50 (q, J = 1.6 Hz, 2H), 4.27 – 4.22 (m, 7H), 1.11 (m, 21H)
ppm. 13C NMR (75 MHz, CDCl3): δ = 90.3, 84.8, 76.0, 72.3, 71.1,
70.2, 69.3, 62.9, 18.6, 11.4 ppm. IR (ATR): 𝑣̃ = 2943, 2865, 2360, 2202, 1462, 996, 884, 820,
659 cm–1. HRMS (ESI) calcd for C23H31FeSi+ [M+H]+ m/z: 391.1539; found: 391.1530. Analytical
data corresponds to those reported in the literature.239
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1,4-Diferrocenylbuta-1,3-diyne (33h'):
Was isolated as a homocoupling by-product of 33i. and obtained
as red crystals in 21% yield. 1H NMR (300 MHz, CDCl3): δ = 4.51
(t, J = 1.8 Hz, 4H), 4.26 (d, J = 6.0 Hz, 14H) ppm. 13C NMR (75 MHz,
CDCl3): δ = 79.2, 72.3, 71.1, 70.3, 69.4, 63.8 ppm. IR (ATR): 𝑣̃ = 2955, 2926, 2865, 2360, 2342,
1732, 1462, 856, 841, 666 cm–1. HRMS (ESI) calcd for C24H18Fe2+ [M]+ m/z: 418.0102; found:
418.0100. Analytical data corresponds to those reported in the literature.240

Triisopropyl[(7-methyl-1,8-diphenylnaphthalen-2-yl)buta-1,3-diyn-1yl]silane (33i):
Was obtained as a white solid in 40% yield. 1H NMR (300
MHz, CDCl3): δ = 7.79 (d, J = 8.5 Hz, 2H), 7.53 (d, J = 9.6 Hz,
1H), 7.43 (d, J = 8.3 Hz, 1H), 6.92 (d, J = 4.4 Hz, 6H), 6.78
(d, J = 4.9 Hz, 2H), 6.69 (d, J = 5.3 Hz, 2H), 1.99 (s, 3H), 1.02
(s, 21H) ppm. 13C NMR (125 MHz, CDCl3): δ = 145.9, 141.2, 141.0, 139.2, 136.7, 133.2, 131.1,
130.6, 130.6, 129.8, 128.0, 127.79, 127.77, 127.3, 126.9, 126.0, 125.7, 121.7, 89.7, 88.2, 78.5,
76.1, 21.6, 18.5, 11.3 ppm. IR (ATR): 𝑣̃ = 2925, 2851, 2360, 2339, 1735, 1646, 1464, 1173, 1036,
697 cm–1. HRMS (EI) calcd for C36H38Si+ [M]+ m/z: 498.2737; found: 498.2754.

1,4-Bis(7-methyl-1,8-diphenylnaphthalen-2-yl)buta-1,3-diyne (33i'):
Was isolated as a homocoupling by-product of
33j and obtained as a white solid in 17% yield. 1H
NMR (300 MHz, CDCl3): δ = 7.74 (t, J = 8.3 Hz,
4H), 7.40 (dd, J = 8.3, 6.1 Hz, 4H), 6.94 – 6.81 (m,
12H), 6.70 – 6.60 (m, 8H), 1.96 (s, 6H) ppm. 13C
NMR (125 MHz, CDCl3): δ = 145.0, 141.2, 140.9, 139.2, 136.6, 133.0, 131.1, 130.6, 130.4, 129.6,
127.9, 127.7, 127.3, 126.8, 125.9, 125.6, 122.2, 82.4, 77.9, 21.6 ppm. IR (ATR): 𝑣̃ = 3056, 2945,
2865, 2362, 2336, 2199, 2093, 1463, 696, 681 cm–1. HRMS (ESI) calcd for C50H35+ [M+H]+ m/z:
635.2733; found: 635.2730.
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Methyl 3,4,5-Trimethoxy-2'-[(triisopropylsilyl)buta-1,3-diyn-1-yl]-[1,1'biphenyl]-2-carboxylate (33j):
Was obtained as white crystals in 65% yield. 1H NMR (300
MHz, CDCl3): δ = 7.59 (d, J = 9.3 Hz, 1H), 7.38 – 7.25 (m, 3H),
6.86 (s, 1H), 3.97 (s, 3H), 3.92 (s, 3H), 3.91 (s, 3H), 3.58 (s,
3H), 1.07 (s, 21H) ppm. 13C NMR (75 MHz, CDCl3): δ = 167.5,
154.1, 151.8, 143.8, 141.9, 134.4, 134.1, 129.3, 129.0,
127.6, 121.6, 120.6, 110.4, 89.7, 88.6, 78.3, 74.7, 62.2, 61.1, 56.3, 52.1, 18.7, 11.4 ppm. IR
(ATR): 𝑣̃ = 2943, 2688, 2361, 2340, 1733, 1459, 1113, 1030, 878, 756 cm–1. HRMS (ESI) calcd
for C30H39O5Si+ [M+H]+ m/z: 507.2561; found: 507.2558.

1-Methoxy-4-(phenylbuta-1,3-diyn-1-yl)benzene (33l):
Was obtained as a white solid in 20% yield. 1H NMR (300 MHz,
CDCl3): δ = 7.56 – 7.44 (m, 4H), 7.34 (d, J = 6.6 Hz, 3H), 6.86 (d,
J = 8.8 Hz, 2H), 3.83 (s, 3H) ppm. 13C NMR (75 MHz, CDCl3): δ
= 160.5, 134.3, 132.6, 129.2, 128.6, 122.2, 114.3, 113.9, 82.0,
81.2, 74.3, 72.7, 55.5 ppm. IR (ATR): 𝑣̃ = 2940, 2865, 2199,
2092, 1511, 1246, 1139, 1022, 882, 669 cm–1. HRMS (EI) calcd for C17H12O+ [M]+ m/z: 232.0883;
found: 232.0889. Analytical data corresponds to those reported in the literature. 241

General Procedure for the synthesis of Compounds 37a-37h
Transfer reagent 5f (103 mg, 0.2 mmol, 1 equiv.) and the corresponding sulfinate (0.24 mmol,
1.2 equiv.) were dissolved in DCM (5 mL), and the reaction mixture was stirred for 30 min at
ambient temperature on air. The reaction was monitored by TLC. Upon completion of the
reaction, pentane (5 mL) was added, and the reaction mixture was transferred directly to a
pre-wetted column (hexanes). The pure product was obtained by column chromatography
(hexanes).

Triisopropyl[(phenylsulfonyl)ethynyl]silane (37a):
Was obtained as a colorless oil in 89% yield. 1H NMR (300 MHz, CDCl3):
δ = 8.05 – 8.00 (m, 2H), 7.67 (t, J = 7.4 Hz, 1H), 7.57 (t, J = 7.5 Hz, 2H),
1.16 – 1.00 (m, 21H) ppm. 13C NMR (75 MHz, CDCl3): δ = 142.3, 134.2,
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129.4, 127.3, 101.1, 100.8, 18.5, 11.0 ppm. IR (neat): 𝑣̃ = 2946, 2865, 2360, 2119, 1738, 1335,
1159, 784, 681, 570 cm–1. HRMS (EI) calcd for C17H26O2SSi+ [M]+ m/z: 322.1417; found:
322.1422. Analytical data corresponds to those reported in the literature. 58

Triisopropyl(tosylethynyl)silane (37b):
Was obtained as a white solid in 89% yield. 1H NMR (400 MHz,
CDCl3): 7.88 (d, J = 8.9 Hz, 2H), 7.35 (d, J = 9.3 Hz, 2H), 2.45 (s, 3H),
1.13 – 1.00 (m, 21H) ppm. 13C NMR (101 MHz, CDCl3): δ = 145.3,
139.3, 130.0, 127.4, 101.0, 100.2, 21.8, 18.4, 11.0 ppm. IR (ATR): 𝑣̃ = 2942, 2867, 2118, 1461,
1333, 1159, 1084, 771, 670, 545 cm–1. HRMS (ESI) calcd for C18H28NaO2SSi+ [M+Na]+ m/z:
359.1472; found: 359.1470. Analytical data corresponds to those reported in the literature.58

{[(4-Fluorophenyl)sulfonyl]ethynyl}triisopropylsilane (37c):
Was obtained as a colorless oil in 86% yield. 1H NMR (400 MHz,
CDCl3): δ = 8.03 (dd, J = 9.1, 5.0 Hz, 2H), 7.28 – 7.21 (m, 2H), 1.12 –
1.01 (m, 21H) ppm. 19F NMR (376 MHz, CDCl3): δ = –102.45 ppm. 13C
NMR (101 MHz, CDCl3): δ = 167.1 (d, J = 257.5 Hz), 138.3 (d, J = 3.3 Hz), 130.3 (d, J = 9.9 Hz),
116.8 (d, J = 22.8 Hz), 101.3, 100.6, 18.4, 11.0 ppm. IR (neat): 𝑣̃ = 2947, 2864, 2360, 2118,
1592, 1341, 1151, 777, 670, 545 cm–1. HRMS (ESI) calcd for C17H25FNaO2SSi+ [M+Na]+ m/z:
363.1221; found: 363.1221. Analytical data corresponds to those reported in the literature. 58

{[(4-Bromophenyl)sulfonyl]ethynyl}triisopropylsilane (37d):
Was obtained as a white solid in 83% yield. 1H NMR (400 MHz,
CDCl3) δ = 7.87 (d, J = 8.8 Hz, 2H), 7.71 (d, J = 8.8 Hz, 2H), 1.13 – 1.01
(m, 21H) ppm. 13C NMR (101 MHz, CDCl3): δ = 141.2, 132.7, 129.6,
128.9, 101.8, 100.3, 18.5, 11.0 ppm. IR (ATR): 𝑣̃ = 2945, 2867, 2360, 2337, 2121, 1571, 1464,
1338, 1159, 788 cm–1. HRMS (ESI) calcd for C17H29BrNO2SSi+ [M+NH4]+ m/z: 418.0866; found:
418.0864. Analytical data corresponds to those reported in the literature.58

{[(4-Chlorophenyl)sulfonyl]ethynyl}triisopropylsilane (37e):
Was obtained as a white solid in 46% yield. 1H NMR (400 MHz,
CDCl3): δ = 7.94 (d, J = 8.9 Hz, 2H), 7.54 (d, J = 8.9 Hz, 2H), 1.13 –
1.01 (m, 21H) ppm.

13C
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NMR (101 MHz, CDCl3): δ = 141.0, 140.7,

129.7, 128.8, 101.7, 100.4, 18.4, 11.0 ppm. IR (ATR): 𝑣̃ = 2947, 2867, 1734, 1458, 1341, 1165,
1030, 791, 681, 670 cm–1. HRMS (ESI) calcd for C17H25ClNaO2SSi+ [M+Na]+ m/z: 379.0925;
found: 379.0920. Analytical data corresponds to those reported in the literature.58

Triisopropyl{[(2-nitrophenyl)sulfonyl]ethynyl}silane (37f):
Was obtained as an orange solid in 49% yield. 1H NMR (400 MHz, CDCl3)
δ = 8.33 – 8.26 (m, 1H), 7.99 – 7.92 (m, 1H), 7.87 – 7.79 (m, 2H), 1.20 –
1.06 (m, 21H) ppm. 13C NMR (101 MHz, CDCl3): δ = 148.3, 135.4, 135.2,
133.1, 131.0, 125.5, 102.6, 99.3, 18.5, 11.1 ppm. IR (ATR): 𝑣̃ = 2948,
2867, 2360, 2340, 2124, 1542, 1336, 1159, 803, 575 cm–1. HRMS (ESI) calcd for C17H26NO4SSi+
[M+H]+ m/z: 368.1346; found: 368.1342.

Triisopropyl[(thiophen-2-ylsulfonyl)ethynyl]silane (37g):
Was obtained as a white solid in 92% yield. 1H NMR (400 MHz, CDCl3): δ
= 7.80 (dd, J = 3.8, 1.4 Hz, 1H), 7.75 (dd, J = 5.0, 1.4 Hz, 1H), 7.14 (dd, J =
5.0, 3.8 Hz, 1H), 1.14 – 1.02 (m, 21H) ppm. 13C NMR (101 MHz, CDCl3): δ
= 143.3, 134.9, 134.2, 127.9, 100.9, 100.8, 18.4, 11.0 ppm. IR (ATR): 𝑣̃ = 2121, 1461, 1402,
1341, 1153, 1012, 884, 785, 670, 574 cm–1. HRMS (ESI) calcd for C15H25O2S2Si+ [M+H]+ m/z:
329.1060; found: 329.1063. Analytical data corresponds to those reported in the literature.54

Diphenyl[(triisopropylsilyl)ethynyl]phosphine Oxide (37h):
The transfer reagent 5f (103 mg, 0.2 mmol, 1 equiv.), diphenylphosphine
oxide (48.5 mg, 0.24 mmol, 1.2 equiv.) and Cs2CO3 (78.2 mg, 0.24 mmol,
1.2 equiv.) was dissolved in DCM (5 mL), and the reaction mixture was
stirred for 30 min at ambient temperature on air with TLC monitoring. Upon completion of
the reaction, pentane (5 mL) was added, and the reaction mixture was transferred directly to
a pre-wetted column (hexanes). The pure product was obtained by column chromatography
(hexanes). Compound 37i was obtained as a white solid in 20% yield. 1H NMR (400 MHz,
CDCl3): δ = 7.89 – 7.79 (m, 4H), 7.52 (dd, J = 7.4, 1.7 Hz, 2H), 7.46 (ddd, J = 8.5, 6.5, 3.3 Hz, 4H),
1.20 – 1.07 (m, 21H) ppm. 31P NMR (162 MHz, CDCl3): δ = 6.9 ppm. 13C NMR (101 MHz, CDCl3):
δ = 133.4 (d, J = 120.4 Hz), 132.6 (d, J = 3.6 Hz), 131.0 (d, J = 11.1 Hz), 128.7 (d, J = 13.4 Hz),
113.5 (d, J = 19.0 Hz), 101.3 (d, J = 151.9 Hz), 18.6, 11.2 ppm. HRMS (ESI) calcd for C23H32OPSi+
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[M+H]+ m/z: 383.1955; found: 383.1956. Analytical data corresponds to those reported in the
literature.35

(E/Z)-(4-Methoxybenzyl)[2-phenyl-2-(phenylsulfonyl)vinyl]sulfane
(70c):
The transfer reagent 5a (87 mg, 0.2 mmol, 1 equiv.), the
corresponding thiol 147 (37 mg, 0.24 mmol, 1.2 equiv.) and the
corresponding sulfinate PhSO2Na (39.4 mg, 0.24 mmol, 1.2
equiv.) were dissolved in MeCN (3 mL), and the reaction mixture was stirred at room
temperature for 1 h on air with TLC monitoring. Upon completion of the reaction, pentane (5
mL) was added, and the reaction mixture was transferred directly to a pre-wetted column
(hexanes). The pure product was obtained by column chromatography (hexanes). Sulfane 70c
was obtained as a yellow solid in 91% yield [mixture of E/Z isomers (1:9)]. 1H NMR (400 MHz,
CDCl3): δ = 7.70 (d, J = 8.3 Hz, 2H), 7.51 (t, J = 7.4 Hz, 1H), 7.38 (d, J = 8.3 Hz, 2H), 7.25 – 7.19
(m, 5H), 7.11 (d, J = 6.8 Hz, 2H), 6.95 (s, 1H), 6.83 (d, J = 8.7 Hz, 2H), 3.94 (s, 2H), 3.78 (s, 3H)
ppm. 13C NMR (101 MHz, CDCl3): δ = 159.3, 144.4, 140.7, 135.0, 134.9, 133.4, 130.3, 129.9,
128.8, 128.7, 128.5, 128.3, 127.6, 114.4, 55.5, 39.8 ppm. IR (ATR): 𝑣̃ = 2971, 2360, 2340, 1739,
1512, 1364, 1301, 1231, 1143, 667 cm–1. HRMS (ESI) calcd for C22H20NaO3S2+ [M+Na]+ m/z:
419.0746; found: 419.0739.

(E/Z)-2-[(2-Methoxy-1-phenylvinyl)sulfonyl]thiophene (70d):
The transfer reagent 5a (87 mg, 0.2 mmol, 1 equiv.) and sodium
thiophene-2-sulfinate (148, 40.8 mg, 0.24 mmol, 1.2 equiv.) were
dissolved in a mixture of DCM (1.5 mL) and MeOH (1.5 mL), and the
reaction mixture was stirred at room temperature for 1 h on air. The
reaction was monitored by TLC. Upon completion of the reaction, pentane (5 mL) was added,
and the reaction mixture was transferred directly to a pre-wetted column (hexanes). The pure
product was obtained by column chromatography (gradient hexanes → hexanes/EtOAc 1:1)
Thiophene 70d was obtained as a white solid in 83% yield [mixture E/Z isomers (1:9)].
Anayltical data of the Z-isomer: 1H NMR (400 MHz, CDCl3): δ = δ 7.60 (t, J = 4.0 Hz, 2H), 7.32
(dt, J = 8.5, 3.7 Hz, 5H), 7.05 (dd, J = 4.9, 3.8 Hz, 1H), 6.55 (s, 1H), 3.93 (s, 3H) ppm. 13C NMR
(101 MHz, CDCl3): δ = 156.3, 143.8, 133.1, 132.9, 131.6, 131.1, 128.7, 128.4, 127.2, 122.1, 62.9
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ppm. IR (ATR): 𝑣̃ = 1699, 1311, 1224, 1132, 1039, 1014, 720, 694, 670 cm–1. HRMS (ESI) calcd
for C13H13O3S2+ [M+H]+ m/z: 281.0301; found: 281.0305.

(Z)-Triphenyl[2-phenyl-2-(phenylsulfonyl)vinyl]phosphonium
Trifluoromethanesulfonate (70e)
A Schlenk flask equipped with a stirring bar was charged with the salt 142b
(115.3 mg, 0.2 mmol, 1 equiv.) and triphenylphosphine (63 mg, 0.24 mmol,
1.2 equiv.). The reactants were dissolved in DCM (2 mL). The reaction
mixture was stirred at room temperature for 12 h. The solvent was
evaporated to a minimum volume, and diethyl ether (10 mL) was added to precipitate the salt.
The latter was filtered off, washed once more with diethyl ether (10 mL) and dried in vacuo.
The salt 70e was obtained as a white solid in 64% yield. 1H NMR (400 MHz, CD3CN): δ = 8.54
(d, J = 8.6 Hz, 2H), 8.31 (d, J = 7.9 Hz, 2H), 7.98 (t, J = 7.7 Hz, 2H), 7.95 – 7.88 (m, 5H), 7.87 –
7.82 (m, 2H), 7.77 (d, J = 7.5 Hz, 3H), 7.64 – 7.59 (m, 3H), 7.46 – 7.38 (m, 2H), 7.31 (d, J = 4.6
Hz, 4H), 6.85 (s, 1H) ppm. 31P NMR (162 MHz, CD3CN): δ = 16 ppm. 13C NMR (101 MHz, CD3CN):
δ = 166.5, (d, 2J P−C = 3.6 Hz), 157.3, 141.0, 136.8, 135.8, 135.7 (d, 4J P−C = 3.2 Hz), 135.0 (d, 1J
P−C

= 10.8 Hz), 134.6 (d, 4J P−C = 10.7 Hz), 132.9, 132.4, 131.7, 131.3 (d, 1J P−C = 13.3 Hz), 131.0

(d, 2J P−C = 13.5 Hz), 130.8, 130.2, 130.2, 129.7 (d, 2JP−C = 13.7 Hz), 129.6 (d, 2J P−C = 14.0 Hz),
127.9, 125.3, 122.1 (q, 1JC−F = 321 Hz), 122.0 (d, 1JP−C = 93.7 Hz), 121.3 ppm. IR (ATR): 𝑣̃ = 3730,
3628, 2266, 1648, 1255, 1148, 1029, 686, 636, 515 cm–1. HRMS (ESI) calcd for C32H26O2PS+ [M–
OTf]+ m/z: 505.1386; found: 505.1385.

(Z)-N,4-dimethyl-N-[2-phenyl-2-(phenylsulfonyl)vinyl]benzenesulfonamide (70f):
A mixture of the salt 142b (115.3 mg, 0.2 mmol, 1.0 equiv.), Cs2CO3 (78.2
mg, 0.24 mmol, 1.2 equiv.) and N,4-dimethylbenzenesulfonamide (44.5
mg, 0.24 mmol, 1.2 equiv.) in DCM (2 mL) was stirred at room
temperature for 12 h under ambient atmosphere with TLC monitoring,
then directly transferred to a pre-wetted column (hexanes). The pure
product was obtained by column chromatography (gradient hexanes → hexanes:EtOAc 1:1).
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Sulfonamide 70f was obtained as an off-white solid in 83% yield. 1H NMR (400 MHz, CDCl3): δ
= 8.38 (s, 1H), 7.74 (d, J = 8.3 Hz, 2H), 7.56 – 7.47 (m, 3H), 7.40 – 7.33 (m, 4H), 7.28 (d, J = 7.5
Hz, 1H), 7.16 (t, J = 7.9 Hz, 2H), 6.93 (d, J = 8.3 Hz, 2H), 2.47 (s, 3H), 2.46 (s, 3H) ppm. 13C NMR
(101 MHz, CD3CN): δ = 145.3, 139.8, 136.7, 134.2, 133.0, 132.5, 130.4, 129.5, 129.3, 128.8,
128.3, 128.0, 127.5, 122.2, 34.8, 21.8 ppm. IR (ATR): 𝑣̃ = 1630, 1357, 1287, 1170, 1141, 1082,
978, 943, 688, 545 cm–1. HRMS (ESI) calcd for C22H22NNaO4S2+ [M+Na]+ m/z: 450.0804; found:
450.0794.

(E/Z)-(2-Bromophenyl)[2-phenyl-2-(phenylsulfonyl)vinyl]sulfane (70g):
A mixture of the salt 142b (115.3 mg, 0.2 mmol, 1.0 equiv.), Cs2CO3
(65.2 mg, 0.2 mmol, 1.0 equiv.) and 2-bromobenzenethiol (37.8 mg,
0.2 mmol, 1.0 equiv.) in DCM (2 mL) was stirred at room temperature
for 12 h under ambient atmosphere with TLC monitoring, then directly
transferred to a pre-wetted column (hexanes). The pure product was obtained by column
chromatography (gradient hexanes → hexanes:EtOAc 1:1). Sulfane 70g was obtained as a
white solid in 90% yield [mixture of Z/E isomers (5:1)]. 1H NMR (400 MHz, CDCl3): δ = 7.85 (dd,
J = 8.4, 1.2 Hz, 2H), 7.67 – 7.61 (dt J = 1.4, 8.0 Hz, 2H), 7.59 – 7.52 (m, 1H), 7.47 – 7.42 (m, 2H),
7.41 – 7.26 (m, 4H), 7.26 – 7.19 (m, 3H), 6.98 (s, 1H) ppm. 13C NMR (101 MHz, CDCl3): δ = 144.7,
140.4, 136.3, 135.7, 134.4, 134.3, 134.0, 133.6, 130.6, 130.3, 130.0, 129.0, 128.8, 128.44,
128.39, 127.8 ppm. IR (ATR): 𝑣̃ = 3728, 3626, 1737, 1557, 1447, 1306, 1146, 1084, 753, 664
cm–1. HRMS (ESI) calcd for C20H16O2S2+ [M+H]+ m/z: 430.9770; found: 430.9769.

(Z)-2-Phenyl-2-[2-phenyl-2-(phenylsulfonyl)vinyl]-1H-indene-1,3(2H)dione (70h):
A mixture of the salt 142b (115.3 mg, 0.2 mmol, 1.0 equiv.), Cs2CO3
(65.2 mg, 0.2 mmol, 1.0 equiv.) and indandione (29.2 mg, 0.2 mmol,
1.0 equiv.) in DCM (2 mL) was stirred at room temperature for 12 h
under ambient atmosphere with TLC monitoring, then directly
transferred to a pre-wetted column (hexanes). The pure product was obtained by column
chromatography (gradient hexanes → hexanes:EtOAc 4:1). Compound 70h was obtained as
an orange oil in 87% yield. 1H NMR (400 MHz, CDCl3): δ = 7.90 (s, 1H), 7.53 (t, J = 7.2 Hz, 2H),
7.49 – 7.45 (m, 2H), 7.45 – 7.29 (m, 12H), 7.27 – 7.23 (m, 2H), 7.16 (d, J = 7.2 Hz, 1H) ppm. 13C
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NMR (101 MHz, CDCl3): δ = 192.8, 168.2, 150.7, 139.1, 138.4, 133.51, 133.45, 130.8, 130.6,
130.6, 129.6, 129.6 (2 13C-Signals overlapping), 128.9, 128.8, 128.6, 128.5, 128.4, 128.3, 128.1,
127.5, 122.8, 119.4, 116.9 ppm (4 more 13C-Signals than expected, Ph at tertiary carbon has
no rotational freedom). IR (neat): 𝑣̃ = 3725, 3626, 1715, 1378, 1308, 1204, 1146, 1082, 689,
646 cm–1. HRMS (ESI) calcd for C29H20NaO4S+ [M+Na]+ m/z: 487.0975; found: 487.0975.

(Z)-1-Methyl-4-{[2-phenyl-2-(phenylsulfonyl)vinyl]sulfonyl}benzene
(70i):
Compound 142b (115.3 mg, 0.2 mmol, 1.0 equiv.) and sodium ptolylsulfinate (35.6 mg, 0.2 mmol, 1.0 equiv.) were dissolved in
DCM/t-BuOH (2 mL/few drops). The reaction mixture was stirred at
room temperature for 12 h under ambient atmosphere with TLC
monitoring, then directly transferred to a pre-wetted column
(hexanes). The pure product was obtained by column chromatography (gradient hexanes →
hexanes:EtOAc 1:1). Compound 70i was obtained as a colorless oil in 76% yield. 1H NMR (400
MHz, CDCl3): δ = 7.98 (d, J = 8.3 Hz, 2H), 7.75 (d, J = 8.3 Hz, 2H), 7.58 (t, J = 7.5 Hz, 1H), 7.47 –
7.32 (m, 5H), 7.29 – 7.24 (m, 2H), 7.22 – 7.18 (m, 2H), 6.87 (s, 1H), 2.47 (s, 3H) ppm. 13C NMR
(101 MHz, CDCl3): δ = 151.9, 145.3, 141.4, 138.6, 138.4, 134.4, 132.7, 130.4, 129.9, 129.8,
129.4, 129.1, 128.6, 128.5, 21.9 ppm. IR (neat): 𝑣̃ = 3060, 3011, 1595, 1325, 1148, 1079, 907,
726, 670, 563 cm–1. HRMS (ESI) calcd for C21H19O4S2+ [M+H]+ m/z: 399.0719; found: 399.0704.

(Z)-[2-Bromo-1-(phenylsulfonyl)vinyl]benzene (70j)
The salt 142b (115.3 mg, 0.2 mmol, 1.0 equiv.) and NEt4Br (0.2 mmol, 1.0
equiv.) were dissolved in DCM (2 mL). The reaction mixture was stirred at
room temperature for 12 h under ambient atmosphere and with TLC
monitoring, then directly transferred to a pre-wetted column (hexanes). The pure product was
obtained by column chromatography (gradient hexanes → hexanes:EtOAc 8:2). Compound
70j was obtained as a colorless oil in 91% yield. 1H NMR (400 MHz, CDCl3): δ = 7.84 – 7.79 (m,
2H), 7.60 (ddt, J = 7.9, 7.0, 1.2 Hz, 1H), 7.49 – 7.44 (m, 2H), 7.41 – 7.36 (m, 1H), 7.34 – 7.29 (m,
2H), 7.25 – 7.21 (m, 2H), 7.01 (s, 1H) ppm. 13C NMR (101 MHz, CDCl3): δ = 147.7, 139.8, 134.2,
133.9, 130.0, 129.7, 129.0, 129.0 (2 13C-Signals overlapping), 128.4, 117.4 ppm. IR (neat): 𝑣̃ =
1576, 1445, 1319, 1146, 1082, 836, 718, 686, 533, 512 cm–1. HRMS (ESI) calcd for
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C14H11BrNaO2S+ [M+Na]+ m/z: 344.9555; found: 344.9553. Analytical data corresponds to
those reported in the literature.120

(Z)-1-Methyl-4-{[2-phenyl-2-(phenylsulfonyl)vinyl]oxy}benzene (70k):
A mixture of the salt 142b (115.3 mg, 0.2 mmol, 1.0 equiv.),
Cs2CO3 (65.2 mg, 0.2 mmol, 1.0 equiv.) and p-cresol (21.6 mg, 0.2
mmol, 1.0 equiv.) was stirred in DCM (2 mL) at room temperature
for 12 h under ambient atmosphere and with TLC monitoring. The
reaction mixture was directly transferred to a pre-wetted column (hexanes). The pure product
was obtained by column chromatography (gradient hexanes → hexanes:EtOAc 1:1).
Compound 70k was obtained as a white solid in 92% yield. 1H NMR (400 MHz, CDCl3): δ = 7.98
(dd, J = 8.4, 1.3 Hz, 2H), 7.61 – 7.56 (m, 1H), 7.52 – 7.46 (m, 2H), 7.43 – 7.36 (m, 5H), 7.11 (d,
J = 8.1 Hz, 2H), 6.90 (s, 1H), 6.83 (d, J = 8.6 Hz, 2H), 2.31 (s, 3H) ppm. 13C NMR (101 MHz,
CDCl3): δ = 154.4, 150.3, 142.5, 134.9, 133.1, 131.3, 131.0, 130.4, 129.0, 128.8, 128.5, 128.1,
125.9, 117.2, 20.8 ppm. IR (ATR): 𝑣̃ = 3080, 2923, 1632, 1600, 1504, 1224, 1141, 726, 686, 574
cm–1. HRMS (ESI) calcd for C21H18NaO3S+ [M+Na]+ m/z: 373.0869; found: 373.0863.

(Z)-[2-Fluoro-1-(phenylsulfonyl)vinyl]benzene (70l):
KF (13.9 mg, 0.24 mmol, 1.2 equiv.) was dissolved in a mixture of DCM (1 mL)
and t-BuOH (1 mL), and compound 142b (115.3 mg, 0.2 mmol, 1 equiv.) was
added in one portion. The reaction mixture was stirred for 12 h at room
temperature under ambient atmosphere, then directly transferred to a pre-wetted column
(hexanes). The pure product was obtained by column chromatography (gradient hexanes →
hexanes:EtOAc 4:1). Compound 70l was obtained as a white solid in 40% yield. 1H NMR (400
MHz, CDCl3): δ = 7.84 (d, J = 7.5 Hz, 2H), 7.62 (t, J = 7.5 Hz, 1H), 7.50 (t, J = 7.8 Hz, 2H), 7.41 (d,
J = 7.3 Hz, 1H), 7.35 (t, J = 7.4 Hz, 2H), 7.29 – 7.25 (m, 2H), 6.83 (d, J = 78.5 Hz, 1H) ppm. 19F
NMR (376 MHz, CDCl3): δ = -101.96 (d, J = 78.6 Hz) ppm. 13C NMR (101 MHz, CDCl3): δ = 152.8
(d, 1JC−F = 292.7 Hz), 140.8, 133.9, 131.0 (d, 2JC−F = 3.2 Hz), 130.2, 130.2, 129.9, 129.2, 128.7,
128.1 (d, 3JC−F = 1.1 Hz) ppm. IR (neat): 𝑣̃ = 3728, 3628, 1648, 1325, 1180, 1135, 1079, 732,
667, 553 cm–1. HRMS (ESI) calcd for C14H12FO2S+ [M+H]+ m/z: 263.0537; found: 263.0538.
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(Z/E)-1-Fluoro-4-[4-phenyl-4-(phenylsulfonyl)but-3-en-1-yn-1yl]benzene (70m and 70m'):
To the solution of 1-ethynyl-4-fluorobenzene (24.1 mg, 0.2 mmol,
1.0 equiv.) in DCM (2 mL) was added LiHMDS (0.2 mL of a 1 M
solution in THF; 0.2 mmol, 1.0 equiv.) added. The reaction mixture
was stirred 10 min at room temperature under nitrogen
atmosphere. Compound 142b (115.3 mg, 0.2 mmol, 1 equiv.) was added in one portion, and
the reaction mixture was stirred for an additional 12 h at room temperature, then directly
transferred to a pre-wetted column (hexanes). The pure product was obtained by column
chromatography (gradient hexanes → hexanes:EtOAc 4:1). Compound 70m was obtained as
a white solid in 50% yield [mixture of Z/E isomers 70m & 70m' (3:1)].
(Z)-1-Fluoro-4-[4-phenyl-4-(phenylsulfonyl)but-3-en-1-yn-1-yl]benzene (70m):
1H

NMR (400 MHz, CDCl3): 7.83 (dd, J = 8.4, 1.2 Hz, 2H), 7.62 –

7.57 (m, 2H), 7.57 – 7.52 (m, 1H), 7.42 (t, J = 7.6 Hz, 2H), 7.38 –
7.31 (m, 5H), 7.09 (t, J = 8.7 Hz, 2H), 6.43 (s, 1H) ppm. 19F NMR
(377 MHz, CDCl3) δ = -108.40 ppm. 13C NMR (101 MHz, CDCl3): δ
= 163.4 (d, 1JC−F = 253 Hz), 150.5, 140.6, 134.4 (d, 3JC−F = 8.9 Hz), 134.3, 133.6, 129.8, 129.6,
129.0, 128.4, 128.2, 120.4, 118.7 (d, 4JC−F = 3.7 Hz), 116.1 (d, 2JC−F = 22.3 Hz), 103.2, 84.9 ppm.
IR (neat): 𝑣̃ = 3733, 3626, 2191, 1504, 1317, 1226, 1151, 838, 764, 667 cm–1. HRMS (ESI) calcd
for C22H16FO2S+ [M+H]+ m/z: 363.0850; found: 363.0847.
(E)-1-Fluoro-4-[4-phenyl-4-(phenylsulfonyl)but-3-en-1-yn-1-yl]benzene (70m'):
1H

NMR (400 MHz, CDCl3): δ = 7.66 (dd, J = 8.4, 1.2 Hz, 2H), 7.53

(t, J = 7.5 Hz, 1H), 7.40 (t, J = 7.8 Hz, 2H), 7.37 – 7.29 (m, 5H), 7.26
(s, 1H), 7.18 (dd, J = 8.9, 5.4 Hz, 2H), 6.95 (t, J = 8.7 Hz, 2H) ppm.
19F

NMR (377 MHz, CDCl3): δ = -108.31 ppm. 13C NMR (101 MHz,

CDCl3): δ = 163.3 (d, 1JC−F = 252 Hz), 150.9, 138.8, 134.2 (d, 3JC−F = 8.7 Hz), 133.6, 130.9, 130.3,
129.6, 129.0, 128.6, 128.2, 120.1, 118.1 (d, 4JC−F = 3.6 Hz), 116.0 (d, 2JC−F = 22.2 Hz), 100.8, 84.5
ppm. IR (neat): 𝑣̃ = 3735, 3628, 2198, 1306, 1143, 836, 686, 667, 592 cm–1. HRMS (ESI) calcd
for C22H16FO2S+ [M+H]+ m/z: 363.0850; found: 363.0845.
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(Z)-[(1-Phenyl-2-thiocyanatovinyl)sulfonyl]benzene (70n):
To the stirred solution of NaSCN (19.5 mg, 0.24 mmol, 1.2 equiv.) in a
mixture of DCM (1 mL) and t-BuOH (1 mL), the salt 142b (115.3 mg, 0.2
mmol, 1 equiv.) was added in one portion. The reaction mixture was stirred
at room temperature for 12 min under ambient atmosphere, then directly transferred to a
pre-wetted column (hexanes). The pure product was obtained by column chromatography
(gradient hexanes → hexanes:EtOAc 4:1). Compound 70n was obtained as a white solid in 72%
yield. 1H NMR (400 MHz, CDCl3): δ = 7.65 (dd, J = 8.4, 1.2 Hz, 2H), 7.60 (t, J = 7.5 Hz, 1H), 7.47
– 7.42 (m, 2H), 7.37 (t, J = 7.4 Hz, 1H), 7.29 (t, J = 7.6 Hz, 2H), 7.22 – 7.18 (m, 2H), 6.99 (s, 1H)
ppm. 13C NMR (101 MHz, CDCl3): δ = 142.5, 138.1, 134.6, 131.7, 131.2, 130.2, 129.5, 129.4,
128.8, 128.1, 111.9 ppm. IR (neat): 𝑣̃ = 3030, 1737, 1367, 1306, 1210, 1146, 1084, 753, 684,
651 cm–1. HRMS (ESI) calcd for C15H11NNaO2S2+ [M+Na]+ m/z: 324.0123; found: 324.0122.

General Procedure for the Synthesis of Compounds 93a-93t
Reliable up to 5 mmol scale: Triflic anhydride (1.1 equiv.) was added to a suspension of
dibenzo[b,d]thiophene 5-oxide (15) in dry DCM (9 mL/mmol) maintaining the temperature
between –60 °C and –50 °C. The reaction mixture was stirred for 20 min at this temperature,
followed by the addition of the respective aromatic substrate, then slowly warmed up to –
20 °C over a period of 15 hours. After this, the reaction mixture was allowed to warm up to
RT, and the solvent was evaporated in vacuo to afford crude 93a-93t, which were washed with
dry Et2O (2  10 mL/mmol) to obtain the desired products as solids. Further purification was
achieved by column chromatography on silica gel with DCM/MeOH (100/3) or DCM/acetone
(10/1) as an eluent. Usually a quartett around 122 ppm (Triflate-CF3) in 13C NMR can be found
in all examples. If it is not listed amongst the signals, the sample was too diluted, and the
signals disappeared in the noise.

5-Phenyl-5H-dibenzo[b,d]thiophen-5-ium Trifluoromethanesulfonate
(93a):
The salt 93a was obtained as a pale-yellow solid in 91% yield. 1H NMR (300
MHz, CD3CN): δ = 8.35 (dd, J = 7.9, 0.7 Hz, 2H), 8.08 (d, J = 8.1 Hz, 2H), 7.95
(td, J = 7.7, 1.0 Hz, 2H), 7.78 – 7.69 (m, 3H), 7.63 – 7.56 (m, 4H) ppm. 13C
NMR (75 MHz, CD3CN) δ = 140.5, 136.2, 135.5, 132.9, 132.7, 132.6, 131.5,
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128.9, 127.9, 125.6 ppm. IR (ATR): = 3088, 2358, 2337, 1448, 1258, 1225, 1155, 1030, 755, 635
cm–1. HRMS (+ESI) calcd for C18H13S+ [M–OTf]+ m/z: 261.0733; found: 261.0734.

5-(4-Ethylphenyl)-5H-dibenzo[b,d]thiophen-5-ium Trifluoromethanesulfonate (93b):
The salt 93b was obtained as a white solid in 83% yield (o/p ratio, 1/9).
1H

NMR (400 MHz, CD3CN): δ = 8.34 (ddd, J = 7.9, 1.2, 0.6 Hz, 2H), 8.07

(ddd, J = 8.1, 1.0, 0.6 Hz, 2H), 7.95 – 7.89 (m, 2H), 7.70 (ddd, J = 8.1, 7.5,
1.2 Hz, 2H), 7.52 – 7.47 (m, 2H), 7.44 – 7.39 (m, 2H), 2.66 (q, J = 7.6 Hz,
2H), 1.15 (t, J = 7.6 Hz, 3H) ppm. 13C NMR (101 MHz, CD3CN): δ = 153.7,
140.2, 135.3, 133.1, 132.5, 132.0, 131.5, 128.7, 125.4, 124.1, 122.0 (q, 1JC−F = 321 Hz) 29.2,
15.2 ppm. IR (ATR): = 3083, 2360, 2339, 1448, 1261, 1157, 1025, 830, 763, 633 cm–1. HRMS
(+ESI) calcd for C20H17S+ [M–OTf]+ m/z: 298.1046 found: 298.0145. Mp = 178.7 °C.

5-(4-Cyclopropylphenyl)-5H-dibenzo[b,d]thiophen-5-ium Trifluoromethanesulfonate (93c):
The salt 93c was obtained as a white solid in 71% yield (o/p ratio 1:5).
1H

NMR (400 MHz, CD2Cl2): δ = 8.24 (ddd, J = 7.9, 1.2, 0.6 Hz, 2H), 8.06

– 8.03 (m, 2H), 7.93 – 7.88 (m, 2H), 7.68 (ddd, J = 8.1, 7.5, 1.2 Hz, 2H),
7.49 – 7.44 (m, 2H), 7.22 – 7.18 (m, 2H), 1.93 (tt, J = 8.3, 4.9 Hz, 1H),
1.14 – 1.08 (m, 2H), 0.79 – 0.72 (m, 2H) ppm.

13C

NMR (101 MHz,

CD2Cl2): δ = 154.6, 139.5, 135.0, 132.5, 132.3, 131.2, 129.1, 128.7,
124.8, 121.3 (q, 1JC−F = 322 Hz), 121.5, 11.8, 10.8 ppm. IR (ATR): = 3088, 2363, 1591, 1485,
1448, 1264, 1157, 1028, 763, 635 cm–1. HRMS (+ESI) calcd for C21H17S+ [M–OTf]+ m/z:
301.1046; found: 301.1057. Mp = 148.8 °C.
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5-(3-Iodo-2,4,6-trimethylphenyl)-5H-dibenzo[b,d]thiophen-5-ium
thanesulfonate (93d):

Trifluorome-

The salt 93d was obtained as a brown solid in 74% yield; in the solution
exist as a 1:1 mixture of rotamers. 1H NMR (300 MHz, CDCl3): δ = 8.25
(d, J = 7.8 Hz, 2H), 8.07 (t, J = 7.6 Hz, 2H), 7.89 (t, J = 7.6 Hz, 2H), 7.72
(ddd, J = 10.1, 5.6, 2.7 Hz, 2H), 7.41/6.96 (s, 1H), 3.41/3.11 (s, 3H),
2.55/2.52 (s, 3H), 1.51/1.19 (s, 3H) ppm. 13C NMR (75 MHz, CDCl3): δ
= 152.7, 152.6, 150.2, 147.7, 145.4, 142.1, 139.4, 139.2, 134.8, 134.7,
134.1, 132.6, 132.4, 132.3, 129.3, 128.9, 128.37, 128.33, 125.0, 124.9, 123.5, 117.4, 111.2,
109.6, 31.6, 31.4, 31.0, 25.6, 23.0, 17.9 ppm. IR (ATR): = 3086, 2360, 2337, 1448, 1256, 1225,
1157, 1030, 763, 635 cm–1. HRMS (+ESI) calcd for C21H18IS+ [M–OTf]+ m/z: 429.0168; found:
429.0168. Mp = 216.2 °C.

5-(4-Methoxyphenyl)-5H-dibenzo[b,d]thiophen-5-ium
thanesulfonate (93e):

Trifluorome-

The salt 93e was obtained as a pale pink solid in 76% yield (o/p ratio
1:25). 1H NMR (300 MHz, CDCl3): δ = 8.22 – 8.18 (m, 2H), 8.06 (d, J =
7.8 Hz, 2H), 7.83 (td, J = 7.6, 1.0 Hz, 2H), 7.63 – 7.52 (m, 4H), 7.00 –
6.94 (m, 2H), 3.82 (s, 3H) ppm. 13C NMR (101 MHz, CDCl3): δ = 165.1,
138.7, 134.4, 133.3, 132.6, 131.8, 128.4, 124.3, 121.0 (q, 1JC−F = 320
Hz), 117.3, 114.5, 56.2 ppm. IR (ATR): = 3090, 2358, 2337, 1591, 1493, 1261, 1157, 1030, 763,
637 cm–1. HRMS (+ESI) calcd for C19H15OS+ [M–OTf]+ m/z: 291.0838; found: 291.0838. Mp =
165.0 °C.

5-(4-Phenoxyphenyl)-5H-dibenzo[b,d]thiophen-5-ium
thanesulfonate (93f):

Trifluorome-

The salt 93f was obtained as a white solid in 72% yield (o/p ratio
1:33). 1H NMR (400 MHz, CD3CN): δ = 8.33 (ddd, J = 7.9, 1.2, 0.6 Hz,
2H), 8.06 (ddd, J = 8.1, 1.0, 0.6 Hz, 2H), 7.94 (ddd, J = 7.9, 7.5, 1.1 Hz,
2H), 7.73 (ddd, J = 8.1, 7.5, 1.2 Hz, 2H), 7.55 – 7.49 (m, 2H), 7.49 –
7.41 (m, 2H), 7.32 – 7.25 (m, 1H), 7.11 – 7.02 (m, 4H) ppm. 13C NMR
(101 MHz, CD3CN): δ = 164.7, 155.2, 140.2, 135.4, 134.2, 133.5, 132.6, 131.4, 128.7, 126.7,
125.5, 122.1 (q, 1JC−F = 320 Hz), 121.5, 120.5, 118.6, ppm. IR (ATR): = 3090, 2360, 2339, 1579,
163

1485, 1251, 1171, 1025, 763, 637 cm–1. HRMS (+ESI) calcd for C24H17OS+ [M–OTf]+ m/z:
353.0995; found: 353.0999. Mp = 172.2 °C.

5-(3,4-Dichlorophenyl)-5H-dibenzo[b,d]thiophen-5-ium

Trifluorome-

thanesulfonate (93g):
The salt 93g was obtained as an orange solid in 39% yield. 1H NMR (300
MHz, CD3CN): δ = 8.35 (dd, J = 7.9, 1.1 Hz, 2H), 8.09 (d, J = 8.7 Hz, 2H),
8.01 – 7.93 (m, 2H), 7.82 (d, J = 2.4 Hz, 1H), 7.77 – 7.68 (m, 3H), 7.41
(dd, J = 8.7, 2.4 Hz, 1H) ppm.

13C

NMR (75 MHz, CD3CN): δ = 140.6,

139.0, 135.8, 134.3, 133.3, 132.8, 132.1, 130.8, 129.2, 127.4, 125.8,
124.8 ppm. IR (ATR): = 3088, 2358, 2337, 1456, 1376, 1258, 1160, 1025, 757, 637 cm–1. HRMS
(+ESI) calcd for C18H11Cl2S+ [M–OTf]+ m/z: 328.9953; found: 328.9955. Mp = 131.7 °C.

5-(4-Fluorophenyl)-5H-dibenzo[b,d]thiophen-5-ium

Trifluorome-

thanesulfonate (93h):
The salt 93h was obtained as a white solid in 80% yield (o/p ratio > 1:100).
1H

NMR (400 MHz, CD3CN): δ = 8.35 (ddd, J = 7.8, 1.2, 0.6 Hz, 2H), 8.08

(ddd, J = 8.1, 1.0, 0.6 Hz, 2H), 7.95 (td, J = 7.7, 1.1 Hz, 2H), 7.73 (ddd, J =
8.1, 7.5, 1.2 Hz, 2H), 7.68 – 7.61 (m, 2H), 7.37 – 7.29 (m, 2H) ppm.

13C

NMR (101 MHz, CD3CN): δ = 167.3 (d, J = 257 Hz), 140.3, 135.5, 134.7 (d,
J = 9.5 Hz), 133.0, 132.7, 128.9, 125.6, 122.9 (d, J = 3.4 Hz), 122.0 (q, 1JC−F = 321 Hz), 119.8 ppm.
19F

NMR (376 MHz, CD3CN): δ = –79.3, –102.8 ppm. IR (ATR): = 3096, 2365, 2342, 1586, 1488,

1264, 1163, 1025, 763, 637 cm–1. HRMS (+ESI) calcd for C18H12FS+ [M–OTf]+ m/z: 279.0638;
found: 279.0638. Mp = 171.5 °C.

5-(4-Chlorophenyl)-5H-dibenzo[b,d]thiophen-5-ium

Trifluorometha-

nesulfonate (93i):
The salt 93i was obtained as a pale-yellow solid in 92% yield (o/p ratio
1:25). 1H NMR (400 MHz, CD3CN) δ = 8.34 (ddd, J = 7.9, 1.2, 0.5 Hz, 2H),
8.10 (ddd, J = 8.1, 1.0, 0.6 Hz, 2H), 7.97 – 7.92 (m, 2H), 7.72 (ddd, J = 8.1,
7.4, 1.2 Hz, 2H), 7.57 (s, 4H) ppm. 13C NMR (101 MHz, CD3CN) δ = 142.1,
140.3, 135.5, 133.1, 132.6, 132.5, 129.0, 126.3, 125.5, 122.0 (q, 1JC−F =
164

320 Hz) ppm. IR (ATR): = 3086, 2926, 1709, 1571, 1448, 1251, 1152, 1022, 760, 630 cm–1.
HRMS (+ESI) calcd for C18H12ClS+ [M–OTf]+ m/z: 295.0343; found: 295.0343. Mp = 188.8 °C.

5-(4-Bromophenyl)-5H-dibenzo[b,d]thiophen-5-ium Trifluoromethanesulfonate (93j):
The salt 93j was obtained as a pale-yellow solid in 93% yield (o/p ratio
1:26). 1H NMR (400 MHz, CD3CN): δ = 8.34 (ddd, J = 7.9, 1.3, 0.6 Hz, 2H),
8.14 (dt, J = 8.1, 0.8 Hz, 2H), 7.94 (td, J = 7.7, 1.1 Hz, 2H), 7.76 – 7.69 (m,
4H), 7.55 – 7.47 (m, 2H) ppm. 13C NMR (101 MHz, CD3CN): δ = 140.4,
135.5, 133.1, 132.6, 132.6, 130.6, 129.1, 127.3, 125.5, 121.8 (q, 1JC−F =
320 Hz) ppm. IR (ATR): = 3066, 3000, 2360, 1442, 1382, 1248, 1025, 997, 756, 630 cm–1. HRMS
(+ESI) calcd for C18H12BrS+ [M–OTf]+ m/z: 338.9838; found: 338.9838. Mp = 204.8 °C.

5-(4'-Iodo-[1,1'-biphenyl]-4-yl)-5H-dibenzo[b,d]thiophen-5-ium

Tri-

fluoromethanesulfonate (93k):
The salt 93k was obtained as a beige solid in 72% yield (o/p ratio
1:11). 1H NMR (400 MHz, CD3CN): δ = 8.36 (ddd, J = 8.0, 1.3, 0.6 Hz,
2H), 8.10 (ddd, J = 8.1, 1.1, 0.6 Hz, 2H), 7.96 (td, J = 7.7, 1.0 Hz, 2H),
7.88 – 7.78 (m, 4H), 7.74 (ddd, J = 8.0, 7.5, 1.2 Hz, 2H), 7.66 – 7.61
(m, 2H), 7.43 – 7.38 (m, 2H) ppm. 13C NMR (101 MHz, CD3CN): δ =
147.3, 140.4, 139.2, 138.5, 135.5, 132.9, 132.7, 132.1, 130.6, 130.2,
128.9, 126.4, 125.6, 122.1 (q, 1JC−F = 320 Hz), 95.9 ppm. IR (ATR): = 3086, 2363, 2339, 1261,
1225, 1160, 1030, 1002, 760, 637 cm–1. HRMS (+ESI) calcd for C24H16IS+ [M–OTf]+ m/z:
463.0012; found: 463.0012. Mp = 241.4 °C.
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5-(4'-{[(Trifluoromethyl)sulfonyl]oxy}-[1,1'-biphenyl]-4-yl)-5Hdibenzo[b,d]thiophen-5-ium Trifluoromethanesulfonate (93l):
The salt 93l was obtained as a pale-yellow solid in 67% yield (o/p
ratio 3:7). Analytical NMR data of the major regioisomer. 1H NMR
(400 MHz, CD3CN): δ = 7.94 (dd, J = 7.9, 1.2 Hz, 2H), 7.72 – 7.68
(m, 2H), 7.53 (td, J = 7.5, 1.0 Hz, 2H), 7.41 – 7.37 (m, 2H), 7.35 –
7.29 (m, 4H), 7.26 – 7.22 (m, 2H), 7.07 – 7.03 (m, 2H) ppm. 19F
NMR (282 MHz, CD3CN): –73.8, –79.2 ppm. 13C NMR (101 MHz,
CD3CN): δ = 151.1, 146.5, 139.7, 136.4, 135.6, 132.8, 132.3, 132.1, 131.1, 130.7, 129.0, 127.2,
125.7, 123.21, 122.1 (q, 1JC−F = 320 Hz), 119.7 (q, 1JC−F = 320 Hz) ppm. IR (ATR): 𝑣̃ = 2361, 1730,
1589, 1260, 1143, 1084, 1028, 753, 635, 518 cm–1. HRMS (+ESI) calcd for C25H16F3O3S2+ [M–
OTf]+ m/z: 485.0488; found: 485.0495.

5-(3,4-Dibromothiophen-2-yl)-5H-dibenzo[b,d]thiophen-5-ium
Trifluoromethanesulfonate (93m):
The salt 93m was obtained as a yellow solid in 76% yield. 1H NMR (500
MHz, CD3CN): δ = 8.33 (dd, J = 7.8, 1.2 Hz, 2H), 8.21 – 8.18 (m, 2H), 8.05
(s, 1H), 8.00 (td, J = 7.7, 1.0 Hz, 2H), 7.78 (ddd, J = 8.5, 7.6, 1.2 Hz,
2H) ppm. 13C NMR (126 MHz, CD3CN): δ = 140.3, 136.3, 136.1, 133.0,
131.7, 129.3, 128.6, 125.8, 122.1 (q, 1JC−F = 322 Hz), 121.6, 117.2 ppm. IR (ATR): = 3086, 2360,
1709, 1448, 1258, 1223, 1157, 1033, 755, 633 cm–1. HRMS (+ESI) calcd for C16H9Br2S2+ [M–
OTf]+ m/z: 424.8486; found: 424.8486. Mp = 268.0 °C.

[2,5'-Bidibenzo[b,d]thiophen]-5'-ium Trifluoromethanesulfonate (93n):
The salt 93n was obtained as a white solid in 95% yield. 1H NMR
(300 MHz, CD3CN): δ = 8.76 (d, J = 2.0 Hz, 1H), 8.38 (d, J = 7.9 Hz,
2H), 8.34 – 8.29 (m, 1H), 8.09 (t, J = 8.2 Hz, 3H), 8.03 – 7.93 (m, 3H),
7.72 (t, J = 7.8 Hz, 2H), 7.66 – 7.57 (m, 2H), 7.27 (dd, J = 8.7, 2.0 Hz,
1H) ppm. 13C NMR (75 MHz, CD3CN): δ = 147.4, 141.0, 140.4, 138.2,
135.5, 134.6, 133.3, 132.7, 129.8, 129.0, 127.3, 127.2, 126.8, 126.7, 125.7, 124.2, 123.5, 122.5
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ppm. IR (ATR): 𝑣̃ = 3091, 2364, 1707, 1255, 1221, 1153, 1025, 761, 638, 518 cm–1. HRMS (+ESI)
calcd for C24H15S2+ [M]+ m/z: 367.0610; found: 367.0597.

5-[3-(Ethoxycarbonyl)-4-methoxyphenyl]-5H-dibenzo[b,d]thiophen-5ium Trifluoromethanesulfonate (93o):
The salt 93o was obtained as a yellow solid in 88% yield. 1H NMR (400
MHz, CD3CN): δ = 8.34 (d, J = 8.5 Hz, 2H), 8.07 (d, J = 8.5 Hz, 2H), 7.97
– 7.91 (m, 3H), 7.74 – 7.69 (m, 2H), 7.57 (dd, J = 9.1, 2.7 Hz, 1H), 7.22
(d, J = 9.2 Hz, 1H), 4.26 (q, J = 7.1 Hz, 2H), 3.89 (s, 3H), 1.28 (t, J = 7.1
Hz, 3H) ppm. 13C NMR (101 MHz, CD3CN): δ = 164.8, 164.4, 140.2,
136.4, 135.5, 135.1, 133.3, 132.7, 128.9, 125.6, 124.6, 122.1 (q, 1JC−F = 321 Hz), 116.7, 116.3,
62.6, 57.7, 14.4 ppm. IR (ATR): 𝑣̃ = 2361, 1730, 1589, 1260, 1143, 1084, 1028, 753, 635, 518
cm–1. HRMS (+ESI) calcd for C22H19O3S+ [M–OTf]+ m/z: 363.1049; found: 363.1054.

5-(Benzofuran-2-yl)-5H-dibenzo[b,d]thiophen-5-ium
Trifluoromethane-sulfonate (93p):
The salt 93p was obtained as a beige solid in 21% yield. 1H NMR (400
MHz, CD3CN): δ = 8.40 – 8.35 (m, 3H), 8.18 – 8.12 (m, 2H), 7.98 (td, J =
7.7, 1.0 Hz, 2H), 7.87 (ddd, J = 7.9, 1.4, 0.7 Hz, 1H), 7.74 (ddd, J = 8.2, 7.5,
1.2 Hz, 2H), 7.51 (ddd, J = 8.6, 7.3, 1.4 Hz, 1H), 7.43 (ddd, J = 8.2, 7.3, 1.0
Hz, 1H), 7.30 (dq, J = 8.5, 0.9 Hz, 1H) ppm. 13C NMR (101 MHz, CD3CN): δ
= 158.7, 140.8, 135.9, 133.1, 132.7, 130.8, 129.7, 129.2, 127.3, 126.2, 126.1, 125.6, 124.4,
122.1 (q, 1JC−F = 320 Hz), 112.9 ppm. IR (ATR): = 3090, 2922, 1714, 1611, 1443, 1260, 1159,
1029, 762, 636 cm–1. HRMS (+ESI) calcd for C20H13OS+ [M–OTf]+ m/z: 301.0682; found:
301.0685. Mp = 146.0 °C.
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5-(4-Methoxy-2,6-dimethylphenyl)-5H-dibenzo[b,d]thiophen-5-ium
Trifluoromethanesulfonate (93q):
The salt 93q was obtained as an orange solid in 72% yield (o/p ratio
1:1). 1H NMR (300 MHz, CD3CN): δ = 8.35 (d, J = 8.4 Hz, 2H), 8.01 (d,
J = 8.1 Hz, 2H), 7.97 (d, J = 7.6 Hz, 2H), 7.75 (td, J = 7.8, 1.2 Hz, 2H),
7.10 (d, J = 2.9 Hz, 1H), 6.73 (d, J = 2.9 Hz, 1H), 3.86 (s, 3H), 3.03 (s,
3H), 1.22 (s, 3H) ppm. 13C NMR (75 MHz, CD3CN): δ = 166.3, 150.9,
146.5, 139.9, 134.9, 132.4, 128.1, 126.5, 125.4, 119.7, 118.3, 117.0, 113.9, 56.9, 22.5,
17.9 ppm. IR (ATR): = 3085, 1578, 1448, 1323, 1262, 1222, 1159, 1029, 762, 636 cm–1. HRMS
(+ESI) calcd for C21H19OS+ [M–OTf]+ m/z: 319.1151; found: 319.1151. Mp = 141.0 °C.

5-[(8R,9S,13S,14S)-3-Methoxy-13-methyl-17-oxo-7,8,9,11,12,13,14,
15,16,17-decahydro-6H-cyclopenta[a]phenanthren-2-yl]-5H-dibenzo[b,d]thiophen-5-ium Trifluoromethanesulfonate (93r):
The salt 93r was obtained as a beige solid in 65% yield (o/p
ratio 1:9). 1H NMR (400 MHz, CD2Cl2): δ = 8.25 (d, J = 7.9 Hz,
2H), 8.06 – 8.00 (m, 2H), 7.94 – 7.87 (m, 2H), 7.75 – 7.68 (m,
2H), 7.08 (s, 1H), 6.90 (s, 1H), 3.81 (s, 3H), 3.03 – 2.90 (m, 2H),
2.44 (dd, J = 18.3, 8.8 Hz, 1H), 2.21 – 1.90 (m, 5H), 1.83 – 1.73 (m, 3H), 1.64 – 1.29 (m, 4H),
0.83 (s, 3H) ppm. 13C NMR (101 MHz, CD2Cl2): δ = 220.1, 157.7, 149.2, 140.0, 139.9, 136.5,
134.8, 134.8, 132.0, 128.3, 128.2, 124.7, 114.7, 57.5, 50.6, 48.1, 44.1, 37.9, 36.2, 31.8, 30.6,
26.2, 25.9, 21.9, 14.1 ppm. IR (ATR): 𝑣̃ = 2923, 2361, 1731, 1255, 1146, 1028, 758, 635, 571,
512 cm–1. HRMS (+ESI) calcd for C31H31O2S+ [M–OTf]+ m/z: 467.2039; found: 467.2039.

5-(4-Oxo-2-phenyl-4H-chromen-3-yl)-5H-dibenzo[b,d]thiophen-5-ium
Trifluoromethanesulfonate (93s)
The salt 93s was obtained as a beige solid in 36% yield. 1H NMR (400
MHz, CD3CN): δ = 8.33 (dd, J = 7.8, 1.2 Hz, 2H), 8.10 (dt, J = 8.0, 0.8
Hz, 4H), 7.94 – 7.76 (m, 8H), 7.71 (ddd, J = 8.5, 7.5, 1.2 Hz, 2H), 7.52
(ddd, J = 8.1, 7.1, 1.0 Hz, 1H) ppm. 13C NMR (101 MHz, CD3CN): δ =
178.3, 172.1, 156.6, 141.3, 137.4, 134.8, 134.7, 131.8, 131.3, 130.4, 130.4, 128.9, 128.6, 128.0,
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126.3, 124.9, 123.5, 121.9 (q, 1JC−F = 321 Hz), 119.8, 105.4 ppm. IR (ATR): = 3085, 1707, 1655,
1532, 1363, 1260, 1151, 1029, 759, 634 cm–1. HRMS (+ESI) calcd for C27H17O2S+ [M–OTf]+ m/z:
405.0944; found: 405.0964. Mp = 191.6 °C.

5-(2,6-di-tert-Butylpyridin-3-yl)-5H-dibenzo[b,d]thiophen-5-ium
Trifluoromethanesulfonate (93t):
The salt 93t was obtained as a white solid in 60% yield. 1H NMR (400
MHz, CD3CN): δ = 8.39 (d, J = 7.9 Hz, 2H), 7.98 (t, J = 7.7 Hz, 2H), 7.93
(d, J = 8.1 Hz, 2H), 7.73 (t, J = 7.8 Hz, 2H), 7.21 (d, J = 8.6 Hz, 1H),
6.89 (d, J = 8.6 Hz, 1H), 1.86 (s, 9H), 1.31 (s, 9H) ppm. 13C NMR (101
MHz, CD3CN): δ = 175.3, 170.5, 140.4, 140.3, 135.7, 133.4, 132.9, 128.5, 126.0, 121.6, 118.5,
41.3, 39.4, 32.3, 29.9 ppm. IR (ATR): 𝑣̃ = 2955, 2923, 2361, 2335, 1568, 1255, 1151, 1028, 761,
635 cm–1. HRMS (+ESI) calcd for C25H28NS+ [M–OTf]+ m/z: 374.1937; found: 374.1937.

5-[(8R,9S,13S,14S)-3-Methoxy-13-methyl-17-{[(trifluoromethyl)sulfonyl]oxy}-7,8,9,11,12,13,14,15-octahydro-6H-cyclopenta[a]phenanthren-2-yl)-5H-dibenzo[b,d]thiophen-5-ium Trifluoromethanesulfonate (93u):
The salt 93r (704 mg, 1.14 mmol, 1.0 equiv.) and Na2CO3
(241.6 mg, 2.28 mmol, 2.0 equiv.) were suspended in DCM,
and Tf2O (515.8 mg, 307 µL, 1.83 mmol, 1.6 equiv.) was
added at 0 °C. The reaction mixture was stirred for 24 h at
this temperature, and subsequently the reaction was quenched with water. The aqueous
phase was extracted with DCM (3 ), the combined organic phases were dried over MgSO 4
and concentrated in vacuo. The desired compound was obtained as a beige solid (476 mg,
0.64 mmol, 56%) after column chromatography (DCM/MeOH, 95:5). The salt 93u was
obtained as a beige solid in 56% yield (o/p ratio 1:9). 1H NMR (400 MHz, CD3CN): δ = 8.31 (dt,
J = 7.7, 1.7 Hz, 2H), 8.05 (dt, J = 8.3, 1.5 Hz, 2H), 7.94 – 7.89 (m, 2H), 7.72 (ddd, J = 7.8, 6.2, 1.6
Hz, 2H), 7.10 – 6.97 (m, 2H), 5.67 (dd, J = 3.3, 1.7 Hz, 1H), 3.75 (d, J = 1.5 Hz, 3H), 2.93 (h, J =
4.3 Hz, 3H), 2.35 – 2.20 (m, 2H), 2.14 – 1.97 (m, 2H), 1.78 – 1.68 (m, 2H), 1.60 – 1.49 (m, 2H),
1.45 – 1.30 (m, 2H), 0.94 (s, 3H) ppm. 13C NMR (75 MHz, CD3CN): δ = 159.9, 157.9, 149.2, 140.7,
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140.6, 136.3, 135.0, 135.0, 134.3, 132.2, 131.3, 131.0, 128.5, 128.5, 125.2, 125.2, 116.6, 115.3,
109.8, 57.6, 54.1, 45.8, 44.4, 36.6, 33.2, 30.3, 28.8, 26.5, 26.0, 15.6 ppm. 19F NMR (377 MHz,
CD3CN): δ = –74.6, –79.3 ppm. IR (ATR): = 2935, 2864, 2358, 1598, 1420, 1262, 1222, 1146,
1029, 636 cm–1. HRMS (+ESI) calcd for C32H30F3O4S2+ [M–OTf]+ m/z 599.1532; found: 599.1532.
Mp = 229.7 °C.

(3,5'-Bidibenzo[b,d]thiophen)-5'-ium 5,5-Dioxide Trifluoromethanesulfonate (93y):
The reaction was carried out according to the general procedure
without

the

addition

Dibenzo[b,d]thiophene

of

5-oxide

an

aromatic

substrate.

(15)

(300 mg,

1.50 mmol,

1.0 equiv.) was dissolved in DCM (12 mL), and Tf2O (465.3 mg,
277 µL, 1.65 mmol, 1.1 equiv.) was added at –60 °C. The reaction mixture was then allowed
to warm up to RT over the period of four hours. The crude product was purified by column
chromatography using a gradient of DCM/MeOH (95:5 → 90:10), whereupon compound 93n'
(45 mg, 80 µmol, 11%) was isolated as an off-white solid and compound 93y (81 mg, 147 µmol,
20%) was isolated as a beige solid. 1H NMR (400 MHz, CD3CN) δ = 8.36 (ddd, J = 7.9, 1.3, 0.5
Hz, 2H), 8.18 – 8.11 (m, 4H), 8.06 – 8.03 (m, 1H), 7.98 (ddd, J = 7.9, 7.5, 1.0 Hz, 2H), 7.88 (ddd,
J = 7.7, 1.2, 0.6 Hz, 1H), 7.84 (dd, J = 8.4, 1.9 Hz, 1H), 7.79 (td, J = 7.6, 1.2 Hz, 1H), 7.77 – 7.69
(m, 3H) ppm. 13C NMR (101 MHz, CD3CN) δ = 207.5, 140.7, 138.8, 138.5, 137.4, 135.8, 135.8,
133.8, 132.8, 132.2, 130.0, 129.8, 129.2, 126.4, 125.8, 125.7, 124.9, 123.0, 122.1 (q, 1JC−F = 320
Hz) ppm. IR (ATR): = 3085, 2926, 1592, 1443, 1255, 1228, 1162, 1026, 765, 641 cm–1. HRMS
(+ESI) calcd for C24H15O2S2+ [M–OTf]+ m/z: 399.0508; found: 399.0510.

(5,2':8',5''-Terdibenzo[b,d]thiophenes)-5,5''-diium
Trifluoromethanesul-fonate (93n'):
To a stirred solution of dibenzo[b,d]thiophene 5-oxide
(15) (200.3 mg, 1.0 mmol, 1.0 equiv.) in DCM (10 mL),
trifluoromethanesulfonic anhydride (282.1 mg, 168 µL,
1.0 mmol, 1.0 equiv.) was added in one portion at –50 °C
under the atmosphere of N2. The reaction mixture was
stirred for 15 min under the indicated temperature. Successively, the salt 93n (516.6 mg, 1.0
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mmol, 1.0 equiv.) was added as a solid in one portion, the mixture was stirred vigorously for
30 minutes and warmed up to room temperature during additional 30 min. The clear solution
was transferred into a round-bottom flask, and the solvent was evaporated to a minimal
volume. Then diethyl ether (150 mL) was added to the residue, and the dicationic salt
precipitated. Analytically pure 93n' was obtained by washing the precipitate with DCM (2  10
mL) as a beige solid in 62% yield. 1H NMR (400 MHz, CD3CN): δ = 8.80 (d, J = 2.0 Hz, 2H), 8.41
(dd, J = 7.9, 1.2 Hz, 4H), 8.15 (d, J = 8.7 Hz, 2H), 8.11 (dt, J = 8.1, 0.8 Hz, 4H), 7.99 (td, J = 7.7,
1.0 Hz, 4H), 7.73 (ddd, J = 8.5, 7.5, 1.2 Hz, 4H), 7.43 (dd, J = 8.7, 2.0 Hz, 2H) ppm. 13C NMR (101
MHz, CD3CN): δ = 147.9, 140.5, 136.4, 135.6, 133.0, 132.7, 129.0, 128.5, 127.8, 127.6, 125.7,
124.3 ppm. IR (ATR): = 2908, 2360, 2335, 1273, 1255, 1156, 1031, 765, 636, 538 cm–1. HRMS
(+ESI) calcd for C36H22S32+ [M–2OTf]2+ m/z: 275.0436; found: 275.0440.

(E/Z)-5-[2-(4-Fluorophenyl)-2-{[(trifluoromethyl)sulfonyl]oxy}vinyl]-5Hdibenzo[b,d]thiophen-5-ium Trifluoromethanesulfonate (142a):
A Schlenk flask, equipped with a stirring bar and charged with
dibenzothiophene oxide 15 (200 mg, 1.0 mmol, 1.0 equiv.), was evacuated,
filled with nitrogen, and the solid was dissolved in DCM (4 mL). The solution
was cooled down to –50 °C, then HOTf (50 μL, 0.5 mmol, 0.5 equiv.) and
successively Tf2O (338.6 mg, 201.5 μL, 1.2 mmol, 1.2 equiv.) were added.
The solution remained almost colorless; no orange suspension was formed.
(p-fluorophenyl)acetylene (144.2 mg, 1.2 mmol, 1.2 equiv.) was added, the reaction mixture
was warmed up and stirred at room temperature for 16 h. The solvent was removed under
reduced pressure and the residue solidified with diethyl ether (10 mL) in the ultrasonic bath.
After washing an additional time with diethyl ether (10 mL), the solvent was removed applying
a filtration cannula. The residual solid was dried in vacuum affording compound 142a as an
off-white solid in 71% yield [mixture of E/Z isomers (1:1)]. 1H NMR (400 MHz, CD3CN): δ = 8.35
(d, J = 8.6 Hz) and 8.32 (d, J = 7.9 Hz (2H); 8.26 (dt, J = 8.1, 0.9 Hz) and 8.23 (dt, J = 8.1, 0.8 Hz)
(2H); 8.04 – 7.96 (m, 7H), 7.81 (t, J = 8.2 Hz, 4H), 7.76 (dd, J = 9.1, 5.1 Hz, 2H), 7.52 (t, J = 8.8
Hz) and 7.30 (t, J = 8.8 Hz) (2H); 6.70 (s) and 6.62 (s) (1H) ppm. 19F NMR (376 MHz, CD3CN): δ
= –72.6, –73.9, –79.3, –104.6, –104.8 ppm. 13C NMR (101 MHz, CDCl3): δ = 166.9 (d, 1JC−F =
255.6 Hz), 166.8 (d, 1JC−F = 254.8 Hz), 163.9, 161.9, 141.2, 141.0, 137.2, 137.1, 136.1, 136.1,
134.1, 134.0, 133.1, 132.8 (d, 2JC−F = 8.9 Hz), 131.7, 131.6, 130.1, 129.8, 129.5 (d, 2JC−F = 11.6
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Hz), 129.1, 126.7 (d, 3JC−F = 3.1 Hz), 125.7, 125.7, 125.7, 125.1 (d, 3JC−F = 3.3 Hz), 121.0, 120.8,
118.1, 118.8, 117.7, 112.5, 108.7 (d, 4JC−F = 1.7 Hz) ppm. IR (ATR): 𝑣̃ = 3734, 3626, 1600, 1426,
1218, 1127, 1025, 765, 633, 512 cm–1. HRMS (ESI) calcd for C31H13F4O3S2+ [M–OTf]+ m/z:
453.0237; found: 453.0235.

(Z)-5-[2-Phenyl-2-(phenylsulfonyl)vinyl]-5H-dibenzo[b,d]thiophen-5ium Trifluoromethanesulfonate (142b):
A Schlenk flask was equipped with a stirring bar and charged with
sulfonium salt 5a (1.01 g, 2.32 mmol, 1 equiv.) and phenylsulfinic acid
(330 mg, 2.32 mmol, 1 equiv.). The reactants were dissolved in a
mixture of DCM (10 mL) and t-BuOH (1 mL). The reaction mixture was
stirred at room temperature for 12 h. The solvents were evaporated to
a minimum volume, and diethyl ether (50 mL) was added to precipitate the salt. The latter
was filtered off, washed once more with diethyl ether (30 mL) and dried in vacuo affording
product 142b as a beige solid (1.1 g, 1.93 mmol, 83%). 1H NMR (400 MHz, CD3CN) δ = 8.52 (d,
J = 8.2 Hz, 2H), 8.31 (d, J = 7.8 Hz, 2H), 7.98 (t, J = 7.7 Hz, 2H), 7.93 (d, J = 8.5 Hz, 2H), 7.87 –
7.83 (m, 2H), 7.79 (t, J = 7.5 Hz, 1H), 7.64 – 7.59 (m, 2H), 7.43 (t, J = 8.7 Hz, 1H), 7.34 – 7.29 (m,
4H), 6.84 (s, 1H) ppm. 13C NMR (101 MHz, CD3CN): δ = 157.5, 141.1, 136.9, 136.3, 135.8, 132.9,
132.5, 131.7, 130.9, 130.6, 130.30, 130.28, 129.8, 129.6, 127.9, 125.4, 122.1 (q, 1JC−F = 321
Hz) ppm. IR (ATR): 𝑣̃ = 2360, 2337, 1447, 1309, 1253, 1224, 1148, 1028, 759, 635 cm–1. HRMS
(ESI) calcd for C26H19O2S2+ [M–OTf]+ m/z: 427.0821; found: 427.0821.

(Z)-5-(2-Chloro-2-phenylvinyl)-5H-dibenzo[b,d]thiophen-5-ium
Trifluoromethanesulfonate (142c):
The salt 5a (102 mg, 235 μmol, 1.0 equiv.) was dissolved in DCM (2 mL), and HCl (0.18 mL of a
2 M solution in Et2O; 360 μmol, 1.53 equiv.) was added. The reaction was
mixture stirred at room temperature for 12 h under the atmosphere of
nitrogen. The solvent was removed under reduced pressure, and the
residue was solidified by sonication with diethyl ether (10 mL) in the
ultrasonic bath. After repeated washing with diethyl ether (10 mL), the
solvent was removed using a filtration cannula and the solid dried in vacuum. The salt 142c
was obtained as a white foam in 48% yield. 1H NMR (400 MHz, CD3CN): δ = 8.32 (d, J = 8.6 Hz,
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2H), 8.27 (d, J = 8.1 Hz, 2H), 7.97 (t, J = 8.2 Hz, 2H), 7.79 (t, J = 7.2 Hz, 2H), 7.76 – 7.73 (m, 2H),
7.61 – 7.57 (m, 1H), 7.52 – 7.47 (m, 2H), 6.84 (s, 1H) ppm. 13C NMR (101 MHz, CDCl3): δ = 156.4,
141.0, 135.6, 134.3, 134.0, 132.6, 130.7, 130.2, 129.3, 128.7, 125.4, 122.1 (q, 1JC−F = 322
Hz), 113.7 ppm. IR (ATR): 𝑣̃ = 1702, 1557, 1445, 1253, 1221, 1151, 1028, 924, 753, 635 cm–1.
HRMS (ESI) calcd for C20H14ClS+ [M–OTf]+ m/z: 321.0499; found: 321.0494.

(E)-5-(2-Chloro-1-iodo-2-phenylvinyl)-5H-dibenzo[b,d]thiophen-5-ium
Trifluoromethanesulfonate (142d):
The salt 5a (102 mg, 235 μmol, 1 equiv.) was dissolved in DCM (2 mL) and
iodine monochloride (45.8 mg, 282 μmol, 1.2 equiv.) was added. The
reaction mixture was stirred at room temperature for 12 h under the
atmosphere of nitrogen. The solvent was removed under reduced pressure,
and the residue was solidified by sonication with diethyl ether (10 mL) in the ultrasonic bath.
After repeated washing with diethyl ether (10 mL), the solvent was removed using a filtration
cannula and the solid dried in vacuum. The salt 142d was obtained as a white solid in 80%
yield. 1H NMR (400 MHz, CD3CN): δ = 8.32 (dd, J = 8.1, 1.5 Hz, 2H), 8.28 (dd, J = 8.1, 1.6 Hz,
2H), 8.07 – 8.02 (m, 2H), 7.87 – 7.81 (m, 2H), 7.62 (dd, J = 8.0, 1.7 Hz, 2H), 7.59 – 7.51 (m, 3H)
ppm.

13C

NMR (101 MHz, CDCl3): δ = 155.5, 141.8, 139.1, 136.5, 132.9, 132.9 (13C-signals

overlapping), 130.9, 130.0, 129.8, 129.6, 125.6, 122.1 (q, 1JC−F = 321 Hz), 84.0 ppm. IR (ATR): 𝑣̃
= 3086, 2360, 2268, 1253, 1221, 1156, 1025, 758, 673, 638 cm–1. HRMS (ESI) calcd for
C20H13ClIS+ [M–OTf]+ m/z: 446.9466; found: 446.9466.

(E)-5-(1,2-Dibromo-2-phenylvinyl)-5H-dibenzo[b,d]thiophen-5-ium
Trifluoromethanesulfonate (142e):
The salt 5a (102 mg, 235 μmol, 1.0 equiv.) was dissolved in DCM (2 mL), and
bromine (37.6 mg, 12 μL, 235 μmol, 1.0 equiv.) was added. The reaction
mixture was stirred at room temperature for 12 h under the atmosphere of
nitrogen. The solvent was removed under reduced pressure, and the residue
was solidified by sonication with diethyl ether (10 mL) in the ultrasonic bath.
After repeated washing with diethyl ether (10 mL), the solvent was removed using a filtration
cannula and the solid dried in vacuum. The salt 142e was obtained as a yellow solid in 74%
yield. 1H NMR (400 MHz, CD3CN): δ = 8.38 (d, J = 8.1 Hz, 2H), 8.31 (d, J = 8.6 Hz, 2H), 8.01 (t, J
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= 7.7 Hz, 2H), 7.83 (t, J = 8.4 Hz, 2H), 7.58 (dd, J = 7.4, 2.3 Hz, 2H), 7.54 – 7.47 (m, 3H) ppm. 13C
NMR (101 MHz, CDCl3): δ = 144.4, 141.9, 138.7, 136.6, 132.8, 132.6, 129.9, 129.8, 129.5, 129.3,
125.6, 122.1 (q, 1JC−F = 322 Hz), 108.2 ppm. IR (ATR): 𝑣̃ = 1445, 1258, 1224, 1156, 1025, 758,
697, 670, 635, 518 cm–1. HRMS (ESI) calcd for C20H13Br2S+ [M–OTf]+ m/z: 442.9099; found:
442.9100.

(E)-5-{2-Chloro-1-iodo-2-[4-(trifluoromethyl)phenyl]vinyl}-5Hdibenzo[b,d]thiophen-5-ium Trifluoromethanesulfonate (142f):
To the stirred solution of the salt 5c (754 mg, 1.5 mmol, 1 equiv.) in DCM (10
mL) iodo monochloride (268 mg, 1.65 mmol, 1.1 equiv.) was added in one
portion. After a short period, precipitation of the solid from DCM was
observed. The reaction mixture was stirred at room temperature for an
additional 12 h under ambient atmosphere. The solvent was removed under
reduced pressure and the residue solidified by sonication with n-hexane (100
mL) in the ultrasonic bath. After repeated washing with n-hexane (100 mL), the solvent was
removed using either a filtration cannula or by decantation. The residual solid was dried in
vacuum affording the salt 142f as a yellow solid in 92% yield. 1H NMR [400 MHz, (CD3)2CO]: δ
= 8.58 (d, J = 8.1 Hz, 2H), 8.54 (d, J = 7.8 Hz, 2H), 8.12 (t, J = 8.1 Hz, 2H), 7.93 (s, 6H) ppm. 19F
NMR [377 MHz, (CD3)2CO]: δ = –63.6, –78.8 ppm. 13C NMR [101 MHz, (CD3)2CO]: δ = 152.3,
143.2 (q, 4JC−F = 1.3 Hz), 141.9, 136.4, 132.8, 131.5, 130.9, 130.5, 130.0, 126.9 (q, 3JC−F = 3.6
Hz), 125.6, 124.6 (q, 1JC−F = 272.6 Hz), 122.3 (q, 1JC−F = 322.3 Hz), 87.6 ppm. IR (ATR): 𝑣̃ = 3730,
3628, 1739, 1325, 1242, 1165, 1023, 670, 633, 512 cm–1. HRMS (ESI) calcd for C21H12ClF3IS+
[M–OTf]+ m/z: 514.9340; found: 514.9344.

5-{3-[4-(Trifluoromethyl)phenyl]bicyclo[2.2.1]hepta-2,5-dien-2-yl}-5Hdibenzo[b,d]thiophen-5-ium Trifluoromethanesulfonate (142g):
The salt 5c (200 mg, 0.40 mmol, 1.0 equiv.) was dissolved in MeCN
(2 mL, not anhydrous), and freshly prepared cyclopentadiene (168.2
μL, 132.2 mg, 2.0 mmol, 5 equiv.) was added in one portion. The
reaction mixture was heated in a sealed microwave vile under
microwave irradiation at 100 °C for 2 h under ambient atmosphere,
and the solution turns dark green. The product was solidified by sonication with n-hexane (20
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mL) in the ultrasonic bath. After washing with a second portion of n-hexane (20 mL), the
solvent was removed either applying a filtration cannula or by decantation. The residual solid
was dried in vacuum affording the salt 142g as a pale green solid in 67% yield. 1H NMR (400
MHz, CD3CN): δ = 8.38 (dd, J = 8.2, 4.0 Hz, 2H), 8.30 (d, J = 8.6 Hz, 1H), 8.03 – 7.94 (m, 6H), 7.87
– 7.82 (m, 1H), 7.71 – 7.60 (m, 2H), 6.97 – 6.92 (m, 1H), 6.24 – 6.20 (m, 1H), 4.25 (s, 1H), 2.77
(s, 1H), 2.22 – 2.15 (m, 1H), 1.99 – 1.96 (m, 1H) ppm. 19F NMR (377 MHz, CD3CN): δ = –63.3, –
79.3 ppm. 13C NMR (101 MHz, CD3CN): δ = 178.7, 143.3, 141.3, 141.2, 140.9, 136.6 (q, 4JC−F =
1.3 Hz), 135.6, 135.5, 132.9 (q, 2JC−F = 32.8 Hz), 132.68, 131.9, 131.3, 129.8, 129.44, 129.42,
129.42 (2 13C-signals overlapping), 129.0, 127.4, 127.1 (q, 3JC−F = 3.8 Hz), 126.0, 125.6, 125.1
(q, 1JC−F = 272.0 Hz), 122.1 (q, 1JC−F = 320.2 Hz), 71.6, 60.0, 52.2 ppm (19 13C-Signals expected,
26 detected because of the hindered rotation of the DBT-unit). IR (ATR): 𝑣̃ = 3091, 2950, 1710,
1325, 1258, 1159, 1121, 1068, 1028, 635 cm–1. HRMS (ESI) calcd for C26H18F3S+ [M–OTf]+ m/z:
419.1076; found: 419.1079.

(E)-5-{1,2-Dibromo-2-[4-(trifluoromethyl)phenyl]vinyl}-5H-dibenzo[b,d]thiophen-5-ium Trifluoromethanesulfonate (142h):
The salt 5c (115.6 mg, 230 μmol, 1.0 equiv.) was dissolved in DCM (2 mL),
and bromine (36.8 mg, 11.8 μL, 0.23 mmol, 1.0 equiv.) was added in one
portion. The reaction mixture was stirred at room temperature for 1 h under
ambient atmosphere. The solvent was removed under reduced pressure,
and the residue was solidified by sonication with diethyl ether (10 mL) in the
ultrasonic bath. After repeated washing with diethyl ether (10 mL) and
pentane (10 mL), the solvents were removed applying either a filtration cannula or by
decantation, and the residual solid was dried in vacuum furnishing the salt 142f as a white
solid in 79% yield. 1H NMR (400 MHz, CD3CN): δ = 8.37 (d, J = 7.7 Hz, 2H), 8.31 (dd, J = 8.1, 0.9
Hz, 2H), 8.03 (td, J = 7.7, 1.0 Hz, 2H), 7.86 – 7.80 (m, 4H), 7.76 – 7.71 (m, 2H) ppm. 19F NMR
(377 MHz, CD3CN): δ = –63.7, 79.3 ppm. 13C NMR (101 MHz, CDCl3): δ = 142.5, 142.1, 142.1,
136.8, 133.3, 133.0, 130.2, 130.0, 129.1, 127.1 (q, 3JC−F = 3.8 Hz, CF3), 125.9, 125.7, 122.1 (q,
1J
C−F

= 321 Hz), 110.5 ppm. IR (ATR): 𝑣̃ = 3730, 1325, 1255, 1224, 1159, 1130, 1063, 1028, 761,

635 cm–1. HRMS (ESI) calcd for C21H12Br2F3S+ [M–OTf]+ m/z: 512.8953; found: 512.8964.
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(Z)-5-{2-([1,1'-Biphenyl]-2-yl)-2-(phenylsulfonyl)vinyl}-5H-dibenzo[b,d]thiophen-5-ium Trifluoromethanesulfonate (142i):
A Schlenk flask was equipped with a stirring bar and charged with the
salt 5j (944.5 mg, 1.85 mmol, 1.0 equiv.) and phenylsulfinic acid (526
mg, 3.70 mmol, 2.0 equiv.). The reactants were dissolved in a mixture
of DCM (15 mL) and t-BuOH (2 mL). After stirring the reaction mixture
d at room temperature for 12 h, the solvents were evaporated to a
minimal volume, diethyl ether (50 mL) was added to precipitate the salt. The latter was filtered
off, washed once more with diethyl ether (30 mL) and dried in vacuo affording the salt 142i as
a pale yellow in 75% yield. 1H NMR (400 MHz, CD3CN): δ = 8.26 (d, J = 7.9 Hz, 2H), 8.06 (d, J =
8.1 Hz, 2H), 7.98 – 7.90 (m, 3H), 7.86 (d, J = 7.4 Hz, 2H), 7.79 – 7.75 (m, 2H), 7.74 – 7.69 (m,
2H), 7.49 (t, J = 7.6 Hz, 1H), 7.36 (t, J = 7.7 Hz, 1H), 7.27 – 7.19 (m, 3H), 7.03 (t, J = 7.8 Hz, 2H),
6.58 (d, J = 9.5 Hz, 2H), 6.52 (s, 1H) ppm. 13C NMR (101 MHz, CD3CN): δ = 157.2, 143.8, 140.9,
139.8, 137.3, 136.2, 135.8, 132.9, 132.2, 131.9, 131.3, 130.9, 130.8, 130.6, 130.1, 129.9, 129.5,
129.2, 128.7, 128.6, 128.4, 125.4, 122.1 (q, 1JC−F = 321 Hz) ppm. IR (ATR): 𝑣̃ = 3735, 3626, 3064,
3014, 1445, 1255, 1148, 1025, 635 cm–1. HRMS (ESI) calcd for C32H23O2S+ [M–OTf]+ m/z:
503.1134; found: 503.1137.

5-{3-([1,1'-Biphenyl]-2-yl)bicyclo[2.2.1]hepta-2,5-dien-2-yl}-5Hdibenzo[b,d]thiophen-5-ium Trifluoromethanesulfonate (142j):
The salt 5j (204 mg, 0.4 mmol, 1.0 equiv.) was dissolved in MeCN (2 mL,
not anhydrous), and freshly prepared cyclopentadiene (168.2 μL, 132.2
mg, 2.0 mmol, 5.0 equiv.) was added in one portion. The reaction mixture
was heated in a sealed microwave vile at 100 °C for 3 h in a microwave
under ambient atmosphere, and the solution turned brown. The reaction mixture was
solidified by sonication with Et2O (30 mL) in the ultrasonic bath. After repeated washing with
Et2O (30 mL), the solvent was removed applying either a filtration cannula or by decantation,
and the solid was dried in vacuum furnishing the product 142j as a dark brown solid in 52%
yield. 1H NMR (400 MHz, CD3CN): δ = δ 8.29 (t, J = 9.4 Hz, 2H), 7.95 – 7.88 (m, 2H), 7.71 (d, J =
8.7 Hz, 1H), 7.68 – 7.63 (m, 3H), 7.62 – 7.60 (m, 1H), 7.60 – 7.55 (m, 3H), 7.54 – 7.49 (m, 3H),
7.26 (d, J = 8.0 Hz, 2H), 6.56 – 6.51 (m, 1H), 6.06 – 6.02 (m, 1H), 3.84 – 3.79 (m, 1H), 2.57 –
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2.52 (m, 1H), 2.08 – 2.05 (m, 1H), 1.86 – 1.83 (m, 1H) ppm. 13C NMR (101 MHz, CD3CN): δ =
142.2, 141.7, 141.5, 141.1, 140.7, 135.4, 135.3, 132.5, 132.4, 132.1, 131.8, 131.7, 131.1, 130.0,
129.8, 129.6, 129.3, 129.2, 129.0, 128.8, 128.4, 128.0, 125.9, 125.5, 122.1 (q, 1JC−F = 322 Hz),
72.0, 61.2, 51.1 ppm. IR (ATR): 𝑣̃ = 3730, 3628, 3594, 1539, 1260, 1151, 1028, 755, 673, 651
cm–1. HRMS (ESI) calcd for C31H23S+ [M–OTf]+ m/z: 427.1515; found: 427.1518.

(Z)-1-Phenyl-2-[2-phenyl-2-(phenylsulfonyl)vinyl]-1H-pyrrole (149)
A microwave tube was equipped with a stirring bar and charged with the
salt 142b (115.3 mg, 200 μmol, 1.0 equiv.), N-phenylpyrrole (286.4 mg, 2.0
mmol, 10 equiv.) and [Ru(BPy)3Cl2  6 H2O] (3 mg, 6,2 μmol, 3.1 mol%).
The tube was closed and flushed three times with nitrogen. MeCN (2 mL) was added, and the
solution was degassed for 2 min. The reaction mixture was exposed to Blue LED light
irradiation (28 W) for 16 h. Afterwards the reaction mixture was directly transferred to a prewetted column (hexanes). The pure product 149 was obtained by column chromatography
(gradient hexanes → hexanes:EtOAc 4:1) as a white solid in 34% yield. 1H NMR (400 MHz,
CDCl3): δ = 7.71 (s, 1H), 7.59 – 7.48 (m, 6H), 7.40 – 7.32 (m, 7H), 7.03 (dd, J = 8.1, 1.2 Hz, 2H),
6.95 – 6.92 (m, 1H), 6.10 – 6.04 (m, 1H), 5.56 (d, J = 5.4 Hz, 1H) ppm. 13C NMR (101 MHz,
CDCl3): δ = 139.6, 138.6, 135.4, 133.0, 132.2, 131.0, 130.1, 129.8, 129.2, 129.2 (13C-signals
overlapping), 128.8, 128.53, 128.49, 127.2, 126.9, 126.7, 115.0, 110.7 ppm. IR (ATR): 𝑣̃ = 3733,
3628, 1616, 1498, 1447, 1301, 1146, 1082, 694, 603 cm–1. HRMS (ESI) calcd for C24H20NO2S+
[M+H]+ m/z: 386.1209; found: 386.1202.

[2-Phenyl-2-(phenylsulfonyl)ethene-1,1-diyl]bis(phenylsulfane) (151a):
The transfer reagent 5a (87.0 mg, 0.20 mmol, 1.0 equiv.), diphenyl disulfide
(150a, 52.4 mg, 0.24 mmol, 1.2 equiv.) and sodium phenylsulfinate (49.2
mg, 0.24 mmol, 1.2 equiv.) were dissolved in MeCN (3 mL). The reaction
mixture was stirred at room temperature under an atmosphere of nitrogen with TLC
monitoring. Upon completion of the reaction (12 h), pentane (5 mL) was added, and the
reaction mixture was transferred directly to a pre-wetted column (hexanes). The pure product
151a was obtained by column chromatography (gradient hexanes → hexanes:EtOAc 8:2) as a
white solid in 14% yield. 1H NMR (400 MHz, CDCl3): δ = 7.99 (d, J = 8.0 Hz, 2H), 7.58 (t, J = 7.4
Hz, 1H), 7.46 (t, J = 7.8 Hz, 2H), 7.41 – 7.37 (m, 3H), 7.30 (d, J = 9.6 Hz, 2H), 7.17 (t, J = 8.6 Hz,
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2H), 7.08 – 7.01 (m, 4H), 6.81 (d, J = 7.9 Hz, 2H), 6.66 (d, J = 8.0 Hz, 2H) ppm. 13C NMR (101
MHz, CDCl3): δ = 151.2, 144.0, 141.5, 135.1, 133.3, 133.1, 132.3, 132.2, 131.7, 130.8, 130.1,
129.3, 128.82, 128.75, 128.52, 128.47, 128.2, 128.1 ppm. IR (ATR): 𝑣̃ = 2274, 1868, 1752, 1696,
1539, 1212, 1148, 684, 670, 651 cm–1. HRMS (ESI) calcd for C26H20NaO2S3+ [M+Na]+ m/z:
483.0518; found: 483.0514.

2-[Phenyl(phenylsulfonyl)methylene]naphtho[1,8-de][1,3]dithiine
(151b):
The transfer reagent 5a (87.0 mg, 0.20 mmol, 1.0 equiv.), the
corresponding disulfide 150b (76.1 mg, 0.4 mmol, 2.0 equiv.), 15-C-5
(0.09 mL, 4 mmol, 2.0 equiv.) and sodium phenylsulfinate (49.2 mg, 0.3
mmol, 1.5 equiv.) were dissolved in DCM (3 mL). The reaction mixture
was stirred at room temperature under an atmosphere of atmosphere with TLC monitoring.
Upon completion of the reaction (12 h), pentane (5 mL) was added, and the reaction mixture
was transferred directly to a prewetted column (hexanes). The pure product 151b was
obtained by column chromatography (gradient hexanes → hexanes:EtOAc 8:2) as a white solid
in 42% yield. 1H NMR (400 MHz, CDCl3): δ = 7.83 (dd, J = 8.4, 1.2 Hz, 2H), 7.63 (d, J = 8.1 Hz,
1H), 7.61 – 7.55 (m, 2H), 7.50 (d, J = 6.2 Hz, 1H), 7.48 – 7.35 (m, 6H), 7.30 – 7.26 (m, 1H), 7.10
(dd, J = 11.3, 7.2 Hz, 3H) ppm. 13C NMR (101 MHz, CDCl3): δ = 143.3, 140.7, 134.3, 133.5, 133.1,
131.8, 130.8, 129.6, 128.9, 128.8, 128.3, 128.2, 128.1, 127.5, 127.4, 126.7, 126.4, 124.1, 123.3,
122.7 ppm. IR (ATR): 𝑣̃ = 1557, 1506, 1314, 1207, 1146, 1082, 684, 667, 651, 577 cm–1. HRMS
(ESI) calcd for C24H17O2S3+ [M+H]+ m/z: 433.0385; found: 433.0388.

2,4-Diphenylfuran-3-carbonitrile (153):
A mixture of the transfer reagent 5a (87.0 mg, 0.2 mmol, 1.0 equiv.), Cs2CO3
(78.2 mg, 0.24 mmol, 1.2 equiv.) and benzoylacetonitrile (152, 30.2 μL, 34.8 mg,
0.24 mmol, 1.2 equiv.) in THF (2 mL) was stirred at 70 °C for 30 min under
ambient atmosphere. The reaction was monitored by TLC. The reaction mixture was directly
transferred to a pre-wetted column (hexanes). The pure product 153 was obtained by column
chromatography (gradient hexanes → hexanes:EtOAc 95:5) as a yellow solid in 92% yield. 1H
NMR (400 MHz, CDCl3): δ = 8.06 (dd, J = 8.3, 1.4 Hz, 2H), 7.67 – 7.63 (m, 3H), 7.54 – 7.44 (m,
5H), 7.41 (t, J = 7.3 Hz, 1H) ppm. 13C NMR (101 MHz, CDCl3): δ = 161.3, 138.5, 130.5, 129.4,
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129.24, 129.23, 129.0, 128.7, 128.2, 127.2, 125.7, 115.2, 91.8 ppm. IR (ATR): 𝑣̃ = 2223, 1782,
1547, 1491, 1447, 1200, 1068, 916, 767, 688 cm–1. HRMS (ESI) calcd for C17H12NO+ [M+H]+ m/z:
246.0913; found: 246.0911. Analytical data are identical to the previously reported ones.209

9-(Phenylsulfonyl)phenanthrene (159):
A microwave vile equipped with a stirring bar was charged with 142i (130.5
mg, 0.2 mmol, 1.0 equiv.), Cs2CO3 (71.7 mg, 0.22 mmol, 1.1 equiv.) and
[Ru(BPy)3]Cl2  6 H2O (3 mg, 4.0 μmol, 2.0 mol%). The vile was purged three
times with nitrogen and sealed. After adding degassed MeCN (2 mL) and
degassing once more for two min, the reaction mixture was exposed to blue LED light
irradiation (28W) at room temperature for 16 h, then transferred directly to a pre-wetted
column (hexanes). The pure product 159 was obtained by column chromatography (gradient
hexanes → hexanes:EtOAc 8:2) as a pale-yellow solid in 58% yield. 1H NMR (400 MHz, CDCl3):
δ = 8.92 (s, 1H), 8.74 – 8.67 (m, 2H), 8.63 (d, J = 9.0 Hz, 1H), 8.11 (d, J = 8.5 Hz, 1H), 8.00 (d, J =
7.3 Hz, 2H), 7.83 (t, J = 8.4 Hz, 1H), 7.73 (t, J = 7.1 Hz, 1H), 7.68 (t, J = 7.0 Hz, 1H), 7.62 – 7.58
(m, 1H), 7.53 (t, J = 7.3 Hz, 1H), 7.47 (t, J = 7.4 Hz, 2H) ppm. 13C NMR (101 MHz, CDCl3): δ =
141.7, 134.3, 133.2, 133.1, 132.9, 131.4, 130.9, 130.2, 129.4, 129.2, 127.8, 127.7, 127.5, 127.5
(2 13C-signals overlapping), 126.1, 125.5, 123.4, 122.9 ppm. IR (ATR): 𝑣̃ = 1447, 1322, 1151,
1082, 791, 753, 734, 686, 649, 566 cm–1. HRMS (ESI) calcd for C20H14NaO2S+ [M+Na]+ m/z:
341.0607; found: 341.0608. Analytical data are identical to the previously reported ones. 211

1,4-Dihydro-1,4-methanotriphenylene (160):
A microwave vile equipped with a stirring bar was charged with the salt 142j
(115.3 mg, 0.2 mmol, 1.0 equiv.), Cs2CO3 (71.7 mg, 0.22 mmol, 1.1 equiv.) and
[Ru(BPy)3]Cl2  6 H2O (3 mg, 4.0 μmol, 2.0 mol%), purged three times with
nitrogen and sealed. After adding degassed MeCN (2 mL) and degassing once
more for two min, the reaction mixture was exposed to blue LED light irradiation (28W) at
room temperature for 16 h, then transferred directly to a pre-wetted column (hexanes). The
pure product 160 was obtained by column chromatography (gradient hexanes →
hexanes:DCM 8:2) as a white solid in 47% yield. 1H NMR (400 MHz, CDCl3): δ = 8.73 (d, J = 8.1
Hz, 2H), 8.06 (d, J = 7.6 Hz, 2H), 7.66 – 7.56 (m, 4H), 7.02 (s, 2H), 4.63 (s, 2H), 2.55 (d, J = 6.6
Hz, 1H), 2.46 (d, J = 6.6 Hz, 1H) ppm. 13C NMR (101 MHz, CDCl3): δ = 147.9, 143.8, 129.0, 128.7,
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126.5, 125.3, 123.6, 123.5, 72.5, 49.2 ppm. IR (ATR): 𝑣̃ = 3060, 2980, 2928, 2862, 1506, 1298,
753, 720, 670, 660 cm–1. HRMS (GCMS) calcd for C19H14+ [M]+ m/z: 242.1090; found: 242.1090.
Analytical data are identical to the previously reported ones.242

1,4-Bis[(3-methoxyphenyl)thio]benzene (162a):
To

the

stirred

mixture

of

Cs2CO3

(90 mg,

0.275 mmol, 1.1 equiv.) and compound 93i (111 mg,
0.25 mmol, 1.0 equiv.) in DMSO (1.25 mL), 3-methoxythiophenol (161a, 53 mg, 0.375 mmol,
1.5 equiv.) was added at RT and under an atmosphere of N2. The reaction mixture was then
stirred for 12 h; the reaction was quenched by the addition of demineralized water. The
aqueous phase was extracted with EtOAc (3  5 mL); the combined organic phases were
washed with brine, dried over MgSO4 and concentrated in vacuo. The crude product was
purified by column chromatography (gradient hexane/EtOAc, 100:0 → 95:5) affording
compound 162a as a white solid in 29% yield. 1H NMR (400 MHz, CD3CN): δ = 7.51 – 7.18 (m,
6H), 7.08 – 6.58 (m, 6H), 3.73 (s, 6H) ppm. 13C NMR (101 MHz, CD3CN): δ = 161.4, 137.3, 135.9,
̃ = 2934, 1707, 1584, 1471, 1243, 1093,
132.7, 131.5, 124.4, 117.6, 114.4, 56.4 ppm. IR (ATR): 𝑣

1034, 850, 776, 682 cm–1. HRMS (ESI) calcd for C20H18O2S2+ [M]+ m/z 354.0748; found:
354.0745. Analytical data are identical to the previously reported ones.243

1-(4-Chlorophenoxy)-3-methoxybenzene (165b):
To the stirred mixture of Cs2CO3 (91 mg, 0.28 mmol, 1.1 equiv.)
and compound 93i (111 mg, 0.25 mmol, 1.0 equiv.) in DMSO
(1.25 mL), 3-methoxyphenol (161b, 47 mg, 379 μmol, 1.52 equiv.) was added at RT under an
atmosphere of N2. The reaction mixture was then stirred for 12 h, the reaction was quenched
by the addition of demineralized water. The aqueous phase was extracted with EtOAc (3  5
mL); the combined organic phases were washed with brine, dried over MgSO 4 and
concentrated in vacuo. The crude product was purified by column chromatography (gradient
hexane/EtOAc, 0 % → 5 %) affording compound 165b as a yellow oil in 44% yield. 1H NMR (400
MHz, CDCl3): δ = 7.31 – 7.27 (m, 2H), 7.23 (ddd, J = 8.4, 7.6, 0.9 Hz, 1H), 6.98 – 6.93 (m, 2H),
6.67 (ddd, J = 8.3, 2.2, 1.1 Hz, 1H), 6.59 – 6.55 (m, 2H), 3.78 (s, 3H) ppm. 13C NMR (101 MHz,
CDCl3): δ = 161.2, 158.2, 155.8, 130.4, 129.9, 128.5, 120.4, 111.1, 109.4, 105.1, 55.5 ppm. IR
̃ = 2954, 2837, 1579, 1483, 1265, 1222, 1135, 1092, 1042, 832 cm–1. HRMS (ESI) calcd
(neat): 𝑣
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for C13H11ClO2+ [M]+ m/z 234.0448; found: 235.0529. Analytical data are identical to the
previously reported ones.244

General Procedure for the Synthesis of Compounds 169a-169e
The salt 93h (100 mg, 233 µmol, 1.00 equiv.) and Cs2CO3 (113.7 mg, 349 µmol, 1.50 equiv.)
were suspended in dry DMF (2 mL), and the respective amine (1.50 equiv.) was added. The
suspension was then stirred at 90 °C for 12 h. The reaction mixture was allowed to cool down
to room temperature, and the reaction was quenched with H2O. The aqueous phase was
extracted with EtOAc (3  10 mL), the combined organic phases were dried over Na 2SO4 and
concentrated under reduced pressure. The crude mixture was then purified by column
chromatography (DCM:MeOH, 100:3) to obtain the desired products.

5-[4-(Piperidin-1-yl)phenyl]-5H-dibenzo[b,d]thiophen-5-ium
Trifluoromethanesulfonate (169a):
The salt 169a was obtained as a red foam in 59% yield. 1H NMR (400
MHz, CD3CN): δ = 8.30 (d, J = 7.8 Hz, 2H), 7.97 (d, J = 8.0 Hz, 2H), 7.90
(t, J = 7.6 Hz, 2H), 7.69 (t, J = 7.7 Hz, 2H), 7.27 (d, J = 9.1 Hz, 2H), 6.94
– 6.89 (m, 2H), 3.40 – 3.35 (m, 4H), 1.65 – 1.53 (m, 6H) ppm. 13C NMR
(101 MHz, CD3CN): δ = 155.9, 139.8, 135.0, 134.6, 133.7, 132.4,
128.4, 125.3, 122.2 (q, 1JC−F = 321 Hz), 116.1, 105.9, 48.7, 25.9, 24.8
ppm. IR (ATR): 𝑣̃ = 2936, 1704, 1576, 1504, 1239, 1151, 1034, 755, 633, 515 cm–1. HRMS (ESI)
calcd for C23H22NS+ [M–OTf]+ m/z: 344.1468; found: 344.1467.

5-[4-(Pyrrolidin-1-yl)phenyl]-5H-dibenzo[b,d]thiophen-5-ium Trifluoromethanesulfonate (169b):
The salt 169b was obtained as a beige foam in 46% yield. 1H NMR
(400 MHz, CD3CN): δ = 8.30 (dd, J = 8.4, 1.2 Hz, 2H), 7.97 – 7.94 (m,
2H), 7.90 (td, J = 7.7, 1.0 Hz, 2H), 7.71 – 7.66 (m, 2H), 7.26 (d, J =
9.3 Hz, 2H), 6.60 (d, J = 9.3 Hz, 2H), 3.31 – 3.25 (m, 4H), 1.99 – 1.95
(m, 4H) ppm. 13C NMR (101 MHz, CD3CN): δ = 153.1, 139.7, 135.0,
134.9, 133.7, 132.4, 128.3, 125.2, 122.2 (q, 1JC−F = 321 Hz), 114.6, 103.6, 48.6, 26.0 ppm. IR
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(ATR): 𝑣̃ = 2859, 1587, 1509, 1399, 1253, 1151, 1068, 761, 638, 521 cm–1. HRMS (ESI) calcd for
C22H20NS+ [M–OTf]+ m/z: 330.1311; found: 330.1314.

5-[4-(4-Phenylpiperidin-1-yl)phenyl]-5H-dibenzo[b,d]thiophen-5-ium
Trifluoromethanesulfonate (169c):
The salt 169c was obtained as a red solid in 66% yield. 1H
NMR (400 MHz, CD3CN): δ = 8.30 (d, J = 8.5 Hz, 2H), 7.98
(d, J = 8.5 Hz, 2H), 7.94 – 7.85 (m, 3H), 7.70 – 7.64 (m, 2H),
7.30 (d, J = 9.4 Hz, 2H), 7.20 – 7.15 (m, 3H), 6.95 (d, J = 9.5
Hz, 2H), 3.99 (d, J = 13.3 Hz, 2H), 3.02 – 2.93 (m, 2H), 2.32
(s, 1H), 1.83 (d, J = 13.6 Hz, 2H), 1.67 – 1.54 (m, 2H). 13C
NMR (101 MHz, CD3CN): δ = 155.8, 146.7, 139.8, 135.0, 134.5, 133.7, 132.4, 129.5, 128.4,
127.7, 127.3, 125.3, 122.2 (q, 1JC−F = 322 Hz), 116.4, 106.7, 48.3, 42.8, 33.4 ppm. IR (ATR): 𝑣̃ =
2928, 1667, 1584, 1506, 1258, 1226, 1156, 1031, 758, 633 cm–1. HRMS (ESI) calcd for C29H26NS+
[M–OTf]+ m/z: 420.1781; found: 420.1782.

5-(4-Morpholinophenyl)-5H-dibenzo[b,d]thiophen-5-ium

Trifluoro-

methanesulfonate (169d):
The salt 169d was obtained as a white solid in 58% yield. 1H NMR
(400 MHz, CD3CN): δ = 8.31 (dd, J = 8.0, 1.2 Hz, 2H), 7.99 (dt, J =
8.1, 0.9 Hz, 2H), 7.93 – 7.89 (m, 2H), 7.69 (td, J = 8.1, 1.2 Hz, 2H),
7.34 (d, J = 9.4 Hz, 2H), 6.95 (d, J = 9.4 Hz, 2H), 3.73 – 3.69 (m, 4H),
3.31 – 3.26 (m, 4H) ppm. 13C NMR (101 MHz, CD3CN): δ = 156.3,
139.9, 135.1, 134.4, 133.6, 132.5, 128.4, 125.3, 122.2 (q, 1JC−F = 321 Hz), 116.3, 108.9, 66.9,
47.4 ppm. IR (ATR): 𝑣̃ = 2853, 1664, 1589, 1445, 1250, 1156, 1025, 764, 630, 518 cm–1. HRMS
(ESI) calcd for C22H20NOS+ [M–OTf]+ m/z: 346.1260; found: 346.1264.
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5-[4-{[3-(10,11-Dihydro-5H-dibenzo[b,f]azepin-5-yl)propyl](methyl)amino}phenyl]-5H-dibenzo[b,d]thiophen-5-ium
Trifluoromethanesulfo-nate (169e):
The salt 169e was obtained as a yellow foam in 58% yield.
1H

NMR (300 MHz, CD3CN): δ = 8.31 (d, J = 8.3 Hz, 2H),

7.95 – 7.89 (m, 4H), 7.69 (t, J = 7.8 Hz, 2H), 7.10 – 7.02 (m,
8H), 6.87 (dd, J = 10.1, 5.9 Hz, 2H), 6.46 (d, J = 9.4 Hz, 2H),
3.70 (t, J = 6.2 Hz, 2H), 3.42 – 3.35 (m, 2H), 3.12 (s, 4H),
2.87 (s, 3H), 1.73 (dt, J = 13.7, 6.4 Hz, 2H) ppm. 13C NMR
(101 MHz, CD3CN): δ = 154.5, 149.1, 139.7, 135.2, 134.9,
134.8, 133.3, 132.4, 130.8, 128.3, 127.4, 125.2, 123.8, 122.2 (q, 1JC−F = 322 Hz), 120.8, 114.2,
104.5, 50.6, 47.9, 38.8, 32.7, 25.1 ppm. IR (ATR): 𝑣̃ = 2921, 2360, 1707, 1579, 1363, 1260, 1224,
1148, 1025, 753 cm–1. HRMS (ESI) calcd for C36H33N2S+ [M–OTf]+ m/z: 525.2359; found:
525.2362.

General Procedure for the synthesis of Compounds 175, 176a
& 176b
Compound 93b (100.9 mg, 0.23 mmol, 1.0 equiv.), 4-methoxycarbonylphenylboronic acid
(103.5 mg, 0.575 mmol, 2.5 equiv.) and Pd(PPh3)4 (10 mg, 8.6 μmol, 3.7 mol%) were dissolved
in a mixture of THF (2 mL) and 2 M aqueous K2CO3 solution (1 mL). The heterogenous mixture
was degassed and subsequently heated under reflux at 90 °C for 16 h under an atmosphere of
N2. The reaction mixture was then diluted with DCM (2 mL) and filtered through a pad of celite.
The organic layer was then washed with brine, dried over Na2SO4 and concentrated in vacuo.
The crude product was purified by column chromatography (gradient hexanes/EtOAc, 100:0
→ 90:10).

Methyl 4'-Ethyl-[1,1'-biphenyl]-4-carboxylate (175):
Compound 175 was obtained as a white solid in 79% yield. 1H
NMR (400 MHz, CDCl3): δ = 8.12 – 8.08 (m, 2H), 7.67 – 7.64 (m,
2H), 7.58 – 7.53 (m, 2H), 7.33 – 7.28 (m, 2H), 3.94 (s, 3H), 2.71 (q,
J = 7.6 Hz, 2H), 1.29 (t, J = 7.6 Hz, 3H) ppm. 13C NMR (101 MHz,
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CDCl3): δ = 167.2, 145.7, 144.6, 137.5, 130.2, 128.7, 128.6, 127.3, 126.9, 52.2, 28.7, 15.7 ppm.
IR (ATR): 𝑣̃ = 2965, 1718, 1434, 1361, 1279, 1222, 1110, 829, 765, 527 cm–1. HRMS (ESI) calcd
for C16H17O2+ [M+H]+ m/z: 241.1223; found: 241.1225. The analytical data were identical to
the previously reported ones.245

(8R,9S,13S,14S)-3-Methoxy-13-methyl-2-(thiophen-2-yl)-6,7,8,9,11,
12,13,14,15,16-decahydro-17H-cyclopenta[a]phenanthren-17-one
(176a):
Compound 176a was obtained as a white solid in 53% yield (o/p
ratio 1:9). 1H NMR (400 MHz, CDCl3): δ = 7.53 (dd, J = 3.1, 1.3 Hz,
1H), 7.42 – 7.37 (m, 2H), 7.34 – 7.31 (m, 1H), 6.71 (s, 1H), 3.84 (s,
3H), 2.95 (d, J = 10.0 Hz, 2H), 2.55 – 2.43 (m, 2H), 2.34 – 2.26 (m,
1H), 2.20 – 2.02 (m, 3H), 2.00 – 1.94 (m, 1H), 1.67 – 1.47 (m, 6H), 0.92 (s, 3H) ppm. 13C NMR
(101 MHz, CDCl3): δ = 221.0, 154.6, 138.7, 136.8, 132.0, 129.6, 128.7, 127.1, 125.6, 124.7,
124.5, 123.3, 123.0, 122.7, 111.8, 108.7, 56.0, 55.7, 50.6, 50.5, 48.2, 44.5, 44.1, 38.6, 38.0,
36.0, 31.7, 29.8, 28.6, 26.7, 26.3, 26.1, 21.7, 21.7, 14.0, 14.0 ppm. IR (ATR): 𝑣̃ = 2926, 2856,
2360, 2337, 1734, 1710, 1456, 1258, 1034, 788 cm–1. HRMS (ESI) calcd for C23H26NaO2S+
[M+Na]+ m/z: 389.1546; found: 389.1550.

(8R,9S,13S,14S)-2-(Furan-2-yl)-3-methoxy-13-methyl6,7,8,9,11,12,13, 14,15,16-decahydro-17H-cyclopenta[a]phenanthren17-one (176b):
Compound 176b was obtained as a white solid in 40% yield (o/p
ratio 1:9). 1H NMR (400 MHz, CDCl3): δ = 7.92 (s, 1H), 7.45 (t, J =
1.8 Hz, 1H), 7.39 (s, 1H), 6.77 – 6.75 (m, 1H), 6.69 (s, 1H), 3.88 (s,
3H), 2.97 – 2.90 (m, 2H), 2.56 – 2.44 (m, 2H), 2.33 – 2.25 (m, 1H),
2.21 – 1.95 (m, 4H), 1.64 – 1.48 (m, 6H), 0.92 (s, 3H) ppm. 13C NMR (101 MHz, CDCl3): δ = 221.1,
155.9, 154.7, 142.4, 142.3, 141.4, 141.0, 137.3, 136.2, 132.6, 132.0, 125.6, 125.2, 122.0, 121.2,
119.8, 119.0, 112.8, 111.6, 109.7, 108.6, 55.9, 55.6, 50.6, 50.6, 48.2, 48.1, 44.5, 44.1, 38.6,
38.0, 36.0, 31.8, 29.8, 28.8, 26.7, 26.3, 26.2, 21.7, 14.0 ppm. IR (ATR): 𝑣̃ = 2928, 2862, 2360,
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2337, 1737, 1517, 1239, 1049, 873, 791 cm–1. HRMS (ESI) calcd for C23H26NaO3+ [M+Na]+ m/z:
373.1774; found: 373.1769.

4-Chloro-4'-(trifluoromethyl)-1,1'-biphenyl (177a):
The salt 93i (0.6 mmol, 1.0 equiv.), p-trifluoromethylphenylboronic
acid (114.0 mg, 0.6 mmol, 1.0 equiv.), Na2CO3 (127.2 mg, 1.2 mmol,
2.0 equiv.) and [Pd(OAc)2] (1.12 mg, 5.0 μmol, 0.5 mol%) were
dissolved in degassed water/acetone mixture (6.5 mL; 3.5:3). The
heterogeneous reaction mixture was vigorously stirred at 35 °C for 1 h under an atmosphere
of N2, then diluted with ethylacetate (10 mL) and filtered through a pad of celite. The organic
layer was washed with brine, dried over Na2SO4 and concentrated in vacuo. The crude product
was purified by column chromatography (gradient hexanes/EtOAc, 100:0 → 90:10).
Compound 177a was obtained as white needles (73.2 mg, 0.26 mmol, 47%). 1H NMR (300
MHz, CDCl3): δ = δ 7.73 – 7.63 (m, 4H), 7.53 (d, J = 8.6 Hz, 2H), 7.45 (d, J = 8.5 Hz, 2H) ppm. 13C
NMR (75 MHz, CDCl3): δ = 143.6, 138.3, 134.6, 129.3, 129.3 (2 13C-signals overlapping), 128.7,
127.4, 127.4 (2

13C-signals

overlapping), 126.0 (q, 3JC−F = 3.6 Hz) ppm. 19F NMR (282 MHz,

CDCl3) δ = -63.0 ppm. IR (ATR): 𝑣̃ = 2968, 2360, 2337, 1739, 1592, 1328, 1117, 1071, 817, 744
cm–1. HRMS (EI) calcd for C13H8ClF3+ [M]+ m/z: 256.0261; found: 256.0259. The analytical data
were identical to the previously reported ones.246

(4-Chlorophenyl){4''-(trifluoromethyl)-[1,1':2',1''-terphenyl]-2yl}sulfane (177d):
Compound 177d was obtained as a pale-yellow solid as a
byproduct of 177a (46.3 mg, 0.10 mmol, 17%). 1H NMR
(600 MHz, CD3CN): δ = 7.52 – 7.48 (m, 3H), 7.46 – 7.42 (m,
2H), 7.34 (d, J = 8.0 Hz, 2H), 7.30 – 7.20 (m, 6H), 7.04 (d, J =
7.3 Hz, 1H), 6.89 (d, J = 8.5 Hz, 2H) ppm. 19F NMR (565 MHz,
CD3CN) δ = -62.9 ppm. 13C NMR (151 MHz, CD3CN): δ = 146.4, 143.2, 140.7, 139.9, 135.5, 135.2,
133.7, 133.3, 132.7, 132.1, 131.9, 131.3, 130.9, 130.2, 129.6, 129.4, 129.1, 129.0, 128.9, 128.7,
128.2, 126.4, 125.53, 125.50 (q, 3JC−F = 4.0 Hz), 124.6 ppm. IR (ATR): 𝑣̃ = 2971, 2360, 2337,
1739, 1362, 1322, 1215, 1124, 1068, 667 cm–1. HRMS (EI) calcd for C25H16ClF3S+ [M]+ m/z:
440.0608; found: 440.0607.
185

4-Bromo-4'-(trifluoromethyl)-1,1'-biphenyl (178a):
The salt 93j (1.0 mmol, 1.0 equiv.), p-trifluoromethylphenylboronic
acid (189.9 mg, 1.0 mmol, 1.0 equiv.), Na2CO3 (212 mg, 2.0 mmol, 2.0
equiv.) and [Pd(OAc)2] (1.12 mg, 5.0 μmol, 0.5 mol%) were dissolved
in degassed water/acetone mixture (6.5 mL; 3.5:3). The
heterogeneous reaction mixture was vigorously stirred at 35 °C for 1 h under an atmosphere
of N2, then diluted with ethylacetate (10 mL) and filtered through a pad of celite. The organic
layer was washed with brine, dried over Na2SO4 and concentrated in vacuo. The crude product
was purified by column chromatography (gradient hexanes/EtOAc, 100:0 → 90:10).
Compound 178a was obtained as white needles (250 mg, 0.83 mmol, 83%). 1H NMR (300 MHz,
CDCl3) δ = 7.68 (q, J = 8.5 Hz, 4H), 7.61 (d, J = 8.5 Hz, 2H), 7.46 (d, J = 8.5 Hz, 2H) ppm. 13C NMR
(101 MHz, CDCl3): δ = 143.6, 138.8, 132.3, 129.7, 129.0, 127.8, 127.4, 126.0 (q, 3JC−F = 3.6 Hz),
122.8 ppm. 19F NMR (282 MHz, CDCl3) δ -62.5 ppm. IR (ATR): 𝑣̃ = 3006, 2361, 1710, 1363, 1325,
1224, 1162, 1121, 1068, 814 cm–1. HRMS (GCMS) calcd for C13H8BrF3+ [M]+ m/z: 299.9756;
found: 299.9756. The analytical data were identical to the previously published ones.247

General Procedure for the Synthesis of Compounds 179a, 180a,
181a, 182a & 182b
Compounds 93k or 93l (0.16 mmol, 1.0 equiv.), p-trifluoromethylphenylboronic acid (31.0 mg,
0.16 mmol, 1.0 equiv.) and Cs2CO3 (53.2 mg, 0.16 mmol, 1.0 equiv.) were added to the
degassed DMF-Pd(OAc)2 stock solution [0.185 mg/0.8 μmol , 0.5 mol% Pd(OAc)2 in 0.66 mL
DMF)/0.33 mL water (2:1)]. The heterogenous reaction mixture was vigorously stirred at 35
°C for 16 h under an atmosphere of N2, then diluted with DCM (10 mL) and filtered through a
pad of celite. The organic layer was washed with water and brine, dried over Na 2SO4 and
concentrated in vacuo. The crude product was purified by column chromatography (gradient
hexanes/EtOAc, 100:0 → 90:20) affording the white solid. Subsequently the latter was
recrystallized from the minimal amount of warm CHCl3. The compound 179a was not well
soluble in CDCl3.
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4-Iodo-4''-(trifluoromethyl)-1,1':4',1''-terphenyl (179a):
Compound 179a (62.1 mg, 0.14 mmol, 90%) was obtained as
a white solid. 1H NMR (500 MHz, CDCl3): δ = δ 7.80 (d, J = 8.5
Hz, 2H), 7.72 (d, J = 3.8 Hz, 4H), 7.67 (d, J = 3.5 Hz, 4H), 7.38 (d,
J = 8.6 Hz, 2H) ppm.

13C

NMR (126 MHz, CDCl3): δ = 144.2,

140.1, 139.2, 138.1, 129.8, 129.5, 129.0, 127.9, 127.6, 127.4,
125.9 (q, 1JC−F = 3.6 Hz), 125.5, 123.3 ppm. 19F NMR (471 MHz, CDCl3): δ –62.4 ppm. IR (ATR):
𝑣̃ = 2358, 2339, 1615, 1332, 1163, 1123, 1069, 838, 815, 666 cm–1. HRMS (EI) calcd for
C19H12F3I+ [M]+ m/z: 423.9930; found: 423.9942.

4''-(Trifluoromethyl)-[1,1':4',1''-terphenyl]-4-yl Trifluoromethanesulfonate (180a):
Compound 180a was obtained as a white solid in (31.4 mg,
0.07 mmol, 44%). 1H NMR (400 MHz, CDCl3): δ = δ 7.76 –
7.66 (m, 10H), 7.38 (d, J = 8.8 Hz, 2H) ppm. 19F NMR (377
MHz, CDCl3) δ = –62.5, –72.8 ppm.

13C

NMR (101 MHz,

CDCl3): δ = 149.3, 144.0, 141.0, 139.6, 139.2, 129.8 (q, 2JC–F
= 39.2 Hz), 129.0, 128.0, 127.9, 127.5, 126.0 (q, 3JC–F = 3.9 Hz), 124.5 (q, 1JC–F = 272.3 Hz, CF3),
122.0, 119.0 (q, 1JC–F = 321.3 Hz, OTf) ppm. IR (ATR): 𝑣̃ = 3006, 2361, 1710, 1363, 1325, 1224,
1162, 1121, 1068, 814 cm–1. HRMS (EI) calcd for C20H12F6O3S+ [M]+ m/z: 446.0411; found:
446.0396.

4-Iodo-1,1':4',1''-terphenyl (181a):
Compound 181a was obtained as a white solid in (39.8 mg, 0.12
mmol, 68%). 1H NMR (400 MHz, CDCl3): = δ 7.81 – 7.76 (m, 2H), 7.69
– 7.61 (m, 6H), 7.49 – 7.44 (m, 2H), 7.40 – 7.34 (m, 3H) ppm. 13C
NMR (101 MHz, CDCl3): δ = 140.8, 140.7, 140.4, 139.1, 138.1, 129.0,
129.0, 127.8, 127.6, 127.4, 127.2, 93.2 ppm. IR (ATR): 𝑣̃ = 2360, 2340, 1707, 904, 814, 729, 667,
649, 513, 417 cm–1. HRMS (EI) calcd for C18H13I+ [M]+ m/z: 356.0056; found: 356.0062. The

analytical data were identical to the previously reported ones.248
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4''-Iodo-4-methoxy-3,5-dimethyl-1,1':4',1''-terphenyl (182a):
Compound 182a was obtained as a white solid in (40.6 mg,
0.10 mmol, 60%). 1H NMR (400 MHz, CDCl3): = δ 7.77 (d, J =
8.5 Hz, 2H), 7.64 – 7.58 (m, 4H), 7.39 – 7.35 (m, 2H), 7.28 (s,
2H), 3.77 (s, 3H), 2.36 (s, 6H) ppm. 13C NMR (101 MHz, CDCl3):
δ = 156.9, 140.5, 140.4, 138.6, 138.0, 136.2, 131.4, 129.0,
127.62, 127.57, 127.2, 93.1, 60.0, 16.4 ppm. IR (ATR): 𝑣̃ = 2360,
2338, 1474, 1242, 1167, 1014, 808, 679, 667, 649 cm–1. HRMS (EI) calcd for C21H19IO+ [M]+ m/z:
414.0475; found: 414.0470.

4,4'''-Dimethoxy-3,3''',5,5'''-tetramethyl-1,1':4',1'':4'',1'''-quaterphenyl
(182b):
Compound 182a was obtained as a white solid in
(10.5 mg, 0.03 mmol, 15%). 1H NMR (300 MHz,
CDCl3): = δ 7.66 (q, J = 8.3 Hz, 8H), 7.30 (s, 4H),
3.78 (s, 6H), 2.37 (s, 12H) ppm.

13C

NMR (101

MHz, CDCl3): δ = 156.8, 140.0, 139.4, 136.4, 131.3,
127.6, 127.5, 127.4, 60.0, 16.5 ppm. IR (ATR): 𝑣̃ =
2359, 2338, 1474, 1242, 1162, 1014, 823, 679,
669, 648 cm–1. HRMS (EI) calcd for C30H30O2+ [M]+ m/z: 422.2240; found: 422.4435.
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X-Ray Structures

Figure 19: Crystal structure of 5c.
Table 1: Crystal data and structure refinement for 5c.
Identification code

0511_CG_0m

Empirical formula

C48H34F12O7S4

μ/mm-1

0.308

Formula weight

1078.99

F(000)

1100.0

Temperature/K

100.01

Crystal size/mm3

0.459 × 0.218 × 0.07

Crystal system

triclinic

Radiation

MoKα (λ = 0.71073)

Space group

P-1

2Θ range for data collection/°

4.892 to 59.316

a/Å

8.7351(10)

Index ranges

-12 ≤ h ≤ 12, -18 ≤ k ≤ 22, -23 ≤ l ≤ 23

b/Å

15.8447(13)

Reflections collected

37625

c/Å

17.0177(19)

Independent reflections

12907 [Rint = 0.0309, Rsigma = 0.0359]

α/°

80.155(5)

Data/restraints/parameters

12907/193/787

β/°

83.293(4)

Goodness-of-fit on F2

1.034

γ/°

89.447(4)

Final R indexes [I>=2σ (I)]

R1 = 0.0420, wR2 = 0.0978

Volume/Å3

2304.6(4)

Final R indexes [all data]

R1 = 0.0527, wR2 = 0.1056

Z

2

Largest diff. peak/hole / e Å-3

0.43/-0.49

ρcalcg/cm3

1.555
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Figure 20: Crystal structure of 5j.
Table 2: Crystal data and structure refinement for 5j.
Identification code

mo_0938_CG_0m

Empirical formula

C27H17F3O3S2

μ/mm-1

0.289

Formula weight

510.52

F(000)

524.0

Temperature/K

100.0

Crystal size/mm3

0.351 × 0.14 × 0.08

Crystal system

triclinic

Radiation

MoKα (λ = 0.71073)

Space group

P-1

2Θ range for data collection/°

4.57 to 59.338

a/Å

9.1125(12)

Index ranges

-12 ≤ h ≤ 12, -15 ≤ k ≤ 15, -15 ≤ l ≤ 16

b/Å

11.0838(15)

Reflections collected

115220

c/Å

11.4885(17)

Independent reflections

6406 [Rint = 0.0273, Rsigma = 0.0119]

α/°

86.788(4)

Data/restraints/parameters

6406/0/316

β/°

80.159(4)

Goodness-of-fit on F2

1.016

γ/°

82.554(4)

Final R indexes [I>=2σ (I)]

R1 = 0.0284, wR2 = 0.0763

Volume/Å3

1133.0(3)

Final R indexes [all data]

R1 = 0.0299, wR2 = 0.0775

Z

2

Largest diff. peak/hole / e Å-3

0.45/-0.35

ρcalcg/cm3

1.497
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Figure 21: Crystal structure of 33c’.
Table 3: Crystal data and structure refinement for 33c’.
Identification code

0565_CG_0m

Empirical formula

C18H8F6

μ/mm-1

0.147

Formula weight

338.24

F(000)

510.0

Temperature/K

99.97

Crystal size/mm3

0.305 × 0.148 × 0.054

Crystal system

triclinic

Radiation

MoKα (λ = 0.71073)

Space group

P-1

2Θ range for data collection/°

5.44 to 57.738

a/Å

7.6943(14)

Index ranges

-10 ≤ h ≤ 10, -16 ≤ k ≤ 16, -17 ≤ l ≤ 17

b/Å

12.192(2)

Reflections collected

25695

c/Å

12.635(2)

Independent reflections

5322 [Rint = 0.0408, Rsigma = 0.0321]

α/°

67.297(5)

Data/restraints/parameters

5322/0/325

β/°

77.096(4)

Goodness-of-fit on F2

1.049

γ/°

87.910(6)

Final R indexes [I>=2σ (I)]

R1 = 0.0443, wR2 = 0.1124

Volume/Å3

1064.2(3)

Final R indexes [all data]

R1 = 0.0622, wR2 = 0.1235

Z

3

Largest diff. peak/hole / e Å-3

0.48/-0.31

ρcalcg/cm3

1.583
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Figure 22: Crystal structure of 33h.
Table 4: Crystal data and structure refinement for 33i.
Identification code

0596_CG_0m

Empirical formula

C23H30FeSi

μ/mm-1

0.785

Formula weight

390.41

F(000)

416.0

Temperature/K

99.99

Crystal size/mm3

0.334 × 0.322 × 0.196

Crystal system

triclinic

Radiation

MoKα (λ = 0.71073)

Space group

P-1

2Θ range for data collection/°

4.472 to 61.126

a/Å

9.2172(6)

Index ranges

-13 ≤ h ≤ 13, -16 ≤ k ≤ 16, -16 ≤ l ≤ 16

b/Å

11.4974(7)

Reflections collected

49311

c/Å

11.6210(8)

Independent reflections

6348 [Rint = 0.0307, Rsigma = 0.0151]

α/°

104.064(2)

Data/restraints/parameters

6348/0/232

β/°

108.843(2)

Goodness-of-fit on F2

1.055

γ/°

106.313(2)

Final R indexes [I>=2σ (I)]

R1 = 0.0227, wR2 = 0.0599

Volume/Å3

1040.36(12)

Final R indexes [all data]

R1 = 0.0256, wR2 = 0.0619

Z

2

Largest diff. peak/hole / e Å-3

0.40/-0.29

ρcalcg/cm3

1.246
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Figure 23: Crystal structure of 33i’.
Table 5: Crystal data and structure refinement for 33i’.
Identification code

0604_CG_0m

Empirical formula

C50H34

μ/mm-1

0.070

Formula weight

634.77

F(000)

1336.0

Temperature/K

100.03

Crystal size/mm3

0.258 × 0.256 × 0.076

Crystal system

monoclinic

Radiation

MoKα (λ = 0.71073)

Space group

P21/n

2Θ range for data collection/°

5.316 to 59.444

a/Å

18.210(3)

Index ranges

-25 ≤ h ≤ 22, -11 ≤ k ≤ 11, -32 ≤ l ≤ 32

b/Å

8.0595(19)

Reflections collected

176883

c/Å

23.488(5)

Independent reflections

9648 [Rint = 0.0322, Rsigma = 0.0134]

α/°

90

Data/restraints/parameters

9648/0/453

β/°

98.049(7)

Goodness-of-fit on F2

1.042

γ/°

90

Final R indexes [I>=2σ (I)]

R1 = 0.0425, wR2 = 0.1120

Volume/Å3

3413.2(13)

Final R indexes [all data]

R1 = 0.0493, wR2 = 0.1176

Z

4

Largest diff. peak/hole / e Å-3

0.36/-0.26

ρcalcg/cm3

1.235
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Figure 24: Crystal structure of 33j.
Table 6: Crystal data and structure refinement for 33j.
Identification code

P21c

Empirical formula

C30H38O5Si

μ/mm-1

0.118

Formula weight

506.69

F(000)

1088.0

Temperature/K

100.02

Crystal size/mm3

0.682 × 0.595 × 0.482

Crystal system

monoclinic

Radiation

MoKα (λ = 0.71073)

Space group

P21/c

2Θ range for data collection/°

4.756 to 57.462

a/Å

16.2204(17)

Index ranges

-21 ≤ h ≤ 21, -23 ≤ k ≤ 23, -14 ≤ l ≤ 12

b/Å

17.1259(18)

Reflections collected

52337

c/Å

10.4293(9)

Independent reflections

7342 [Rint = 0.0263, Rsigma = 0.0163]

α/°

90

Data/restraints/parameters

7342/0/365

β/°

101.021(4)

Goodness-of-fit on F2

1.021

γ/°

90

Final R indexes [I>=2σ (I)]

R1 = 0.0451, wR2 = 0.1094

Volume/Å3

2843.7(5)

Final R indexes [all data]

R1 = 0.0497, wR2 = 0.1131

Z

4

Largest diff. peak/hole / e Å-3

0.91/-1.10

ρcalcg/cm3

1.183
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Figure 25: Crystal structure of 37e.
Table 7: Crystal data and structure refinement for 37e.
Identification code

mo_0919_CG_0m

Empirical formula

C17H25ClO2SSi

μ/mm-1

0.384

Formula weight

356.97

F(000)

760.0

Temperature/K

100.0

Crystal size/mm3

0.465 × 0.264 × 0.158

Crystal system

triclinic

Radiation

MoKα (λ = 0.71073)

Space group

P-1

2Θ range for data collection/°

3.798 to 57.558

a/Å

11.080(3)

Index ranges

-14 ≤ h ≤ 14, -15 ≤ k ≤ 15, -21 ≤ l ≤ 21

b/Å

11.614(3)

Reflections collected

40097

c/Å

15.962(4)

Independent reflections

9499 [Rint = 0.0278, Rsigma = 0.0257]

α/°

85.015(7)

Data/restraints/parameters

9499/0/409

β/°

80.704(7)

Goodness-of-fit on F2

1.106

γ/°

67.483(6)

Final R indexes [I>=2σ (I)]

R1 = 0.0365, wR2 = 0.0841

Volume/Å3

1871.8(8)

Final R indexes [all data]

R1 = 0.0422, wR2 = 0.0869

Z

4

Largest diff. peak/hole / e Å-3

0.45/-0.55

ρcalcg/cm3

1.267
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Figure 26: Crystal structure of 93b.
Table 8: Crystal data and structure refinement for 93b.
Identification code

0631_CG_0m

Empirical formula

C21H17F3O3S2

μ/mm-1

0.323

Formula weight

438.46

F(000)

904.0

Temperature/K

99.98

Crystal size/mm3

0.251 × 0.161 × 0.152

Crystal system

monoclinic

Radiation

MoKα (λ = 0.71073)

Space group

P21/n

2Θ range for data collection/°

4.838 to 59.186

a/Å

9.5523(6)

Index ranges

-12 ≤ h ≤ 13, -22 ≤ k ≤ 22, -17 ≤ l ≤ 17

b/Å

16.4132(12)

Reflections collected

93756

c/Å

12.7116(9)

Independent reflections

5445 [Rint = 0.0230, Rsigma = 0.0098]

α/°

90

Data/restraints/parameters

5445/114/336

β/°

103.291(2)

Goodness-of-fit on F2

1.066

γ/°

90

Final R indexes [I>=2σ (I)]

R1 = 0.0472, wR2 = 0.1292

Volume/Å3

1939.6(2)

Final R indexes [all data]

R1 = 0.0489, wR2 = 0.1307

Z

4

Largest diff. peak/hole / e Å-3

0.90/-0.60

ρcalcg/cm3

1.502
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Figure 27: Crystal structure of 93c.
Table 9: Crystal data and structure refinement for 93c.
Identification code

0652_CG_0m

Empirical formula

C22H17F3O3S2

μ/mm-1

0.315

Formula weight

450.47

F(000)

928.0

Temperature/K

100.0

Crystal size/mm3

0.213 × 0.18 × 0.179

Crystal system

triclinic

Radiation

MoKα (λ = 0.71073)

Space group

P-1

2Θ range for data collection/°

4.282 to 56.596

a/Å

9.804(2)

Index ranges

-12 ≤ h ≤ 12, -17 ≤ k ≤ 17, -21 ≤ l ≤ 21

b/Å

13.140(3)

Reflections collected

78677

c/Å

16.034(4)

Independent reflections

9636 [Rint = 0.0478, Rsigma = 0.0296]

α/°

89.312(7)

Data/restraints/parameters

9636/0/542

β/°

89.881(8)

Goodness-of-fit on F2

1.169

γ/°

75.985(6)

Final R indexes [I>=2σ (I)]

R1 = 0.0444, wR2 = 0.1076

Volume/Å3

2004.0(8)

Final R indexes [all data]

R1 = 0.0461, wR2 = 0.1089

Z

4

Largest diff. peak/hole / e Å-3

0.52/-0.52

ρcalcg/cm3

1.493
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Figure 28: Crystal structure of 93d.
Table 10: Crystal data and structure refinement for 93d.
Identification code

0697_CG_100K

Empirical formula

C22H18F3IO3S2

μ/mm-1

1.659

Formula weight

578.38

F(000)

1144.0

Temperature/K

100.06

Crystal size/mm3

0.352 × 0.252 × 0.11

Crystal system

triclinic

Radiation

MoKα (λ = 0.71073)

Space group

P-1

2Θ range for data collection/°

4.57 to 56.716

a/Å

9.8022(7)

Index ranges

-13 ≤ h ≤ 13, -19 ≤ k ≤ 19, -21 ≤ l ≤ 21

b/Å

14.7710(10)

Reflections collected

57665

c/Å

16.1194(10)

Independent reflections

11157 [Rint = 0.0243, Rsigma = 0.0174]

α/°

97.859(2)

Data/restraints/parameters

11157/92/731

β/°

93.882(2)

Goodness-of-fit on F2

1.133

γ/°

102.541(2)

Final R indexes [I>=2σ (I)]

R1 = 0.0481, wR2 = 0.1266

Volume/Å3

2245.3(3)

Final R indexes [all data]

R1 = 0.0529, wR2 = 0.1297

Z

4

Largest diff. peak/hole / e Å-3

1.68/-0.98

ρcalcg/cm3

1.711
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Figure 29: Crystal structure of 93e.
Table 11: Crystal data and structure refinement for 93e.
Identification code

0743_CG_0m

Empirical formula

C20H15F3O4S2

μ/mm-1

0.330

Formula weight

440.44

F(000)

904.0

Temperature/K

100.01

Crystal size/mm3

0.248 × 0.122 × 0.066

Crystal system

monoclinic

Radiation

MoKα (λ = 0.71073)

Space group

P21/n

2Θ range for data collection/°

4.902 to 57.45

a/Å

9.4127(14)

Index ranges

-12 ≤ h ≤ 12, -22 ≤ k ≤ 22, -16 ≤ l ≤ 16

b/Å

16.618(3)

Reflections collected

27733

c/Å

12.4765(18)

Independent reflections

4952 [Rint = 0.0310, Rsigma = 0.0203]

α/°

90

Data/restraints/parameters

4952/0/263

β/°

99.220(4)

Goodness-of-fit on F2

1.070

γ/°

90

Final R indexes [I>=2σ (I)]

R1 = 0.0358, wR2 = 0.0870

Volume/Å3

1926.4(5)

Final R indexes [all data]

R1 = 0.0422, wR2 = 0.0913

Z

4

Largest diff. peak/hole / e Å-3

0.42/-0.39

ρcalcg/cm3

1.519
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Figure 30: Crystal structure of 93f.
Table 12: Crystal data and structure refinement for 93f.
Identification code

0651_CG_0m

Empirical formula

C25H17F3O4S2

μ/mm-1

0.294

Formula weight

502.50

F(000)

516.0

Temperature/K

100.03

Crystal size/mm3

0.489 × 0.06 × 0.032

Crystal system

triclinic

Radiation

MoKα (λ = 0.71073)

Space group

P-1

2Θ range for data collection/°

4.808 to 57.532

a/Å

10.204(4)

Index ranges

-13 ≤ h ≤ 13, -14 ≤ k ≤ 14, -16 ≤ l ≤ 16

b/Å

10.983(5)

Reflections collected

48304

c/Å

11.995(5)

Independent reflections

5801 [Rint = 0.0287, Rsigma = 0.0147]

α/°

105.921(12)

Data/restraints/parameters

5801/0/307

β/°

108.255(14)

Goodness-of-fit on F2

1.023

γ/°

106.854(11)

Final R indexes [I>=2σ (I)]

R1 = 0.0354, wR2 = 0.0897

Volume/Å3

1118.8(8)

Final R indexes [all data]

R1 = 0.0396, wR2 = 0.0930

Z

2

Largest diff. peak/hole / e Å-3

0.44/-0.39

ρcalcg/cm3

1.492
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Figure 31: Crystal structure of 93g.
Table 13: Crystal data and structure refinement for 93g.
Identification code

0694_CG_0m

Empirical formula

C19H11Cl2F3O3S2

μ/mm-1

0.563

Formula weight

479.30

F(000)

968.0

Temperature/K

275

Crystal size/mm3

0.321 × 0.32 × 0.174

Crystal system

monoclinic

Radiation

MoKα (λ = 0.71073)

Space group

P21/n

2Θ range for data collection/°

4.686 to 51.53

a/Å

10.2588(11)

Index ranges

-12 ≤ h ≤ 12, -19 ≤ k ≤ 20, -14 ≤ l ≤ 14

b/Å

16.5398(16)

Reflections collected

13421

c/Å

12.1788(12)

Independent reflections

3904 [Rint = 0.0198, Rsigma = 0.0189]

α/°

90

Data/restraints/parameters

3904/125/335

β/°

95.137(3)

Goodness-of-fit on F2

1.048

γ/°

90

Final R indexes [I>=2σ (I)]

R1 = 0.0511, wR2 = 0.1416

Volume/Å3

2058.2(4)

Final R indexes [all data]

R1 = 0.0638, wR2 = 0.1533

Z

4

Largest diff. peak/hole / e Å-3

0.56/-0.55

ρcalcg/cm3

1.547
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Figure 32: Crystal structure of 93h.
Table 14: Crystal data and structure refinement for 93h.
Identification code

0648_CG_0m

Empirical formula

C19H12F4O3S2

μ/mm-1

0.363

Formula weight

428.41

F(000)

436.0

Temperature/K

99.99

Crystal size/mm3

0.464 × 0.343 × 0.234

Crystal system

triclinic

Radiation

MoKα (λ = 0.71073)

Space group

P-1

2Θ range for data collection/°

4.626 to 63.042

a/Å

9.6579(6)

Index ranges

-14 ≤ h ≤ 14, -15 ≤ k ≤ 15, -15 ≤ l ≤ 15

b/Å

10.4575(7)

Reflections collected

32179

c/Å

10.8774(7)

Independent reflections

5768 [Rint = 0.0197, Rsigma = 0.0159]

α/°

114.983(2)

Data/restraints/parameters

5768/0/253

β/°

95.593(2)

Goodness-of-fit on F2

1.055

γ/°

112.240(2)

Final R indexes [I>=2σ (I)]

R1 = 0.0266, wR2 = 0.0714

Volume/Å3

877.30(10)

Final R indexes [all data]

R1 = 0.0275, wR2 = 0.0720

Z

2

Largest diff. peak/hole / e Å-3

0.53/-0.35

ρcalcg/cm3

1.622
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Figure 33: Crystal structure of 93i.
Table 15: Crystal data and structure refinement for 93i.
Identification code

0679_CG_0m

Empirical formula

C19H12ClF3O3S2

μ/mm-1

0.487

Formula weight

444.86

F(000)

904.0

Temperature/K

99.99

Crystal size/mm3

0.214 × 0.182 × 0.15

Crystal system

monoclinic

Radiation

MoKα (λ = 0.71073)

Space group

P21/c

2Θ range for data collection/°

5.026 to 57.482

a/Å

7.9819(5)

Index ranges

-10 ≤ h ≤ 10, -21 ≤ k ≤ 21, -19 ≤ l ≤ 19

b/Å

16.2116(14)

Reflections collected

78485

c/Å

14.0951(12)

Independent reflections

4728 [Rint = 0.0247, Rsigma = 0.0106]

α/°

90

Data/restraints/parameters

4728/0/263

β/°

92.114(3)

Goodness-of-fit on F2

1.066

γ/°

90

Final R indexes [I>=2σ (I)]

R1 = 0.0320, wR2 = 0.0796

Volume/Å3

1822.7(2)

Final R indexes [all data]

R1 = 0.0324, wR2 = 0.0798

Z

4

Largest diff. peak/hole / e Å-3

0.62/-0.47

ρcalcg/cm3

1.621
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Figure 34: Crystal structure of 93j.
Table 16: Crystal data and structure refinement for 93j.
Identification code

0678_CG_0m

Empirical formula

C19H12BrF3O3S2

μ/mm-1

2.484

Formula weight

489.32

F(000)

976.0

Temperature/K

100.0

Crystal size/mm3

0.345 × 0.285 × 0.158

Crystal system

monoclinic

Radiation

MoKα (λ = 0.71073)

Space group

P21/c

2Θ range for data collection/°

4.962 to 57.44

a/Å

7.9281(7)

Index ranges

-10 ≤ h ≤ 10, -22 ≤ k ≤ 19, -19 ≤ l ≤ 19

b/Å

16.4193(11)

Reflections collected

33231

c/Å

14.2964(11)

Independent reflections

4808 [Rint = 0.0296, Rsigma = 0.0173]

α/°

90

Data/restraints/parameters

4808/0/263

β/°

92.848(3)

Goodness-of-fit on F2

1.067

γ/°

90

Final R indexes [I>=2σ (I)]

R1 = 0.0243, wR2 = 0.0615

Volume/Å3

1858.7(3)

Final R indexes [all data]

R1 = 0.0257, wR2 = 0.0622

Z

4

Largest diff. peak/hole / e Å-3

0.48/-0.52

ρcalcg/cm3

1.749
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Figure 35: Crystal structure of 93k.
Table 17: Crystal data and structure refinement for 93k.
Identification code

P21c

Empirical formula

C25H16F3IO3S2

μ/mm-1

1.638

Formula weight

612.40

F(000)

1208.0

Temperature/K

99.99

Crystal size/mm3

0.466 × 0.278 × 0.026

Crystal system

monoclinic

Radiation

MoKα (λ = 0.71073)

Space group

P21/c

2Θ range for data collection/°

4.374 to 55.774

a/Å

10.413(3)

Index ranges

-13 ≤ h ≤ 13, -40 ≤ k ≤ 39, -8 ≤ l ≤ 9

b/Å

30.980(6)

Reflections collected

26467

c/Å

7.5443(12)

Independent reflections

5380 [Rint = 0.0335, Rsigma = 0.0273]

α/°

90

Data/restraints/parameters

5380/16/344

β/°

110.370(9)

Goodness-of-fit on F2

1.195

γ/°

90

Final R indexes [I>=2σ (I)]

R1 = 0.0363, wR2 = 0.0723

Volume/Å3

2281.6(8)

Final R indexes [all data]

R1 = 0.0428, wR2 = 0.0744

Z

4

Largest diff. peak/hole / e Å-3

0.60/-0.69

ρcalcg/cm3

1.783
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Figure 36: Crystal structure of 93m.
Table 18: Crystal data and structure refinement for 93m.
Identification code

0673_CG_0m

Empirical formula

C17H9Br2F3O3S3

μ/mm-1

4.590

Formula weight

574.24

F(000)

1120.0

Temperature/K

99.99

Crystal size/mm3

0.303 × 0.274 × 0.094

Crystal system

monoclinic

Radiation

MoKα (λ = 0.71073)

Space group

P21/c

2Θ range for data collection/°

4.968 to 57.496

a/Å

8.0920(6)

Index ranges

-10 ≤ h ≤ 10, -22 ≤ k ≤ 22, -19 ≤ l ≤ 19

b/Å

16.3989(12)

Reflections collected

33699

c/Å

14.6855(9)

Independent reflections

4964 [Rint = 0.0271, Rsigma = 0.0169]

α/°

90

Data/restraints/parameters

4964/0/253

β/°

99.567(2)

Goodness-of-fit on F2

1.065

γ/°

90

Final R indexes [I>=2σ (I)]

R1 = 0.0335, wR2 = 0.0888

Volume/Å3

1921.7(2)

Final R indexes [all data]

R1 = 0.0381, wR2 = 0.0914

Z

4

Largest diff. peak/hole / e Å-3

1.42/-0.68

ρcalcg/cm3

1.985
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Figure 37: Crystal structure of 93n.
Table 19: Crystal data and structure refinement for 93n.
Identification code

0670_CG_0m

Empirical formula

C25H15F3O3S3

μ/mm-1

0.397

Formula weight

516.55

F(000)

528.0

Temperature/K

100.0

Crystal size/mm3

0.387 × 0.362 × 0.15

Crystal system

triclinic

Radiation

MoKα (λ = 0.71073)

Space group

P-1

2Θ range for data collection/°

4.704 to 59.286

a/Å

10.1084(12)

Index ranges

-14 ≤ h ≤ 12, -13 ≤ k ≤ 14, -16 ≤ l ≤ 16

b/Å

10.5943(14)

Reflections collected

33990

c/Å

11.9529(16)

Independent reflections

6059 [Rint = 0.0227, Rsigma = 0.0167]

α/°

97.287(4)

Data/restraints/parameters

6059/0/307

β/°

105.247(4)

Goodness-of-fit on F2

1.049

γ/°

114.652(4)

Final R indexes [I>=2σ (I)]

R1 = 0.0293, wR2 = 0.0775

Volume/Å3

1080.8(2)

Final R indexes [all data]

R1 = 0.0316, wR2 = 0.0793

Z

2

Largest diff. peak/hole / e Å-3

0.49/-0.35

ρcalcg/cm3

1.587
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Figure 38: Crystal structure of 93o.
Table 20: Crystal data and structure refinement for 93o.
Identification code

0740_CG_0m

Empirical formula

C23H19F3O6S2

μ/mm-1

0.300

Formula weight

512.50

F(000)

528.0

Temperature/K

100.02

Crystal size/mm3

0.379 × 0.364 × 0.262

Crystal system

triclinic

Radiation

MoKα (λ = 0.71073)

Space group

P-1

2Θ range for data collection/°

4.846 to 61.118

a/Å

9.5978(7)

Index ranges

-13 ≤ h ≤ 13, -14 ≤ k ≤ 14, -19 ≤ l ≤ 19

b/Å

10.4796(6)

Reflections collected

42922

c/Å

13.5535(9)

Independent reflections

6788 [Rint = 0.0209, Rsigma = 0.0157]

α/°

94.409(2)

Data/restraints/parameters

6788/125/382

β/°

107.369(2)

Goodness-of-fit on F2

1.047

γ/°

116.606(2)

Final R indexes [I>=2σ (I)]

R1 = 0.0293, wR2 = 0.0758

Volume/Å3

1127.32(13)

Final R indexes [all data]

R1 = 0.0310, wR2 = 0.0772

Z

2

Largest diff. peak/hole / e Å-3

0.45/-0.30

ρcalcg/cm3

1.510
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Figure 39: Crystal structure of 93p.
Table 21: Crystal data and structure refinement for 93p.
Identification code

0693_CG_0m

Empirical formula

C21H13.04F3O4S2

μ/mm-1

0.318

Formula weight

450.47

F(000)

1840.0

Temperature/K

99.99

Crystal size/mm3

0.326 × 0.222 × 0.199

Crystal system

monoclinic

Radiation

MoKα (λ = 0.71073)

Space group

P21

2Θ range for data collection/°

4.596 to 57.53

a/Å

12.2267(9)

Index ranges

-15 ≤ h ≤ 15, -21 ≤ k ≤ 22, -27 ≤ l ≤ 27

b/Å

16.3311(14)

Reflections collected

52899

c/Å

20.1237(15)

Independent reflections

19900 [Rint = 0.0337, Rsigma = 0.0460]

α/°

90

Data/restraints/parameters

19900/477/1322

β/°

91.262(2)

Goodness-of-fit on F2

1.078

γ/°

90

Final R indexes [I>=2σ (I)]

R1 = 0.0532, wR2 = 0.1426

Volume/Å3

4017.2(5)

Final R indexes [all data]

R1 = 0.0586, wR2 = 0.1489

Z

8

Largest diff. peak/hole / e Å-3

0.85/-0.60

ρcalcg/cm3

1.490
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Figure 40: Crystal structure of 93q.
Table 22: Crystal data and structure refinement for 93q.
Identification code

0724_CG_0m

Empirical formula

C22H19F3O4S2

μ/mm-1

0.305

Formula weight

468.49

F(000)

484.0

Temperature/K

99.99

Crystal size/mm3

0.342 × 0.198 × 0.046

Crystal system

triclinic

Radiation

MoKα (λ = 0.71073)

Space group

P-1

2Θ range for data collection/°

4.628 to 63.04

a/Å

9.1832(5)

Index ranges

-13 ≤ h ≤ 12, -15 ≤ k ≤ 16, -16 ≤ l ≤ 16

b/Å

10.9308(6)

Reflections collected

28570

c/Å

11.0290(7)

Independent reflections

6758 [Rint = 0.0250, Rsigma = 0.0169]

α/°

94.042(2)

Data/restraints/parameters

6758/12/313

β/°

102.968(2)

Goodness-of-fit on F2

1.199

γ/°

99.192(2)

Final R indexes [I>=2σ (I)]

R1 = 0.0459, wR2 = 0.1041

Volume/Å3

1058.47(11)

Final R indexes [all data]

R1 = 0.0483, wR2 = 0.1053

Z

2

Largest diff. peak/hole / e Å-3

0.56/-0.36

ρcalcg/cm3

1.470
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Figure 41: Crystal structure of 93s.
Table 23: Crystal data and structure refinement for 93s.
Identification code

0733_CG_0m

Empirical formula

C28.5ClF2H18O4S3

μ/mm-1

0.455

Formula weight

594.06

F(000)

1216.0

Temperature/K

100.0

Crystal size/mm3

0.491 × 0.324 × 0.062

Crystal system

triclinic

Radiation

MoKα (λ = 0.71073)

Space group

P-1

2Θ range for data collection/°

4.622 to 55.852

a/Å

9.1333(19)

Index ranges

-12 ≤ h ≤ 12, -20 ≤ k ≤ 20, -24 ≤ l ≤ 24

b/Å

15.783(3)

Reflections collected

87633

c/Å

18.385(3)

Independent reflections

11954 [Rint = 0.0379, Rsigma = 0.0248]

α/°

96.424(6)

Data/restraints/parameters

11954/330/776

β/°

103.720(5)

Goodness-of-fit on F2

1.038

γ/°

100.151(5)

Final R indexes [I>=2σ (I)]

R1 = 0.0745, wR2 = 0.2001

Volume/Å3

2501.4(8)

Final R indexes [all data]

R1 = 0.0816, wR2 = 0.2070

Z

4

Largest diff. peak/hole / e Å-3

1.50/-1.30

ρcalcg/cm3

1.577
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Figure 42: Crystal structure of 93u.
Table 24: Crystal data and structure refinement for 93u.
Identification code

0746_CG_0m

Empirical formula

C33H30F6O7S3

μ/mm-1

0.311

Formula weight

748.75

F(000)

1544.0

Temperature/K

99.98

Crystal size/mm3

0.297 × 0.287 × 0.084

Crystal system

orthorhombic

Radiation

MoKα (λ = 0.71073)

Space group

P212121

2Θ range for data collection/°

4.74 to 61.374

a/Å

11.0299(9)

Index ranges

-15 ≤ h ≤ 15, -17 ≤ k ≤ 17, -34 ≤ l ≤ 32

b/Å

12.3359(8)

Reflections collected

100206

c/Å

23.952(2)

Independent reflections

10025 [Rint = 0.0439, Rsigma = 0.0241]

α/°

90

Data/restraints/parameters

10025/0/444

β/°

90

Goodness-of-fit on F2

1.046

γ/°

90

Final R indexes [I>=2σ (I)]

R1 = 0.0347, wR2 = 0.0981

Volume/Å3

3259.0(4)

Final R indexes [all data]

R1 = 0.0358, wR2 = 0.0993

Z

4

Largest diff. peak/hole / e Å-3

0.87/-0.34

ρcalcg/cm3

1.526
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Figure 43: Crystal structure of 93v.
Table 25: Crystal data and structure refinement for 93v.
Identification code

0656_CG_0m

Empirical formula

C66.5H35ClF6O6S4

μ/mm-1

0.311

Formula weight

1207.63

F(000)

2468.0

Temperature/K

100.0

Crystal size/mm3

0.3 × 0.263 × 0.01

Crystal system

monoclinic

Radiation

MoKα (λ = 0.71073)

Space group

P21/n

2Θ range for data collection/°

4.346 to 54.316

a/Å

10.5933(15)

Index ranges

-13 ≤ h ≤ 13, -36 ≤ k ≤ 36, -22 ≤ l ≤ 22

b/Å

28.676(5)

Reflections collected

135087

c/Å

17.430(3)

Independent reflections

11682 [Rint = 0.0317, Rsigma = 0.0156]

α/°

90

Data/restraints/parameters

11682/113/748

β/°

94.731(4)

Goodness-of-fit on F2

2.554

γ/°

90

Final R indexes [I>=2σ (I)]

R1 = 0.1562, wR2 = 0.4878

Volume/Å3

5276.6(15)

Final R indexes [all data]

R1 = 0.1687, wR2 = 0.5117

Z

4

Largest diff. peak/hole / e Å-3

3.21/-2.10

ρcalcg/cm3

1.520
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Figure 44: Crystal structure of 93y.
Table 26: Crystal data and structure refinement for 93y.
Identification code

0669_CG_0m_4

Empirical formula

C26H17Cl2F3O5S3

μ/mm-1

0.557

Formula weight

633.47

F(000)

644.0

Temperature/K

99.99

Crystal size/mm3

0.189 × 0.114 × 0.07

Crystal system

triclinic

Radiation

MoKα (λ = 0.71073)

Space group

P-1

2Θ range for data collection/°

4.438 to 59.206

a/Å

8.0058(3)

Index ranges

? ≤ h ≤ ?, ? ≤ k ≤ ?, ? ≤ l ≤ ?

b/Å

12.2505(6)

Reflections collected

7177

c/Å

13.9237(6)

Independent reflections

7177 [Rint = 0.0, Rsigma = 0.0205]

α/°

89.879(2)

Data/restraints/parameters

7177/0/352

β/°

77.078(2)

Goodness-of-fit on F2

1.069

γ/°

75.190(2)

Final R indexes [I>=2σ (I)]

R1 = 0.0436, wR2 = 0.1298

Volume/Å3

1284.57(10)

Final R indexes [all data]

R1 = 0.0492, wR2 = 0.1332

Z

2

Largest diff. peak/hole / e Å-3

0.88/-1.00

ρcalcg/cm3

1.638
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Figure 45: Crystal structure of 142b.
Table 27: Crystal data and structure refinement for 0974_P21c.
Identification code

0974_P21c

Empirical formula

C27H19F3O5S3

μ/mm-1

0.351

Formula weight

576.60

F(000)

1184.0

Temperature/K

100.0

Crystal size/mm3

0.164 × 0.152 × 0.14

Crystal system

monoclinic

Radiation

MoKα (λ = 0.71073)

Space group

P21/c

2Θ range for data collection/°

4.608 to 57.466

a/Å

15.815(2)

Index ranges

-21 ≤ h ≤ 21, -19 ≤ k ≤ 19, -15 ≤ l ≤ 15

b/Å

14.4185(16)

Reflections collected

121187

c/Å

11.1988(14)

Independent reflections

6605 [Rint = 0.0252, Rsigma = 0.0094]

α/°

90

Data/restraints/parameters

6605/131/419

β/°

92.768(4)

Goodness-of-fit on F2

1.050

γ/°

90

Final R indexes [I>=2σ (I)]

R1 = 0.0304, wR2 = 0.0787

Volume/Å3

2550.7(5)

Final R indexes [all data]

R1 = 0.0335, wR2 = 0.0814

Z

4

Largest diff. peak/hole / e Å-3

0.42/-0.33

ρcalcg/cm3

1.501
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Figure 46: Crystal structure of 142d.
Table 28: Crystal data and structure refinement for 142d.
Identification code

ag_0997_CG_0m

Empirical formula

C21H13ClF3IO3S2

μ/mm-1

1.014

Formula weight

596.78

F(000)

1168.0

Temperature/K

100.0

Crystal size/mm3

0.326 × 0.258 × 0.243

Crystal system

monoclinic

Radiation

AgKα (λ = 0.56086)

Space group

P21/c

2Θ range for data collection/°

4.248 to 55.754

a/Å

7.6018(4)

Index ranges

-12 ≤ h ≤ 12, -28 ≤ k ≤ 28, -26 ≤ l ≤ 26

b/Å

17.2223(6)

Reflections collected

225496

c/Å

16.2066(8)

Independent reflections

10073 [Rint = 0.0347, Rsigma = 0.0115]

α/°

90

Data/restraints/parameters

10073/0/280

β/°

101.823(2)

Goodness-of-fit on F2

1.068

γ/°

90

Final R indexes [I>=2σ (I)]

R1 = 0.0175, wR2 = 0.0406

Volume/Å3

2076.76(17)

Final R indexes [all data]

R1 = 0.0217, wR2 = 0.0424

Z

4

Largest diff. peak/hole / e Å-3

0.84/-0.64

ρcalcg/cm3

1.909
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Figure 47: Crystal structure of 142e.
Table 29: Crystal data and structure refinement for 142e.
Identification code

ag_0998_CG_0m

Empirical formula

C20H13Br3S

μ/mm-1

3.654

Formula weight

525.09

F(000)

1016.0

Temperature/K

100.0

Crystal size/mm3

0.845 × 0.13 × 0.082

Crystal system

monoclinic

Radiation

AgKα (λ = 0.56086)

Space group

P21/c

2Θ range for data collection/°

4.976 to 53.824

a/Å

13.4052(16)

Index ranges

-21 ≤ h ≤ 21, -11 ≤ k ≤ 11, -29 ≤ l ≤ 29

b/Å

7.3752(8)

Reflections collected

205121

c/Å

18.247(2)

Independent reflections

7919 [Rint = 0.0314, Rsigma = 0.0092]

α/°

90

Data/restraints/parameters

7919/0/217

β/°

91.642(4)

Goodness-of-fit on F2

1.069

γ/°

90

Final R indexes [I>=2σ (I)]

R1 = 0.0182, wR2 = 0.0495

Volume/Å3

1803.3(4)

Final R indexes [all data]

R1 = 0.0199, wR2 = 0.0507

Z

4

Largest diff. peak/hole / e Å-3

0.99/-0.26

ρcalcg/cm3

1.934
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Figure 48: Crystal structure of 142f.
Table 30: Crystal data and structure refinement for 142f.
Identification code

mo_1010_CG_0m

Empirical formula

C22H12ClF6IO3S2

μ/mm-1

1.764

Formula weight

664.79

F(000)

648.0

Temperature/K

100.0

Crystal size/mm3

0.333 × 0.197 × 0.052

Crystal system

triclinic

Radiation

MoKα (λ = 0.71073)

Space group

P-1

2Θ range for data collection/°

4.558 to 63.196

a/Å

8.7606(4)

Index ranges

-12 ≤ h ≤ 12, -13 ≤ k ≤ 13, -21 ≤ l ≤ 21

b/Å

9.1079(5)

Reflections collected

102665

c/Å

14.7027(8)

Independent reflections

7675 [Rint = 0.0274, Rsigma = 0.0117]

α/°

85.481(2)

Data/restraints/parameters

7675/10/373

β/°

87.424(2)

Goodness-of-fit on F2

1.084

γ/°

79.608(2)

Final R indexes [I>=2σ (I)]

R1 = 0.0151, wR2 = 0.0395

Volume/Å3

1149.74(10)

Final R indexes [all data]

R1 = 0.0159, wR2 = 0.0400

Z

2

Largest diff. peak/hole / e Å-3

0.45/-0.55

ρcalcg/cm3

1.920
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Figure 49: Crystal structure of 142h.
Table 31: Crystal data and structure refinement for 142h.
Identification code

mo_1005_CG_0m

Empirical formula

C22H12Br2F6O3S2

μ/mm-1

3.833

Formula weight

662.26

F(000)

648.0

Temperature/K

100.0

Crystal size/mm3

0.423 × 0.377 × 0.375

Crystal system

triclinic

Radiation

MoKα (λ = 0.71073)

Space group

P-1

2Θ range for data collection/°

4.618 to 65.464

a/Å

8.7933(5)

Index ranges

-13 ≤ h ≤ 13, -13 ≤ k ≤ 13, -22 ≤ l ≤ 22

b/Å

8.9573(4)

Reflections collected

148044

c/Å

14.6326(8)

Independent reflections

8316 [Rint = 0.0313, Rsigma = 0.0160]

α/°

85.968(2)

Data/restraints/parameters

8316/21/344

β/°

87.299(2)

Goodness-of-fit on F2

1.121

γ/°

80.687(2)

Final R indexes [I>=2σ (I)]

R1 = 0.0250, wR2 = 0.0680

Volume/Å3

1133.77(10)

Final R indexes [all data]

R1 = 0.0254, wR2 = 0.0683

Z

2

Largest diff. peak/hole / e Å-3

0.71/-0.36

ρcalcg/cm3

1.940
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Figure 50: Crystal structure of 151b.
Table 32: Crystal data and structure refinement for 151b.
Identification code

mo_0937_CG_0m

Empirical formula

C24H16O2S3

μ/mm-1

0.413

Formula weight

432.55

F(000)

896.0

Temperature/K

100.0

Crystal size/mm3

0.256 × 0.097 × 0.074

Crystal system

monoclinic

Radiation

MoKα (λ = 0.71073)

Space group

P21/c

2Θ range for data collection/°

4.268 to 57.468

a/Å

14.492(2)

Index ranges

-19 ≤ h ≤ 19, -7 ≤ k ≤ 7, -32 ≤ l ≤ 32

b/Å

5.4785(10)

Reflections collected

46896

c/Å

23.842(4)

Independent reflections

4899 [Rint = 0.0395, Rsigma = 0.0194]

α/°

90

Data/restraints/parameters

4899/0/262

β/°

94.389(5)

Goodness-of-fit on F2

1.036

γ/°

90

Final R indexes [I>=2σ (I)]

R1 = 0.0292, wR2 = 0.0746

Volume/Å3

1887.3(5)

Final R indexes [all data]

R1 = 0.0351, wR2 = 0.0793

Z

4

Largest diff. peak/hole / e Å-3

0.38/-0.40

ρcalcg/cm3

1.522
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Figure 51: Crystal structure of 169c.
Table 33: Crystal data and structure refinement for 168c.
Identification code

mo_0853_CG_0m

Empirical formula

C30H26F3NO3S2

μ/mm-1

0.257

Formula weight

569.64

F(000)

592.0

Temperature/K

100.0

Crystal size/mm3

0.25 × 0.25 × 0.05

Crystal system

triclinic

Radiation

MoKα (λ = 0.71073)

Space group

P-1

2Θ range for data collection/°

4.248 to 61.144

a/Å

10.1103(4)

Index ranges

-14 ≤ h ≤ 14, -17 ≤ k ≤ 17, -18 ≤ l ≤ 18

b/Å

11.9287(4)

Reflections collected

149739

c/Å

12.6966(4)

Independent reflections

8114 [Rint = 0.0265, Rsigma = 0.0099]

α/°

71.0010(10)

Data/restraints/parameters

8114/0/352

β/°

88.3590(10)

Goodness-of-fit on F2

1.040

γ/°

66.8950(10)

Final R indexes [I>=2σ (I)]

R1 = 0.0295, wR2 = 0.0818

Volume/Å3

1323.02(8)

Final R indexes [all data]

R1 = 0.0305, wR2 = 0.0828

Z

2

Largest diff. peak/hole / e Å-3

0.43/-0.47

ρcalcg/cm3

1.430
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Figure 52: Crystal structure of 169d.
Table 34: Crystal data and structure refinement for 169d.
Identification code

0842_CG

Empirical formula

C23H20F3NO4S2

μ/mm-1

0.302

Formula weight

495.52

F(000)

1024.0

Temperature/K

100.0

Crystal size/mm3

0.218 × 0.197 × 0.132

Crystal system

monoclinic

Radiation

MoKα (λ = 0.71073)

Space group

P21/c

2Θ range for data collection/°

3.87 to 61.014

a/Å

15.0938(8)

Index ranges

-21 ≤ h ≤ 21, -21 ≤ k ≤ 21, -14 ≤ l ≤ 13

b/Å

15.2521(7)

Reflections collected

57634

c/Å

9.8081(5)

Independent reflections

6608 [Rint = 0.0211, Rsigma = 0.0128]

α/°

90

Data/restraints/parameters

6608/254/298

β/°

105.476(2)

Goodness-of-fit on F2

1.033

γ/°

90

Final R indexes [I>=2σ (I)]

R1 = 0.0280, wR2 = 0.0747

Volume/Å3

2176.08(19)

Final R indexes [all data]

R1 = 0.0303, wR2 = 0.0766

Z

4

Largest diff. peak/hole / e Å-3

0.48/-0.37

ρcalcg/cm3

1.513
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Figure 53: Crystal structure of 190.
Table 35: Crystal data and structure refinement for 190.
Identification code

0488_CG_0m

Empirical formula

C26Cl2F7H13O3S3

μ/mm-1

0.551

Formula weight

673.44

F(000)

1352.0

Temperature/K

100

Crystal size/mm3

0.278 × 0.113 × 0.059

Crystal system

monoclinic

Radiation

MoKα (λ = 0.71073)

Space group

P21/n

2Θ range for data collection/°

4.308 to 59.192

a/Å

11.326(4)

Index ranges

-15 ≤ h ≤ 15, -22 ≤ k ≤ 22, -18 ≤ l ≤ 20

b/Å

16.571(4)

Reflections collected

51233

c/Å

14.507(5)

Independent reflections

7542 [Rint = 0.0287, Rsigma = 0.0191]

α/°

90

Data/restraints/parameters

7542/10/380

β/°

97.280(16)

Goodness-of-fit on F2

1.053

γ/°

90

Final R indexes [I>=2σ (I)]

R1 = 0.0355, wR2 = 0.0902

Volume/Å3

2700.7(14)

Final R indexes [all data]

R1 = 0.0403, wR2 = 0.0935

Z

4

Largest diff. peak/hole / e Å-3

0.56/-0.40

ρcalcg/cm3

1.656
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