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Introduction

1. Introduction

1.1. Properties and Preparation of Arenediazonium Salts

Arenediazonium salts were discovered as a new class of chemicals in 1858 by
the German chemist Johann Peter Griess.! Over the past 150 years, these
organic salts have significantly shaped the art of organic synthesis and today
still attract great attention for their special properties and reactivities.
Generally, diazonium compounds can be represented by the ionic formula
R—N2* X" (or more accurately in organic solvents by RN:X), where R is a carbon-
based residue (mostly aryl or alkyl) and X is a halide or more often a non-
nucleophilic organic or inorganic anion. Alkyldiazonium salts exhibit low
stability which poses severe limitations onto their isolation and application to
organic synthesis. On the other hand, mesomeric stabilization renders many
arenediazonium salts stable which can be easily handled under ambient
conditions and therefore entertain a rich chemistry of aromatic ipso-
substitution and N-terminal addition reactions (Scheme 1.1). Nevertheless, the
stability of arenediazonium salts is strongly associated with the nature of R and
X. For example, arenediazonium chlorides, which have been heavily used in the
early years of discoveries of new reactions, are highly unstable and can be
explosive above 0 °C. Today, stable crystalline salts with tetrafluoroborate,?
tosylate (stable up to 600 °C),3 and triflimide* counteranions are mostly being
employed.

/\ \ /\ \_
I

Scheme 1.1. Resonance structures of arenediazonium ions and sites of
electrophilic reactivity.
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The process of forming diazonium compounds was termed in the literature
‘diazotation’, ‘diazoniation’, or ‘diazotization’. The most important method of
preparation of arenediazonium salts is the treatment of aromatic amines with
nitrous acid. Usually the nitrous acid is generated in situ from sodium nitrite or
an organic nitrite and a mineral acid HX in aqueous or non-aqueous media

(Scheme 1.2).5
NH;  NaNO, or -BuONO N2X
R » R
HX, solvent

(X =Br, Cl, BF4, Ts, NTf)  crystalline

Scheme 1.2. Preparation of arenediazonium salts.
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Most synthetically used arenediazonium salts bear a tetrafluoroborate anion
due to their high stability and availability. These salts are highly crystalline
compounds that can be stored in the dark at -20 °C for several years without
major decomposition. Still, arenediazonium tetrafluoroborates are often
generated in situ or prior to use from the corresponding aniline and tert-butyl
nitrite (¢tBuONO) in the presence of boron trifluoride etherate, BF3-Et20.6

1.2. Reactions of Arenediazonium Salts

Since the discovery of arenediazonium salts, more than 150 years ago, a
number of synthetically useful reactions have been developed. Their
significance within the arsenal of organic synthesis methods is illustrated by
the fact that many are name reactions and standard textbook knowledge today
(Scheme 1.3).

In 1884, the Swiss chemist Traugott Sandmeyer discovered that
benzenediazonium salts can be converted to halobenzenes with copper(I)
halide. Benzonitrile was obtained when copper(I) cyanide was used.” At the end
of the 19t century, Pschorr developed a method for the preparation of
phenanthrenes from biphenyldiazonium salts under Cu catalysis. The
mechanism of this reaction was proposed to involve the generation of an aryl
radical by single-electron transfer (SET) from the copper(I) salt and subsequent
radical substitution with the pendant aryl substituent.8 In 1924, the American
chemists Gomberg and Bachmann extended Pschorr’s original biaryl synthesis
to an intermolecular coupling.® Another important milestone discovery of new
reaction methodologies based on arenediazonium salts was reported by the
German scientists Balz and Schiemann in 1927. Aromatic fluorides, which were
not accessible from the Sandmeyer reaction, could be obtained by thermal (or
photolytic) decomposition of arenediazonium tetrafluoroborates.1® In 1939,
Hans Meerwein and co-workers reported the substitution of an arenediazonium
salt with an electron-deficient alkene (i.e. a,f-unsaturated carbonyl compound)
in the presence of copper(ll) salts.ll In 1977, the group of Mike P. Doyle
discovered a new method of arenediazonium salt formation with organic
nitrites in the absence of strong aqueous acids.1? The field of metal-catalyzed
cross-coupling reactions of arenediazonium salts as alternatives to aryl halides
has flourished since the first mentioning of palladium-catalyzed C-C- and C-Het
couplings by Kikukawa and Matsuda in 1977.13
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Gomberg- Balz- Meerwein Kikukawa-
Bachmann Schiemann Matsuda

T o™ Yoo S

Griess Sandmeyer Pschorr

1858 1884 1896 1924 1927 1939 1977

Scheme 1.3. Brief history of the chemistry of diazonium salts.14

Moreover, the most widely applied synthesis method with arenediazonium salts
is the azo-coupling. The resultant azo-benzene is the key functional motif of
numerous dyes, pigments, and materials which are produced on large scales.1>
Besides anilines and phenols as nucleophilic coupling partners for such azo-
couplings, acetoacetamides are being applied in commercial processes, as
exemplified by the manufacture of the diarylide pigment ‘Yellow 12°.16

Scheme 1.4. Synthesis of the pigment ‘Yellow 12’.
Sandmeyer-type reactions of arenediazonium salts

Since the discovery of Sandmeyer (Scheme 1.5) numerous variations and
improvements of his reaction have been developed and reported.

NH
2 N2Cl cux X
R — R — R

Scheme 1.5. Sandmeyer reaction.

Since its discovery numerous variations and improvements of the Sandmeyer
reaction have been developed and reported. For instance, a few other metals
(ZnCly, FeClz, CoCl) which are able to catalyze this reaction were proposed.17.18
When just copper metal is used as the initiator, the reaction is called as the
Gattermann reaction.1® There is a hydroxylation method of aromatic diazonium
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compounds known as the Sandmeyer hydroxylation reaction, which is initiated
by copper salts.20

Incorporation of fluoro-containing moieties into molecules is very important
task nowadays. In the last years usage of copper-mediated Sandmeyer-type
methods for such purposes got high attention. Goossen and co-workers
developed a Sandmeyer pentafluoroethylthiolation of aromatic and
heteroaromatic diazonium compounds utilizing catalytic amounts of elemental
copper (Scheme 1.6).21 Aryl boronate esters were provided in the cross-
coupling reaction of arenediazonium salts with bis(pinacolato)diboron utilizing
5 mol% of CuBr.22 Copper(I) oxide as an alternative to toxic CuCN in the
traditional Sandmeyer reaction was found.23 Aromatic nitriles were synthesized
with trimethylsilyl cyanide. Employment of copper catalyst allowed direct
formation P-S and C-S bonds in one reaction from arenediazonium salts.24
Under mild and ligand-free conditions pyrazole derivatives participated in
coupling reactions with arenediazonium compounds in the presence of copper
metal.2> Also Meerwein reaction can be conducted in the presence of a copper
salt.26

o
] SCoFs  Me,NSC,F; Sy RRPOMH_ ©/S\,P’:R'
Cu (10 mol%) Cu(OTf), (20 mol%) R"
g 3
Bpin Bapin, N2BF, R"&/NH N/
R —-€ R S » R
CuBr (5 mol%) Cu(OAc); (20 mol%)
CN TMSCN )\/C' KCl cl
O e g

Cu,0 (40 mol%) CuCl; (1.5 mol%) cl

Scheme 1.6. Sandmeyer-type reactions of arenediazonium salts.
Arenediazonium salts in Palladium-catalyzed reactions

Since the first work on Pd-catalyzed cross-coupling reaction of diazonium salts
for carbon-carbon and carbon-heteroatom bond formation of Kikukawa and
Matsuda in 1977, a lot of research has been done in this field.1* Generating
arenediazonium compounds from anilines and tert-butyl nitrite in the presence
of acetic and chloroacetic acids, arylation of olefins was performed under
palladium catalysis (Scheme 1.7).27 Other research groups continued using in
situ diazotization of anilines for palladium-catalyzed coupling reactions. For
example, Beller carried out olefination of anilines at room temperature
employing ethylene at atmospheric pressure.28 Wang developed Suzuki cross-
coupling of anilines using aryl boronic acids.2? Notable that one equivalent of
acetic acid was enough for diazotization of anilines. Resembling a catalytic
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system reported by Beller allowed Sonogashira coupling of anilines with both
aliphatic and aromatic alkynes.3% In this protocol anilines containing electron-
donating and electron-withdrawing substituents reacted the same. Beller
further expanded his method by adding carbon monoxide (10 bar) and
employing similar conditions for the development of the carbonylative
Sonogashira reaction.3! The low stability of arenediazonium acetate salts (for
example due to heating) occasionally could lead to the decrease of the product
yields. Utilizing tetrafluoroboric acid (HBF4) as alternative can influence acid-
sensitive compounds, especially when excess of the acid is required.
Furthermore, water can be also problematic for water-sensitive substrates
because of hydrolysis, for instance. Therefore, Doyle and Bryker32 reported,
favored in palladium-catalyzed reactions, the anhydrous preparation of
arenediazonium tetrafluoroborates that proceeds through nitrosyl fluoride as a
diazotating reactive intermediate. This anhydrous diazotation procedure
includes using ethereal solvents (THF, Et20) or CH2Clz, alkyl nitrite and boron
trifluoride. Several palladium-catalyzed couplings (Heck, Suzuki, Sonogashira)
proceeded through anhydrous diazotization of anilines were reported.33

A R o xR
R

.

Pd(dba), (5 mol%)

Ar-B(OH), ©/Ar
R
NH;  tBuoNO Pd,dba; (2.5 mol%)
i Ar
AcOH
Ar—

» R
Pd(OAc), (2 mol%)

o \:\

Ar—= CO
Pd(OAc), (2 mol%)

» R
r

/E/

Scheme 1.7. Arenediazonium salts in Palladium-catalyzed reactions.
Reactions of arenediazonium salts mediated by other metals

Reactions of arenediazonium salts in the presence of Pd and Cu are more spread
than with other metals. There are a few examples where such reactions proceed
with transition metals such as Rh, Fe, and Zn (Scheme 1.8).

Aryltriethoxysilanes were prepared from arenediazonium salts in rhodium-
catalyzed silylation.34 Interestingly, arenediazonium tetrafluoroborates gave no
reaction products due to the presence of fluorinated groups which can probably
interfere with silylation process. Therefore, arenediazonium tosylate salts were
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chosen. Tetrafluoroborates, however, were employed for the development of
the related hydrodediazoniation.

With stoichiometric amount of iron(II) chloride symmetrical biaryls were
accessed from arenediazonium tetrafluoroborates.3> Homocoupling of
arenediazonium salts can be carried out without additives and inert conditions
but in carbon tetrachloride as solvent.

Very recently a new zinc-catalyzed borylation method, which does not require
any additional ligands, base or any other additives, was developed.3¢ Moderate
to excellent yields of arylboronates were achieved with Bzpinz. Notably, the
authors also successfully employed aryltriazenes as diazonium salt precursors
in the presence of acid to obtain the same products.

HSi(OEt); ©/Si(0Et)3
» R
[Rh(cod)Cl], (5 mol%)
e
. - O

szinz Bpln
» R
Zn(Cl0Oy,), (5 mol%)

Scheme 1.8. Reactions of arenediazonium salts in the presence of Rh, Fe, and
Zn.

Photoredox reactions of arenediazonium salts

Arenediazonium salts are good electron acceptors as they easily release one of
the best leaving groups (dinitrogen, N2) to generate an aryl radical. In the past,
transition-metal salts have been utilized as reductants. Recently, such electron
transfer processes have been realized in the presence of photoredox catalysts
under irradiation with visible light.37 Arenediazonium salts usually absorb in
the UV range and do not absorb visible light.38 In order to use visible light
several metal complexes and organic dyes were introduced as photoredox
catalysts which absorb light in the visible spectral region. All photocatalytic
reactions of arenediazonium salts can be divided into two groups according to a
photoredox catalyst being used. One of them is [Ru(bpy)z]?* (bpy = 2,2'-
bipyridyl), which contains transition-metal Ru. This catalyst found application
in two reaction types. First type is C-H arylation of (hetero)arenes under
irradiation of a household light bulb (Scheme 1.9).3940.41 These reactions were
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performed at room temperature. As additives Sanford used Pd catalyst,3° Lei
used one equivalent of TFA (trufluoroacetic acid).#! Xiao conducted his coupling
reaction in water.#® Another type is arylation of olefins presented by two
articles from the group of Konig.#243 Reactions were carried out already
employing visible blue light.

In 1984, a french chemist Deronzier reported the photocatalytic Pschorr
reaction utilizing the photoredox catalyst [Ru(bpy)z]?* (bpy = 2,2’-bipyridyl)
under the irradiation of blue light (Scheme 1.10). Tetrafluoroborate salt of the
stilbenediazonium ion was successfully converted into the corresponding
phenanthrene derivative.44

[Ru(bpy);]Cl, (2.5 mol%)

| & e;:

[Ru(bpy)s]Cl, (2.5 mol%
Pd(OAc), (10 mol%)

X
(1] R'
R \/\R. o
R
[Ru(bpy);ICl, (1 mol%) X

X =Ar, CO, OAc

Scheme 1.9. Photoredox reactions of arenediazonium salts with Ru catalyst.

COOH COOH

[Ru(bpy):](BF ),
- (5 mol%)

L L w *
N,BF, R'

Scheme 1.10. Photocatalytic Pschorr reaction.

The second most common photocatalyst is Eosin Y. It is a metal-free
inexpensive catalyst. Three different types of reactions were achieved by means
of Eosin Y (Scheme 1.11). First, it is (hetero)aryl coupling of arenediazonium
tetrafluoroborates in DMSO with 5-membered heterocycles compising O, S, or N
as a heteroatom.#>46 [n case of the protocol of Ranu arenediazonium salts were
generated in situ from tert-butyl nitrite.#¢ Starting from 2015, photocatalytic
carbonylations of arenes utilizing arenediazonium salts began to appear. Liu
and co-workers discovered an efficient route to aromatic ketones from
arenediazonium salts, carbon monoxide, and (hetero)arenes.*” Our group
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reported the synthesis of alkyl benzoates from arenediazonium salts, carbon
monoxide, and different alcohols as both reagent and solvent at room
temperature under irradiation with visible green light.#8 Eosin Y succeeded also
in borylation and thiolation reactions.49:50

Chinese chemists under the supervision of Zhou reported visible-light induced
benzannulation of biaryldiazonium salts with alkynes (Scheme 1.12).51 A
number of different phenanthrenes were obtained with Eosin Y as photoredox
catalyst.

X=0,S, NBoc

eosin Y (1 mol%

R'H, CO
R
eosinY (1 mol%

Y= Bp|n or SMe

eosinY (4 mol%

Scheme 1.11. Photoredox reactions of arenediazonium salts with Eosin Y
catalyst.

@ R €0sin Y (1 mol%) R
light

Scheme 1.12. Benzannulation of biaryldiazonium salts with alkynes.
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1.3. Reactions of Arenediazonium Salts Mediated by Weak Bases

In 1924, unsymmetrical biaryls were prerared by coupling of arenediazonium
salts with arene compounds in alkali mixture.52 This reaction is known as the
Gomberg-Bachmann reaction. The coupling proceeds through formation of aryl
diazotate (Scheme 1.13). The main drawback of the reaction was the yields
which were often not more than 40%.

Scheme 1.13. The synthesis of biaryl compounds in alkali solution.

In 1952, Hey and co-workers showed that aryl radical can originate from the
decomposition of diazoacetate, which was formed from arenediazonium salt
and acetate (Scheme 1.14, top).>3 This diazoacetate is suggested to form via a
four-center 1,3-rearrangament (Scheme 1.14, bottom).>*

ArN=NOCOCH; - Ar + N, + OCOCH,

Ny . NG
Ar—N" "0 —=[ Ar-N¥’0 |~ Ar—N" @

- ¢’

g CHj 0%cH, FcH,

Scheme 1.14. Decomposition and formation of diazoacetate.

In 1965, the group of Riichardt offered a description of the mechanism of the
Gomberg-Bachmann reaction with acetate and hydroxide anions (Scheme
1.15).55 They, however, excluded the generation of free carboxylate radicals.

- AcO —
ArN,* + AcO <= ArN=NOCOCH; —> ArN=N-O + (CH;CO),0

OH
or ArN,* + OH <= ArN=NOH == ArN=N-O

diazo hydroxide diazotate
_ ArN,?
ArN=NO ‘_—'L ArN=NON=NAr
common paths diazo anhydride
ArN=NON=NAr = Ar + N, + ON=NAr

Scheme 1.15. Mechanism of the Gomberg-Bachmann reaction according to
Richardt.
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Later it was shown that also 1 equiv. pyridine can provide a convenient source
of phenyl radicals.’® The mechanism includes homolysis of N-
phenylazopyridinium tetrafluoroborate (Scheme 1.16).

+—
N-‘,+ N=N—N
X . A
T QT
N/ +

N

Scheme 1.16. Mechanism of the interaction between arenediazonium salt and
pyridine.

After several decades, initiation of arenediazonium salts by weak bases got
again much attention. In 2006, Molinaro and co-workers offered a protocol for
the production of a-aryl methyl ketones from arenediazonium salts and
isopropenyl acetates under mild conditions.>? After testing several Cu, Fe, and
Pd catalysts, which gave relatively low yields, weak bases NaOAc and KOAc
demonstrated the most efficient activity. For better solubility of potassium
acetate aqueous acetone solution was used as a solvent mixture. Only 1 equiv.
of KOAc was required (Scheme 1.17). Yields were in the range between 13%
and 76%. Mechanistic studies were unfortunately not presented. Advantages of
this method include employing non-toxic starting materials and applying to the
multi-kg scale preparation of one of the products (almost 5 kg).

OAc

N,BF, %\
Me > R (0]
KOAc (1 equiv.) Me

Acetone : H,0 (2 : 1), r.t.

|=3c\(>/t\NLo2 CO,Me C|\(>\/\L
Me” SO

Me (o] Me o) €
65% 58% 70%

Q

Scheme 1.17. Synthesis of a-aryl methyl ketones with KOAc as a weak base.

In 2012, a group of Heinrich developed a new version of the Gomberg-
Bachmann reaction.58 In this system were afforded 2-aminobiphenyls from aryl
diazotates and anilines under basic conditions of aqueous solution of sodium
hydroxide (Scheme 1.18). The metal-free reaction eliminated ionic side
reactions (such as formation of triazenes and azo compounds). The authors
claimed that for the first time was used the highly radical-stabilizing effect of
the free amino substituent. Aryl diazotates as substrates contained mostly
fluorine or chlorine in para-position of the benzene ring, as polar functional
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groups (such as nitro or cyano) produce more triazenes and azo compounds.
Therefore, it is difficult to say whether the proposed method can be named as
general. Regarding anilines authors tried to change substituents in order to
define group tolerance. It was established that electron-donating groups in
anilines are able to decrease the product yields as it was shown in case of 4-
anisidine (OMe in p-position) and 4-phenetidine (OEt in p-position) when yields
were low. Another disadvantage of the protocol is the possibility of by-product
formation when the attack directs not in ortho-position of anilines. The authors
showed that synthesized 2-aminobiphenyl derivatives are key intermediates for
further preparation of compounds used in crop protection, which are in the
present time can be achieved only making use of transition metal-catalyzed
cross-coupling reactions.
NaOH NH,

N=N-O"Na* H,N R’
1©/ + \©\ 75 - 95 °C
R —_—
2 (F20) O

(10 - 12.5 equiv.)

62% 46% 1%
F

Scheme 1.18. C-H activation of anilines with aryl diazotates.

In the same year, Studer et al. reported the transition-metal-free oxyarylation of
alkenes with arenediazonium salts and TEMPO-Na (Scheme 1.19).5° TEMPO-Na
reacted as a reducing agent and was converted through SET (single electron
transfer) to the TEMPO (2,2,6,6-tetramethylpiperidin-1-yl)-oxyl radical, which
then acted as an oxidant. Interestingly, a,a,a-trifluorotoluene was revealed to
be the best solvent during optimization investigations. Different substituents in
different positions both in arenediazonium tetrafluoroborates and alkenes were
tested and proved to be tolerated with this system. Moreover, steric effects of
the ortho-substituents were insignificant. Gram-scale experiments were
performed. The proposed protocol allowed reactions with styrene derivatives
and, with lower yields, also aliphatic alkenes (such as terminal bromide and
terminal epoxide alkenes). The oxyarylation products were obtained in good to
excellent yields. The proposed radical mechanism was confirmed by two
control experiments.
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2
R r3
2 R4
N,BF, R .
TEMPONa (1.2 . 1
R1©/ . |§/R4 a( eqquR N
PhCF;, r.t., 3 h N
R3
I\ ©/\/© O
OTEMP $
Me O OTEMP OTEMP STEMP
80% 61% 52%, dr=1:1 37%, dr > 98:2

Scheme 1.19. Oxyarylation of alkenes with arenediazonium salts and TEMPO-
Na.

In 2013, Zhu and Xia developed a transition-metal-free carboxyamidation
process.®? The process includes arylation of isocyanides which is initiated by
the base Cs2C03 (Scheme 1.20). It was demonstrated that palladium catalyst
gave very poor yields of arylcarboxyamides. An acetone-water mixture was
found to be the best solvent mixture. Better yields were achieved with
arenediazonium salts bearing electron-withdrawing functional groups,
electron-rich substrates gave lower yields even with increased amount of
isocyanide. Even though it is challenging to afford iodine-containing
carboxyamides by transition-metal catalysis, substrates with iodine
substituents were tolerated in the system. Different isocyanides were tested.
Aryl isocyanide (R% = Ar) was less consistent with this method. Radical trapping
experiments with TEMPO proved the formation of the aryl radical intermediate.
Addition to the isocyanide formed the imidoyl radical, and one-electron
oxidation occurred followed by hydration and tautomerization of the nitrilium
intermediate. However, the authors also assumed the possible coexistence of
an ionic pathway.

(0]
N,BF, Cs,CO3 (1.1 equiv.) R2
R + R2NC acetone/H,0 > R H
0 °C, 20 min
P 2 O
N //
/O)L /©)LH ,, /(D)J\I':lI
CI
72% 64% 57%

Scheme 1.20. Preparation of arylcarboxyamides from arenediazonium salts
and isocyanides mediated by cesium carbonate.
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Similar transformations were conducted by another group of chemists. In their
work arenediazonium salts reacted with isocyanides in the presence of sodium
or potassium carboxylates.®! Again, nitrilium intermediates are formed, which
may further react with water to form amides or with carboxylic acids to form
imides after Mumm rearrangement (Scheme 1.21). Different diazonium salts
and isocyanides were tested. Yields were moderate, but direct formation of
amides from anilines afforded higher yields. Interestingly, in the synthesis of
imides two ways can be exploited. One way is using acetic acid and potassium
carbonate, another one is the direct use of potassium acetate. The direct
method was found to be more satisfying. Authors proposed four different
possible mechanisms, both radical and non-radical. Mechanistic experiments
unfortunately were not presented.

0 (o)

R? N,BF R2CO-H 1
N’ NaOAc 2=74 K,CO; N'R
R H <« R + RINC ——— > R
CH5CN/H,0 CH4CN PR
0° tort,1h 0° tort.,1h
CF; O )
/\/@[ ,tBu N,Cy
“Cco,Et )\ X
Ph MeO (o) Me
MeO 67% 529%
76% 31%

Scheme 1.21. Base-meadiated three-component arylation of isocyanides.

The application of ascorbic acid (vitamin C) as catalytic radical initiator was
demonstrated in C-H arylations of (hetero)arenes.®? Arenediazonium salts were
generated in situ from anilines and reduced to aryl radicals by ascorbic acid.
The aryl radical reacts with a (hetero)arene providing the desired biaryl
products (Scheme 1.22). No acid was used for the diazotization, catalytic
amounts of ascorbic acid were sufficient. Anilines bearing electron-withdrawing
substituents gave better yields. Different heteroarenes were applied, including
benzene. Radical mechanism was proposed on the basis of radical trapping
experiments with TEMPO. The mechanism was postulated to involve formation
of the diazonium salt I (Scheme 1.22, bottom) from aniline sequential anion
exchange with the ascorbate to give II. One-electron reduction affords the aryl
radical III which undergoes homolytic aromatic substitution to give IV. Radical
chain propagation occurs by back-electron transfer with another molecule of
diazonium salt I. The resultant carbocation V undergoes rapid deprotonation
and rearomatization to give the biaryl product.
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R? X\R2

X
\ ﬁRZ or @ X
1
NH; fBUONO R or
R’ > R?
ascorbic acid (10mol%)
CH3CN, r.t. R1 O

70%

initiation

propagation

tBuONO

D Sa——
©\LO)
|
tBuOH // tBuO

Scheme 1.22. Direct C-H arylation of (hetero)arenes with anilines and ascorbic
acid.

In 2015, Heinrich and co-workers developed a new variant of the Meerwein
arylation, the radical carboamination of alkenes with arenediazonium salts
which form aryl radicals in the presence of the weak bases Na2C03, K2COs3, or
KOACc.63 The interesting feature of this system is that two nitrogen atoms of the
arenediazonium salts remain in the final products (Scheme 1.23). Sodium
carbonate gave the highest selectivity and minimal amounts of the pyrazolidone
by-product. Water as a co-solvent was employed. Good yields were observed
only with halogenated substrates. Different functional groups of alkenes were
tolerated (such as alkohols, esters, ketones, phenyl ethers, cyclic acetales, and
azides). Mono-substituted alkenes gave azo compounds with low yields. The
authors assumed that the reaction proceeds through the same intermediates of
the Gomberg-Bachmann reaction. Three different mechanistic pathways were
discussed (Scheme 1.24).
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The arenediazonium salt 1 was stepwise converted through diazohydroxide 2,
diazotate 3, and diazoanhydride 4 to aryl radical 5, nitrogen, and diazenyloxyl
radical 6. Then aryl radical addition to 3-methyl-3-buten-1-ol occurs to give
alkyl radical 7. Further three mechanistic pathways are possible. Alkyl radical 7
may interact with the starting arenediazonium ion forming radical cation 8 and
then azo compound 9 (path A). Paths B and C include formation of a radical 10,
fragmentation of which can proceed through 8 (path B) or can give directly the
final product 9 (path C).

R3 R1
1 N,BF, H\ Na,CO;
R + S R4 ———— >
R2 CH;CN/H,0 R2 N',N
. 50 °C R3
12 equiv. 1
R Ré

Scheme 1.23. Base-induced radical carboamination of alkenes.
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Scheme 1.24. Reaction mechanisms of carboamination.
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In 2016, our group developed metal-free radical thiolations mediated by weak
bases.t* We tested different both strong and weak bases and found that NaOAc
showed the best reactivity. Reactions were performed between arenediazonium
salts and disulfides at room temperature (Scheme 1.25, top). Good reactivity
was shown regardless the nature of a substituent or a disulfide. By using this
system we managed to carry out selenations, tellurations, and radical
cyclization-thiolation under similar conditions. Elemental sulfur was also
compatible with the conditions but with lower yields. We performed some
mechanistic experiments and got reliable evidence that proves high probability
of the postulated mechanism (Scheme 1.25, bottom). The mechanism involves
homolysis of the diazoacetate. It was proved that during the reaction are also
thiyl, acetyloxyl, and dimsyl radicals formed. DFT calculations supported the
presented mechanistic pathway.

N2BF4 IR' )J\ONa SR.
R + S-S —>» R
R DMSO, rt.
/
MeO O,N SMe S ¢ SMe
O X
SCF3 Br
81% 7% 69%
N,BF,
&
lNaOAc

HOA 4/1'3""50
¢ R'SSR'

?
+
S
?"' ] *L v /\» SR.
_st_sR *SR R ©/

Scheme 1.25. Thiolations mediated by very weak bases and postulated
mechanism.
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In the same year, Youn and Lee reported the one-pot synthesis of N,N’-
diarylamidines and N-arylbenzamidazoles from arenediazonium salts, nitriles,
and free anilines.®> Potassium carbonate and acetonitrile were found as the
most effective base and solvent, respectively, to give the amidine products.
Other bases and solvents did not produce amidines at all. Addition of PhI(OAc)>
triggered the oxidative cyclization to give N-arylbenzamidazoles (Scheme 1.26).
The authors investigated very carefully influence of substituents of the starting
reactants. For instance, different substituents of the anilines were well
tolerated, except for anisidine derivatives where decomposition occurred.
Strongly electron-donating substituents, such as OMe, at the ortho- and para-
positions of the diazonium salts did not work well. Among nitriles bulky tert-
alkyl nitriles failed to give products. The authors presented the method of in
situ preparation of the arenediazonium salts. Although some experiments with
TEMPO radical were performed, authors were not sure whether radical or ionic
pathways in the reaction mechanism take place.

1) K,CO;, MeCN N N
N,BF N\ N\
TSN o gul TIPS ’
N + N
2) PhI(OAc),
25°C,2h R

AL - S O
0.9 5 &

M o (1-
B 77% (1:4)

St sl s
O-e s

79% o/ (5-

77% (5:1) Me
Scheme 1.26. Synthesis of N-arylbenzamidazoles from arenediazonium salts in
the presence of a base.

A radical cascade arylation, aryl migration, and desulfonylation of conjugated
alkenes was reported by Pan.t¢ Catalytic amounts of tetrabutylammonium
iodide (TBAI) triggered the formation of aryl radicals from diazonium salts
(Scheme 1.27, top). Different bases were tested, among them phenanthroline
(phen) was the most efficient. Nitromethane was found to be the best solvent.
Aniline bearing strong electron-withdrawing substituent NO; gave decreased
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yield of the product in comparison to other anilines. Steric hindrance slowed
down the reaction, especially at the methacrylamide starting materials. The
authors carried out one experiment with TEMPO (2,2,6,6-tetramethylpiperidin-
1-yI)-oxyl and proposed radical mechanism of their reaction. Generated from
the diazonium salt I (Scheme 1.27, bottom) aryl radical II adds to double carbon
bond to form radical intermediate III. This step is followed by generation of
intermediate IV through 5-ipso-cyclization and amidyl radical V via
desulfonylation. The last radical intermediate abstracts a hydrogen atom to
obtain the final product.

TBAI (10 mol%)

R > NH,
\ t-BUONO (3 equiv.) g Q
) 3 Phen (1 equiv.)
SO, + R > N
<

MeNO,/H,0 110 °C H
RZ -802 R2
W O j
K e KO y
H cl N cl i N cl
g ¢ g
e
55% 61% Br
N Bud®
NH, Ne
BUONO 217or heat )
T» T» + N, + tBuO
H,0 | I, I 0
O _Ph

Ph.
H SO,

T

(o] Ph

Scheme 1.27. Radical cascade reaction of conjugated alkenes.

Very recently a group of Heinrich presented radical arylation reactions via
aryldiazotates.®’ In this work in comparison to the publication in 201258 were
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included pyrroles along with anilines as reactants (Scheme 1.28). Different
conditions for diazotization and diazotate formation were screened.
Interestingly, argon atmosphere was the most efficient. One of the drawbacks is
possible formation of triazenes. Gram-scale reactions were presented.
Computational studies were performed by authors in order to support the
mechanistic insights and to explain narrow substrate scope and low yields.

-—— RI
NaOH

HoN HZN\©\ Q N R
2
N,O \ |
R2 2 q
O R? ©/ ®

H,N cl N N Br.
O £ x O /
O cl IN N
=
cl 60% 31% 4 F 67% 80% %
Y, P c
cl N N
| |
F 58% 51% 38% U_z

Scheme 1.28. Radical arylation via aryldiazotates.
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2. Aim of the Work

Many of the current synthetic approaches to the fusion of C-C and C-X bonds
rely on the use of highly energetic reagents, harsh reaction conditions, or toxic
or noble metal catalysts. While catalytic methods exhibit at the present time
enhanced sustainability, they mostly involve heavy metals in combination with
complex ligands. Therefore, new methods based on more abundant, less toxic,
and cheaper reagents are necessary. However, these milder conditions still have
to assure the generation of reactive species that undergo the desired chemical
transformations. Organic radicals fulfill the requirements of easy accessibility
from simple reagents and high reactivity which is exemplified by the numerous
applications of radical intermediates in industrial and biological processes.

The alternative procedure exploits bases as single-electron transfer reagents
which trigger a radical reaction pathway. Bases can be divided into two groups:
strong bases and weak bases. Strong bases as powerful electron donors play
important roles in various organic transformations. However, they can be
incompatible with starting compounds or used solvents. For instance, some
functional groups are too sensitive to strong bases or nucleophiles. Protic
solvents are able to interact with strong bases. Hence, employment of strong
bases as single-electron donors has also certain limitations.

Fortunately, weak bases do not possess the described above disadvantages and
can trigger radical processes. Weak bases have features, which are significant
for a green chemistry concept. They are inexpensive, environmentally benign,
and easy to handle. Especially inorganic bases caught our attention. They are
easily removed from organic products while organic bases are mostly more
expensive, hazardous, and miscible with organic phases. We want to use weak
inorganic bases for radical aromatic substitution reactions.

As starting materials arenediazonium salts seem to be attractive due to the ease
of preparation from anilines and high electrophilic ability, which comes from
the high stability of dinitrogen. Such high stability promotes the release of
dinitrogen from arenediazonium compound.

The main aim of this work is to develop transition metal-free radical aromatic
substitutions mediated by weak, cheap, and non-toxic inorganic bases. Our goal
is to replace poisonous aryl halides with more reactive arenediazonium salts,
which are known to be beneficial aryl donors. They are easily accessible from
anilines and also can be employed under mild conditions with benign solvents.

We want to perform metal-free thiolations (with disulfides) and
alkoxycarbonylations (with carbon monoxide and alcohols) in order to
synthesize aromatic thioethers and benzoates. These products find many
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applications in the synthetic organic chemistry and as structural motif in
different biologically active compounds. We aim to find the most effective weak
base and best reaction conditions to make synthesis cheaper and greener.
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Chapter 3

- Metal-free Radical Thiolations Mediated by
Very Weak Bases -

weak base !

N.BF
O 2B (o]
|
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©/ )LONa

+ _———
R DMSO, r.t.

Abstract: Aromatic thioethers and analogous heavier chalcogenides were
prepared by reaction of arenediazonium salts with disulfides in the presence of
cheap and weak base NaOAc. The mild and practical reaction conditions
(equimolar reagents, DMSO, r.t., 8 h) tolerate various functional groups (e.g. Br,
Cl, NOz, COzR, OH, SCF3, furans). Mechanistic studies indicate the operation of a
radical aromatic substitution mechanism via aryl, acetyloxyl, thiyl, and dimsyl
radicals.
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D. Koziakov, M. Majek, A. Jacobi von Wangelin, Org. Biomol. Chem. 2016, 14, 11347-11352.
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Michal Majek performed calculations.
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3. Metal-free Radical Thiolations Mediated by Very Weak Bases

3.1. Introduction

Sulfur-substituted aromatics constitute a versatile class of building blocks
which find numerous applications in the synthesis of bioactive compounds,
materials, and fine chemicals (Scheme 3.1).1

NHtBu OH
o OH HO NH, S
N NH
Cl OBn
S O drugs OH
(0]
S dye
g Pprecursors
polymers n R

Scheme 3.1. Selected compounds containing aryl-S entities.

Besides electrophilic aromatic substitutions with concentrated sulfuric acid,
various synthetic procedures have been reported for the construction of aryl-S
bonds from aryl electrophiles and sulfur nucleophiles. The most prominent
methods are transition metal-catalyzed thiolations of aryl halides? and
Sandmeyer-type3 radical substitutions of arenediazonium salts* (Scheme 3.2,
top). The latter procedure can be performed under metal-free basic conditions
but affords only moderate yields and bears significant hazard potential due to
the intermediacy of explosive azosulfides.5> An elegant alternative is the use of
disulfides in radical aromatic substitutions which are initiated by single-
electron transfer (SET) and operate under mild conditions.® Base-free aromatic
thiolations with disulfides were recently realized by organic photoredox-
catalysis.” However, light-mediated processes require the presence of a suitable
photo-sensitizer and irradiation with a powerful light source, operate at low
concentrations over long reaction times, and generally suffer from the
attenuation of light intensity in solution (Lambert-Beer law).

Powerful metal-free electron donors are mostly strong bases® and nucleophiles
which are incompatible with sensitive functional groups and protic solvents.
However, even weak bases and nucleophiles can trigger radical aromatic
substitutions (SrAr) at electrophilic aryl-X if the elimination of X was
irreversible or a facile bond homolysis can occur.?10 Following observations on
mechanistically related photo-redox substitutions,” we directed our attention at
SET-mediated reactions of disulfides with arenediazonium salts.11 Here, we
present an operationally facile protocol which utilizes the cheap,
environmentally benign, and weak base sodium acetate (NaOAc) in radical
aromatic substitutions of arenediazonium salts with disulfides under mild




Metal-free Radical Thiolations Mediated by Very Weak Bases

reaction conditions (Scheme 3.2, bottom).

[cat.], hv or base
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©/ RS—H, base ©/

| —

+ N,

\
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[cat.], hv or base

L.
>

this work: NaOAc (cheap, non-toxic), r.t. |

Scheme 3.2. Thiolation methods of arenediazonium salts.
3.2. Results and Discussion

Simple inorganic bases are attractive due to their low price, low toxicity, and
facile removal from organic products while organic bases are mostly more
expensive, environmentally problematic, and less facile to remove from
organic phases. We studied the model reaction of 4-nitrobenzenediazonium
tetrafluoroborate, containing two m-electrophilic sites, with dimethyldisulfide
(Table 3.1).

Various simple bases were competent in this thiolation protocol. N,N-
Dimethylhydrazine was most active;1?2 however, we refrained from further
studies due to the toxicity and hazard potential as carcinogen, explosive, and
groundwater pollutant.13 Strong bases (e.g. KOtBu, KHMDS, n-BuLi) gave lower
selectivities and many by-products. Polar solvents (acetonitrile, methanol,
dimethylsulfoxide (DMSO)) exhibited high reagents solubility and good yields.
Identical reactions in N,N-dimethylformamide (DMF) underwent competing
hydrodediazotation (25%); in benzene 4-nitrobiphenyl was formed (15%).
Significantly higher selectivities were observed in the absence of air and
moisture. Gratifyingly, no excess of reagents was required. The optimized
conditions (equimolar ArN;BF4, NaOAc, Me;Sz, 0.2 M in DMSO, 18 °C, 8 h)
enabled clean conversion to the arylthioether with minimal formation of
nitrobenzen as reduction by-product (<3%). Similar yields were obtained
when using other simple carboxylates (Scheme 3.3).
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Table 3.1. Selected optimization experiments.@

/©/NZBF4 base, MeS-SMe Osme
O,N conditions O,N

Entry Equiv. Me:S: Base (equiv.) Conditions Yield [%]
1 5 - 0

2 1 n-BusNI (1.5) 66

3 5 KOtBu (5) 65

4 5 NaOAc (5) 85

5 1.5 NaOAc (5) 85

6 1.5 NaOAc (1) 83

7 1.5 NaOAc (0.5) 16h 56

8 1.5 NaOAc (0.2) 16h 29

9 1 KOAc (1) DMSO, r.t, 8 h 80

10 0.5 NaOAc (1) DMSO, r.t, 8 h 42

11 1 NaOAc (1) H,0/THF/AcMe  66/31/73
12 1 NaOAc (1) MeOH/DMF/MeCN 77/62/75
13 1 NaOAc (1) DMSO, r.t, 8 h 85¢ (90)¢ (83)¢

a  Optimized conditions: 4-Nitrobenzenediazonium tetrafluoroborate
(0.6 mmol), NaOAc (0.6 mmol) under Nz, DMSO (3 mL), r.t, 8 h. » GC yields vs.
internal 1-dodecanenitrile ¢ 80% isolated yield. dafter 60 h. ¢ 60°C, 1 h.

1 equiv. 0 |E= H: 78:?
Me: 85%
N,BF JLE SMe
MeS-SMe, DMSO n-C44Hy3: 69%
OaN rt, 6h 0N Bn: 69%
Ph: 65%

Scheme 3.3. Similar activity of various sodium carboxylates.

We then applied the optimized conditions to a series of diversely substituted
arenediazonium salts (Table 3.2).
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Table 3.2 NaOAc-mediated methylthiolation of arenediazonium salts.2

N2BF4  Mes-sSMe, NaOAc xy SMe ~xH
Rl R'_: + R'_:
DMSO, r.t., 8 h Z =

<5%
R’ Yield [%] R’ Yield [%]
4-OMe 89 3-NO: 77
4-Cl 70 2-NO2 80
4-NO2 85 2-Br 69
4-OH 87 2-SMe 73
4-Ph 58 2-COz2Me 71
2,4,6-Cl3 56 1-naphthyl 53

a Conditions: Arenediazonium tetrafluoroborate (0.6 mmol), dimethyl disulfide
(0.6 mmol), NaOAc (0.6 mmol), DMSO (2 mL), 20 °C, 8 h.

The protocol proved to be rather general with regard to substituents at the
arene and the disulfide, respectively. Chloro, bromo, ester, nitro, hydroxy, and
naphthyl moieties within the diazonium salts were tolerated. Alkyl disulfides
afforded slightly higher yields than aryl disulfides (Scheme 3.4).

HopeleoRiicg

51% 54% 81%

Scheme 3.4. Preparation of other unsymmetrical aryl thioethers.

The trifluoromethylsulfanyl moiety, which attracts great interest from
pharmaceutical programs due to their lipophilic properties, could also be
introduced by reaction with commercial bis(trifluoromethyl) disulfide in the
same (Scheme 3.4).14 Sequential radical 5-exo-dig cyclization and thiolation was
observed with 2-(propynyloxy)benzenediazonium tetrafluoroborate to give 3-
thioketal benzofurans (Scheme 3.5).15
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Scheme 3.5 Base-mediated radical cyclization-thiolation.

The attack of the S-centered radical on the newly formed double bond is
facilitated by the stabilization of the resulting benzyl radical. On the other hand,
the corresponding 2-allyloxybenzenediazonium salt failed to undergo a
similarly effective domino reaction but afforded a different thioether skeleton
and many by-products (Scheme 3.5, bottom).

We employed elemental sulfur as alternative thiolation reagents which indeed
led to the formation of symmetrical diaryl sulfides in moderate to good yields
(Scheme 3.6, top). While thiols are easy available, they result in the formation of
explosive azosulfide intermediates and under our conditions gave only
moderate to low yields of the desired thioethers. The direct thiolation with
benzenethiol proceeded with moderate yields in the absence of base. With
ethanethiol, mostly hydrodediazotation was observed (Scheme 3.6, bottom).

N2BF, NaOAc
/@ + [s] ~ AT 4 g Sag AT
MeO DMSO, r.t., 8 h

0.5 equiv. 48% 6%

Elequiv. NaOAc S
> Ar” R + /S\ /R
DMSO, rt., 8 h Ph™ 8

R = Ph, x=0 (x=1): 48% (55%) 16% (11%)
R =Et, x=0 (x=1): 0% (5%) 0% (0%)

Ar-N,BF, + [R}sH

Scheme 3.6 Procedures with alternative sulfur sources (Ar = 4-MeOC¢H4).

Reaction progress analysis documented an immediate onset of reactivity within
less than 10 s, more than 50% conversion within 1 h, and a significantly slower
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turnover after 1-2 h. This behaviour could be a consequence of two competing
reaction mechanisms: a rapid base-induced thiolation and a slow radical chain
propagation.’® The operation of the latter is also supported by experiments
with catalytic amounts of NaOAc (20 mol% and 50 mol%) which afforded 29%
and 56% yield, respectively, after 16 h. Further mechanistic insight has already
been gained by the initial optimization experiments (see Table 3.1). The
stoichiometry of the reaction (equimolar ArN2BF4, R2S;, and NaOAc) indicates a
loss channel of one half of the disulfide molecule which is not electron transfer
in nature (RS —» RS* + e7)16 as such a scenario could operate with catalytic
amounts of base.

We postulate a mechanism that involves homolysis of the initially formed
diazoacetate (Scheme 3.7).

©/N2BF4
R
=

lNaOAc
Ny JOAc
XY SN* X TEMPO
R N R ———> Ar-TEMPO
= 5 =
*OAc

detected by ESI-MS
DMSO
HOAc 4/1 —SSR

(Ar = 4-anisyl)

?
+
S

o

é"' SR’ *L . '4/\» AN SR’
_S{_sR SR R

=

detected by ESI-MS

(R*= Me, Ph)
Scheme 3.7. Postulated weak base-mediated SRAr mechanism.

The resultant aryl and acetyloxyl radicals engage in orthogonal onward
reactions. The former reacts with the disulfide upon release of a thiyl radical
which is trapped by a dimsyl radical derived from H atom transfer (HAT) with
acetyloxyl. The presence of the aryl radical intermediate Ar* was confirmed by
radical trapping with TEMPO (2,2,6,6-tetramethylpiperidin-1-yl)-oxyl in a
standard reaction. The aryl radical intermediate attacks the disulfide in an Su2
fashion by homolysis of the S-S bond in a single step.1” The resulting DMSO-SR
adducts (R = Me, Ph) were detected by ESI-MS (Scheme 3.7, bottom left).7218
The generation of acetic acid as major byproduct was monitored indirectly by
the continuous decrease of the pH value over the course of the reaction (pH 8 =




Metal-free Radical Thiolations Mediated by Very Weak Bases

4, after aqueous quench) despite the buffering effect of the weak acid/base pair
and the solvent. Crossover-experiments with dimethyldisulfide and
diphenyldisulfide resulted in the formation of the mixed methylphenyl disulfide
(MeS-SPh) as byproduct by recombination of free thiyl radicals.

Other mechanistic scenarios could be excluded based on the following
instructive experiments and considerations: i) The operation of the acetate
anion as single-electron transfer reagent!® is discouraged by the lack of any
detectable CO2 formation by head-space MS analyses and gas phase absorptions
into aqueous Ba(OH)2. ii) A direct disulfide-mediated electron transfer was
already disproven in entry 1 of Table 3.1. Consistently, a solution of
arenediazonium salt and NaOAc in DMSO underwent significant
hydrodediazotation after 30 min in the absence of disulfides; deuterium
incorporation from DMSO-ds was also observed (Scheme 3.8, top). iii) Base-
mediated aryl radical formation from arenediazonium salts could in principle
proceed by SET from the diazotate anion;2° on thermodynamic grounds, the
diazotate anion/radical appears to be a reasonable le-redox couple under
weakly basic conditions.2! However, this mechanism requires the operation of a
highly selective H atom transfer (HAT) from a suitable H-donor (DMSO) to the
azotate radicall® but not to the aryl radical intermediate. A DFT-based analysis
excludes such mechanism because the HAT to the aryl radical is
thermodynamically and kinetically highly favoured (Scheme 3.8, bottom).20.22
iv) The operation of a dimsyl anion-mediated Skn1 mechanism can be excluded
by the large pKa difference of acetic acid (~12) and DMSO (~35) in DMSO0.23

DMSO H -
_—
N2BF, 0.5h MeO °
/©/ + NaOAc D
MeO DMSO-d; 65
0.5h MeO

Ph-N,BF, -
(0]
+ — éq.
NaOAc QN

> @ T%» ©/H (b)

AAG(a-b) = 127 kJ mol™" | thermodynamic
& kinetic

AAG*(a-b) =96 kJ mol" pathway !

Scheme 3.8. Experimental and calculated H atom transfer (HAT).
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Under identical conditions, the general protocol was applied to the synthesis of
arylselenoethers and aryltelluroethers (Scheme 3.9).24 Employment of the
diphenyl dichalcogenides afforded very good yields of the methyl 2-
phenylcarboxylate derivatives and moderate yields of nitrobenzene derivatives.
Mechanistic studies on related systems were performed by Pandey and
coworkers which reported the facile SET oxidation of diselenides in the
presence of suitable acceptors and subsequent mesolysis to a phenylselenyl

radical and phenylselenyl cation.6b.25
@X-Ph OZN\O/Se-Ph /©/Te-Ph
CO,Me O,N

X =Se: 82%, X =Te: 97% 55% 47%
Scheme 3.9. Selenations and tellurations under similar conditions.

3.3. Conclusion

We have developed a new metal-free thiolation method for synthesis of
arylsulfides which employs the cheap, weak, and environmentally benign base
sodium acetate. Experimental and theoretical studies indicated the operation of
an initial homolysis of diazoacetates and exclude alternative base-, dimsyl-, and
diazotate-mediated electron transfer mechanisms. Applications to the synthesis
of various functionalized thioethers, selenides, and tellurides demonstrate the
scope of this mild base-mediated protocol. Further applications of similar
activation mechanisms in radical substitution reactions are currently being
investigated.

3.4. Experimental Section
General

Chemicals and Solvents. Commercial chemicals were used as obtained from
Sigma-Aldrich or Fisher. Solvents were used without further purification. DMSO
was dried over molecular sieves (certified <0.005% water content, Sigma-
Aldrich).

Analytical thin-layer chromatography. TLC was performed using aluminium
plates with silica gel and fluorescent indicator (Merck, 60F254). Thin layer
chromatography plates were visualized by exposure to UV light.

Column chromatography. Flash column chromatography with silica gel 60 A
(220-240 mesh) from Acros. Pentane or mixtures thereof with ethyl acetate
were used as eluents. Product yields were determined as isolated by column

chromatography.
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Gas chromatography with mass-selective detector. Agilent 6890N Network GC-
System, mass detector 5975 MS. Column: BPX5 (30m x 0.25 mm x 0.25, from
SGE, carrier gas: Hz. Standard heating procedure: 50°C (2 min), 25°C/min ->
300°C (5 min).

Gas chromatography with FID. Agilent 7820A GC-Systems. Column: HP 5 19091]
413 (30 m x 0.32 mm x 0.25 pm) from Agilent, carrier gas: N2. GC-FID was used
for reaction optimization screening (Calibration with internal standard 1-
dodecanenitrile and analytically pure samples).

NMR. 1H and 13C nuclear magnetic resonance spectra were recorded on a Bruker
Avance 300 (300 MHz 1H; 75 MHz 13C, 282 MHz 19F) and Bruker Avance 400
(400 MHz 1H, 101 MHz 13C) spectrometers. Chemicals shifts are reported in
ppm (8) relative to solvent residual peak as internal reference. Coupling
constants (J) are reported in Hertz (Hz). Following abbreviations are used for
spin multiplicities: s = singlet, d = doublet, t = triplet, q = quartet, m = multiplet,
dd = doublet of doublet, dt = doublet of triplet, dq = doublet of quartet, ddt =
doublet of doublet of triplet.

IR spectroscopy. Infrared spectra were recorded on a Cary 630 FTIR
Spectrometer equipped with an ATR unit. Wavenumbers are indicated in cm-1.
Intensive absorption bands are indicated with ,s“ (strong), medium bands with
,m“ (medium), and weak bands with ,w* (weak).

High resolution mass spectrometry (HRMS). The spectra were recorded by the
Central Analytics Lab at the Department of Chemistry, University of
Regensburg, on a MAT SSQ 710 A from Finnigan.

General procedure for the synthesis of arenediazonium salts

The parent aniline (10 mmol) was dissolved in glacial acetic acid (6 mL) and
32% aqueous tetrafluoroboric acid (1.6 mL) at room temperature. Then, a
solution of tert-butyl nitrite (1.2 mL) in glacial acetic acid (2 mL) was slowly
added at room temperature over 5 min. Diethylether (15 mL) was added, and
the reaction mixture was cooled to -30 °C in order to induce crystallization of
the ionic product. The crystals were filtered off, washed with cold diethylether
(2 x 10 mL) and dried on air to give analytically pure arenediazonium
tetrafluoroborates.

General procedure for base-induced thiolation, selenylation and
telluration

A vial (5 mL) was charged with a magnetic stir bar, the arenediazonium salt (0.5
mmol), disulfide (0.5 mmol) and sodium acetate (0.5 mmol) and capped with a
rubber septum. The vial was purged with N2 (5 min). Dry DMSO (2.5 mL) was
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added. After 8 h of stirring water (5 mL) was added to give an emulsion, which
was extracted with diethylether (3 x 5 mL). The organic phases were washed
with brine (5 mL) and dried over MgS04. The solvent was evaporated in vacuo,
and the residue was purified by flash column chromatography (silica gel) using
pentane/ethyl acetate mixtures (from 100/0 to 100/20) as eluent to obtain
pure product.

4-Methoxyphenylmethylsulfane

/O/SMe
MeO

CsH100S, 154.23 g/mol
Yield 68.5 mg, 0.44 mmol, 89% (isolated)

1H-NMR (300 MHz, CDCls): &y [ppm] = 7.27 (d, ] = 8.9 Hz, 2H), 6.85 (d, ] =
8.9 Hz, 2H), 3.79 (s, 3H), 2.44 (s, 3H).

13C-NMR (75 MHz, CDCl3): 8¢ [ppm] = 158.1, 130.1, 128.7, 114.5, 55.3,
18.0.
LR MS (EI, 70 eV, m/z): 154 [M+]

4-Chlorophenylmethylsulfane

/©/SM9
Cl

C7HCIS, 158.64 g/mol
Yield 55.3 mg, 0.35 mmol, 70% (isolated)

1H-NMR (300 MHz, CDCl3): 8u [ppm] = 7.25 (d, ] = 8.7 Hz, 2H), 7.17 (d, ] =
8.7 Hz, 2H), 2.47 (s, 3H).

13C-NMR (75 MHz, CDCl3): Oc [ppm] = 136.9, 130.8, 128.9, 127.8, 16.0.

LR MS (EI, 70 eV, m/z): 158 [M*]

4-Nitrophenylmethylsulfane

O,N
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C7H7N0.S, 169.20 g/mol

Yield

1H-NMR (400 MHz, CDCl3):

13C-NMR (101 MHz, CDCl3):

LR MS (EI, 70 eV, m/z):

4-Methylthiophenol

67.7 mg, 0.40 mmol, 85% (isolated)

On [ppm] = 8.15 (d, / = 9.0 Hz, 2H), 7.29 (d, ] =
9.0 Hz, 2H), 2.55 (s, 3H).

8c[ppm] = 148.8, 144.8, 125.0, 123.9, 14.8.

169 [M+]

/©/SM9
HO

C7Hg0S, 140.20 g/mol

Yield

1H-NMR (300 MHz, CDCl3):

13C-NMR (75 MHz, CDCl3):

LR MS (EI, 70 eV, m/z):

2-Nitrophenylmethylsulfane

61.0 mg, 0.44 mmol, 87% (isolated)

&u [ppm] = 7.19 (d, J = 8.7 Hz, 2H), 6.79 (d, J =
8.7 Hz, 2H), 2.42 (s, 3H).

8c[ppm] = 154.8, 130.5, 128.0, 116.1, 18.2.

140 [M+]

NO,

C7H7N0,S, 169.20 g/mol

Yield

1H-NMR (300 MHz, CDCl3):

13C-NMR (75 MHz, CDCl3):

LR MS (EI, 70 eV, m/z):

40.8 mg, 0.24 mmol, 80% (isolated)

Su [ppm] = 8.26 (dd, J = 8.3 Hz, ] = 1.2 Hz, 1H),
7.59 (ddd, ] = 8.6 Hz, ] = 7.3 Hz, ] = 1.3 Hz, 1H),
7.37 (d, ] = 8.1 Hz, 1H), 7.26 (ddd, ] = 8.2 Hz, J
= 7.2 Hz, ] = 1.2 Hz, 1H), 2.50 (s, 3H).

Sc [ppm] = 145.4, 139.3, 133.7, 126.2, 125.6,
124.1, 15.9.

169 [M*]
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2-Bromophenylmethylsulfane
SMe
L
C7H7BrS, 203.10 g/mol

Yield 40.1 mg, 0.20 mmol, 66% (isolated)

1H-NMR (300 MHz, CDCl3): Su [ppm] = 7.52 (dd, ] = 7.9 Hz, ] = 1.4 Hz, 1H),
7.30 (ddd, /= 7.9 Hz, ] = 7.4 Hz, ] = 1.3 Hz, 1H),
7.13 (dd, J = 8.0 Hz, ] = 1.5 Hz, 1H), 7.0 (ddd, J
= 7.8 Hz, | = 7.6 Hz, ] = 1.6 Hz, 1H), 2.47 (s,

3H).

13C-NMR (75 MHz, CDCl3): Sc [ppm] = 139.6, 132.6, 127.8, 125.6, 125.3,
121.6, 15.7.

LR MS (EI, 70 eV, m/z): 203 [M*]

1,2-Bis(methylthio)benzene
CL..
SMe

CgH10S2, 170.29 g/mol

Yield 37.2 mg, 0.22 mmol, 73% (isolated)

1H-NMR (300 MHz, CDCl3): Su [ppm] = 7.24-7.13 (m, 4H), 2.48 (s, 6H).

13C-NMR (75 MHz, CDCl3): Sc [ppm] = 137.3 (s), 126.6 (s), 125.8 (s), 16.2
(s).

LR MS (EI, 70 eV, m/z): 170 [M+]

Methyl-2-(methylthio)benzoate

L
COOMe
C9oH1002S, 182.24 g/mol

Yield 64.7 mg, 0.36 mmol, 71% (isolated)
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1H-NMR (300 MHz, CDCl3):

13C-NMR (75 MHz, CDCl3):

LR MS (EI, 70 eV, m/z):

3-nitrophenylmethylsulfane

Su [ppm] = 7.98 (dd, ] = 7.9 Hz, ] = 1.5 Hz, 1H),
7.30 (ddd, J = 8.2 Hz, ] = 7.3 Hz, ] = 1.5 Hz, 1H),
7.25 (d, ] = 8.0 Hz, 1H), 7.14 (ddd, J = 8.0 Hz, J
= 7.8 Hz, ] = 1.1 Hz, 1H), 3.90 (s, 3H), 2.44 (s,
3H).

Sc [ppm] = 166.7, 143.2, 132.4, 131.2, 126.6,
124.2,123.3, 52.0, 15.5.

182 [M+]

SMe

NO,

C7H7NO2S, 169.20 g/mol

Yield

1H-NMR (300 MHz, CDCl3):

13C-NMR (101 MHz, CDCl;):

LR MS (EI, 70 eV, m/z):

36.2 mg, 0.36 mmol, 77% (isolated)

Su [ppm] = 8.04 (t, J = 2.0 Hz, 1H), 7.95 (ddd, ]
= 8.1 Hz, ] = 2.2 Hz, ] = 1.1 Hz, 1H), 7.52 (ddd, J
=7.9Hz J=18HzJ=1.1Hz 1H), 7.43 (¢, ] =
8.0 Hz, 1H), 2.55 (s, 3H).

Sc [ppm] = 141.6, 131.9, 129.4, 120.2, 119.7,
119.0, 15.4.

169 [M*]

[1,1'-Biphenyl]-4-yl(methyl)sulfane

/©/SMG
Ph

C13H12S, 200.30 g/mol

Yield

1H-NMR (300 MHz, CDCl3):

13C-NMR (101 MHz, CDCl3):

35.6 mg, 0.18 mmol, 58% (isolated)

Su [ppm] = 7.60-7.50 (m, 4H), 7.47-7.40 (m,
2H), 7.37-7.30 (m, 3H), 2.53 (s, 3H).

Sc [ppm] = 140.5, 138.0, 137.5, 128.8, 127.5,
127.2,126.9,126.8, 15.9.
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LR MS (EI, 70 eV, m/z): 200 [M*]

l SMe

C11H10S, 174.26 g/mol

Naphthalen-1-ylmethylsulfane

Yield 46.2 mg, 0.27 mmol, 53% (isolated)

1H-NMR (300 MHz, CDCls):  &u [ppm] = 8.30 (d, J = 7.2 Hz, 1H), 7.85 (d, ] =
7.4 Hz, 1H), 7.68 (d, ] = 7.8 Hz, 1H), 7.57-7.51
(m, 2H), 7.57-7.37 (m, 2H), 2.59 (s, 3H).

13C-NMR (75 MHz, CDCl3): 8¢ [ppm] = 135.7, 133.5, 131.5, 128.5, 126.2,
126.1,125.7, 125.6, 124.2, 123.5, 16.1.

LR MS (EI, 70 eV, m/z): 174 [M+]

2,4,6-Trichlorophenylmethylsulfane

Cl

/@ism
cl cl

C7HsCl3S, 227.53 g/mol
Yield 78.3 mg, 0.34 mmol, 55% (isolated)
1H-NMR (300 MHz, CDCl3): Su [ppm] = 7.40 (s, 2H), 2.42 (s, 3H).

13C-NMR (75 MHz, CDCls): 8¢ [ppm] = 141.4 (s), 134.9 (s), 133.3 (s),
128.5 (s), 18.3 (s).

LR MS (EI, 70 eV, m/z): 226 [M*]

HR MS (m/z): found: 22591721 [M+] (calculated:
225.91721)

FT-IR: 794(s), 828(s), 857(s), 1118(m), 1178(m),
1364(s), 1532(s), 1562(m), 2922(w),
3068(w).
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3-(Bis(methylthio)methyl)benzofuran

MeS
SMe

N
of

C11H120S2, 224.34 g/mol

Yield

1H-NMR (400 MHz, CDCl3):

13C-NMR (75 MHz, CDCl3):

LR MS (EI, 70 eV, m/z):

HR MS (m/z):

62.6 mg, 0.28 mmol, 58% (isolated)

Su [ppm] = 7.79 (d, ] = 7.4 Hz, 1H), 7.67 (d, ] =
0.6 Hz, 1H), 7.48 (d, J = 8.0 Hz, 1H), 7.35-7.24
(m, 2H), 5.05 (d, J = 0.9 Hz, 1H), 2.14 (s, 6H).

Sc [ppm] = 155.6, 142.8, 125.9, 124.8, 122.6,
120.7,119.0,111.6, 47.2, 14.2.

224 [M*]

found: 224.03292 [M~] (calculated:
224.03241)

3-(Bis(ethylthio)methyl)benzofuran

EtS
SEt

A\
of

C13H160S2, 252,39 g/mol

Yield

1H-NMR (300 MHz, CDCl3):

13C-NMR (75 MHz, CDCl3):

LR MS (EI, 70 eV, m/z):

HR MS (m/z):

54.3 mg, 0.22 mmol, 56% (isolated)

Su [ppm] = 7.85-7.81 (m, 1H), 7.69 (d, J = 0.5
Hz, 1H), 7.50-7.45 (m, 1H), 7.35-7.23 (m, 2H),
5.18 (d,J = 0.7 Hz, 1H), 2.85-2.45 (m, 4H), 1.26
(t,] = 7.4 Hz, 6H).

Sc [ppm] = 155.7 (s), 142.7 (s), 125.9 (s),
124.7 (s), 122.6 (s), 121.0 (s), 119.8 (s), 111.6
(s), 43.4 (s), 25.7 (s), 14.2 (s).

252 [M*]

found: 252.06298 [M~*] (calculated:
252.06371)
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FT-IR: 742(s), 857(m), 1178(m), 1264(m), 1450(s),
1573(w), 2870(w), 2926(w), 2967 (w).

3-((methylthio)methyl)-2,3-dihydrobenzofuran

SMe
©f§

C10H120S, 180,06 g/mol
Yield 70.2 mg, 0.39 mmol, 20% (isolated)

1H-NMR (400 MHz, CDCl3): 8u [ppm] = 7.26 (d, ] = 7.4 Hz, 1H), 7.16 (¢, ] =
7.5 Hz, 1H), 6.88 (t, J = 7.1 Hz, 1H), 6.81 (d, ] =
8.0 Hz, 1H), 4.66 (t, / = 9.0 Hz, 1H), 4.42 (dd, J
= 9.1 Hz, J = 5.7 Hz, 1H), 3.66 (tt, /] = 9.0 Hz, ] =
4.8 Hz, 1H), 2.78 (q, ] = 7.3 Hz, 1H), 2.77 (q, ] =
7.3 Hz, 1H), 2.15 (s, 3H).

13C-NMR (101 MHz, CDCl3): Sc [ppm] = 160.0 (s), 129.3 (s), 128.7 (s),
124.4 (s), 120.4 (s), 109.7 (s), 76.1 (s), 41.4
(s), 39.2 (s), 15.8 (s).

LR MS (EI, 70 eV, m/z): 180 [M*]

HR MS (m/z): found: 180.06031 [M+] (calculated:
180.06034)

FT-IR: 746(s), 958(m), 1230(s), 1480(s), 1595(m),
2915(w).

(4-Methoxyphenyl)(phenyl)sulfane

MeO

C13H120S, 216.30 g/mol
Yield 32.8 mg, 0.15 mmol, 51% (isolated)

1H-NMR (300 MHz, CDCl3): Su [ppm] = 7.43 (d, ] = 8.8 Hz, 2H), 6.91 (d, ] =
8.9 Hz, 2H), 7.30-7.10 (m, 5H), 3.83 (s, 3H).
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13C-NMR (75 MHz, CDCl3): 8¢ [ppm] = 159.8 (s), 138.6 (s), 135.4 (s),
128.9 (s), 128.1 (s), 125.7 (s), 124.2 (s), 114.9
(s), 55.3 (s).

LR MS (EI, 70 eV, m/z): 216 [M*]

Benzyl(4-methoxyphenyl)sulfane

/©/SCH2Ph
MeO

C14H140S, 230.33 g/mol
Yield 37.4 mg, 0.16 mmol, 54% (isolated)

1H-NMR (300 MHz, CDCl3): Su [ppm] = 7.28-7.16 (m, 2H), 6.83-6.76 (m,
2H), 3.99 (s, 2H), 3.78 (s, 3H).

13C-NMR (75 MHz, CDCl3): 8c [ppm] = 159.2, 138.1, 134.0, 128.8, 128.3,
126.9,126.0, 114.4, 55.3, 41.2.

LR MS (EI, 70 eV, m/z): 230 [M*]

(4-Methoxyphenyl)(trifluoromethyl)sulfane

/©/3CF3
MeO

CsH7F30S, 208.20 g/mol
Yield 84.2 mg, 0.40 mmol, 81% (isolated)

1H-NMR (400 MHz, CDCls):  8u [ppm] = 7.57 (d, J = 8.8 Hz, 2H), 6.93 (d, J =
8.9 Hz, 2H), 3.84 (s, 3H).

13C-NMR (75 MHz, CDCl3): 8¢ [ppm] = 161.9, 138.3, 134.8, 129.6 (q, J =
308.1 Hz), 115.0, 55.4.

19F-NMR (282 MHz, CDCls): 8¢ [ppm] = -44.43.

LR MS (EI, 70 eV, m/z): 208 [M*]
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Benzyl(3-nitrophenyl)sulfane

SCH,Ph

NO,

C13H11NO2S, 245.30 g/mol

Yield

1H-NMR (300 MHz, CDCl5):

13C-NMR (101 MHz, CDCl3):

LR MS (EI, 70 eV, m/z):

Methyl 2-(benzylthio)benzoate

[:::I:SCHzPh
COOMe

19.2 mg, 0.08 mmol, 39% (isolated)

8u [ppm] = 8.13 (t, J = 2.0 Hz, 1H), 7.99 (ddd, J
= 8.2 Hz, ] = 2.2 Hz, ] = 1.1 Hz, 1H), 7.55 (ddd, ]
=7.9Hz ] = 1.7 Hz, ] = 1.0 Hz, 1H), 7.40 (t, ] =
8.0 Hz, 1H), 7.36-7.26 (m, 5H), 4.21 (s, 2H).

Sc [ppm] = 148.4, 139.4, 136.0, 134.6, 129.4,
128.8,128.7, 127.6,123.2, 120.8, 38.3.

245 [M*]

C15H1402S, 258.34 g/mol

Yield

1H-NMR (400 MHz, CDCl3):

13C-NMR (75 MHz, CDCl3):

LR MS (EI, 70 eV, m/z):

(3-Nitrophenyl)(phenyl)selane

11.5 mg, 0.04 mmol, 22% (isolated)

Su [ppm] = 7.96 (dd, ] = 7.8 Hz, ] = 1.4 Hz, 1H),
7.44-7.26 (m, 7H), 7.16 (td, ] = 7.5 Hz, ] = 1.1
Hz, 1H), 4.17 (s, 2H), 3.90 (s, 3H).

Sc [ppm] = 166.9, 141.9, 136.1, 132.4, 131.2,
129.1, 128.6, 127.5, 127.3, 126.0, 124.1, 52.1,
37.3.

258 [M*]

©/SePh

NO,
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C12H9NOSe, 278.17 g/mol

Yield

1H-NMR (300 MHz, CDCl3):

13C-NMR (101 MHz, CDCl3):

LR MS (EI, 70 eV, m/z):

51.6 mg, 0.19 mmol, 55% (isolated)

8u [ppm] = 8.20 (t, J = 1.9 Hz, 1H), 8.05 (ddd, J
= 8.2 Hz, ] = 2.2 Hz, ] = 1.0 Hz, 1H), 7.64 (ddd, J
= 7.7 Hz, ] = 1.6 Hz, ] = 1.1 Hz, 1H), 7.61-7.56
(m, 2H), 7.42-7.35 (m, 4H).

Sc [ppm] = 148.5, 136.9, 134.7, 129.9, 129.8,
128.8,128.3,125.7, 121.5.

278 [M*]

Methyl 2-(phenylselanyl)benzoate

@SePh
COOMe

C14H1202Se, 291.21 g/mol

Yield

1H-NMR (300 MHz, CDCl3):

13C-NMR (75 MHz, CDCl3):

LR MS (EI, 70 eV, m/z):

71.7 mg, 0.25 mmol, 82% (isolated)

ou [ppm] = 8.05 (dd, / = 7.0 Hz, ] = 2.2 Hz, 1H),
7.74-7.68 (m, 2H), 7.50-7.38 (m, 3H), 7.23-
7.12 (m, 2H), 6.93-6.89 (m, 1H), 3.97 (s, 3H).

Sc [ppm] = 167.2, 140.4, 137.5, 132.6, 131.2,
129.7,129.1, 128.9, 128.8, 126.9, 124.7, 52.3.

292 [M*]

Methyl 2-(phenyltellanyl)benzoate

@TePh
COOMe

C14H1202Te, 339.85 g/mol

Yield

1H-NMR (300 MHz, CDCl3):

99.3 mg, 0.29 mmol, 97% (isolated)

Su [ppm] = 8.13-8.08 (m, 1H), 7.98 (dd, ] = 8.0
Hz, ] = 1.3 Hz, 2H), 7.47 (tt, ] = 7.4 Hz, ] = 2.0
Hz, 1H), 7.40-7.33 (m, 2H), 7.24-7.10 (m, 3H),
3.99 (s, 3H).
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13C-NMR (75 MHz, CDCl3): Sc [ppm] = 168.4, 141.7, 133.3, 132.7, 131.4,
129.7,129.2,128.9, 127.1, 125.6, 117.7, 52.7.

LR MS (EI, 70 eV, m/z): 342 [M+]

(4-Nitrophenyl)(phenyl)tellane

/©/TePh
O,N

C12HoNO2Te, 326.81 g/mol
Yield 40.5 mg, 0.12 mmol, 41% (isolated)

1H-NMR (300 MHz, CDCl3): Su [ppm] = 7.99-7.94 (m, 2H), 7.89-7.84 (m,
2H), 7.58 (dt, J = 8.9 Hz, J = 2.1 Hz, 2H), 7.45
(tt, J = 7.4 Hz, | = 1.6 Hz, 1H), 7.37-7.30 (m,
2H).

13C-NMR (75 MHz, CDCl3): Sc [ppm] = 147.1, 140.3, 135.2, 130.1, 129.3,
127.9,123.7, 112.6.

LR MS (EI, 70 eV, m/z): 329 [M*]
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Radical trapping experiment

See standard procedure above but with addition of TEMPO (1 equiv., 0.5 mmol)
after 30 min.

TEMPO o
/@/NzBF‘* PhSSPh /©/ N
MeO NaOAc MeO

DMSO

Calculated mass: 263.18

48
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PhSSPh

+W-0 1
/

/©/NZBF4 NaOAc
MeO DMSO P

n
>

MeSSMe 6
N,BF
2=T4 NaOAc s
[+
MeO DMSO SMe
+ESI| Scan (0.549-0.638 min, 17 Scans) Frag=120.0V kozi106156.d Subtract

4| 125.0087 W

3- 159.9957

2 258.9792
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PON
TEMPO HiC™ N

/@/NZBF‘* PhSSPh
02N NaOAc o
DMSO-d, D,C” N

Subtract [MS: 4.0221-4.0254, MS: 3.7558-3.8423] / kozi108679-Centroid / El+... Bl?ﬁﬁ
x10% 159.1577
3.00 -
% 2.00 —
g -
1 _ T
i \_% /\bm\o )
- 69.0713
1 s10397 1091019 pwt-
e I,,,,_.!....l. o R TR TR R LT AL |

0

175 200 225 250 275

Calculations

Geometries and energies were calculated using Gaussian GO9W.21a DFT
calculations were performed using M06-2X functional,?!b and 6-31+G(d,p) basis
set. Geometry optimizations and single point calculations were done using the
polarized continuum model to account for solvation effects.
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Calculated geometries of the optimized structures and transition states:

solvated complex

T T T OO0 WV I ITOI T I TITTOOOOOO

I T T T OO0 00O 00

-3.75654000
-3.39646500
-2.05530100
-1.14888500
-1.44364500
-2.79071000
-4.79731100
-4.15411900
-1.75810100
1.17871000
-0.66435000
-3.08238300
2.17728200
2.49817800
2.88418200
2.06244100
1.74965700
3.82056300
3.94354000
4.13499500
4.38254600

transition state

-3.72533200
-3.43064800
-2.10633700
-1.12199800
-1.37559600
-2.70606900
-4.75476000
-4.22790500
-1.86363500

0.18409400

-0.35292600
0.99452800
1.37374700
0.35898900

-0.98519200

-1.33851600
-0.63707500
1.75379500
2.41696100
1.62544600
-1.72206400
-2.38372300
1.42647200
2.24910300
1.26552800

-0.08797600

-1.20170500

-0.25402500

-1.18709500
0.58892300

-0.28700900

-0.42086800
0.94387600
1.37761200
0.41427600

-0.94768700

-1.36345200
-0.75179000
1.67184000
2.43632000
0.82706700

-0.17780300
-0.24593100
-0.09357500
0.12264900
0.19797400
0.04167800
-0.29706000
-0.41643200
-0.14347800
1.07466900
0.37143000
0.09150300
0.68214700
0.04000800
1.49923400
-0.29437700
0.70616100
-0.67649400
-1.22722900
-1.29527700
0.25950600

-0.10887600
-0.13590800
-0.01126800
0.13688100
0.16739800
0.04139200
-0.20499000
-0.25369900
-0.02984800
0.27221300
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-0.56247700 -1.65921500 0.28513400
-2.94401200 -2.42309800 0.06108700
1.42657200 1.16914300 0.39646000
1.52862400 2.13947200 -0.09035200
1.63949900 1.16863600 1.46710800
2.30201600 -0.12796500 -0.46626900
1.95360500 -1.41821300 0.27776500
3.97928700 0.30274300 0.05879900
465304400 -0.44349900 -0.36468700
4.22959000 1.29450700 -0.32298700
4.01756700 0.27904000 1.14992200

— T T OO Ww T T O I T

solvated complex

-1.90524600 -1.46853900 1.38567200
-1.74940300 -0.12792600 1.04812700
-1.67297500 0.23012400 -0.30258100
-1.76033000 -0.73671200 -1.30359300
-1.91583700 -2.07630900 -0.95327300
-1.98839400 -2.44488700 0.38919700
-1.96403100 -1.75130100 2.43165000
-1.69198600 0.63241600 1.82137200
-1.70035100 -0.42984300 -2.34294600
-1.98067900 -2.82989900 -1.73113700
-2.11013600 -3.48815600 0.66122600
-1.51623200 1.57213600 -0.76170900
-1.30014400 2.42815400 0.09815600
-1.12911600 3.61977100 0.03557500
0.94576300 1.00043300 1.11986700

T OoOZZITIXT T T T OOOOOON
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T - T O O wvmImIT O

T T T OO0 W IT ITOITOoOZZ2ZIT T IT T TOOOO0OonOon

1.75730500 1.13738100 0.40030200

2.37919900
1.37087400
2.80213300
3.82479800
1.57388200
2.05852900
0.73791900
1.23593200

transtion state

2.69438100
1.69265600
2.00977400
3.31659600
4.31251700
4.00276200
2.45578200
0.67905900
3.53578300
5.32823400
4.77812700
1.06277000
-0.11065600
-0.96336400
-2.07099100
-3.15663900
-3.62860400
-3.71548500
-2.73461800
-4.10830000
-2.14150200
-1.93345400
-1.22537600
-2.92393600

1.98160100

1.28666000
-0.33570400
-0.13098300
-1.48282800
-2.45385300
-1.55768700
-1.11325700

-1.72231000
-0.75783900
0.56433400
0.91988600
-0.05479300
-1.37607900
-2.74865900
-1.02103700
1.95592200
0.21992400
-2.13540000
1.63584300
1.25595000
2.28147500
1.71392400
1.04535300
1.39198200
1.27970400
-0.69740600
-1.36921500
-0.95160500
-2.01746900
-0.37572200
-0.64698700

0.69992300
-0.61155200
0.41109000
-0.70656700
-0.24643800
-0.35424400
0.45428200
-1.21754800

-0.39732800
-0.42283400
-0.09041000
0.24146300
0.26976600
-0.04791400
-0.65728100
-0.70724800
0.47989300
0.53476900
-0.03199200
-0.08595100
-0.08463700
-0.09327900
-0.08586700
-0.14425200
-1.06401800
0.76421300
-0.28393600
-0.34410800
1.40072200
1.50191200
1.54782000
2.09872400
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NMR spectra of selected compounds

1H-NMR (300 MHz, CDCl5)
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1H-NMR (400 MHz, CDCl3)
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1H-NMR (300 MHz, CDCl3)
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1H-NMR (400 MHz, CDCl3)
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Chapter 4

- Metal-free Radical Aromatic Carbonylations
Mediated by Weak Bases -

weak base !

N N,BF, j\
RT = H ONa

Rl_OH CO r.t., 3h

Abstract: We report a new method of metal-free alkoxycarbonylation. This
reaction involves the generation of aryl radicals from arenediazonium salts by
a very weak base (HCO2Na) under mild conditions. Subsequent radical trapping
with carbon monoxide and alcohols gives alkyl benzoates. The conditions
(metal-free, 1 equiv. base, MeCN, r.t., 3 h) tolerate various functional groups (I,
Br, Cl, CF3, SFs, NO2, ester). Mechanistic studies indicate the operation of a
radical aromatic substitution mechanism.
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4. Metal-free Radical Aromatic Carbonylations Mediated by
Weak Bases

4.1. Introduction

Benzoates are key structural motifs of numerous fine chemicals, agrochemicals,
pharmaceuticals, materials, and natural products.! The transition metal-
catalyzed alkoxycarbonylation of aryl electrophiles with carbon monoxide and
alcohols is the most versatile synthesis method for benzoates (Scheme 4.1a).2
On the other hand, related metal-free carbonylations are rare.3 Lei and co-
workers reported a radical tert-butoxycarbonylation of aryl iodides mediated
by KOtBu/phenanthroline (Scheme 4.1b).# This reaction is most likely initated
by single-electron transfer from extended heteroaromatic radical anions that
form upon base-mediated thermal condensation. However, severe limitation
arise from the exclusive production of tert-butyl benzoates, the harsh
conditions, and the little mechanistic insight.> Our group and Xiao et al.
simultaneously developed photoredox-catalyzed alkoxycarbonylations of
arenediazonium salts with wide scope under mild conditions.® We believed that
a robust and versatile method of alkoxycarbonylation would enable the reaction
of easily accessible aryl electrophiles with various primary, secondary, and
tertiary alcohols under mild conditions with the aid of a cheap initiator.
Arenediazonium salts constitute an especially versatile class of aryl
electrophiles that display distinct reactivity from aryl halides, can easily be
prepared from anilines, and undergo ready degradation to aryl radicals in the
presence of reductants and bases.” The formation of aryl radicals from
arenediazonium salts with very weak bases under ambient conditions was
demonstrated in the context of several radical aromatic substitution
reactions.”’>8  The application of arenediazonium salts to radical
alkoxycarbonylations were recently realized in photoredox-catalyzed processes
(Scheme 4.1c).6 We surmised that the sequential combination of both reactivity
concepts, i) the mild generation of aryl radicals from arenediazonium salts and
very weak bases and ii) the facile trapping of aryl radicals with carbon
monoxide and alcohols, would allow for an expedient method of
alkoxycarbonylation of arenes and obviate the need for radical initiators, metal
catalysts, inert conditions, or irradiation equipment (Scheme 4.1d).°

4.2. Results and Discussion

Following earlier work on radical aromatic substitutions,®210 we investigated
the efficacy of weak carboxylates as initiators!! of radical carbonylations. We
aimed at the use of inorganic bases as they are cheap, environmentally benign,
and can be easily removed from the organic products. The initial model reaction
of the white crystalline 4-nitrobenzenediazonium tetrafluoroborate (1) with CO
and tert-butanol cleanly afforded the tert-butyl ester 2 (Table 4.1). It is
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important to note that transition metal-catalyzed alkoxy-carbonylations mostly
fail to deliver tert-butyl esters due to the steric bulk of the alcohol. Co-solvents
were added to assist the dissolution of the arenediazonium salt 1.

(o]
Hal  [pd or Ni] OR
CO,ROH
b) 0
I phen, KOtBu _ OfBu
CO, 140°C
c) (0]
N2X  (eosin Y] N OR
CO,ROH R = prim, sec, tert

green light, r.t.

_________________________________________________________________

a)

no tert-ROH

| nx M this work:
| NaO” H > OR metal-free |
CO, ROH weak base-mediated :
X r.t. R = prim, sec, tert |

_________________________________________________________________

Scheme 4.1. Alkoxycarbonylation of aryl electrophiles.

A survey of inexpensive bases showed highest activity and selectivity with
stoichiometric amounts of sodium formate which resulted in minimal
hydrodediazonation toward 3.1% No reaction was observed in the absence of
base. Importantly, the reaction displayed no sensitivity toward air and
moisture. The optimized conditions involved equimolar sodium formate and 1
(~0.1 M) in a mixture of t-butanol/acetonitrile (10/1) under pressurized CO
(50 bar) for 3 h at room temperature to give tert-butyl 4-nitrobenzoate (2) in
80% yield (entry 1).

Table 4.1. Optimization experiments.@

(0]
N2BF, CO, tBuOH /©)L0t3u .
02N/©/ base, solvent O,N OZN/©
1 2 3
Entry Base Solvent (mL) Equiv. tBuOH Yield 2 /3 [%]
HCO2Na  MeCN (0.4) 100 80/9
2 AcONa MeCN (0.4) 100 71/19
3 BzONa MeCN (0.4) 100 71/ 10
4 K2CO3 MeCN (0.4) 100 71/ 8
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5 HCO;Na  MeCN (0.2) 100 76 /9
HCO;Na  MeCN (3) 1 8/3

7 NaH MeCN (0.4) 100 24 /15
gb HCO;Na  MeCN (0.2) 66 61/17
9b nBuLi MeCN (0.2) 66 22 /18
100 H2NNMe, MeCN (0.2) 66 3/26

11b HCO;Na  AcMe (0.2) 66 58 /18
12b HCO;Na  DMF (0.2) 66 26 / 25
13b HCO;Na  H20 (0.2) 66 18 /20
145 HCO;Na  MeCN (0) 66 40 / 18

@ Conditions: 4-Nitrobenzenediazonium tetrafluoroborate (0.3 mmol), base (0.3
mmol), r.t, CO (50 bar), 12 h, GC yields vs. internal 1-dodecanenitrile; » CO (30
bar).

The optimized conditions were applied to a set of diverse arenediazonium salts
(Table 4.2).

Table 4.2. Carbonylation of arenediazonium salts with tert-butanol.2

1 equiv. HCO,Na ? J<
©/NZBF4 50 bar CO, t-BuOH XY o
R~ RT
G MeCN, 20 °C \F

Aryl Yield [%] Aryl Yield [%]
4-02N-CeH4 75 4-MeO-CeH4 44
4-Br-CeH4 63 3-Br-CeHas 52
4-Cl-CeHa 66 3-Cl-CeH4 60
4-1-CeHs 42 2-MeO-CeHs4 49
4-F3C-CsHa 50 2-F3C-CeH4 54
4-Me-CsHs 61 2-02N-CeH4 <5
4-Me02C-CsHs 56 2-Me02C-CsH4 <5
4-FsS-CeHa 51 1-naphthyl 54

@ Conditions: arenediazonium tetrafluoroborate (0.9 mmol), HCO:Na (0.9
mmol), tBuOH (9 mL), MeCN (1.2 mL), CO (50 bar), r.t,, 3 h.

Halides, esters, CF3, SFs, and naphthyl substituents were tolerated. Especially
the high chemoselectivity in the presence of aryl halide entities under the
reaction conditions is a major advantage over metal-catalyzed protocols. With
2-nitro and 2-carboxymethyl substituents, only very little product formation
was observed. Under similar conditions, methanol, ethanol, and i-propanol
were reacted as simplest representatives of n- and s-alcohols (Scheme 4.2).
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Generally, alkoxycarbonylations of 4 afforded the highest yields with MeOH,
EtOH, and iPrOH while the more electrophilic 1 showed higher reactivity with
tBuOH. Despite the good solubility of arenediazonium salts in these alcohols,
the addition of acetonitrile as co-solvent was shown to lower the rate of the
hydrodediazonation pathway.10b Generally, the yields of ethyl and i-propyl
esters were slightly lower than those of the methyl esters which is a
consequence of the higher propensity of the former to engage in hydrogen atom
transfer reactions.

1 equiv. HCO,Na 0
N2BF, 50 bar CO, R'OH OR'
R > R
@ MeCN, 20 °C
(0] (0] (0]
s AN J\
(0] (0] (0]
R R R~©)k
R = 4-OMe: 67% R = 4-OMe: 56% R = 4-OMe: 52%
4-Br: 56% 4-Br: 43% 4-Br: 38%
4-CO,Me: 51% 4-CO,Me: 37% 4-Cl:  38%
4-SF5: 40% 4-Me: 30% o0 4-Me: 55%
3-Cl: 52% 3-Br: 36%
2-CN: 31% OCD3
2-CO,Me: 21% MeO 56%

Scheme 4.2. Methyl, ethyl, and i-propyl benzoate syntheses.

Likewise, other sec-alcohols gave the benzoates in moderate yields and the
corresponding ketones from competing alcohol oxidation (Scheme 4.3).

1 equiv. (o} )R\1
N,BF HCO,N
/@/ 2bFy 2Na /@)‘\O R2
MeCN
MeO 1((;0’ -eC MeO
4 equiv. o
R'— R'=R2=Ph:  15%

R? R! = Ph, R? = Me: 36%
R'-R? = -(CH,),~: 29%

1 equiv. (o) )R\1
N,BF HCO,N
/O/ 2By 2Na /©)ko R2
CO, MeCN
O,N e O,N
1 10 equiv. o

H
R'—( R1-R? = -(CH,),~ 29%
R2

Scheme 4.3. Alkoxycarbonylations with sec-alcohols.
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For short-chain alcohols, the resultant oxidized by-products are volatile and
therefore require no laborious separation from the benzoates. In the case of
tertiary alcohols, H atom transfer operated exclusively from the a-position of
acetonitrile.

Deuterium labelling in the methoxycarbonylation of 4-methoxybenzene-
diazonium tetrafluoroborate (4) with ds-methanol, sodium d;-formate, and ds-
acetonitrile, respectively, revealed the significant deuterium atom transfer from
the solvent in methoxycarbonylations (Scheme 4.4). This trend was supported
by experiments with d3-MeCN, t-BuCN, and ds-acetone as co-solvents which
enhanced the selectivity of the alkoxycarbonylation.

H H
M H
HCO,Na ¢OzMe
CO, MeOH
> +
MeCN
OMe OMe
67% 15%
N,BF, DCO,Na CO,CD; H
CO, CD,0D
> +
MeCN
OMe OMe OMe
67% 15%
CO, MeOH
> +
CDsCN
OMe OMe
75% 3%

Scheme 4.4. Competing hydrodediazonation by a-H atom transfer.

A methodological extension of the alkoxycarbonylation was realized with
tethered alkenes and alkynes (Scheme 4.5). Reactions of 2-
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allyloxybenzenediazonium tetrafluoroborate afforded 2,3-dihydrobenzofuran-
3-yl acetates by a sequence of aryl radical formation, intramolecular 5-exo ring
closure, and alkoxycarbonylation. The related propargyl derivative cleanly gave
the benzofuran-3-yl acetate after acid-mediated olefin isomerization during
workup.®® The latter reaction constitutes an inexpensive alternative to the
palladium-catalyzed Heck olefination of the same substrate.2

o)
N,BF, HCO3Na
Oi 50 bar CO OR' R'=Me: 40%
o _MeCN, 20 °C, R' = tBu: 22%
HI R'OH o
o)
N,BF, HCO,Na Me0C
50 bar CO | OMe
; — — \
MeCN, 20 °C o [H7] o
\\\ MeOH
52% quant.

Scheme 4.5. Sequential cyclization-alkoxycarbonylation reactions.

Key mechanistic studies were performed that support the notion of a radical
pathway involving intermediate aryl and acyl radicals (Scheme 4.6).

Nucleophilicity ! <I detected by ESI-MS (Ar = 4-MeOPh) |

HCOzNa

&S \‘
Lo _L

HCOzNa

Scheme 4.6. Postulated mechanism of  the formate-mediated
alkoxycarbonylation of arenediazonium salts.

The initiation of the arenediazonium ion degradation to reactive aryl radicals
by very weak bases was already reported earlier.”b8 Nucleophilic attack of the
formate onto the diazonium terminus most likely generates a diazoformate
adduct which decomposes to an aryl radical.® Consistent with this ionic
initiation step, the use of sodium trifluoroacetate instead of sodium formate
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gave identical reactivity with 1, whereas the much less electrophilic 4 was
unreactive with the less nucleophilic NaO2CCF3. With the radical trap 2,2,6,6-
tetramethyl piperidinyloxyl (TEMPO), rapid formation of the aryl and aroyl
adducts was observed under reaction conditions. We postulate that the
employed base affects the acid-base equilibrium of the alcohol toward the more
nucleophilic alkoxide. However, acid-catalysis could enhance the
electrophilicity of the aroyl radical. The direct attack of the alcohol/alkoxide
onto the aroyl radical distinguishes this mechanism from carbonylations of
organo-halides (mostly iodides) which operate via the acyl halide
intermediate.? Both reactivity patterns can most effectively be provided by a
buffered system comprising of a weak base. The potentially good reducing
power of the intermediate aroyl radical and dioxa-substituted benzyl radical
suggests the operation of a radical chain mechanism.!3 Besides the initial aryl
radical formation, the base sodium formate could induce (minor) deprotonation
to give the alcoholate R’0O- and/or the intermediate ketyl-type radical anion. The
consumption of the base was indirectly proven by a steady decrease of the pH
over the course of the reaction (to pH 4 upon completion).

4.3. Conclusion

We have developed a new alkoxycarbonylation protocol that affords alkyl
benzoates from arenediazonium salts, carbon monoxide, and alcohols. This
method provides a wuseful alternative to metal-catalyzed carbonylation
reactions. The competition of hydrogen atom transfer can be reduced by the
choice of alcohols and solvents. The radical reaction mechanism is most likely
initiated by the ionic reaction between the aryl electrophile and sodium formate
under mild conditions. The intermediacy of aryl and aroyl radicals was shown
by radical trapping experiments. Further applications of the concept of weak
base-initiated radical cascade processes to other substrates are actively being
pursued in our laboratories.

4.4. Experimental Section
General

Chemicals and Solvents. Commercial chemicals (298% purity) were used as
obtained from Sigma-Aldrich or Fisher. Solvents (anhydrous, 299%) were used
without further purification. Acetonitrile was stored over molecular sieves
(Sigma-Aldrich). Methanol, ethanol, and iso-propanol were distilled under an
inert atmosphere of nitrogen gas and stored over molecular sieves. Carbon

monoxide (4.7) was used.
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Analytical thin-layer chromatography. TLC was performed using aluminium
plates with silica gel and fluorescent indicator (DC60 F254, Merck). Thin layer
chromatography plates were visualized by exposure to UV light.

Column chromatography. Flash column chromatography with silica gel (60 A,
0.035-0.070 mm) from Acros Organics. Pentane or mixtures thereof with ethyl
acetate were used as eluents. Product yields were determined as isolated by
column chromatography or for optimization and screening purposes by
quantitative GC-FID measurements. 1-Dodecanenitrile was used as internal

standard; the yield was calculated from a linear calibration curve that was set
up from at least five data points of various concentrations of authentic product
material.

Gas chromatography with mass-selective detector. Agilent 6890N Network GC-
System, mass detector 5975 MS. Column: BPX5 (30m x 0.25 mm x 0.25, from
SGE, carrier gas: Hz. Standard heating procedure: 50°C (2 min), 25°C/min ->
300°C (5 min).

Gas chromatography with FID. Agilent 7820A GC-Systems. Column: HP 5 19091]
413 (30 m x 0.32 mm x 0.25 pm) from Agilent, carrier gas: N2. GC-FID was used
for reaction optimization screening (Calibration with internal standard 1-
dodecanenitrile and analytically pure samples).

NMR. 1H, 19F, and 13C nuclear magnetic resonance spectra were recorded on a
Bruker Avance 300 (300 MHz 1H; 75 MHz 13C; 282 MHz 19F) and Bruker Avance
400 (400 MHz 1H, 101 MHz 13C) spectrometers. Chemicals shifts are reported in
ppm (8) relative to solvent residual peak as internal reference. Coupling
constants (J) are reported in Hertz (Hz). Following abbreviations are used for
spin multiplicities: s = singlet, d = doublet, t = triplet, q = quartet, quint =
quintet, sep = septet, m = multiplet, dd = doublet of doublet, dt = doublet of
triplet, td = triplet of doublet, tt = triplet of triplet.

High resolution mass spectrometry (HRMS). The spectra were recorded by the
Central Analytics Lab at the Department of Chemistry, University of
Regensburg, on a MAT SSQ 710 A from Finnigan.

General procedure for the synthesis of arenediazonium salts

The parent aniline (30 mmol) was dissolved in 32% aqueous tetrafluoroboric
acid (12 mL) at room temperature. Afterwards, an aqueous solution of sodium
nitrite (30 mmol) in water (4 mL) was added dropwise at 0 °C over 5 min. The
resulting mixture was stirred for 40 min and the precipitate was collected by
filtration and re-dissolved in minimum amount of acetone. Then, diethyl ether
was added until precipitation of diazonium tetrafluoroborate, which is filtered,
washed several times with diethyl ether and dried.
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General procedure for alkoxycarbonylation

A rolled rim bottle (20 mL) was charged with a magnetic stir bar, the
arenediazonium salt (0.9 mmol), sodium formate (0.9 mmol), acetonitrile (1.2
mL for reactions with t-BuOH, 9 ml for other alcohols), alcohol (9 mL of ¢t-BuOH,
45 mmol of other alcohols) and capped with a snap-on lid. The snap-on lid was
punctured with a needle. The reactor was sealed, placed on a magnetic stirrer,
and slowly filled with CO (50 bar). After 3 h of stirring, water (5 mL) was added
to give an emulsion, which was extracted with ethyl acetate (3 x 5 mL). The
organic phases were washed with brine (5 mL) and dried (MgSO4). The solvent
was evaporated in vacuo; the residue was purified by flash column
chromatography (silica gel) using pentane/ethyl acetate mixtures (from 100/0
to 100/20) as eluent to obtain pure product.

Reactions with tert-butanol

Tert-butyl 4-nitrobenzoate

/©/COOtBu
O,N

C11H13NO4, 223.23 g/mol
Yield 142.9 mg, 0.64 mmol, 71% (isolated)

1H-NMR (300 MHz, CDCl3): Su [ppm] = 8.26 (d, ] = 8.9 Hz, 2H), 8.14 (d, ] =
8.9 Hz, 2H), 1.62 (s, 9H).

13C-NMR (75 MHz, CDCl3): Sc [ppm] = 163.7, 150.2, 137.4, 130.5, 123.3,
82.6, 28.1.
LR MS (EI, 70 eV, m/z): 222.8 [M]

Tert-butyl 4-bromobenzoate

/©/COOtBu
Br

C11H13Br02, 257.13 g/mol
Yield 146.6 mg, 0.57 mmol, 63% (isolated)

1H-NMR (300 MHz, CDCl3): Su [ppm] = 7.84 (d, ] = 8.6 Hz, 2H), 7.54 (d, ] =
8.6 Hz, 2H), 1.58 (s, 9H).
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13C-NMR (75 MHz, CDCl3): Sc [ppm] = 165.0, 131.4, 131.0, 130.8, 127.4,
81.4, 28.1.
LR MS (EI, 70 eV, m/z): 257.9 [M+]

Tert-butyl 4-chlorobenzoate

/©/COOtBu
cl

C11H13Cl02, 212.67 g/mol
Yield 125.5 mg, 0.59 mmol, 66% (isolated)

1H-NMR (400 MHz, CDCl3): Su [ppm] = 7.91 (d, ] = 8.5 Hz, 2H), 7.37 (d, ] =
8.5 Hz, 2H), 1.58 (s, 9H).

13C-NMR (75 MHz, CDCl3): Sc [ppm] = 164.8, 138.7, 130.8, 130.4, 128.4,
81.4, 28.1.
LR MS (EI, 70 eV, m/z): 212.0 [M+]

Tert-butyl 4-methoxybenzoate

/©/COOtBu
MeO

C12H1603, 208.26 g/mol
Yield 83.3 mg, 0.40 mmol, 44% (isolated)

1H-NMR (300 MHz, CDCl3): Su [ppm] = 7.94 (d, ] = 9.0 Hz, 2H), 6.89 (d, ] =
8.9 Hz, 2H), 3.84 (s, 3H), 1.58 (s, 9H).

13C-NMR (75 MHz, CDCl3): Sc [ppm] = 165.6, 162.9, 131.3, 124.4, 113.3,
80.5, 55.3, 28.2.
LR MS (EI, 70 eV, m/z): 208.1 [M*]

Tert-butyl 4-(trifluoromethyl)benzoate

/©/COOtBU
F5;C

C12H13F302, 246.23 g/mol
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Yield 110.8 mg, 0.45 mmol, 50% (isolated)

1H-NMR (400 MHz, CDCl3): Su [ppm] = 8.09 (d, J = 8.1 Hz, 2H), 7.67 (d, ] =
8.2 Hz, 2H), 1.61 (s, 9H).

13C-NMR (101 MHz, CDCl3): 8¢ [ppm] = 164.5, 135.2, 133.9 (q, J = 32.5 Hz),
129.8,125.2 (q, ] = 3.8 Hz), 122.4, 81.9, 28.1

LR MS (EI, 70 eV, m/z): 246.0 [M+]

Tert-butyl 4-iodobenzoate

/©/COOtBu
I

C11H13102, 304.13 g/mol
Yield 115.6 mg, 0.38 mmol, 42% (isolated)

1H-NMR (400 MHz, CDCl3): Su [ppm] = 7.77 (d, ] = 8.6 Hz, 2H), 7.68 (d, ] =
8.6 Hz, 2H), 1.58 (s, 9H).

13C-NMR (101 MHz, CDCls): 8¢ [ppm] = 165.2, 137.5, 131.5, 130.9, 100.0,

81.5, 28.1.
LR MS (EI, 70 eV, m/z): 304.0 [M+]
Tert-butyl 1-naphthoate
COO¢Bu

C15H1602, 228.29 g/mol
Yield 111.9 mg, 0.49 mmol, 54% (isolated)

1H-NMR (400 MHz, CDCl3): & [ppm] = 8.88 (d, / = 8.7 Hz, 1H), 8.10 (dd, J =
7.2 Hz, ] = 1.2 Hz, 1H), 7.98 (d, ] = 8.2 Hz, 1H),
7.88 (d,] = 8.1 Hz, 1H), 7.64-7.58 (m, 1H), 7.51
(quint, J = 7.7 Hz, 2H), 1.70 (s, 9H).

13C-NMR (75 MHz, CDCl3): Sc [ppm] = 167.1, 133.8, 132.6, 131.2, 129.6,
129.2, 128.4, 127.4, 126.0, 125.8, 124.5, 81.5,
28.3.
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LR MS (EI, 70 eV, m/z): 228.1 [M+]

Tert-butyl 4-methylbenzoate

/©/COOtBu
Me

C12H1602, 192.26 g/mol
Yield 105.7 mg, 0.55 mmol, 61% (isolated)

1H-NMR (400 MHz, CDCl3): Su [ppm] = 7.87 (d, ] = 8.2 Hz, 2H), 7.21 (d, ] =
8.0 Hz, 2H), 2.40 (s, 3H), 1.59 (s, 9H).

13C-NMR (101 MHz, CDClz): ¢ [ppm] = 165.9, 142.9, 129.4, 129.3, 128.9,
80.7, 28.2, 21.6.

LR MS (EI, 70 eV, m/z): 192.1 [M*]

Tert-butyl 4-(pentafluoro-A¢-sulfanyl)benzoate

/©/COOtBu
FsS

C11H13F50:2S, 304.28 g/mol
Yield 140.0 mg, 0.46 mmol, 51% (isolated)

1H-NMR (300 MHz, CDCl3): Su [ppm] = 8.06 (d, ] = 8.7 Hz, 2H), 7.79 (d, ] =
8.9 Hz, 2H), 1.60 (s, 9H).

13C-NMR (75 MHz, CDCl3): Sc [ppm] = 163.9, 156.5 (quint, J = 17.6 Hz),
134.8, 129.8, 125.9 (quint, J = 4.7 Hz), 82.2,
28.0.

19F-NMR (282 MHz, CDCl3):  &r [ppm] = 82.7, (quint, J = 150.0 Hz, 1F), 61.9
(d,] = 150.0 Hz, 4F).

LR MS (EI, 70 eV, m/z): 304.1 [M*]
HR MS (CI, m/z): found:  305.06080 [MH+] (calculated:
305.06292)
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Tert-butyl methyl terephthalate

/©/COOtBu
MeOOC

C13H1604, 236.27 g/mol

Yield 118.1 mg, 0.50 mmol, 56% (isolated)

1H-NMR (300 MHz, CDCl3): Su [ppm] = 8.08-7.99 (m, 4H), 3.92 (s, 3H),
1.58 (s, 9H).

13C-NMR (75 MHz, CDCl3): Sc [ppm] = 166.3, 164.8, 135.7, 133.3, 129.31,

129.29, 81.6, 52.3, 28.0.

LR MS (EI, 70 eV, m/z): 236.0 [M*]

Tert-butyl 2-methoxybenzoate
COOtBu
©:0Me
C12H1603, 208.26 g/mol

Yield 91.6 mg, 0.44 mmol, 49% (isolated)

1H-NMR (300 MHz, CDCl3): Su [ppm] = 7.72 (dd, ] = 7.9 Hz, ] = 1.8 Hz, 1H),
7.41 (td, ] = 7.9 Hz, J = 1.8 Hz, 1H), 6.94 (quint,
J = 3.6 Hz, 2H), 3.87 (s, 3H), 1.57 (s, 9H).

13C-NMR (75 MHz, CDCl3): 8c [ppm] = 165.3, 159.0, 132.8, 131.3, 121.7,
119.9,111.9, 80.8, 55.8, 28.2.

LR MS (EI, 70 eV, m/z): 208.1 [M+]

Tert-butyl 2-(trifluoromethyl)benzoate

@COOtBu
CF,

C12H13F302, 246.23 g/mol

Yield 101.0 mg, 0.41 mmol, 45% (isolated)
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1H-NMR (300 MHz, CDCl3):

13C-NMR (75 MHz, CDCl3):

19F-NMR (282 MHz, CDCl3):
LR MS (EI 70 eV, m/z):

HR MS (CI, m/z):

Tert-butyl 3-chlorobenzoate

Su [ppm] = 7.74-7.68 (m, 2H), 7.62-7.50 (m,
2H), 1.59 (s, 9H).

8c [ppm] = 166.3, 133.2 (d, J = 2.1 Hz), 131.6,
130.5, 129.9, 128.1 (q, / = 32.1 Hz), 126.4 (q, J
= 5.2 Hz), 123.5 (q, J = 273.3 Hz), 82.9, 27.8.

Or [ppm] = -59.4.
246.2 [M*]

found: 247.09515 [MH*] (calculated:
247.09404)

CI\©/COOtBu

C11H13Cl02, 212.67 g/mol

Yield

1H-NMR (300 MHz, CDCl3):

13C-NMR (75 MHz, CDCl3):

LR MS (EI, 70 eV, m/z):

Tert-butyl 3-bromobenzoate

114.8 mg, 0.54 mmol, 60% (isolated)

Su [ppm] = 7.94 (t, ] = 1.8 Hz, 1H), 7.86 (dt, ] =
7.7 Hz, ] = 1.3 Hz, 1H), 7.48 (dd, J = 8.0 Hz, ] =
1.1 Hz, 1H), 7.34 (t, J = 7.9 Hz, 1H), 1.59 (s,
9H).

Sc [ppm] = 164.4, 134.2, 133.7, 132.4, 129.4,
127.5,81.6, 28.1.

212.0 [M+]

Br- : .COOtBu

C11H13Br02, 257.13 g/mol

Yield

1H-NMR (300 MHz, CDCl3):

120.9 mg, 0.47 mmol, 52% (isolated)

Su [ppm] = 8.10 (t, J = 1.8 Hz, 1H), 7.91 (dt, ] =
7.8 Hz, | = 1.3 Hz, 1H), 7.64 (dd, / = 8.0 Hz, ] =
1.1 Hz, 1H), 7.28 (t, / = 7.9 Hz, 1H), 1.59 (s,
9H).



Metal-free Radical Aromatic Carbonylations Mediated by Weak Bases

13C-NMR (75 MHz, CDCl3): Sc [ppm] = 164.3, 135.3, 133.9, 132.4, 129.7,
128.0,122.2, 81.7, 28.1.

LR MS (EI, 70 eV, m/z): 258.0 [M*]

Tert-butyl 2-(2,3-dihydrobenzofuran-3-yl)acetate

COOtBu

(o)
C14H1803, 234.30 g/mol
Yield 46.9 mg, 0.20 mmol, 22% (isolated)

1H-NMR (400 MHz, CDCl3): Su [ppm] = 7.14 (q, ] = 7.6 Hz, 2H), 6.86 (td, ] =
7.4 Hz, ] = 0.8 Hz, 1H), 6.80 (d, J = 8.0 Hz, 1H),
4.74 (t, ] = 9.1 Hz, 1H), 4.26 (dd, J = 9.8 Hz, ] =
6.6 Hz, 1H), 3.89 - 3.79 (m, 1H), 2.71 (dd, J =
16.2 Hz, ] = 5.3 Hz, 1H), 2.51 (dd, ] = 16.2 Hz, |
= 9.3 Hz), 1.46 (s, 9H).

13C-NMR (101 MHz, CDCls):  &¢ [ppm] = 171.1, 159.8, 129.3, 128.5, 124.2,
120.5,109.6, 81.0, 76.7, 40.7, 38.4, 28.1.

LR MS (EI, 70 eV, m/z): 234.1 [M¥]
HR MS (EI, m/z): found: 234.12516 [M+] (calculated:
234.12505)

Reactions with other alcohols

Methyl 4-methoxybenzoate

/©/COOMe
MeO

C9oH1003, 166.18 g/mol
Yield 96.4 mg, 0.58 mmol, 64% (isolated)

1H-NMR (300 MHz, CDCl3): 8u [ppm] = 7.98 (d, J = 9.0 Hz, 2H), 6.90 (d, ] =
8.9 Hz, 2H), 3.87 (s, 3H), 3.83 (s, 3H).

13C-NMR (75 MHz, CDCl3): Sc [ppm] = 166.8, 163.2, 131.5, 122.5, 113.5,
55.3, 51.8.




Metal-free Radical Aromatic Carbonylations Mediated by Weak Bases

LR MS (EI, 70 eV, m/z):

Ethyl 4-methoxybenzoate

166.1 [M*]

/©/CO0Et
MeO

C10H1203, 180.20 g/mol

Yield

1H-NMR (300 MHz, CDCl5):

13C-NMR (75 MHz, CDCl3):

LR MS (EI, 70 eV, m/z):

Isopropyl 4-methoxybenzoate

90.1 mg, 0.50 mmol, 56% (isolated)

8u [ppm] = 7.99 (d, J = 9.0 Hz, 2H), 6.90 (d, ] =
9.0 Hz, 2H), 4.33 (q, / = 7.1 Hz, 2H) 3.84 (s,
3H), 1.37 (t, ] = 7.1 Hz, 3H).

Sc [ppm] = 166.3, 163.2, 131.5, 122.8, 113.5,
60.6, 55.3 14.3.

180.1 [M*]

/©/COOiPr
MeO

C11H1403, 194.23 g/mol

Yield

1H-NMR (300 MHz, CDCl3):

13C-NMR (75 MHz, CDCl3):

LR MS (EI, 70 eV, m/z):

Methyl 4-bromobenzoate

91.3 mg, 0.47 mmol, 52% (isolated)

Su [ppm] = 7.98 (d, ] = 8.9 Hz, 2H), 6.90 (d, ] =
8.9 Hz, 2H), 5.22 (sep, J = 6.3 Hz, 1H) 3.84 (s,
3H), 1.34 (d, ] = 6.3 Hz, 6H).

Sc [ppm] = 165.8, 163.1, 131.4, 123.3, 113.4,
67.9,55.3 21.9.

194.1 [M*]

/©/CO0Me
Br

CsH7Br02, 215.05 g/mol




Metal-free Radical Aromatic Carbonylations Mediated by Weak Bases

Yield 107.5 mg, 0.50 mmol, 56% (isolated)

1H-NMR (300 MHz, CDCl3): Su [ppm] = 7.87 (d, ] = 8.6 Hz, 2H), 7.55 (d, ] =
8.6 Hz, 2H), 3.89 (s, 3H).

13C-NMR (75 MHz, CDCl3): Sc [ppm] = 166.3, 131.6, 131.0, 128.9, 128.0,
52.2.
LR MS (EI, 70 eV, m/z): 214.0 [M+]

Ethyl 4-bromobenzoate

/©/000Et
Br

CoH9BrO3z, 229.07 g/mol
Yield 107.5 mg, 0.50 mmol, 56% (isolated)

1H-NMR (300 MHz, CDCl3): Su [ppm] = 7.89 (d, ] = 8.6 Hz, 2H), 7.56 (d, ] =
8.6 Hz, 2H), 4.36 (q, J = 7.1 Hz, 2H), 1.38 (t, ] =

7.1 Hz, 3H).

13C-NMR (75 MHz, CDCl3): Sc [ppm] = 165.8, 131.6, 131.0, 129.3, 127.8,
61.2, 14.2.

LR MS (EI 70 eV, m/z): 230.0 [M+]

Isopropyl 4-bromobenzoate

/©/COOiPr
Br

C10H11Br0O2, 243.10 g/mol

Yield 82.7 mg, 0.34 mmol, 38% (isolated)

1H-NMR (300 MHz, CDCl3): S [ppm] = 7.89 (d, ] = 8.6 Hz, 2H), 7.57 (d, ] =
8.6 Hz, 2H), 5.24 (sep, ] = 6.3 Hz, 1H), 1.36 (d, J
= 6.3 Hz, 6H).

13C-NMR (75 MHz, CDCl3): Sc [ppm] = 165.4, 131.6, 131.0, 129.8, 127.7,
68.7, 21.9.

LR MS (EI, 70 eV, m/z): 241.9 [M*]
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Dimethyl benzene-1,4-dicarboxylate

/©/COOMG
MeOOC

C10H1004, 194.19 g/mol
Yield 89.3 mg, 0.46 mmol, 51% (isolated)
1H-NMR (300 MHz, CDCl3): Su [ppm] = 8.06 (s, 4H), 3.91 (s, 6H).
13C-NMR (75 MHz, CDCl3): Sc [ppm] = 166.1, 133.8, 129.4, 52.3.

LR MS (EI, 70 eV, m/z): 194.0 [M*]

Ethyl 4-methylbenzoate

/©/CO0Et
Me

C10H1202, 164.20 g/mol

Yield 44.3 mg, 0.27 mmol, 30% (isolated)

1H-NMR (300 MHz, CDCl3): Su [ppm] = 7.94 (d, ] = 8.2 Hz, 2H), 7.23 (d, ] =
8.0 Hz, 2H), 4.36 (q, / = 7.1 Hz, 2H), 2.40 (s,

3H), 1.38 (t, ] = 7.1 Hz, 3H).

13C-NMR (75 MHz, CDCl3): Sc [ppm] = 166.7, 143.4, 129.5, 129.0, 127.7,
60.7, 21.6, 14.3.
LR MS (EI, 70 eV, m/z): 164.0 [M*]

Isopropyl 4-methylbenzoate

/©/COOiPr
Me

C11H1402, 178.23 g/mol

Yield 89.1 mg, 0.50 mmol, 55% (isolated)

1H-NMR (300 MHz, CDCl3): Su [ppm] = 7.93 (d, ] = 8.2 Hz, 2H), 7.22 (d, ] =
8.0 Hz, 2H), 5.24 (sep, J = 6.3 Hz, 1H), 2.40 (s,

3H), 1.36 (d, ] = 6.2 Hz, 6H).




Metal-free Radical Aromatic Carbonylations Mediated by Weak Bases

13C-NMR (75 MHz, CDCl3): Sc [ppm] = 166.1, 143.2, 129.5, 128.9, 128.1,
68.0,21.9, 21.6.
LR MS (EI, 70 eV, m/z): 178.0 [M*]

Methyl ethyl benzene-1,4-dicarboxylate

/©/CO0Et
MeOOC

C11H1204, 208.21 g/mol
Yield 68.7 mg, 0.33 mmol, 37% (isolated)

1H-NMR (300 MHz, CDCl3): On [ppm] = 8.08 (s, 4H), 4.38 (q, / = 7.1 Hz, 2H),
3.93 (s, 3H), 1.39 (t,/ = 7.1 Hz, 3H).

13C-NMR (75 MHz, CDCl3): Sc [ppm] = 166.2, 165.7, 134.2, 133.7, 129.4,
61.4,52.4, 14.2.
LR MS (EI, 70 eV, m/z): 208.1 [M+]

Isopropyl 4-chlorobenzoate

/©/COOiPr
cl

C10H11Cl02, 198.65 g/mol

Yield 67.5 mg, 0.34 mmol, 38% (isolated)

1H-NMR (300 MHz, CDCl3): Su [ppm] = 7.96 (d, ] = 8.6 Hz, 2H), 7.39 (d, ] =
8.6 Hz, 2H), 5.23 (sep,J = 6.3 Hz, 1H), 1.36 (d, J
= 6.3 Hz, 6H).

13C-NMR (75 MHz, CDCl3): 8¢ [ppm] = 165.2, 139.0, 130.9, 129.3, 128.5,
68.7, 21.9.

LR MS (EI, 70 eV, m/z): 198.0 [M*]

Methyl 4-(pentafluoro-A¢-sulfanyl)benzoate

/©/CO0Me
F5S
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CsH7F50.S, 262.19 g/mol

Yield

1H-NMR (300 MHz, CDCl3):

13C-NMR (101 MHz, CDCl3):

19F-NMR (282 MHz, CDCl3):

LR MS (EI, 70 eV, m/z):

94.4 mg, 0.36 mmol, 40% (isolated)

Su [ppm] = 8.13 (d, J = 8.9 Hz, 2H), 7.83 (d, ] =
8.9 Hz, 2H), 3.96 (s, 3H).

Oc [ppm] = 165.3, 156.9 (quint, J = 17.7 Hz),
133.0,130.0, 126.2 (quint, / = 4.7 Hz), 52.6.

Or [ppm] = 82.4, (quint, / = 149.0 Hz, 1F), 61.9
(d,J = 149.0 Hz, 4F).

262.0 [M+]

Dimethyl benzene-1,2-dicarboxylate

@COOMe
COOMe

C10H1004, 194.19 g/mol

Yield

1H-NMR (300 MHz, CDCl3):

13C-NMR (75 MHz, CDCl3):

LR MS (EI, 70 eV, m/z):

Methyl 3-chlorobenzoate

36.9 mg, 0.19 mmol, 21% (isolated)

ou [ppm] = 7.72 (dd, ] = 5.7 Hz, ] = 3.3 Hz, 2H),
7.53 (dd, J = 5.7 Hz, J = 3.3 Hz, 2H), 3.90 (s,
6H).

8c[ppm] = 168.0, 131.9, 131.1, 128.8, 52.6.

193.9 [M*]

CI\©/COOM9

CgH7Cl02, 170.59 g/mol

Yield

1H-NMR (300 MHz, CDCl3):

80.2 mg, 0.47 mmol, 52% (isolated)

8u [ppm] = 8.01 (t, J = 1.9 Hz, 1H), 7.91 (dt, ] =
7.8 Hz, ] = 1.3 Hz, 1H), 7.51 (dd, J = 8.0 Hz, ] =
1.1 Hz, 1H), 7.37 (t, J = 7.9 Hz, 1H), 3.91 (s,
3H).
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13C-NMR (75 MHz, CDCl3): Sc [ppm] = 165.8, 134.4, 132.9, 131.8, 129.63,
129.62 127.6, 52.4.

LR MS (EI, 70 eV, m/z): 170.0 [M*]

Ethyl 3-bromobenzoate

Br\©/COOEt

CoH9BrO3z, 229.07 g/mol
Yield 73.3 mg, 0.32 mmol, 36% (isolated)

1H-NMR (300 MHz, CDCl3): Su [ppm] = 8.17 (t, ] = 1.8 Hz, 1H), 7.97 (dt, ] =
7.8 Hz, ] = 1.3 Hz, 1H), 7.66 (dd, J = 8.0 Hz, ] =
1.0 Hz, 1H), 7.31 (t, J = 7.9 Hz, 1H), 4.37 (q, ] =
7.1 Hz, 2H), 1.39 (t,] = 7.1 Hz 3H).

13C-NMR (75 MHz, CDCl3): Sc [ppm] = 165.2, 135.7, 132.5, 132.3, 129.9,
128.1,122.4, 61.4, 14.2.

LR MS (EI, 70 eV, m/z): 228.0 [M+]

Methyl 2-cyanobenzoate

@COOMe
CN

C9H7NO2, 161.16 g/mol
Yield 45.1 mg, 0.28 mmol, 31% (isolated)

1H-NMR (300 MHz, CDCl3): Su [ppm] = 8.17 - 8.11 (m, 1H), 7.84 - 7.78 (m,
1H), 7.73 - 7.68 (m, 2H), 4.00 (s, 3H).

13C-NMR (75 MHz, CDCl3): Sc [ppm] = 164.5, 134.8, 132.7, 132.4, 132.3,
131.1,117.5,112.9, 52.8.

LR MS (EI, 70 eV, m/z): 161.0 [M*]

Methyl-d; 4-methoxybenzoate

/©/COOCD3
MeO
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CoH7D303, 169.19 g/mol
Yield 84.6 mg, 0.50 mmol, 56% (isolated)

1H-NMR (400 MHz, CDCl3): Su [ppm] = 7.99 (d, J = 8.8 Hz, 2H), 6.91 (d, ] =
8.7 Hz, 2H), 3.85 (s, 3H).

13C-NMR (101 MHz, CDClz):  &c [ppm] = 166.8, 163.3, 131.5, 122.6, 113.6,
55.4,51.0 (q, ] = 22.3 Hz).

LR MS (EI, 70 eV, m/z): 169.1 [M*]

Methyl 2-(benzofuran-3(2H)-ylidene)acetate

COOMe

o
C11H1003, 190.20 g/mol
Yield 89.4 mg, 0.47 mmol, 52% (isolated)

1H-NMR (300 MHz, CDCl3): Su [ppm] = 7.52 (dd, ] = 7.9 Hz, ] = 1.2 Hz, 1H),
7.37 (td, ] = 7.8 Hz, J = 1.3 Hz, 1H), 7.01 - 6.94
(m, 2H), 6.18 (t, ] = 3.1 Hz, 1H), 5.52 (d, ] = 3.1
Hz, 2H), 3.77 (s, 3H).

13C-NMR (101 MHz, CDCls): 8¢ [ppm] = 167.5, 165.4, 156.2, 133.6, 124.0,
122.2,121.1,111.4,103.9, 76.6, 51.4.

LR MS (EI, 70 eV, m/z): 190.0 [M+*]
HR MS (EI, m/z): found: 190.06253 [M+] (calculated:
190.06245)

Methyl 2-(benzofuran-3-yl)acetate
COOMe

N
of

C11H1003, 190.20 g/mol

1H-NMR (400 MHz, CDCI3): Ou [ppm] = 7.63 (s, 1H), 7.59 - 7.55 (m, 1H),
7.50 - 7.46 (m, 1H), 7.24 - 7.23 (m, 2H), 3.74
(s, 1H), 3.72 (d, /] = 0.6 Hz, 2H).
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13C-NMR (75 MHz, CDCl3): Oc [ppm] = 171.1, 155.1, 142.8, 127.5, 124.5,
122.6,119.6,113.0, 111.5, 52.2, 29.5.

LR MS (EI, 70 eV, m/z): 190.0 [M+]

HR MS (EI, m/z): found: 190.06293 [M~*] (calculated:
190.06245)

Methyl 2-(2,3-dihydrobenzofuran-3-yl)acetate

COOMe

(o)
C11H1203, 192.21 g/mol
Yield 69.2 mg, 0.36 mmol, 40% (isolated)

1H-NMR (400 MHz, CDCls): Su [ppm] = 7.15 (t, ] = 7.6 Hz, 2H), 6.87 (t, ] =
7.4 Hz, 1H), 6.81 (d, ] = 7.8 Hz, 1H), 4.75 (t, ] =
9.1 Hz, 1H), 4.25 (dd, ] = 9.2 Hz, ] = 6.9 Hz, 1H),
3.93 - 3.87 (m, 1H), 3.73 (s, 3H), 2.84 - 1.76
(m, 1H), 2.65 - 2.55 (m, 1H).

13C-NMR (101 MHz, CDCl3):  &c [ppm] = 172.2, 159.8, 129.0, 128.7, 124.2,
120.6,109.7, 76.7, 51.8, 39.2, 38.3.

LR MS (EI, 70 eV, m/z): 192.0 [M+]
HR MS (EI, m/z): found: 192.07782 [M+] (calculated:
192.07810)
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Deuteration experiment in CD3CN (Scheme 4.4)

GC-MS spectrum of deutero anisole (4.072 min) in crude reaction mixture
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Metal-free Radical Aromatic Carbonylations Mediated by Weak Bases

Mass spectra of radical trapping experiments with TEMPO
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CO (50 bars)
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MeO 3.'28':. MeO MeO

Exact Mass: 263.1961 Exact Mass: 291.1912

%10 5 | *ESI Scan (rt: 2.989-3.039 min, 10 scans) Frag=120.0V kozi114953.d Subtract
2 264.1961
15 My
1
i 123.0677
J L] 164.1064
100 120 140 160 180 2()' »
<10 6 |+*ESI Scan (it: 3.366-3.410 min, 9 scans) Frag=120.0V kozi114953.d Subtract
1.2 292.1912
1
Mkt
0.8 '
0.6
0.4
42 140.1436
|

100 120 140 160 1!



Metal-free Radical Aromatic Carbonylations Mediated by Weak Bases

NMR spectra of selected compounds

1H-NMR (300 MHz, CDCl5)
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Metal-free Radical Aromatic Carbonylations Mediated by Weak Bases

1H-NMR (400 MHz, CDCl3)
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1H-NMR (300 MHz, CDCl3)

o3y @ <
059 2 e
RSN ~ -
NN

j COOMe
FsS

Tz L
s g s
2 3 2
T T T T T T T T T T T T T T T T T T T T T
95 90 85 80 75 70 65 60 55 50 45 40 35 30 25 20 15 1.0 05 00 -05
ppm
13C-NMR (101 MHz, CDCl3)
FEERES PRI Now o
| e N2
COOMe
Fﬁs’:
|
! |
| I
: : : : : : : : : : : : : : : : : : : : : :
200 190 180 170 160 150 140 130 120 110 100 9 8 70 60 50 40 30 20 10 0  -10
ppm



Metal-free Radical Aromatic Carbonylations Mediated by Weak Bases

19F-NMR (282 MHz, CDCl3)
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Abstract: The radical trifluoromethylthiolation of arenediazonium salts with
commercial bis(trifluoromethyl) disulfide was studied under base-mediated
dark and photoredox-catalytic conditions. While the operationally simple base
protocol afforded the sulfides in moderate yields, photoredox catalysis with
only 0.5 mol% [Ru(bpy)s]Clz gave up to 90% yield within 3 h.
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5. Radical Aromatic Trifluoromethylthiolation: Photoredox
Catalysis vs. Base Mediation

5.1. Introduction

Even though fluorine containing compounds are the least spread among naturally
occurring organic halides,! fluorine-containing substituents have recently emerged
as a widespread and significant component in pharmaceuticals,? agrochemicals,3
and materials®. Beside the introduction of fluorides, trifluoromethyl, and other
perfluoroalkyl units, the trifluoromethylsulfanyl (SCF3) group has attracted great
attention for its exceptional physical and chemical properties. Several well-known
drugs, comprising SCF3, are depicted in the Scheme 5.1.5
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o _<NI>/,N=N\
L N NK
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Scheme 5.1. Important synthesis routes to aryl trifluoromethyl sulfides.

The trifluoromethylsulfanyl group (SCF3) is a chemically stable, relatively
polar and strongly electron-withdrawing substituent that imparts very high
lipophilicity to an organic molecule. Despite its polarity (0,=0.48, cf. 0.23 (CI),
0.53 (CF3), 0.66 (CN)), SCF3 exhibits the highest Hansch lipophilicity constant
among standard heteroatomic organic substituents (mp=1.44, cf. 0.88 (CF3),
0.14 (F), 1.68 (tBu)).6 The synthetic procedures for the decoration of aromatic
residues with the trifluoromethylsulfanyl substituents are manifold (Scheme
5.1): i) substitution of electron-rich arenes (ArH,” ArM, M=Mg,? B?) with
electrophilic SCF3 reagents; ii) transition metal-mediated
trifluoromethylsulfanylation of electrophilic aryl halides with formally anionic
SCF3 species such as AgSCF3 or MesNSCF3,10 jii) reaction of aryl-S precursors
with trifluoromethylation reagents;1! iv) halogen-fluorine exchange reactions




Radical Aromatic Trifluoromethylthiolation: Photoredox Catalysis vs. Base Mediation

of polyhalogenoalkyl thioethers.1?2 Electrophilic SCF3-containing reagents
include the easy-to-handle trifluoromethane-sulfenyl trifluoroacetate, the
disulfide (CF3S)2, the gaseous CISCF3, PhN(Me)SCF3 and hypervalent
aryliodane reagents comprising the SCF3 group. Copper, silver, and ammonium
trifluoromethyl thiolates are commonly employed as SCF3 nucleophiles.

We have recently reported on the photoredox-catalyzed synthesis of
arylsulfides from arenediazonium salts and disulfides in the presence of eosin
Y under green light irradiation (Scheme 5.2, top).13 Later, we have developed a
weak base-mediated protocol of very similar scope.l* Most of the examples
reported involved unfunctionalized dialkyl and diaryldisulfides. Here, we
report the extension of these operationally facile radical aromatic thiolation
methods to include the synthesis of trifluoromethylsulfanyl benzenes (Scheme
5.2, bottom). Both, dark reactions in the presence of weak base and photoredox
catalytic conditions were studied.

/T R' = Me, alkyl
2 mol% Eosin Y » Ay

' ref. 13
NzBF4 | X SR
R N R'S-SR’ R
] _ > Z ref. 14

Y

1 equiV. NaOAC Rl = Me Ph Bn
: —~1
base or = =
. N,BF ZA SCF '
N XXy 204 o R X this work:
E ! = F3CS_SCF3 ! = :
: cs, :

Scheme 5.2. Radical thiolations by photoredox catalysis and base mediation.
5.2. Results and Discussion

Bis(trifluoromethyl) disulfide, F3CS-SCF3, is a commercial reagent that can also
be freshly prepared on lab scale by a literature procedure. The synthesis
involves three sequential halogenation steps starting from carbon disulfide
(Scheme 5.3). However, the low boiling points and toxicity of the intermediates
and the product (~34 °C) require special precautions. Trichloromethylsulfenyl
chloride was synthesized by chlorination of CS; with elemental chlorine.1> The
major side reaction is the decomposition of sulfur dichloride to disulfur
dichloride which can be suppressed by the addition of acetylacetone.1®¢ Halogen
exchange with aqueous HBr afforded trichloromethylsulfenyl bromide which
underwent fluorination and dimerization by action of KF in hot sulfolane.1”
Pure 1,2-bis(trifluoromethyl) disulfide could be stored in a freezer over longer
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periods of time without decomposition (1°F NMR, 282 MHz, CDCl3: 45.8 ppm). Our
attempt to replace sulfolane with DMSO as the reaction solvent in the final step led
to rapid decomposition and gas evolution even below 150 °C.

Iy, Cl, HBr KF, 175°C
¢S, ———» Cl,CS-Cl —> Cl,CS-Br ————» F,CS-SCF,

S

0 o
Scheme 5.3. Synthesis of 1,2-bis(trifluoromethyl) disulfide.

Initial optimization experiments (Table 5.1) were performed with equimolar
4-bromobenzenediazonium tetrafluoroborate and (F3CS)z2.

Table 5.1. Base-mediated and photoredox-catalyzed trifluoromethylthiolation. 2

1 equiv.

N2BFs  F.cs-scF, SCF,
AT “condltons AT

Entry Procedure Base (equiv.) Photocatalyst (mol%) Yield in %P
1lc - - - 0

2¢ A NaOAc (1) - 40

3¢ B - EosinY (2) 0

4 B - EosinY (2) 66

5¢ C - [Ru(bpy)3]Cl2 (0.5) 0

6 C - [Ru(bpy)s]Cl2 (0.5) 69

74 C - [Ru(bpy)3]Cl2 (0.5) 59

a Conditions: 4-Bromobenzenediazonium tetrafluoroborate (0.3 mmol), DMSO (1.5
mL), under N2, 6 h. Procedure A: NaOAc (0.3 mmol), 20 °C; B: eosin Y (0.012
mmol), irradiation with green LED (525 nm, 3.8 W), 20 °C; C: [Ru(bpy)3]Cl2:6H20
(0.012 mmol, bpy = 2,2’-bipyridine), irradiation with blue LED (450 nm, 3.8 W),
20 °C.b GCyields vs. internal 1-dodecanenitrile. ¢ dark reaction. 4 0.5 equiv. (F3CS)a.

The dark reactions in the absence of base gave no conversion (entries 1, 3, 5).
With sodium acetate (NaOAc) as weak base, moderate conversion to 4-
bromotrifluoromethylsulfanyl benzene was observed (procedure A, entry 2).
Significantly higher yields were obtained from photoredox-catalytic reactions
with eosin Y (B: 2 mol%, 525 nm) and [Ru(bpy)3]Cl2-:6H20 (C: 0.5 mol%, 450
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nm), respectively, under LED (3.8 W) irradiation (entries 4, 6). Employment of
0.5 equiv. (F3CS)2 resulted in slightly lower yields (entry 7).

A reaction profile analysis documented the rapid onset of trifluoro-
methylthiolation for all three procedures (>90% relative product formation
within the first 3 h) and the highest reaction rate of the photoredox catalysis
with only 0.5 mol% [Ru(bpy)3]Clz (Figure 5.1).

C: [Ru(bpy)ICl,

N

]
60 B: EosinY
Yield
[%] A: NaOAc
30 - 1 )
equiv.
N2BFs  F,cs-scr, ©/SCF3
Br/(j DMSO, 20°C i Br
conditions
0 I+ . >
0 10 t [h] 20

Figure 5.1. Reaction profiles of procedures A-C (for conditions, see Table 5.1).

Then, we subjected a set of five arenediazonium salts to a comparative study of
trifluoromethylthiolation under the three reaction conditions A-C (Table 5.2). In all
cases, the majority of product formation occurred in the first 3 h of the reaction.
Photoredox catalysis conditions with [Ru(bpy)s3]Cl2:6H20 fared best for all
substrates tested; eosin Y was only slightly less active. While being the
operationally simplest strategy, the weak base mediated procedure gave
significantly lower yields.

Table 5.2. Comparison of procedures A-C for selected arenediazonium salts.2

1 equiv.
R— > R—
Z DMSO, 20°C N
conditions

Entry  Ar-SCF3 A B C

Yield in %b Yield in %P Yield in %P

3h (24 h) 3h(24h) 3h (24 h)
1 4-Br 35 (40) 55 (66) 67 (68)
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2¢ 4-Br 30 (33) 50 (56) 57 (59)
3 4-OMe 75 (76) 77 (77) 77 (79)
4 4-NO; 28 (34) 53 (67) 61(71)
5 4-F 27 (31) 73 (81) 89 (89)
6 Ph 27 (33) 59 (60) 68 (69)

a Conditions: Arenediazonium tetrafluoroborate (0.3 mmol), DMSO (1.5 mL), under
N2, 24 h. Procedure A: NaOAc (0.3 mmol), 20 °C.; B: eosin Y (0.006 mmol), green
LED (525 nm, 3.8 W), 20 °C; C: [Ru(bpy)s]Cl2:6H20 (0.0015 mmol), blue LED (450
nm, 3.8 W), 20 °C. > GC yields vs. internal 1-dodecanenitrile. ¢ 0.5 equiv. (F3CS)x2.

The optimized conditions were then applied to eight different arenediazonium
salts in the presence of [Ru(bpy)sz]Clz under irradiation with blue light (450 nm,
one external 3.8 W LED per reaction). Moderate to good yields of the desired aryl
trifluoro-methylsulfides were isolated after only 1 h reaction (Scheme 5.4).

N.BF 1 equiv. F3CS-SCF; SCF
R_I A 2 4 > R_I A 3
- 0.5 mol% [Ru(bpy)s]Cl, L

DMSO, 20°C, 1 h
LED (450 nm)

/©/SCF3 /©/SCF3 /©/SCF3 /©/SCF3
MeO Br O,N I

70% 58% 48% 33%
oS Wa o g
N\
MeO,C Br SCF, Q‘cozme
46% 52% 44% 35%

Scheme 5.4. Ru-catalyzed photoredox-trifluoromethylthiolation (isolated yields).

Based on literature reports from our group and others,1314 we postulate a radical
mechanism that is initiated by the reductive activation of the arenediazonium
salt18 (Scheme 5.5). With the weak base sodium acetate, this most likely involves
the formation of the diazoacetate adduct which thermally decomposes to give the
aryl radical Ar. Under photocatalytic conditions, single electron transfer (SET)
occurs with the excited photocatalyst PC (eosin Y or [Ru(bpy)3]Cl2). Ar* undergoes
rapid reaction with the good non-bonding electron donor (SCF3).. Cleavage of the
resultant disulfide radical generates the trifluoromethylthiyl radical F3CS* which
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readily engages in hydrogen atom transfer (HAT) or possibly recombines with
suitable nucleophiles. Back-electron transfer (formally from the elusive
[NuSCF3]*") could be a potential pathway of photocatalyst regeneration. Upon
addition of TEMPO, both radical intermediates as TEMPO adducts were observed
by mass spectrometry.

1 equiv. NaOAc

or TEMPO Ar
e ——_

L
Y

N,BF,
rei

-

5 mol% PC

!

bt

. S
' —2N

l\‘ /} r.}(\ "

14
o
==
o

OTEMP

-€F
‘Jics-sca

NU-SCF, <-#--2l--
Nue

*SCF,
lTEMPO

<

(Nu = dmso, AcO)

SCF,
R~©/

TEMPO-SCF,
Scheme 5.5. Postulated reaction mechanism.1314
5.3. Conclusion

We have developed three related synthetic protocols that enable the straight-
forward trifluoromethylthiolation of readily available arenediazonium salts with
the commercial disulfide (F3CS)2. Weak base-mediated reactions in the presence of
one equiv. NaOAc are operationally most simple but afforded only moderate yields.
The photoredox-catalyzed protocols gave significantly higher yields of the Ar-SCF3
products. With only 0.5 mol% [Ru(bpy)3]Cl2:6H20, very good yields were obtained
after irradiation with blue light at room temperature for 1 h.

5.4. Experimental Section
General

Chemicals and Solvents. Commercial chemicals (298% purity) were used as
obtained from Acros, Sigma-Aldrich, Merck, Alfa Aesar, TCI or Fisher. Solvents
(anhydrous, 299%) were used without further purification. DMSO was dried
over molecular sieves (certified <0.005% water content, Sigma-Aldrich).

Analytical thin-layer chromatography. TLC was performed using aluminium
plates with silica gel and fluorescent indicator (DC60 F254, Merck). Thin layer
chromatography plates were visualized by exposure to UV light.

Column chromatography. Flash column chromatography with silica gel (60 A,
0.035-0.070 mm) from Acros Organics. Pentane or mixtures thereof with ethyl
acetate were used as eluents. Product yields were determined as isolated by
column chromatography or for optimization and screening purposes by
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quantitative GC-FID measurements. 1-Dodecanenitrile was used as internal
standard; the yield was calculated from a linear calibration curve that was set
up from at least five data points of various concentrations of authentic product
material.

Gas chromatography with mass-selective detector. Agilent 6890N Network GC-
System, mass detector 5975 MS. Column: BPX5 (30m x 0.25 mm x 0.25, from
SGE, carrier gas: Hz. Standard heating procedure: 50°C (2 min), 25°C/min ->
300°C (5 min).

Gas chromatography with FID. Agilent 7820A GC-Systems. Column: HP 5 19091]
413 (30 m x 0.32 mm x 0.25 pm) from Agilent, carrier gas: N2. GC-FID was used
for reaction optimization screening (Calibration with internal standard 1-
dodecanenitrile and analytically pure samples).

NMR. 1H, 19F, and 13C nuclear magnetic resonance spectra were recorded on a
Bruker Avance 300 (300 MHz 1H; 75 MHz 13C; 282 MHz 1°F) and Bruker Avance
400 (400 MHz 1H, 101 MHz 13C, 376 MHz 1°F) spectrometers. Chemicals shifts
are reported in ppm (8) relative to solvent residual peak as internal reference.
Coupling constants (J) are reported in Hertz (Hz). Following abbreviations are
used for spin multiplicities: s = singlet, d = doublet, t = triplet, q = quartet, m =
multiplet.

General procedure for the synthesis of arenediazonium salts

The parent aniline (30 mmol) was dissolved in 32% aqueous tetrafluoroboric
acid (12 mL) at room temperature. Afterwards, an aqueous solution of sodium
nitrite (30 mmol) in water (4 mL) was added dropwise at 0 °C over 5 min. The
resulting mixture was stirred for 40 min and the precipitate was collected by
filtration and re-dissolved in minimum amount of acetone. Then, diethyl ether
was added until precipitation of diazonium tetrafluoroborate, which is filtered,
washed several times with diethyl ether and dried.

General procedure for base-induced trifluoromethylthiolation

A vial (5 mL) was charged with a magnetic stir bar, the arenediazonium salt (0.9
mmol), 1,2-bis(trifluoromethyl)disulfane (0.9 mmol), and sodium acetate (0.9
mmol) and capped with a rubber septum. The vial was purged with N2 (5 min).
Dry DMSO (4.5 mL) was added. After 8 h of stirring water (5 mL) was added to
give an emulsion, which was extracted with diethylether (3 x 5 mL). The organic
phases were washed with brine (5 mL) and dried over MgS0O4. The solvent was
evaporated in vacuo, and the residue was purified by flash column
chromatography (silica gel) using pentane/ethyl acetate mixtures (from 100/0
to 100/20) as eluent to obtain pure product.
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General procedure for photo-catalytic trifluoromethylthiolation

A vial (5 mL) was charged with a magnetic stir bar, the arenediazonium salt (0.9
mmol) and photocatalyst (0.018 mmol, 4.0 mol% of Eosin Y or 0.0045 mmol, 0.5
mol% or [Ru(bpy)s]Cl2:6H20 ). Dry DMSO (4.5 mL) was added. The vial was
purged with Nz (5 min). 1,2-bis(trifluoromethyl)disulfane (0.9 mmol) was
added the reaction vessel was sealed with a rubber septum. The reaction
mixture was irradiated in case of Eosin Y with green light (LED, Amax = 525 nm,
3.8 W) for 6 h, in case of Ru catalyst with blue light (LED, Amax = 450 nm, 3.8
W) for 1 h. After the irradiation was discontinued, water (5 mL) was added to
give an emulsion, which was extracted with diethylether (3 x 5 mL). The organic
phases were washed with brine (5 mL) and dried over MgSO4. The solvent was
evaporated in vacuo, and the residue was purified by flash column
chromatography (silica gel) using pentane/ethyl acetate mixtures (from 100/0
to 100/20) as eluent to obtain pure product.

Radical trapping experiments with TEMPO

The model reaction of 4-methoxybenzenediazonium tetrafluoroborate with
(F3CS)2 was performed according to the General Procedure (see before). After 5
min, 1 equiv. of 2,2,6,6-tetramethylpiperidin-1-yl-oxyl (TEMPO) was added, and
the reaction quenched after another 20 min. Mass spectra of the organic phases
were recorded, which displayed the TEMPO adducts of the two radical
intermediates postulated to occur in the overall radical mechanism:
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Preparation of 1,2-Bis-(trifluoromethyl)disulfide

Caution! Trichloromethane sulfenyl chloride, trichloromethane sulfenyl
bromide and 1,2-bis-(trifluoromethyl)disulfide are very toxic compounds by
inhalation, and extreme caution should be taken while synthesizing or handling
these compounds. A well ventilated fume cupboard should be utilized during all
the operations with these materials, and all the contaminated glassware should
be thoroughly rinsed with sodium hypochlorite. Moreover, 1,2-bis-
(trifluoromethyl)disulfide, is an extremely volatile compound (b.p. ~ 34 °C) and
due care should be taken when transferring this compound to any vessel.

Trichloromethane sulfenyl chloride

ol Three-necked, mechanically stirred, reaction flask was
Cle /é connected to a battery of washing flasks filled with aqueous
C|/Cf NaOH (1 M). Reaction system was purged with nitrogen gas,
cl and the reaction flask was charged with carbon disulfide
(30.4g, 24 ml, 0.40 mol). Acetylacetone (0.20 ml; 0.20 g;
2.0 mmol) and elemental iodine (80 mg; 0.63 mmol) were added to the reaction
mixture at room temperature. Reaction mixture was cooled by an ice bath
below 5 °C. Gaseous chlorine (47.0 g; 1.33 mol) was bubbled through the
solution over a period of 3 h at such speed, that the temperature did not rise
above 10 °C. Note, that towards the end of the reaction, the rate of consumption
of the chlorine drops significantly, and the total consumption of chlorine had to
be controlled by monitoring the total mass gain of the reaction mixture in
periodic intervals, as overchlorination of product to thiophosgene can occur.
Fractional distillation was performed to obtain cherry-red sulfur dichloride
(59-62 °C; 30.7 g; 0.3 mol) as the first fraction, followed by the crude product as
the second, colorless fraction (80-82 °C; 250 mbar). Trichloromethanesulfenyl
chloride (35.9 g; 0.19 mol; 48 %) was isolated as colorless oil with a strong
garlic smell. 13C NMR (75 MHz, CDCl3z): 6 = 97.6 (CCl3); GC-MS (EI): m/z (relative
intensity) = 185.8 (M*), 148.9, 116.9, 83.9. Spectral data were consistent with
the literature.1?

Trichloromethane sulfenyl bromide

Br 62 % aqueous solution of HBr (20 ml; 0.26 mol) was added to

Cle. /é trichloromethanesulfenyl chloride (35.9 g; 0.2 mol) without
C|/c,3 external cooling, and the two phase mixture as rapidly
c agitated for 17 h at room temperature. The organic phase was
separated, and dried over magnesium sulfate. Solids were

filtered off and the liquid phase was subjected to distillation at reduced
pressure. The product distilled off as the first fraction (90-96 °C, 110 mbar).
Trichloromethane sulfenyl bromide (35.9 g, 0.16 mol, 78 %) was isolated as a
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deep red oil with characteristic smell. 13C NMR (75 MHz, CDCI3): 6 = 93.1 (CCl3);
GC-MS (ED): m/z (relative intensity) = 229.7 (M+), 150.8, 116.9, 78.9.

1,2-Bis-(trifluoromethyl)disulfide

A three necked round bottomed flask was equipped with
£ s j<|: a nitrogen gas inlet and a Vigreaux column. Condenser
F>( ~S” F was attached to the Vigreaux column, and the condenser

F outlet was fed to a cooling trap (0 °C), and subsequently
to another cooling trap (-78 °C). Second cooling trap was
vented to the atmosphere via a bubble counter. Reaction vessel was charged
with a suspension of KF (38.0 g; 0.65 mol) in sulfolane (210 ml). Gentle flow of
nitrogen gas through the apparatus was initiated, and the reaction mixture was
heated to 175 °C. Neat trichloromethane sulfenyl bromide (35.9 g, 0.16 mol)
was added to the reaction mixture over a period of one hour at such rate, that
no excessive gas formation was detected by the bubble counter. Care should be
taken during the addition, as the reaction occurs after induction period, and
rapid addition of sulfenyl bromide can lead to uncontrollable gas evolution.
Reaction mixture was stirred at 175 °C for another 15 minutes, formation of
condensate in the cooling traps ceased afterwards. Condensed gasses collected
in the first cooling trap were identified as the product. Reaction residues were
decomposed by a slow addition of the sludge to an aqueous solution of sodium
hypochlorite, after the reaction mixture cooled down to room temperature.
Note: We have noted, that significant weakening of glass walls of the reaction
vessel occurred during the reaction. 1,2-Bis-(trifluoromethyl)disulfide (5.15 g,
25.5 mmol; 15 %) was isolated as a mobile colourless liquid with sharp garlic
smell. 19F NMR spectrum of product was measured using phenyl trifluoromethyl
sulfide as an internal standard (8§ =-43.2).20 19F NMR (282 MHz, CDCl3): 6 =-45.8
(s, 6F). Spectral data were consistent with the literature.21

(4-Methoxyphenyl)(trifluoromethyl)sulfane

/©/SCF3
MeO

CgH7F30S, 208.20 g/mol
Yield 131.2 mg, 0.63 mmol, 70% (isolated)

1H-NMR (400 MHz, CDCl3): Su [ppm] = 7.57 (d, ] = 8.8 Hz, 2H), 6.93 (d, ] =
8.9 Hz, 2H), 3.84 (s, 3H).

13C-NMR (101 MHz, CDCl3): 8¢ [ppm] = 161.9, 138.3, 134.8, 129.6 (q, ] =
308.1 Hz), 115.0, 55.4.
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19F-NMR (282 MHz, CDCls): 8¢ [ppm] = -44.43.

LR MS (EI, 70 eV, m/z): 208 [M*]

(4-Bromophenyl)(trifluoromethyl)sulfane

/©/8CF3
Br

C7H4BrFsS, 257.07 g/mol
Yield 134.2 mg, 0.52 mmol, 58% (isolated)
1H-NMR (400 MHz, CDCl3): Su [ppm] = 7.59-7.50 (m, 4H).

13C-NMR (101 MHz, CDCls):  &¢ [ppm] = 137.7, 132.8, 129.2 (q, / = 308.3
Hz), 126.0, 123.4 (q, J = 2.1 Hz).

19F-NMR (376 MHz, CDClz):  &r [ppm] = -43.25.

LR MS (EI, 70 eV, m/z): 256 [M*]

(4-Nitrophenyl)(trifluoromethyl)sulfane

/©/SCF3
O,N

C7H4F3NO2S, 223.17 g/mol

Yield 96.4 mg, 0.43 mmol, 48% (isolated)
1H-NMR (400 MHz, CDCl3): Su [ppm] = 8.28 (d, J = 8.9 Hz, 2H), 7.83 (d, ] =
8.7 Hz, 2H).

13C-NMR (101 MHz, CDCl3):  &c [ppm] = 149.1, 136.1, 132.5 (q, / = 2.3 Hz),
128.9 (q, ] = 308.8 Hz), 124.3.

19F-NMR (282 MHz, CDCl3): Or [ppm] = -41.82.

LR MS (EI, 70 eV, m/z): 223 [M*]

Methyl 4-((trifluoromethyl)thio)benzoate

/©/SCF3
MeOOC
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CoH7F3032S, 236.21 g/mol
Yield 95.7 mg, 0.41 mmol, 45% (isolated)

1H-NMR (400 MHz, CDCl3): Su [ppm] = 8.07 (d, J = 8.4 Hz, 2H), 7.71 (d, ] =
8.3 Hz, 2H), 3.93 (s, 3H).

13C-NMR (101 MHz, CDCl3):  &c[ppm] = 166.0, 135.5, 132.1, 130.4, 129.8 (g,
J =2.0 Hz), 129.3 (q, ] = 308.3 Hz), 52.4.

19F-NMR (282 MHz, CDCl3): Or [ppm] = -42.36.

LR MS (EI, 70 eV, m/z): 236 [M*]

(3-Bromophenyl)(trifluoromethyl)sulfane

Br- : ,SCF3

C7H4BrFsS, 257.07 g/mol
Yield 120.3 mg, 0.47 mmol, 52% (isolated)

1H-NMR (300 MHz, CDCl3): Su [ppm] = 7.82 (t, = 1.7 Hz, 1H), 7.65-7.58
(m, 2H), 7.31 (t, ] = 7.9 Hz, 1H).

13C-NMR (101 MHz, CDCl3):  &c[ppm] = 138.7, 134.8, 134.0, 130.8, 129.3 (g,
J =308.4 Hz), 126.2 (q, ] = 2.1 Hz), 122.9.

19F-NMR (376 MHz, CDCl3):  &¢ [ppm] = -42.86.

LR MS (EI, 70 eV, m/z): 256 [M*]

(3-Nitrophenyl)(trifluoromethyl)sulfane

OZN \©/SCF3

C7H4F3NO2S, 223.17 g/mol

Yield 88.4 mg, 0.40 mmol, 44% (isolated)

1H-NMR (300 MHz, CDCl3): Su [ppm] = 8.55-8.51 (m, 1H), 8.37 (d, J = 8.3
Hz, 1H), 8.24 (d, J = 7.8 Hz, 1H), 8.0 (d, J = 7.7
Hz, 1H).
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13C-NMR (75 MHz, CDCl3): Sc [ppm] = 148.5, 141.8, 130.8, 130.4, 129.0 (q,
J =308.8 Hz), 126.7, 125.7.

19F-NMR (282 MHz, CDCl3): Or [ppm] = -42.53.
LR MS (EI, 70 eV, m/z): 223 [M*]
Methyl 3-((trifluoromethyl)thio)thiophene-2-carboxylate

SCF,

| >—coome
s

C7HsF302S2, 242.23 g/mol
Yield 76.3 mg, 0.32 mmol, 35% (isolated)

1H-NMR (400 MHz, CDCl3): Su [ppm] = 7.59 (d, ] = 5.3 Hz, 1H), 7.25 (d, ] =
5.1 Hz, 1H), 3.91 (s, 3H).

13C-NMR (101 MHz, CDClz): 8¢ [ppm] = 161.8, 131.7, 130.6 (d, J = 2.2 Hz),
129.4 (q, J = 309.1 Hz), 129.3 (d, J = 2.2 Hz),
128.5, 52.5.

19F-NMR (376 MHz, CDCl3):  &¢ [ppm] = -41.34.

LR MS (EI, 70 eV, m/z): 242 [M*]

(4-lodophenyl)(trifluoromethyl)sulfane

|

C7H4F3IS, 304.07 g/mol

Yield 90.3 mg, 0.30 mmol, 33%
1H-NMR (300 MHz, CDCl3): Su [ppm] = 7.77 (d, ] = 8.4 Hz, 2H), 7.37 (d, ] =
8.3 Hz, 2H).

13C-NMR (101 MHz, CDCl3): 8¢ [ppm] = 138.8, 137.7, 129.1 (q, J = 308.4
Hz), 124.2 (q, ] = 2.1 Hz), 98.0.

19F-NMR (282 MHz, CDCl3): Or [ppm] = -43.09.

LR MS (EI, 70 eV, m/z): 304 [M*]
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NMR spectra of selected compounds
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13C-NMR (101 MHz, CDCl5)
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1H-NMR (400 MHz, CDCl3)
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19F-NMR (376 MHz, CDCl3)
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6. Appendix

6.1. List of abbreviations

Ar
ATR
bpy
cf.

d
DCM
DFT
DMF
DMSO
EDG
e.g.
El

equiv.

ESI
Et

et al.
eV
FID
FT-IR

GC

HAT
HR
Hz
iPr
LED
LR

Aryl

Attenuated Total Reflection

2,2’-bipyridine

Compare

Day

Dichloromethane
Density functional theory
N,N-Dimethylformamide
Dimethylsulfoxide
Electron donating group
For Example

Electron impact
Equivalent

Electrospray ionization
Ethyl

And others

Electronvolt

Flame ionization
Fourier-Transform-
Infrared spectroscopy
Gas chromatography
Hour

Hydrogen Atom Transfer
High resolution

Hertz

Isoropyl

Light emitting diode
Low resolution

Me
MeCN
MeOH
MHz
min
mmol
MS
nm
NMR
PC

Ph
phen

ppm

r.t.

s, sec
SET
tBu
t-Bu
TBA
TEMPO

TFA
TLC
uv
VIS
VS.

Methyl

Acetonitrile

Methanol

Megahertz

Minute

Millimole

Mass spectrometry
Nanometer

Nuclear magnetic resonance
Photocatalyst

Phenyl

Phenantroline

Parts per million

Alkyl rest

Room temperature
Secondary

Single Electron Transfer
tert-Butyl

tert-Butyl
Tetrabutylammonium iodide
2,2,6,6-tetramethylpiperidin-
1-yl)-oxyl

Trifluoroacetic acid

Thin layer chromatography
Ultraviolet radiation

Visible radiation

Versus
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6.2. Summary

The aim of this thesis was the development of transition metal-free radical
aromatic substitutions mediated by weak, inexpensive, and non-toxic inorganic
bases.

In the beginning, the general preparation and properties of arenediazonium
salts were given. An overview of existing reaction types of arenediazonium
compounds from the old ones to the most modern was given. The major focus
laid on the transformations of arenediazonium salts in the presence of weak
bases. The key mechanistic steps were highlighted, where authors could
propose a mechanism.

Chapters 3 and 4 dealt with the generation of aryl radicals from
arenediazonium tetrafluoroborates by very weak bases. This strategy was
applied to the preparation of aromatic sulfides, selenides, tellurides, as well as
diverse tert-butyl, alkyl, and i-propyl benzoates. Unexpected heterocyclic
products were synthesized from arenediazonium salts using this method. In
order to prove the proposed mechanisms, mechanistic investigations were
made, involving spectroscopic and computational techniques and deuterium
labeling. The postulated mechanisms involved homolysis of the initially formed
diazoacetate or diazoformate. Mechanistic studies in thiolation reactions
indicated the operation of a radical aromatic substitution mechanism via ary],
acetyloxyl, thiyl, and dimsyl radicals. In the alkoxycarbonylation reactions the
aryl radical reacted with carbon monoxide to provide the acyl radical, which
was confirmed by trapping experiments.

Chapter 5 aimed to compare photoredox catalysis and base mediation in a
radical aromatic trifluoromethylthiolation reaction. Three related synthetic
protocols (two photocatalytic and one base-mediated) utilizing arenediazonium
tetrafluoroborates as starting compounds were developed. Diverse aromatic
trifluoromethyl sulfides were synthesized employing a photo-catalyzed
protocol which afforded significantly higher yields.
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6.3. Zusammenfassung

Das Ziel der vorliegenden Arbeit war die Entwicklung von
iibergangsmetallfreien radikalischen aromatischen Substitutionen, die durch
schwache, kostenglinstige und nicht-toxische anorganische Basen vermittelt
werden.

Im ersten Kapitel werden allgemeine Methoden zur Herstellung von
Arendiazoniumsalzen und deren Eigenschaften vorgestellt. Anschliefend wird
eine Ubersicht prisentiert, in der bestehende Reaktionstypen von
Arendiazonium-verbindungen unter Berticksichtigung ihrer Entwicklung von
alt zu modern vorgestellt wurden. Das Hauptaugenmerk wurde dabei auf
Transformationen von Arendiazoniumsalzen in Gegenwart von schwachen
Basen gelegt. Wichtige mechanistische Schritte, in denen die Autoren einen
Mechanismus vorschlagen konnten wurden hervorgehoben.

Die Kapitel 3 und 4 befassten sich mit der Erzeugung von Arylradikalen durch
sehr schwache Basen ausgehend von Arendiazoniumtetrafluoroboraten. Diese
Strategie wurde auf die Herstellung von aromatischen Sulfiden, Seleniden,
Telluriden sowie diversen Benzoesdaureestern angewendet. Unter Verwendung
dieser Methode wurden unerwartete heterocyclische Produkte aus
Arendiazoniumsalzen synthetisiert. Um die vorgeschlagenen Mechanismen zu
beweisen, wurden mechanistische Untersuchungen durchgefiihrt, die
spektroskopische und computergestiitzte Techniken, sowie Deuterium-
Markierungen beinhalteten. Die postulierten Mechanismen beschrieben die
Homolyse des anfianglich gebildeten Diazoacetats oder Diazoformiats.
Mechanistische Studien in Thiolierungsreaktionen zeigten die Prasenz eines
radikalischen aromatischen Substitutionsmechanismus unter Mitwirkung von
Aryl-, Acetyloxyl-, Thiyl- und Dimsyl-Radikalen. Die Beobachtung der Reaktion
zwischen dem Aryl Radikal und Kohlenmonoxid zum Acyl-Radikal bei den
Alkoxycarbonylierungsreaktionen wurde durch Abfangexperimente bestatigt.

Kapitel 5 zielte darauf ab, die Photoredox-Katalyse und die Basenvermittlung in
der radikalischen aromatischen Trifluormethylthiolierung zu vergleichen. Es
wurden drei verwandte synthetische Protokolle (zwei photokatalytische und
eine basenvermittelte) unter Verwendung von
Arendiazoniumtetrafluoroboraten als Ausgangsverbindungen entwickelt.
Verschiedene aromatische Trifluormethylsulfide wurden unter Verwendung
eines photokatalysierten Protokolls synthetisiert. Dabei konnte eine signifikant
hohere Ausbeute beobachtet werden.
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