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Abstract

Due to the challenges facing the humanity in the 21st century, the requirements for chemical
synthesis are growing, especially in terms of reducing cost and environmental impact. One of
the changes in line with the above directions is to limit the use of metal compounds, especially
these of heavy and noble metals. In this context, hypervalent iodine species offer great
opportunities. On one hand they have properties that allow them to replace metal-based
oxidants and catalysts, and on the other, they possess a number of advantages, such as low
toxicity and moderate price. Although the chemistry of hypervalent iodine compounds has a
long history, the intensive development of their applications in organic synthesis has taken
place over the period of the last 40 years, of which the last decade has seen a leap forward in
the emergence of new chemical processes utilizing this class of reagents.

The two most important types of organic reactions promoted by hypervalent iodine-based
reagents are oxidations reactions, often accompanied by the formation of new bonds and
building the molecular complexity, and electrophilic group transfers. This thesis presents the
overview of such transformations (Chapter 1) and describes the development of several new
synthetic methods based on both above reaction types.

The first of the implemented projects, described in Chapter 2, concerns the synthesis of
Pummerer's ketone and its analogs by the oxidative coupling of para-substituted phenols using
iodine(111) compounds as oxidants. The rigid tricyclic Pummerer's ketone system is a common
motif in substances of pharmaceutical interest. Existing procedures for the oxidative coupling
of phenols to Pummerer ketone use a variety of oxidizing agents, but hypervalent iodine
compounds have never been used in this context. The chapter presents the development of
conditions and the exploration of the scope of the method, delivering a variety of Pummerer’s
ketone analogs by iodosobenzene-promoted oxidative phenolic coupling.

As a continuation of research on the oxidative transformations of phenols employing
iodine(111) reagents, Chapter 3 explores a design of a new reaction, during which phenols with
pendant aldehyde undergo an enantioselective intramolecular cyclization-dearomatization
organocatalyzed by chiral proline derivatives. The resulting spiro-[6,5]-bicyclic products, rich
in functional groups, are suitable building blocks for the synthesis of many natural and bioactive
compounds. Despite a partial success, the transformation could not be developed into an
efficient and general synthetic method.
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The following three chapters deal with the development of aryl transfer reactions using
diaryliodonium salts. The transfer of groups, e.g., aryl, vinyl, alkynyl, CFs, CN, N3, F, or NTsy,
to organic acceptors is an intensively investigated class of reactions employing hypervalent
iodine compounds, constituting an alternative to cross-couplings catalyzed by transition metal
complexes. Thus, Chapters 4 and 5 present studies on the aryl transfer to a sulfur atom, leading
to aryl sulfides and S-aryl phosphorothioates, respectively. The developed reactions are metal-
free, high-yielding, and experimentally simple. They create handy and general entries to
biologically relevant compounds containing S—Ar moiety. Importantly, the process described
in Chapter 5 allowed for the first time for the stereospecific S-arylation of P-stereogenic
compounds.

Along the same lines, but on another front, Chapter 6 addresses the arylation of phosphorus
nucleophiles, specifically secondary phosphines, with diaryliodonium salts. The reaction
conditions have been preliminarily optimized and the scope of the process briefly explored,
providing a strong basis for the development of a universal method for the metal-free
preparation of unsymmetrical tertiary phosphines under mild conditions.

Keywords: hypervalent iodine, synthetic methodology, oxidation, group-transfer reactions,
phenolic coupling, Pummerer’s ketone, spirocyclization, S-arylation, P-arylation
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Streszczenie

Tytut w jezyku polskim: Nowe reakcje syntetyczne wykorzystujgce zwigzki jodu
hiperwalencyjnego: utleniania i arylowania

Z uwagi na wyzwania stojace przed ludzkoscig w XXI wieku, rosng wymagania Stawiane
syntezie chemicznej, szczegdlnie w zakresie obnizenia kosztow i wptywu na srodowisko. Jedng
ze zmian zgodnych z powyzszymi kierunkami jest ograniczenie stosowania w syntezie
zwigzkow metali, zwlaszcza cigzkich i1 szlachetnych. W tym konteks$cie duze mozliwos$ci
oferuja zwiazki jodu hiperwalencyjnego. Z jednej strony posiadajag one wlasciwosci
pozwalajace na zastgpienie utleniaczy i katalizatorOw opartych na metalach, z drugiej maja
szereg zalet, takich jak niska toksyczno$§¢ 1 umiarkowana cena. Chociaz chemia
hiperwalencyjnych zwigzkéw jodu ma dluga historig, intensywny rozwdj ich zastosowan w
syntezie organicznej przypada na okres ostatnich 40 lat, z czego w ostatniej dekadzie nastapit
skokowy wzrost liczby nowych procesOw chemicznych z wykorzystaniem tego typu

reagentow.

Dwa najwazniejsze rodzaje reakcji organicznych promowanych przez odczynniki oparte na
jodzie hiperwalncyjnym to reakcje utleniania, ktdrym czesto towarzyszy tworzenie nowych
wigzan chemicznych i budowanie ztozonosci molekularnej, oraz elektrofilowe transfery grup.
W niniejszej rozprawie przedstawiono przeglad tych transformacji (Rozdziat 1) oraz opisano

opracowanie kilku nowych metod syntetycznych opartych na obu powyzszych typach reakc;ji.

Pierwszy ze zrealizowanych projektow, opisany w Rozdziale 2, dotyczy syntezy ketonu
Pummerera i jego analogdéw na drodze utleniajacego sprzggania para-podstawionych fenoli z
wykorzystaniem zwigzkow jodu(Ill) jako utleniaczy. Sztywny trojpierscieniowy uktad ketonu
Pummerera jest czestym motywem w substancjach o znaczeniu farmaceutycznym. Istniejgce
procedury utleniajacego sprzggania fenoli do ketonu Pummerera wykorzystuja rozne czynniki
utleniajace, ale zwiazki jodu hiperwalencyjnego nigdy nie byly dotad stosowane w tym
kontekscie. W rozdziale przedstawiono opracowanie warunkow 1 okreslenie zakresu
stosowalnosci metody dostarczajacej roznorodnych analogéw ketonu Pummerera poprzez
promowane jodozobenzenem utleniajace sprzg¢ganie fenoli.

W ramach kontynuacji badan nad utleniajagcymi transformacjami fenoli z wykorzystaniem

odczynnikow jodu(Ill), w Rozdziale 3 badano zamyst nowej reakcji, podczas ktorej fenole z



dotaczonym ugrupowaniem aldehydowym ulegaja enancjoselektywnej
wewnatrzczasteczkowej  cyklizacji-dearomatyzacji  organokatalizowanej przez chiralne
pochodne proliny. Powstate w ten sposob bogate w grupy funkcyjne produkty spiro-[6,5]-
bicykliczne stanowig wygodne bloki budulcowe do syntezy wielu zwigzkéw naturalnych i
bioaktywnych. Pomimo cz¢$ciowego sukcesu, reakcji nie udato si¢ rozwingé w wydajng i

0go6lng metodg syntetyczna.

Kolejne trzy rozdziaty dotyczg opracowania reakcji przeniesienia grupy arylowej z
wykorzystaniem soli diarylojodoniowych. Przeniesienie grup, np. arylowych, winylowych,
alkynylowych, CFs, CN, N3, F czy NTs., na organiczne akceptory jest intensywnie badang
klasg reakcji z udziatem hiperwalencyjnych zwigzkéw jodu, stanowigca alternatywe dla
sprzegan krzyzowych katalizowanych przez kompleksy metali przejsciowych. W Rozdziatach
4 1 5 przedstawiono badania dotyczace przeniesienia arylu na atom siarki, prowadzace do,
odpowiednio, sulfidéw arylowych i S-arylowych tiofosforanow. Opracowane reakcje nie
wykorzystuja zwigzkow metali, s3a wysokowydajne oraz proste pod wzgledem
doswiadczalnym. Stanowia one wygodna 1 0golng droge syntezy zwigzkow, w tym biologicznie
istotnych, zawierajacych ugrupowanie S—Ar. Co wazne, proces opisany w Rozdziale 5 pozwolit
po raz pierwszy stereospecyficzne S-arylowanie zwigzkoéw P-stereogenicznych.

W tym samym kierunku, ale na innym froncie, Rozdziat 6 dotyczy arylowania nukleofili
fosforowych, konkretnie drugorzedowych fosfin, za pomoca soli diarylojodoniowych. Warunki
reakcji zostaly wstepnie zoptymalizowane, a zakres stosowalno$ci procesu pokrotce
przebadany, dajac solidne podstawy do opracowania uniwersalnej metody otrzymywania
niesymetrycznych fosfin trzeciorzedowych w tagodnych warunkach i1 bez uzycia zwigzkow

metali przejsciowych.

Stowa kluczowe: jod hiperwalencyjny, metodologia syntetyczna, utlenianie, reakcje
przeniesienia grup, kondensacja fenoli, keton Pummerera, spirocykilzacja, S-arylowanie, P-
arylowanie
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Preface

We, chemists, make and break bonds, and this process has been happening throughout the
span of mankind. Since ancient times, humans have been transforming matter as a means to
prepare food, medicines, dyes, tools, and weapons. Our curiosity about nature led us to
speculate matter, which was marked by milestones, such as the development of atomic theory
or the identification of various elements and several organic acids. Collectively these landmarks
have established the field of chemistry.

Among them, the first synthesis of urea, a naturally occurring organic compound, by
Friedrich Wohler in 1828, meant that man could construct organic compounds, the molecules
of living nature, in the laboratory and without the aid of living creatures or their organs. This
was followed by the total synthesis of acetic acid by Kolbe. Thus, the art of construction of
nature’s organic molecules has started. Technologies derived from it, known in general as
organic synthesis, are benefitting the society and have led to the development of useful products
in fields ranging from medicine, dyes, cosmetics, and agriculture to diagnostics and high
technology materials used in computers, mobile phones, and spaceships.

Despite the significant advancements, there are always some drawbacks and room for
improvement. This thesis entitled “Novel synthetic reactions employing hypervalent iodine
compounds: oxidations and arylations” is my small effort towards the advancement of organic
synthesis, in particular by using hypervalent iodine chemistry, and eventually for the betterment
of society.






Chapter 1
Introduction

1.1. Hypervalency and hypervalent iodine compounds

The reactivity of main-group elements has been traditionally described by the octet rule,
which states that these elements tend to bond with other atoms in such a way that they attain a
stable noble gas 8-electron configuration.! Although bonding in the majority of molecules
satisfies the octet rule, certain compounds, such as nitric oxide (NO; having an odd number of
electrons), diborane (B2Hs; 6 valence electrons at boron), or phosphorus pentachloride (PCls;
10 valence electrons at phosphorus), do not adhere to it. The two former examples are so-called
hypovalent compounds, and their electronic structure can be explained invoking two-center
three-electron (2c-3e) and three-center two-electron (3c-2e) bonding, respectively. The latter
one, on the other hand, is the case of an expanded-valence or hypervalent molecule, the term
coined by J. I. Musher in 1969, referring to species of the elements of Groups 13-18 bearing
more than eight electrons within the valence shell.?

The initial proposal for explaining the ability of main-group elements to hold more than the
octet of electrons within a valence shell was put forward by L. Pauling in 1931. It assumed the
involvement of the higher lying d orbitals, resulting in dsp® or d?sp® hybridization.® According
to the current knowledge, however, the contribution of d orbitals is not essential to form
hypervalent compounds and the hypervalent bonding is best explained by a molecular orbital
description involving a three-center four-electron (3c-4€) bond, first proposed by G. Pimentel
and R. E. Rundle in 1951, rationalizing the bonding in trihalide ions (X5, X = F, Br, CI, 1).*°
In this description, often referred to as a hypervalent bond, two pairs of electrons occupy
molecular orbitals delocalized on all three atoms of the linear L—X-L moiety (Figure 1.1). Such
bonding picture was later proven to be correct by quantum-chemical calculations.® Importantly,
only one of the two occupied orbitals has a bonding character, while the other is nonbonding
(it can be viewed as a delocalized lone pair of electrons). This results in each of the X—L bonds
having a formal bond order of 0.5, rendering the hypervalent bond relatively weak, and making
hypervalent compounds highly reactive, both kinetically and thermodynamically. That is, the



breaking of the hypervalent 3c-4e bond, and forming two regular 2c-2e bonds instead, is
associated with a low energy barrier and results in a large downbhill energy change.

COCACD — antibonding MO CiL/Cl
regular bond
oo - O J(} nonbonding MO —
Cl
: hypervalent 3c-4e
COOCD bonding MO
J(} onding bond

Figure 1.1. Molecular orbital description of three-center four-electron bond in hypervalent molecules,
exemplified by PCls (10 valence electrons).

lodine is a remarkable element, first isolated from the ash of seaweed by industrial chemist
B. Courtois in 1811. Its name, introduced by J. L. Gay Lussac in 1813,”2 derives from the Greek
word wwdeg (iodes) for violet, due to the color of iodine vapor. lodine is most commonly present
in a monovalent form, having the octet of electrons. However, because iodine is the largest,
most polarizable, and most electropositive of Group 17 elements, it forms also many stable
hypervalent compounds. Here, a note on assigning the formal oxidation state is necessary.
Namely, the convention (also followed in this thesis) is to count electrons in organic compounds
of iodine such as iodine atom was a metal in a complex and the groups attached to it, including
carbon-based moieties, were ligands. This is due to similar electronegativities of carbon and
iodine, and more importantly, because hypervalent iodine compounds display striking
resemblance in properties and reactivity to late transition metal complexes (see section 1.2,
below). Hence, the monovalent iodine atom, for example in Phl, has the formal oxidation state
of +1, while the hypervalent iodine adopts higher oxidation states, up to +VI1I.

Inorganic polyvalent iodine derivatives have been prepared since the beginning of the 19th
century, and in 1886 the first organic hypervalent iodine compound, phenyliodine dichloride
PhICI, (with iodine having 10 valence electrons and +I11 oxidation state), was synthesized.
Although hundreds of hypervalent organoiodine compounds have been prepared by the early
20th century, it was not until later in that century that interest in these molecules was revived
due to their unique chemical properties. With the increasing demand to develop new greener
synthetic procedures, organic Hypervalent lodine Reagents (HIRs) have gained a considerable
recognition, serving an excellent synthetic tools with rich reactivity, low toxicity, easy
handling, and, in particular, allowing to replace compounds of heavy metals in many synthetic
applications. They have been employed in diverse transformations, both for simple functional



group interconversions as well as to create new chemical bonds during synthesis of complex
molecules.®*? The two major areas that HIRs have found synthetic use are selective oxidations
and electrophilic group-transfer reactions. In the former context, in the recent years they have
been also used as oxidation organocatalysts, combined with a stoichiometric terminal oxidant
or an anodic reoxidation.*® Finally, there is a recent example wherein HIRs were used in a
flow chemistry setting.’

lodine can form stable trivalent, pentavalent, and heptavalent compounds, with the I
oxidation states of +I1I, +V, and +VII, respectively. To maintain the high oxidation states of
iodine atom, the presence of electronegative substituents (e.g., halide- or oxygen-based) is
necessary. The higher the oxidation state, the more such substituents are needed. Thus, for
iodine(11), as many as two carbon-based ligands are acceptable; for iodine(V), only one
carbon-based ligand can be present in stable compounds; for iodine(V11), all the substituents
must be strongly electronegative (for example, as in IF7). Therefore, only the former two classes
have been widely used in organic chemistry.
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Figure 1.2. General classes of organoiodine(l11) compounds and some important examples.



Depending on the type of ligands present at the iodine atom, organoiodine(l11) compounds
are conventionally classified into the following general categories: (dihaloiodo)arenes 1,
iodosoarenes (also called iodosylarenes) 2, bis(acyloxy)iodoarenes 3, aryliodine(lll)
organosulfonates 4, iodonium salts 5, benziodoxoles 6 and benziodoazoles 7, iodonium ylides
8 and imides 9 (Figure 1.2). These reagents are used both for oxidations, e.g., oxidative
coupling, phenol dearomatization, oxidative heterocycle formation, including asymmetric
reactions, as well as for group-transfer reactions, such as amination, arylation,
trifluoromethylation, alkynylation, and vinylation.? Due to the electronic structure of the 3c-
4e bond and its underlying molecular orbitals (Figure 1.1), the three atoms forming the
hypervalent bond are collinear, resulting in a T-shaped geometry of iodine(lll)-containing
molecules. As visible in Figure 1.2, typically, the electronegative groups are more stable
participating in the hypervalent bond, as the nonbonding orbital is localized at its termini.
However, if there are two carbon substituents present, one of them has to occupy the
hypervalent ligand position, creating an opportunity to use I(111) compounds as organic group-
transfer reagents. The cyclic species with iodine atom being part of the ring (6-7) have
considerably higher thermal stability compared to the noncyclic analogs, due to a positive
entropy effect.*®
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Figure 1.3. General classes of organoiodine(\V) compounds and some important examples.



Organoiodine(V) compounds have found applications mostly as powerful and selective
oxidants. Important examples are iodoxyarenes (also called iodylarenes) 10, and the cyclic
benziodoxole derivatives, such as IBX 11 and DMP 12 (Figure 1.3). A special class are ortho-
substituted iodoxyarenes, e.g., 13 and 14, in which a pseudocycle is formed with the oxygen
atom of an adjacent carbonyl or sulfonyl group.'® Similarly as in the case of cyclic iodine(l11)
compounds, the cyclic and pseudeocyclic (V) species are characterized by an increased
stability, which is of importance as iodoxyarenes may be explosive. In iodine(\V) compounds
two perpendicular hypervalent bonds are present, hence their molecules adopt a (full or
reduced) square pyramidal geometry.

1.2. Reactivity of hypervalent iodine compounds

The overall reactivity patterns of hypervalent iodine compounds in reactions such as
oxidations and electrophilic group-transfers, can be explained by a number elementary steps
that these species can undergo. Specifically, these are: ligand exchange, reductive elimination,
attack of a nucleophile on a ligand, reductive a- and B-eliminations, homolytic R—1 bond
cleavage, and single-electron transfer to iodine.?’ It is impossible to fail to notice that
organometallic transition metal complexes can participate in very similar elementary steps,
making the hypervalent iodine chemistry closely resembling the organometallic chemistry. An
important common feature of many of the elementary steps is that they lead to the reduction of
the iodine atom and, thus, the loss of the hypervalency. As mentioned above, this is a highly
exothermic process and it provides the driving force for the reaction.

For clarity, the description and examples below involve I(111) species, but the same processes
are applicable in the case of I(V) compounds, as well.

Ligand exchange: The ligands in hypervalent iodine compounds can be displaced with external
nucleophiles. The reaction is particularly facile for heteroatom-based ligands. The ligand
exchange may occur either via an associative or a dissociative pathway (Figure 1.4). The
associative pathway initiates by the addition of a nucleophile to the iodine atom that for 1(111)
compounds generates a 12-1-4 square-planar intermediate. Such species has been
experimentally characterized for the reaction between ICls and benzyltrimethylammonium
chloride, which resulted in the formation of benzyltrimethylammonium tetrachloroiodate? that
was analyzed by X-ray crystallography.?? However, typically the tetra-coordinate 12-1-4
intermediate is not stable and it rapidly dissociates one of the ligands to regenerate the tri-



coordinate T-shaped I(I1l) species. Conversely, the alternative dissociative ligand exchange
pathway proceeds via the initial departure of a ligand to form a di-coordinate 8-1-2 species,
iodonium ion, which then binds the incoming nucleophile (Figure 1.4b).
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Figure 1.4. Ligand exchange - dissociative and associative pathways.

The ligand exchange process allows for the fast interchange of the substituents’ positions,
so only the most stable isomer of a given hypervalent iodine compound can be observed and
isolated. However, the other, less stable isomers (with alternative arrangements of substituents
around iodine) are accessible by fast equilibrium in solution and they may also engage in
reactions.

The ligand exchange has been utilized for the synthesis of various iodine(l11) species which
could be further used for other synthetic applications. For example,
[hydroxy(tosyloxy)iodo]arenes react with aryltrimethylsilanes in acetonitrile to give
diaryliodonium tosylates (Figure 1.5a).23 The reaction of (E)-styrylboronic acid and 2-
iodosylbenzoic acid in the presence of TMSOTT produces vinylbenziodoxolones via ligand
exchange (Figure 1.5b).2* [[(+)-Menthyloxy](tosyloxy)iodo]benzene could be synthesized by
the exchange of methoxyl ligand of [methoxy(tosyloxy)iodo]benzene with menthyloxy ligand
(Figure 1.5¢).%®
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Figure 1.5. Selected examples of ligand exchange.

Reductive elimination: During the reductive elimination a bond is formed between two
adjacent ligands and the iodine atom undergoes a 2-electron reduction (Figure 1.6).
Computational studies have demonstrated that this process is concerted and proceeds via a 3-
membered cyclic transition state.?
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Figure 1.6. Reductive elimination.

The reductive elimination is the key elementary step in many of the group-transfer reactions,
as it is one of the major ways via which hypervalent iodine can promote the formation of a new
bond between two organic moieties. Thus, a typical group-transfer reaction employing a
hypervalent iodine reagent involves a two-step mechanism composed of a ligand exchange,
followed by a reductive elimination (Figure 1.7).2® Such pathway can be considered as
analogous to the mechanism of a transition metal-catalyzed cross-coupling that has been
“truncated” by removing the oxidative addition step, making it a linear sequence instead of a
catalytic cycle. Although this necessitates the use of a stoichiometric amount of the hypervalent
iodine reagent, it is often still advantageous compared to metal-catalyzed cross-coupling due to
environmental and economic advantages of iodine relative to transition metals (iodine is not



inherently toxic, much higher levels are allowed in pharmaceutical products; 2018-2023 prices:
$20-30/kg for I2 vs. $50 000-90 000/kg for Pd).
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t-BuOK
THF, 40 °C

OMe

OMe

OMe

Figure 1.7. An example of arylation of phenol with diaryliodonium salt proceeding via ligand
substitution/reductive elimination sequence.

Nucleophilic attack on a ligand: Hypervalent iodine atom is highly electron-deficient and it
may induce an attack of a nucleophile on one of the ligands, resulting in the transfer of the
electron density toward the iodine center. Depending on the nature of the ligand, the reaction
may or may not lead to the loss of the hypervalency (Figure 1.8). In the former case, the iodine
atom becomes a leaving group and undergoes a two-electron reduction in the process (Figure
1.8a).
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Figure 1.8. Different nucleophilic attacks on a ligand in iodine(l11) compounds (other options are also possible).

The nucleophilic attack on a ligand occurring with the loss of hypervalency (sometimes
referred to as the “outer sphere mechanism”) gives similar overall outcome as the ligand
exchange/reductive elimination sequence (the “inner sphere mechanism”) and these two
alternative pathways can typically only be distinguished through computations. In some cases,
however, they are discernible by the stereochemical course of a reaction, as for example during
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the bis(trifluoroacetoxylation) of cyclohexene, which needs to proceed via two consecutive
attacks on the ligand in order to afford the observed cis product (Figure 1.9a).?
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Figure 1.9. Examples of reactions involving the nucleophilic attack on a ligand.

The leaving group ability of the hypervalent iodine atom is so high that it may undergo a
direct substitution not only at sp3-, but also at sp?-, or at even sp-hybridized carbon. For
instance, a 2-naphtholate ion directly attacks the ipso position in a diaryliodonium salt
displacing iodine and generating the corresponding diaryl ether (Figure 1.9b), as evidenced by
DFT calculations.?® Recently, the Kalek group reported the alkynylation of aldehydes with
alkynyl(aryl)iodonium salts 16 catalyzed by an N-heterocyclic carbene (Figure 1.9c). This
transformation proceeds via a direct substitution of iodine at an acetylenic carbon by a
nucleophilic Breslow intermediate 15. Such a course of the reaction has been supported both
experimentally and computationally.?®

Reductive a- and B-elimination: Due to the electron-poor character of the hypervalent iodine
atom and its superior leaving group ability, ligands containing alkyl groups with hydrogens in
a- or B-positions undergo a facile elimination with the simultaneous two-electron reduction of
the iodine (Figure 1.10a-b). The a-elimination yields a carbene (Figure 1.10a), while depending
on the M atom, the B-elimination produces a C—C multiple bond, carbonyl, or imine (Figure
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1.10b). A very weak base, such as a solvent molecule or even another ligand on iodine, is
sufficient to abstract the proton, hence, hypervalent iodine compounds with alkyl substituents
are inherently labile and they can only exist as short-lived intermediates (as, for example, in the
reaction depicted in Figure 1.9a). Thus, the only stable hypervalent iodine derivatives with alkyl
ligands are those not containing hydrogens, for example perfluorinated ones, such as the Togni
reagents (6 in Figure 1.2).
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Figure 1.10. a- and p-elimination and selected examples.

A synthetic example of the application of the -elimination is the preparation of olefins from
alkyl iodides upon treatment with m-CPBA. Under these conditions, the iodine is oxidized to
the hypervalent iodoso species, which then spontaneously undergoes a B-elimination, with the
oxygen atom playing the role of an internal base, to give unsaturated compounds (Figure
1.10c).%° Not only a base-assisted deprotonation can lead to the elimination. Kitamura and co-
workers reported a fluoride ion-induced reductive p-elimination from [2-
(trimethylsilyl)phenyl]iodonium triflate to generate benzyne, further using it for Diels-Alder
reaction, affording cycloadducts in high yields (Figure 1.10d).3!

Homolytic cleavage of 1-X bond: Bond dissociation energies of the hypervalent bonds,
including these in present hypervalent iodine compounds, are relatively low and their homolytic
cleavage under photochemical or thermal conditions is often facile (Figure 1.11a).
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Various synthetic transformations such as chlorination, bromination, azidation of C-H
bonds, and oxidation of alcohols, employ iodine(111) reagents as the source of free-radicals. For
example, bromobenziodoxoles 17 have been used for the allylic and benzylic bromination via
the generation of a bromine radical (Figure 1.11b).13%2 The homolytic bond cleavage in
diaryliodonium salts has also been employed to photoinitiate polymerization processes.
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Figure 1.11. Homolytic cleavage of I-X bond and a synthetic example.

Single electron transfer to iodine: Hypervalent iodine(l11) compounds have been utilized as
selective and efficient SET oxidizing agents. Under the SET reduction conditions, first a
iodanyl(I1) intermediate is formed, which subsequently undergoes a fragmentation to generate
R" radical (Figure 1.12a). R’, in turn, can further engage in typical radical processes, such as
addition to arenes, heteroarenes, alkenes and alkynes, hydrogen atom transfer, etc.
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Figure 1.12. SET reduction of I(111) compound and examples of its synthetic applications.

Various single electron transfer (SET) reducing reagents, such as transition metal
complexes, photocatalysts, and organic reductants, have been used in this type of reactions. For
instance, 9-mesityl-10-methylacridinium was used by Genovino as a photocatalyst for the
alkylation of nitrogen heteroaromatics with phenyliodine dicarboxylates (Figure 1.12b).3* The
key alkyl radical intermediates are generated through the decarboxylation of the incipient
carboxylic radicals originating from the SET reduction of I(lll) reagents with the excited
photocatalyst. Kita has reported an interesting example, wherein the PIFA is used as a SET
oxidant to effect a nucleophilic substitution in para-substituted anisoles 18 (Figure 1.12c).%
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1.3. Hypervalent iodine-promoted oxidations

One of the most important applications of the hypervalent iodine compounds in organic
synthesis are oxidation reactions. Due to the large energy gain associated with the loss of
hypervalency, both iodine(l11) and (V) reagents display high potency to accept electrons from
organic substrates. Despite the high oxidative power, the hypervalent iodine-promoted
oxidations are often very selective and confined to specific parts of the substrate molecule.
Importantly, the oxidation reactions involving the hypervalent iodine reagents are not limited
to simple functional group interconversions (e.g., alcohol—ketone), but they also allow for the
formation of new chemical bonds, increasing the molecular complexity.

The hypervalent iodine-promoted oxidations are, by convention, conceptually distinguished
from the group transfer reactions (outlined in section 1.4, below). Although from the organic
reactant viewpoint these are both oxidative transformations, during “pure” oxidations
technically no part of the iodine-containing reagent gets incorporated into the reaction product
and its sole role is to accept the electrons. However, this definition is not clear cut and the
border between the two reaction types is somewhat blurred. One feature that can be considered
characteristic for at least some of the oxidation reactions is that they can be made catalytic in
the iodine reagent. That is, it is applied in a substoichiometric quantity in a combination with a
stoichiometric terminal oxidant in order to in situ regenerate the hypervalent iodine species.
This is particularly valuable when using precious chiral iodine oxidants (see below).

In section 1.3.1, the most eminent hypervalent iodine-promoted oxidations, namely of
alcohols and olefins, are briefly presented. Then, section 1.3.2 discusses in detail the oxidative
dearomatization of phenols, which is relevant for this thesis.

1.3.1. Oxidation of alcohols and olefins

Hypervalent iodine reagents are commonly used for the oxidation of alcohols to the
corresponding carbonyl compounds (and amines to imines). The mechanism of the reaction
involves, first, the coordination of the substrate to the iodine center via the ligand exchange.
Subsequently, a B-elimination takes place, leading to the carbonyl (or imine) product. As the
carbonyl group has practically no affinity for the hypervalent iodine atom, the oxidation of
primary alcohols selectively affords aldehydes with no over-oxidation.
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For example, benzyl and allyl alcohols are oxidized with iodosobenzene to aldehydes
(Figure 1.13a). Interestingly, this I(111) reagent does not oxidize aliphatic alcohols.3® However,
Kita reported that the combination of iodosobenzene and potassium bromide in water is a
powerful oxidant for both primary and secondary alcohols (Figure 1.13b), probably due to KBr
partially depolymerizing (PhlO)n.®” Lewis acids such as BFs-OEt, accelerate the oxidation of
alcohols with iodine(111) reagents by the coordination of BFs to the acetoxy ligand, increasing
the propensity of I(111) center to accept electrons (Figure 1.13c).®® Combination of a catalytic
amount of TEMPO with PIDA as a stoichiometric oxidant was used to convert primary and
secondary alcohols to carbonyl compounds, without over-oxidation.*® The PIDA-TEMPO
system selectively converts primary alcohols into aldehydes in the presence of secondary
alcohols (Figure 1.13d). To achieve the oxidation of primary alcohols all the way to carboxylic
acids and their derivatives, PIDA is combined with molecular iodine in acetonitrile.*> Primary
alcohols can be converted to methyl esters directly by the same system in methanol (Figure
1.13e).

16



(PhlO), HO‘lTlO

ArCH,OH _— ! ArCHO
a) 2 dioxane, A Ph H; (H Ar ;

Phl

OH (PhIO),, KBr

O
/\Mf\ H,O, RT /\M%J\

KBr (equiv.) time (h) vyield (%)

b)
none 48 trace
0.2 24 94
1.0 8 98

BFs
. - O
Arl(OAS),  aco O H
c) @ BF,* OEt i \ i‘j
Arl

NO,
Xy CH20H oH PIDA (1.1 equiv.) x._CHO °
+W TEMPO (0.1 equiv.) * /\/\)J\%
d) | DCM |
>99% not detectable
o)
MeCN /\M%\OH
PIDA (1.1 equiv.)
e) <7 0H
I, (0.1 equiv.) 0

L P
MeOH /\Mgko

Figure 1.13. Oxidation of alcohols by iodine(l1l) reagents.

The prominent reagents for the oxidation of alcohols are Dess-Martin periodinane and its
cyclic precursor ortho-iodoxybenzoic acid (IBX).**2 The mild reaction conditions and the
broad functional group tolerance make these iodine(V) reagents highly attractive (Figure 1.14).
Although Dess-Martin reagent is used as a highly efficient oxidant in many syntheses, IBX may
be a cheaper alternative in some cases, but it is potentially explosive and insoluble in common
organic solvents. For example, IBX smoothly oxidizes 1,2-glycols to a-ketols or a-diketones
without cleaving the C-C bond (Figure 1.14b). lodine(V) reagents are more potent oxidants

17



compared to I(I1l) compounds, which usually require an additional activator, as mentioned
above.
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Figure 1.14. Oxidation of alcohols by iodine(V) reagents.

Alkenes can be oxidatively difunctionalized by hypervalent iodine reagents with the
introduction of two vicinal functional groups, often in a stereoselective manner. A wide range
of carbon nucleophiles as well as heteroatom functional groups can be attached to a carbon—
carbon double bond in this way. A typical reaction mechanism for the oxidative
functionalization of an alkene with hypervalent iodine(l1l) involves the initial formation of a
complex with the olefin's m-orbital and the electron-deficient iodine center. This complex
undergoes a nucleophilic attack on the alkene ligand, affording an intermediate containing an
alkyl substituent at iodine(l11). Although such species are inherently unstable due to possible
B-elimination, the nucleophilic substitution of iodine via the attack on the alkyl ligand is much
faster, leading to the 1,2-difunctionalized product (Figure 1.15a). For example,
aminofluorination of styrenes in good yields with a complete regioselectivity was achieved
using 2,5-dimethylphenyliodonium difluoride in the presence of N-methyl tosylamide (Figure
1.15b).*3#* The diamination products formed in minor quantity.
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Figure 1.15. Alkene oxidation.

In the last decade, the olefin oxidation reactions have been turned catalytic, wherein the
active iodine(l11) reagent is generated in situ by the use of stoichiometric amounts of terminal
oxidants. Chiral iodoarenes (having central, axial, and helical chirality) have been used to
develop enantioselctive protocols. One of the first examples was Kita’s asymmetric spiro-
oxocyclization, which will be discussed more in section 1.3.2. In the context of asymmetric
olefin oxidations, Fujita developed an asymmetric difunctionalization of ortho-
alkenylbenzoates employing a 10 mol% catalyst loading of chiral iodoarene 19 and m-CPBA
as the co-oxidant, providing an efficient route toward 4-hydroxyisochroman-1-one motif
(Figure 1.16a).* Vicinal difluorination of alkenes was also achieved in an enantioselective
manner with iodoarene catalyst 20 (Figure 1.16b).*® Recently, many related reactions have been
reported.*’
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Figure 1.16. Examples of catalytic asymmetric oxidations of alkenes.

1.3.2. Oxidative dearomatization of phenols

Aromatic compounds can serve as valuable building blocks for the construction of alicyclic
moieties in complex molecules. The oxidative dearomatization of phenols promoted by
hypervalent iodine reagents has been particularly successful in this context (Figure 1.17).%8 This
stems from several advantageous features of the reaction. First, the transformation is facile and
universal, it can engage an array of nucleophiles, both carbon- and heteroatom-based. Secondly,
the resulting cyclohexadienone products are versatile synthetic intermediates, suitable for a
variety of further functionalizations to rapidly construct diverse and complex carbo- and
heteropolycyclic architectures. Finally upon losing the aromaticity, a planar arenol transforms
into a three-dimensional structure, possessing a stereogenic carbon, the configuration of which

may be controlled by adopting asymmetric protocols.
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Figure 1.17. Oxidative dearomatization of phenols promoted by hypervalent iodine reagents.

There have been two major general mechanisms proposed in literature for the
dearomatization of phenols with iodine(lll) reagents. In the first scenario, referred to as
associative, following the incipient coordination of the phenolic oxygen to the iodine(lll)
center, intermediate 21 undergoes a nucleophilic attack at the ortho- or para-position of the
ring with a simultaneous dearomatization and a reduction of iodine (Figure 1.18a).%°
Alternatively, intermediate 21 may undergo a unimolecular fragmentation with the reduction
of iodine, leading to the formation of phenoxenium ion, which upon the addition of the
nucleophile affords the dearomatized products (dissociative pathway; Figure 1.18b).5%
Neither of these pathways is universal, as they cannot fully account for the observed features
of all reactions. For instance, the associative pathway does not provide explanation why in some
reactions the addition of a nucleophile exhibits a clear preference to occur at the position of the
phenolic ring containing a substituent, while the other ortho or para sites are unsubstituted,
thus more sterically available. On the other hand, the dissociative pathway cannot rationalize
the enantioselectivity of the reactions carried out in the presence of chiral iodine(l11) regents or
catalysts.
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Figure 1.18. General mechanistic pathways proposed for the oxidative dearomatizing addition of nucleophiles to
phenols.

Kalek’s recent work on iodine(I1I)-promoted oxidative dearomatizing hydroxylation of 2,4-
di(tert-butyl)phenol has demonstrated that there exists also a possibility of a radical chain
pathway.>? The phenol substrate is converted into the corresponding aryloxyl radical 23, which
constitutes the key chain-carrying intermediate. The nucleophile (H20) is activated by the
coordination to the I(I11) center to form the actual oxidant 22, which reacts with the aryloxyl
radical 23, to generate the product together with a iodanyl(I1) radical 24 that further propagates
the chain (Figure 1.19).
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Figure 1.19. Radical-chain pathway of the oxidative dearomatizing hydroxylation of phenols.

Overall, depending on the exact structure of the arenol and the nucleophile, the iodine(l11)-
promoted dearomatization can follow either of the mechanistic routes depicted in Figures 1.18
and 1.19, as shown by mechanistic investigations using experimental and computational
techniques.*°5253

The simplest dearomatizing transformation is the conversion of hydroquinones into the
corresponding benzoquinones (Figure 1.20).>* Usually PIDA is used for such reactions to afford
the products in excellent yields. The application of polyiodostyrene and aminomethylated
polystyrene based polymer-supported reagents has led to a cleaner oxidation, additionally
allowing for the easy recycling of the reagent.>>*® Kita found that in aqueous oxidations of
phenolic substrates, p-oxobridged hypervalent iodine trifluoroacetate reagent 25 is generally
more reactive than the corresponding monomeric species.®’
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Figure 1.20. lodine(l11)-mediated oxidation of hydroquinone.

Phenols can be oxidatively dearomatized in the presence of various external nucleophiles.
Figure 1.21a presents the oxidation of substituted phenols 26 with PIDA in aqueous acetonitrile
to afford para-quinols.® Similarly, quinone monoketals can be obtained from para-
alkoxyphenols and para-alkoxynaphthols in the presence of alcohols (Figure 1.21b).>°

OH o)
1 5 1 5
R R PIFA R R
a)
R2 R4 MeCN, H,0 R? R
R3 R3 OH
26
R', R?, R* R®=H, alkyl, Br, CO,Et
R3 = Me, t-Bu, CH,CO,Et
OH o)
b) :,/ PIDA :f/
Boe - MeCN, ROH Soe -
OMe MeO OR

R = Me, Et, i-Pr, i-Bu
Figure 1.21. Intermolecular oxidative dearomatization of phenols by oxygen nucleophiles.

Acetamides can be obtained in synthetically useful yields by PIDA oxidation of phenolic
substrates in a 1:1 mixture of acetonitrile and HFIP through a Ritter type reaction. Nitrile
solvents other than MeCN can also be used in the reaction.®® For instance, the oxidation of

para-cresol in the presence of propionitrile deliveres the corresponding propionamide (Figure
1.22).
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~ PIDA PDA
MeCN/HFIP (1:1) EtCN/HFIP (1:1) o
R NHAc R R NH—~
Et

Figure 1.22. Intermolecular oxidative dearomatization of phenols by nitrogen nucleophiles.

Carbon nucleophiles can also be used in the reaction. Canesi reported the oxidative allylation
of polysubstituted phenols 27.5! This reaction, occurring in useful to good yields, either in
trifluoroethanol or hexafluoro-2-propanol provides a rapid access to dienones containing a
quaternary carbon center (Figure 1.23).

OH ™ o)
R R3 NS R R3
PDA
TFE or HFIP
R2 R? \
27

R', R?,R®=Cl, Br, I, TMS, t-Bu
Figure 1.23. Intermolecular oxidative dearomatization of phenols with carbon nucleophiles.

Nucleophilic para-fluorination of 4-alkylphenols by hypervalent iodine reagent and
pyridinium polyhydrogen fluoride (PPHF), as a fluoride anion source, afforded 4-
fluorocyclohexa-2,5-dienones (Figure 1.24a).%% The method was extended to the fluorination
of bicyclic and polycyclic phenols (Figure 1.24b).5364

OH o)
PPHF
PIFA or PIDA
a)
DCM
R R F
Me O Me O
R © R ©
PPHF F
b) PIFA
DCM
HO o)

Figure 1.24. Intermolecular oxidative dearomatization of phenols by fluoride anion.
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Oxidative dearomatization of phenols containing tethered nucleophilic groups at ortho-
or para- positions is a powerful strategy in the synthesis of spirocyclic compounds. Kita’s
pioneering work on the synthesis of spirodienones from N-acyltyramines using iodine(l11)
reagent has paved the way for many spirocyclization reactions.® Various oxo-, aza-, and carbo-
spirocyclizations were accomplished using this apporach, and new methods continue to be
reported, either by using iodine(lll) reagent in a stoichiometric or catalytic amount with a
terminal oxidant.%

Wipf and Kim employed PIDA for the spirocyclization of N-protected tyrosine 28 to
spirolactone 29. The spirocyclization reaction was carried out in methanol using the
stoichiometric amount of PIDA and spirolactone 29 was isolated in 35% yield (Figure 1.25a).%’
Fan combined iodosobenzene-mediated oxidative dearomatization of 3-(3-alkynyl-4-
hydroxyphenyl)propanoic 30 acid with a cascade transition metal-catalyzed
cyclization/addition/aromatization/lactamization, to synthesize furoquinolinone 31 and
angelicin derivatives (Figure 1.25b).%8

OH O

PIDA
MeOH, RT, 30 min

a)
CO,H

NHCbz CbzHN 0]
28 29
R
OH R O R O \

PhlO XHy, Pd(PPhj3),Cl,

b) TFE cyclization
o addition
CO,H aromatization o
o) lactamization
30 L _ X =NAr, O
furoquinolinone 31

Figure 1.25. Examples of oxo-spirocyclization.

Ciufolini reported various methods for the oxidative spiro-amination/amidation of
phenols to form N-substituted spiro compounds (Figure 1.26).%%7
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Figure 1.26. Ciufolini’s various modes of oxidative spiro-amination/amidation.
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In the course of synthetic studies toward discorhabdin alkaloids, Kita used PIFA for the
dearomatization of ortho- and para-substituted phenol derivatives bearing aminoquinones to
access azacarbocyclic spirodienones (Figure 1.27).747

OH CHMe 0
Br Br 1. MesSiO” “OMe  Br Br
N DCM, RT . ‘ N
N 2. PIFA, TFE, RT ‘ N
N NH N NH
0 o)

discorhabdin C
Figure 1.27. Synthesis of discorhabdin C using PIFA.

Phenolic amides 32, phenolic benzyl amide 34, and phenolic benzamido-acrylate homolog
36 have been carbo-spirocyclized, leading to B-lactam spirocyclohexa-2,5-dienones 33, carbo-
spirocyclic pyrrolidone derivative 35, and carbo-spirocycles 37, respectively (Figure 1.28).7"78
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OH o) OH o

PIDA, CuSO,5H,0 PIDA, CuSO,5H,0
O DMAP, MeOH
a) N DMAP, MeOH R=N CO,Et b) )J\/CO £t CO,Et
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R \H/\COzEt N N
o (0] Bn Bn (0]
32 33 (76-87%) 34 35 (72%)

R = various benzyl groups

OH 0 0
PIFA
c) + 0
J\W EtCN, 90 °C, 15 min O ) 0]
OR
N
o= N N Bn~ o
Bn (@) Bn C02R
36 37 (35-52%)

R = Me, Et, i-Pr, Bn
Figure 1.28. Examples of carbo-spirocyclizations.

Wang reported an intramolecular variant of the reaction depicted in Figure 1.23 to access
all-carbon spirobicycles.”® Phenols that are ortho-substituted by a pendant allylsilane 38 were
converted to spirocycle 39 with PIDA in TFE/DCM solvent mixture at -40 °C (Figure 1.29a).
Similarly, under slightly modified reaction conditions, vinyl methyl ether-functionalized
phenols 40 gave acetal terminated spiro-carbocyclization products 41 (Figure 1.29b).

OH o)
PIDA, 4 A MS
a) R = ° g R
T T™ms  TFE/DCM (1:1), -40 °C T
38 39
OH 0
PIDA, MgSO,
7 OMe > .
R TFE, -40 °C RT _
b) = E/Z mix o TCFs
MeO
40 41

Figure 1.29. Wang’s ortho-dearomative spiro-carbocyclization of phenols.

In 2011, Kita suggested the use of u-oxoBTI 25 over PIDA or PIFA to generate spirocyclic
cyclohexadienones via the dearomatization (Figure 1.30).8% A comparative study between the
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bridged iodine(l11) reagent 25 and PIFA showed that the reaction products were obtained in

higher yields using the former compound.

u—oxoBTI 25 (0.55 eq.)

MeCN, RT, 15 min

OH
b) p—oxoBTI 25 (0.55 eq.)=
NHTs HFIP, RT, 30 min
OH
O i-0x0BTI 25 (0.55 eq.)
© OMe TFE, -40 °C, 30 min

OMe

ro-

NTs

Ore 0~

OMe

!

OMe

Figure 1.30. Kita’s n-oxoBTI-mediated oxo-, aza-, and carbo-spirocyclization.

It is possible to carry out the spirocyclization using catalytic amounts of hypervalent iodine
species, generated in situ, by the oxidation of catalytic amounts of iodoarene with a terminal
oxidant, such as m-CPBA or Oxone. Kita established the efficient catalytic reactions involving
hypervalent iodine(111) species at room temperature by using m-CPBA as an effective chemical

cooxidant and TFA as an additive (Figure 1.31).8!

OH
1 2

R R 4-MeCgHyl (5 mol%)

m-CPBA (1.5 equiv.),
TFA (1.0 equiv.)
R3NCO2H DCM, RT, 2 h
R4
R', R? = H, Me, Br
R% R*=H, Me

Figure 1.31. lodoarene-catalyzed spirolactonization of para-substituted phenols to spirolactones.

29



One of the most important developments in area of spirocyclization has been the asymmetric
synthesis of spirolactones via phenol dearomatization, using catalytic amounts of the chiral
spirobiindane-based bis(iodoarene) 42 in the presence of m-CPBA as the terminal oxidant
(Figure 1.32).82 The in situ regeneration of the catalyst iodine(I1l) form 43 allows for the
economical use of the precious chiral iodoarene 42. Ishihara and Uyanik have further developed
many spirolactonization variants using more conformationally flexible and easier to access
chiral iodoarene catalysts 44, obtaining the products with enantiomeric excesses up to 92%
(Figure 1.32) 8384

Kita's conditions:

NS

Conditions 1: 43 (0.55 equiv.), DCM or CHCIs, 0 °C, 2 h (up to 86% ee)
OH Conditions 2: 42 (15 mol%), AcOH (1 equiv.), m-CPBA (1.3 equiv.),

[¢] 0,
COH DCM or CHCI3, 0 °C, 3 h (up to 69% ee) o
(0]
Ishihara's conditions:
(@] | (e}
ArHNJ\;/ O\©/O%NHN
)

44 (10-20 mol%
m-CPBA (1.2-1.5 equiv.), CHCI3, 0 or -20 °C, 3 h (up to 92% ee)

Figure 1.32. Asymmetric catalytic versions of oxo-spirocyclization.

1.4. Group-transfer reactions using I(111) reagents

The second class of transformations, wherein the hypervalent iodine reagents have found
widespread applications are so-called group-transfer reactions. In contrast to the oxidation
reactions discussed above, making use of both I(I11) and I(V) species with a single carbon-
based ligand that remains bound to the | atom, the group transfers typically employ only
iodine(l11) compounds, such as aryl(R)iodonium salts or R-benziodoxol(on)es (5-7 in Figure
1.2), containing two carbon ligands, one of each (R) is delivered to an organic substrate. Since
the iodine atom accepts two-electrons in the course of the reaction and it is reduced to I(1),
originally the R group has an electrophilic character, hence, the organic acceptor needs to be a
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nucleophile. As the group-transfer process involves the loss of hypervalency, it is favorable
both kinetically and thermodynamically, making the iodonium derivatives highly reactive
compared to conventional electrophiles. Thus, the transfer of various moieties, whose, for
instance, halide derivatives are not particularly reactive, such as aryl, alkenyl, alkynyl, and
other, can be achieved.The last two decades witnessed a tremendous development in the area
of group-transfer reactions from hypervalent iodine reagents, wherein an array of groups has
been transferred to a variety of acceptors.®>°

Mechanistically, the group-transfer reactions can follow one of the three general pathways,
as described in section 1.2. Namely, these are: (1) the inner sphere mechanism, proceeding
through the incorporation of the nucleophile into the I(I11) coordination sphere via the ligand
exchange, followed by the reductive elimination; (2) the outer sphere mechanism, proceeding
through the direct nucleophilic attack of the nucleophile on the ligand, substituting the iodine
leaving group; (3) the radical mechanism, wherein one of the ligands is converted into a radical,
either via the homolytic cleave of R—I bond or the SET reduction, and subsequently reacts with
the organic acceptor.

In this thesis, the transfer of aryl groups from diaryliodonium salts has been investigated.
Therefore, the following sections survey this area in detail, including the methods for the
preparation of diaryliodonium salts. Figure 1.33 depicts few selected examples employing the
second class of hypervalent iodine reagents most commonly used for the group transfer, the
cyclic benziodoxol(on)es. Perhaps the most famous of them is the Togni reagent, allowing for
the electrophilic trifluoromethylation of both C- and heteroatom-centered nucleophiles (Figure
1.33a).°* Another compound with a broad scope of applications is ethynylbenziodoxolone 45
(EBX) developed by Waser. It is capable of transferring the alkynyl moiety to a variety of
acceptors (Figure 1.33b). 92° The corresponding vinyl analog, vinylbenziodoxolone (VBX),
has been prepared by Olofsson. The reagent displays a peculiar regioselectivity of the vinyl
transfer, preferably affording the branched product, opposite to the related
phenyl(vinyl)iodonium salt (Figure 1.33c).%®
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Figure 1.33. Selected examples of group-transfer reactions employing cyclic benziodoxol(on)es.

1.4.1. Diaryliodonium salts

In 1894, Meyer and Hartmann reported the first synthesis of diaryliodonium salts, Ar2IX, as
air- and moisture-stable compounds.®® This class of hypervalent iodine reagents has found
diverse applications as electrophilic aryl-transfer agents, capable of delivering aryl groups to a
variety of nucleophiles. The following sections provide an overview of transition metal-free
arylation reactions employing diaryliodonium salts, that is, the reactions which do not require
intermediate transfer of the aryl onto a metal center. The application of transition metal catalysts
is possible and sometimes necessary to effect the aryl transfer from diaryliodonium salts, but it
is clearly disadvantageous, as it compromises the environmental and economic benefits
inherent to these hypervalent iodine reagents. Fortunately, the direct arylation using
diaryliodonium salts is often kinetically feasible (and always very favorable
thermodynamically), allowing for an array of reactions without the need to involve the
additional activation by transition metal catalysts.
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According to X-ray crystallographic measurements the prototypic diaryliodonium salt,
Ph2ICl, in solid state has a T-shaped structure with the Cl atom sharing a three-center four-
electron (3c-4e) bond with the iodine and one phenyl group.®”? Similar solid-state structures
have been obtained for other compounds of this type, in line with the molecular orbital picture
of hypervalent molecules described in section 1.1. However, in solution the anionic ligand can
relatively easily dissociate, thus justifying the name of this class of hypervalent iodine
compounds. Studies have shown that the degree of dissociation depends on both the solvent
and the counterion.®® Importantly, the dissociated cation Arl* retains the ~90° angle between
the two aryl moieties and remains hypervalent, as a solvent molecule (or another species)
coordinates to | center instead of the original anion.

1.4.2. Preparation of diaryliodonium salts

Since the initial discovery, several synthetic routes to diaryliodonium salts have been
reported. Stepwise synthesis of diaryliodonium salts involves two or three steps. First an
iodoarene is oxidized to an iodine(l11) compound under acidic conditions. It is then reacted with
a nucleophilic aryl source, such as electron-rich arene or arylstannane, arylboronic acid, or
arylsilane (Figure 1.34a), transferring the second aryl group to iodine via a Friedel-Crafts type
process or transmetallation, respectively. In many cases a subsequent anion exchange is needed.
Commercially available iodine(l1l) compounds, such as PIDA, PIFA, and Koser reagent are
very convenient precursors in the step-by-step synthesis of aryl(phenyl)iodonium salts.

One-pot synthesis of diaryliodonium salts was limited in scope and required harsh
conditions® until efficient protocols were developed by the Olofsson’s group in the beginning
of the 20th century.’®% |In these one-pot routes to symmetric and unsymmetric
diaryliodonium salts, an iodoarene is mixed with an arene and an oxidant (typically m-CPBA),
in a combination with TfOH, TsOH, or BFz-OEt,. For unsymmetric salts, the more electron-
deficient aryl group should originate from Arl, and the more electron-rich aryl group should
come from the arene to avoid byproducts formation. The method employing TfOH is more
versatile (Figure 1.34b), whereas the one with TsOH is more suitable for electron-rich salts
(Figure 1.34c). BF3-OEt> can be applied for the one-pot synthesis of symmetric and
unsymmetric diaryliodonium tetrafluoroborates from iodoarenes and arylboronic acids (Figure
1.34d). Both electron-deficient and electron-rich salts can be synthesized in a regiospecific
manner this way, and the substitution pattern can be varied easily. Symmetric diaryliodonium
salts can also be prepared directly from molecular iodine and arene (Figure 1.34e). Other
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oxidants, such as K2S;0s/TFA,1%106 H,0,/Tf,0,%” AcOOH/TsOH,'% and Oxone/H,S04,1%®
have also been used for the one-pot synthesis of diaryliodonium salts.

anion

a) Al __ oxidant AL Ar?-H or Ar>-M Ar1—!—x exchange Ar1—!—Y
acid 2 acid Ar? Ar2

(M = B(OH),, SiMe3, SnBus)

m-CPBA, TfOH 1y
b) Al +  AH Ar—| ZOTf
DCM, RT, 10 min-22 h Ar
m-CPBA, TsOH '
c) A4+ APH Ar- ZOTS
DCM, RT, 6 h Ar
m-CPBA, BF3OEt Ar,-B(OH 1_—
& Al 3 OEt, 2-B(OH), Ar'—| ZBF4
DCM, RT, 30 min RT, 15 min Ar
m-CPBA, TfOH or TsOH Ar—I—X
e) Ar-H + I | (X=0OTforOTs)
DCM, RT, 10 min-14 h Ar
Figure 1.34. Synthetic strategies for the preparation of diaryliodonium salts.
1.4.3. Arylation of carbon nucleophiles

Several classes of C-nucleophiles have been successfully arylated using diaryliodonium
salts under metal-free conditions.

The first class are electron-rich arenes. In 2010, Kita and co-workers reported using
diaryliodonium salts 46 as selective heteroaryl transfer agents to functionalize
dimethoxybenzenes (Figure 1.35a).11° Building on a seminal work by Quideau et al.,!!! Kalek
group developed transition metal-free C—H arylation of 2-naphthols using diaryliodonium salts
as aryl donors (Figure 1.35b).?® The reaction displays a complete regioselectivity with regard
to C1 carbon, providing access to an important biaryl scaffold with many possible substitution
patterns. A double C1- and O-arylation of the same substrates was reported by Solorio-
Alvarado and co-workers, using 47 as a radical initiator (Figure 1.35c).1*? Diaryliodonium salts
were also used in metal-free C-arylations of naphthalene and other unbiased arenes under
microwave heating conditions. (Figure 1.35d).113
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Figure 1.35. Arylation of electron-rich arenes.

The scope of the C-arylation reaction was further extended to aromatic heterocycles. In
2012, Yu developed a metal-free arylation of various 5- and 6-membered N-heteroarenes with
diaryliodonium salts using an inorganic base (Figure 1.36a).1** Ackermann’s group reported
the C3 arylation of pyrroles and indoles with diaryliodonium salts in DMF at high temperature
(Figure 1.36b).}'° Later, the C2-arylation of engineered indole-3-acetamides 48 with
diaryliodonium salts was also reported by the same group (Figure 1.36¢).*® This arylation
reaction was shown to be applicable for a late-stage diversification of complex peptides.
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Figure 1.36. Arylation of heterocycles.

Diaryliodonium salts were also used for the direct modification of pyrrole rings in the
fluorescent dye BODIPY. Both mono- and di-a-aryl-BODIPY's were accessed via a base
mediated direct C—H a-arylation in refluxing DCE (Figure 1.37).!'7 The resultant a-aryl-
BODIPYs showed strong absorption and intense fluorescence emission over a broad range of
the spectra and may be easily tuned via the variation of the diaryliodonium salt.

ArolOTf (3 equiv.)
NaOH

Ar,IOTf (1.5 equiv.)
NaOH

DCE, reflux DCE, reflux

Figure 1.37. a-Selective arylation of boron dipyrrolmethenes.

The arylations of arenes with diaryliodonium salts may follow either a Friedel-Crafts-type
or a radical mechanism depending on the particular case.

The second general class of carbon nucleophiles, which have been used as substrates for
the arylation with diaryliodonium salts are carbonyl compounds. Already in 1991, Koser
discovered that diphenyliodonium fluoride could be utilized in the a-phenylation of silyl enol
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ethers 49. The fluoride counter-ion in this case was conveniently chosen to facilitate the
removal of the silyl moiety (Figure 1.38a).1'8 Oh and co-workers developed a metal-free a-
arylation of B-keto esters and malonates (Figure 1.38b).1° Agrawal and co-workers reported
the first asymmetric a-arylation of cyclohexanones, employing Simpkin's base to generate the
chiral nucleophilic enolate intermediate (Figure 1.38¢).*?° This approach has been applied in a
short and efficient total synthesis of (—)-epibatidine 50 and a formal synthesis of (+)-
epibatidine. The C2-arylation of quinone systems (Figure 1.38d),'?* C-arylation of ethyl
acetoacetate (Figure 1.38e),122 C2-arylation of indolinone derivatives (Figure 1.38f),1% C4-
arylation of 4-substituted-pyrazolin-5-ones (Figure 1.38g),'?* C-arylation of a-cyano-o-phenyl
esters (Figure 1.38h),'%° and 2-substituted cyanoacetates (Figure 1.38i)!% are some other
prominent examples of the a-arylations of carbonyl compounds.

OTMS O
R? Ph,IF, THF R? EtO,C_COzEt  ArIX, NaH, DMF  EtOC. _COEt
a) RTX R; b) Y \I<Ar
R3 —40 °Cto RT PhR3 R RT R
49
o) 1) Ph/LN/\ , THF, 118 °C H _ / o
_ \
9 4}
N(Boc), o N(Boc),
N |  DMF, ~45°C (-)-epibatidine 50
Cl
0 (0]
O O
PN Ar,IOTf, NaOH, DCE N Ar,lX, t-BuOK, DMF
" 2 E ¢ o) J\_coEt )H/COZEt
AP reflux Soy - Ar RT
Ar
)
O O
R o R O R. R. R3
X ArolX, t-BuOK, THF X N Ar,IOTf, DMAP, toluene N
N N | N g9 R3 | Ar
AN 30°C AN Ar N RT Nx
Ac Ac R2 R2
(0] (@) O
Ph AralF, NaHCO3, DCM I Ar,lX, t-BuOK, DCM R
h) EtO)H/ 30 °C EtO&CN ) EtoJ\/ EtO&CN
CN Ar Ar

Figure 1.38. a-Arylation of carbonyl compounds.
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Similarly, the metal-free a-arylations of aliphatic nitro compounds, such as nitroalkanes
and nitroesters  (Figure 1.39a),'?" a-nitroketones (Figure 1.39b)!?® and o-fluoro-a-
nitroacetamides (Figure 1.39¢),?° using diaryliodonium salts were also reported.

NOZ Ar
2\ Ar,|OTf, -BuOK, DME KNOZ
\ i RT \ 1
-, S,
a) °
(0]
Ar,lOTf, Cs,COg3, toluene
NO, ~ 5o NO,
Ar
N02 Ar NO
2
Ar,lOTf, K,CO3, DCE
b) RT R_L
S~ 80°C o
@\ 0 Ar,lOTF, K,COs, toluene @\ 0
N02 > &NOz
c) '}‘J\/ 50 °C h F
Bn F Bn Ar

Figure 1.39. Arylation of aliphatic nitro compounds.

Finally, Gaunt and co-workers discovered that heteroaromatic aldehydes 51 can be
arylated at the carbonyl carbon with diaryliodonium salts, employing the catalysis by N-
heterocyelcic carbenes that convert the aldehydes into nucleophilic Breslow intermediates
(Figure 1.40).1%

BFY
NN\®
\N_CBFS

~._ 7/

WX\ H (10 mol %) WX\

Y~ Ar,lOTf, DMAP Y~
51 DCM/i-PrOH
0°C

Figure 1.40. N-heterocyclic carbene-catalyzed arylation of heteroaromatic aldehydes.
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1.4.4. Arylation of oxygen nucleophiles

Beringer’s pioneering investigation on the arylation of organic and inorganic bases by
diaryliodonium salts paved the way for the synthesis of many synthetically useful motifs via
O-arylation (Figure 1.41),1311%2

The first class are diaryl ethers, whose synthesis via aryl transfer from diaryliodonium salts
to phenols in the presence of aqueous sodium hydroxide was first reported by Crowder.** The
resulting products were used as intermediates in the synthesis of bis(benzyl)isoquinoline
alkaloids. A faster, milder, and high yielding protocol for the synthesis of diaryl ethers was
reported by Olofsson and co-workers (Figure 1.41a).*** Sterically crowded ortho-substituted
diaryl ethers, which are difficult to obtain by a metal-catalyzed arylation, halogen substituted,
racemization-prone amino acid derivatives, and heteroaromatics were all tolerated in this
reaction. 4-Methoxyphenyl and 2,4-dimethoxyphenyl were found to be suitable auxiliary aryl
groups that do not undergo the transfer, thus allowing for the chemoselective reactions using
unsymmetrical diaryliodonium salts.?%!351% Gaunt and co-workers reported a counter-anion
triggered arylation strategy with diaryliodonium fluorides under weakly basic conditions.?®
The fluoride counter-anion forms a hydrogen bond with the phenolic OH, which enhances the
nucleophilicity of the phenol and triggers the attack at the iodine(lll) center displacing the
fluoride as a leaving group. Olofsson reported the synthesis of aryl ethers in water, which in
addition to phenols was also applicable to allylic and benzylic alcohols (Figure 1.41b).%" The
transition metal-free synthesis of phenoxazine 52 was carried out via O-arylation of ortho-iodo
phenol with unsymmetrical diaryliodonium salt to provide substituted diaryl ether as the key
step (Figure 1.41c).1%

In 1975, McEwen published an etherification of aliphatic alcohols using diphenyliodonium
salts and sodium alkoxide, in which a complex mixture of products arising from a radical chain
reaction was formed.'3® The yields of the alkyl aryl ethers were increased by the use of 1,1-
diphenylethylene (DPE) as radical trap. Solvolysis of diaryliodonium salts with trifluoroethanol
and methanol led to the corresponding arylated products.**® Only in 2014, Olofsson reported a
practical and efficient synthesis of alkyl aryl ethers using sodium tert-butoxide as a base in
toluene. Primary alcohols were the best reaction partners, though secondary, tertiary, allylic,
benzylic, and other functionalized alcohols were also tolerated.*! Stuart group also reported a
similar transformation, with an extended scope and better tolerance of various alcohols using
sodium hydride as the base and methyl tert-butyl ether (MTBE) as the solvent, at 50 °C.%*2 The
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arylation of tertiary alcohols with ortho-substituted diaryliodonium salts to obtain highly
sterically hindered ethers was also developed. The substrate scope includes cyclic, acyclic,
propargylic, and allylic alcohols.*® Olofsson group reported a general method for the synthesis
of carbohydrate-derived aryl ethers 53, with aryl group containing both electron donating and
withdrawing groups (Figure 1.41d).}** This method is of a special importance, as O-arylated
carbohydrate derivatives have diverse applications in medicine and glycobiology.

Olofsson also reported the arylation of other oxygen nucleophiles such as N-
hydroxysuccinimide and N-hydroxyphthalimide to the corresponding N-aryloximides (Figure
1.41e).1%5 A fast and operationally simple one-pot synthesis of substituted benzofurans was
achieved by the O-arylation of ethyl acetohydroxamate, followed by an in situ reaction with
ketones under acidic conditions (Figure 1.41f).146
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Figure 1.41. Olofsson’s O-arylations by diaryliodonium salts.



Olofsson also developed an interesting pathway for the synthesis of phenols, based on the
O-arylation of silanols with diaryliodonium salts, followed by the removal of the silyl group
(Figure 1.41g).247

Finally, diaryliodonium salts can be used for the preparation of aryl esters via aryl transfer
to oxygen atom of acids, including carboxylic acids (Figure 1.41h), sulfonic acids (Figure
1.41i), 13148 and phosphoric acids (Figure 1.42).14°

n Ar,lOTH, EtzN n
R—P-OH S R-P-O
R2 toluene, 110 °C, N, 3 h R2 Ar

Figure 1.42. Arylation of P(O)-OH by diaryliodonium salts.
1.4.5. Arylation of nitrogen nucleophiles

The first report of N-arylation using diaryliodonium salts was the Beringer’s work on the
arylation of sodium nitrite, sulfonamides, and amines. However, only low to moderate yields
were achieved in this reaction.*®! In 1977, McEwen obtained nitrobenzene in ~75% yield and
phenyl azide in ~98% by the arylation of sodium nitrite and sodium azide, respectively.** Later
an efficient arylation of ammonia with diaryliodonium salts in aqueous media at 80 °C was
developed, providing anilines.!

Concerning the arylation of organic nitrogen nucleophiles with diaryliodonium salts, Carroll
and Wood were the first to use substituted anilines, obtaining a range of diarylamines in good
yields.?> Trifluoroacetate was used as preferred counter-ion for the iodonium salts and the
reaction was carried out in DMF at 130 °C. The presence of electron-withdrawing groups, e.g.,
NO., at the aniline ring decreased the yields, while anilines with electron-donating groups gave
the corresponding products with high efficiency. Olofsson group performed a systematic
chemoselectivity study with anilines and diaryliodonium triflates, which showed that 2,4- and
2,6-dimethoxyphenyl, as well as 2,4,6-trimethoxyphenyl groups are the most efficient auxiliary
groups for the N-arylation of meta-anisidine, using unsymmetrical diaryliodonium salts (Figure
1.43a).% Chen reported the synthesis of acridine derivative from ortho-acylanilines via a
tandem N-arylation/Friedel—Crafts reaction pathway (Figure 1.42b).*>

The arylation of aliphatic amines, both primary and secondary, was reported by Olofsson in
2018 (Figure 1.42c).>* Cyclic and acyclic amines were well tolerated, providing a range of N-
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alkylanilines. The reaction employs Na.COs as the base in toluene at 110 °C. The N-arylation
of amino esters with unsymmetrical aryl(anisyl)iodonium salts was also developed, delivering
the products in high yields (Figure 1.42d).2>® Chi and co-workers reported an intramolecular
arylation of iodonium salts 54, leading to indoline derivatives (Figure 1.42e).1°® Amines
containing other substituents were also successfully subjected to arylation with diaryliodonium
salts. For example, Wang and co-workers demonstrated the facile arylation of hydroxylamines
in the presence of Cs,COsat room temperature (Figure 1.42f).%’

Further extension was the arylation of amides. A one-pot synthesis of multiply substituted
ureas 55 from N-arylcyanamide and diaryliodonium salts was developed by arylation of N-
substituted cyanamides under metal-free conditions, followed by a second N-arylation under
copper-catalyzed conditions (Figure 1.42g).1® The high reactivity of diaryliodonium salts has
been utilized in metal-free arylations of acyclic secondary amides at room temperature using
NaH as the base (Figure 1.42h),%*° as well as a benzyne precursor for N-arylation of challenging
acyclic secondary amides (Figure 1.42i).1%° The reaction of thiolactams with diaryliodonium
salts delivered N-arylated thioamides (Figure 1.42j).16
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Heterocycles, such as pyrazole, carbazole, and indolines, were efficiently arylated at
nitrogen by diaryliodonium salts (Figure 1.43a-c).1%271% Karchava and co-workers developed
the first synthetic approach to quaternary N-aryl-DABCO salts 56, based on the arylation with
aryl(mesityl)iodonium triflates and demonstrated a one-pot procedure for the synthesis of
flibanserin 57, the active agent of recently approved drug Addyi (Figure 1.43d).16°
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Figure 1.43. Metal-free N-arylation of nitrogen-containing heterocycles.

1.4.6. Arylation of sulfur nucleophiles

In 1947, Sandin and co-workers reported the reaction of diphenyliodonium chloride with
thiophenol, cysteine, and thioglycolic acid in refluxing aqueous solutions, giving S-arylated
products.'® Crivello and Lam accessed triarylsulfonium salts via a double arylation of thiols.®”
Chen used diaryliodonium salts to arylate several sulfur nucleophiles to synthesize aryl esters
of dithiocarbamic acids (Figure 1.44a),'%® aryl arenedithiocarboxylates (Figure 1.44b),'%° S-aryl
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thiocarboxylates (Figure 1.44c),'"® O,0-dialkyl S-aryl phosphorothioates (Figure 1.44d),*"* and
unsymmetric S-aryl thiosulfonates (Figure 1.44e).172
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Figure 1.44. Chen’s work on the arylation of various S-centered nucleophiles.

Huang et al. synthesized polymeric diaryliodonium salts and applied them to the preparation
of diaryl ethers and diaryl sulfides under mild conditions. The polymeric support,
polyiodostyrene, could be recycled and reused.}”™ Sanford and co-workers reported the
preparation of diaryl and alkyl aryl sulfides via acid-mediated coupling of thiols and thioethers
with diaryliodonium salts in dioxane at 110 °C.1" Ciufolini reported a high yielding preparation
of triarylsulfonium salts via metal-free arylation of diaryl sulfides.!’

In 2013, Manolikakes and Umierski reported the synthesis of diaryl sulfones by the arylation
of arylsulfinites (Figure 1.45a).1® The transfer of electron-poor and bulky, ortho-substituted,
aryl groups was favored over the transfer of electron-rich aryl groups and less bulky aryl groups,
respectively. The same researchers subsequently reported a one-pot synthesis of aryl sulfones
by the arylation of sulfonate salts, generated in situ from organometallic reagents and SO
(Figure 1.45b-c).1""17® A safer version of this reaction, using DABSO instead of SO, was
published by Willis and co-workers (Figure 1.45d).17° Olofsson reported the chemoselective S-
arylation (over N-arylation) of secondary thioamides with diaryliodonium salts. Equimolar
amounts of thioamide, base, and diaryliodonium salt were sufficient to obtain a diverse
selection of products within short reaction times.®! Le and co-workers developed a base-
promoted synthesis of diarylsulfones from sulfonyl hydrazines and symmetrical or
unsymmetrical diaryliodonium salts (Figure 1.45¢).18
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Figure 1.45. Synthesis of aryl sulfones by S-arylation with diaryliodonium salts.
1.4.7. Arylation of other heteroatom nucleophiles

Various other heteroatoms, such as phosphorus, boron, and halogens have also been arylated
using diaryliodonium salts.

Chen reported the efficient synthesis of arylphosphonates by the reaction of dialkyl
phosphite salts with diaryliodonium salts in DMF (Figure 1.46a).'8" Recently, a transition
metal-free synthesis of aryl phosphonates by a simple combination of diaryliodonium salts with
phosphites, using KoCOs in acetonitrile and under blue-light irradiation, was reported (Figure
1.46b).18? Karchava and co-workers developed another visible light-induced arylation of
tertiary phosphines with aryl(mesityl)iodonium triflates to produce the quaternary
phosphonium salts occurs under mild, metal- and catalyst-free conditions (Figure 1.46¢).%82
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Figure 1.46. Arylation of phosphorus by diaryliodonium salts.

Muiiiz and co-workers developed the arylation of diboron reagents with diaryliodonium
salts proceeding without the use of any catalysts or additives.!8* Diboron reagents in a methanol
solution engage in direct aryl-boron bond formation through a formal Umpolung of the
electrophilic boron center (Figure 1.47).

o 0O Ar,lX o}
B-E B-Ar
o 10 MeOH, 50 °C o

Figure 1.47. Metal-free borylation of diaryliodonium salts.

In 1982, Puy reported the synthesis of aryl fluorides by the reaction of KF with
diaryliodonium salts having non-nucleophillic counter-anions.!8 The thermal decomposition
of tetrafluoroborate salts also resulted in the formation of aryl fluorides. The best results were
obtained when the salt Ar21X was heated with KF in the absence of solvent (Figure 1.48a).

Noninvasive imaging in living subjects with positron emission tomography (PET) provides
early detection of diseases in humans by the detection of positron-emitting
radiopharmaceuticals labeled with the short-lived positron-emitting radionuclides ''C, 8F, °0,
and 13N.28 Fluorine-18 is the most widely used radionuclide in PET because of its favorable
physical and nuclear characteristics, such as a short, but manageable half-life (t12 = 109.7 min).
In this regard, Pike and Aigbirhio reported the first radiofluorination of diaryliodonium salts
(Figure 1.48b).*87 Several other groups reported the synthesis of various diaryliodonium salts
for the efficient synthesis of wide range of substituted radiofluorinated arenes.*®1%° DiMagno
and co-workers reported an improved fluorination of Ar2IPFe achieved upon a filtration of
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inorganic salts after an in situ formation of ArzIF, followed by heating to 140 °C in benzene
(Figure 1.46¢).*°! Radical scavengers were found to increase the reproducibility in the

fluorinations with electron-rich salts.1%?
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Figure 1.48. Fluorination of diaryliodonium salts.

Finally, Hartmann and Meyer reported the decomposition of diphenyliodonium chloride into
chlorobenzene and iodobenzene at higher temperatures.®® Similarly, diaryliodonium bromide
in DMF at 100 °C gave aryl bromides.?**-1% DiMagno and co-workers published a two-step
synthesis of iodoarenes via the formation of unsymmetric diaryliodonium salts, which were
treated with excess Nal to yield two different iodoarenes upon heating to 80-120 °C.1%
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1.5. Objectives of the thesis

The primary objective of the thesis is to develop new synthetically useful reactions
employing hypervalent iodine compounds and to understand their underlying mechanisms. In
particular, the novel reactions will represent the two major domains of reactivity: the oxidations
and the arylations.

With respect to the former reaction type, the first goal is to evaluate HIRs for their ability to
promote the oxidative phenolic coupling leading to Pummerer’s ketone. This important
building block has been reported to form as a side product in processes involving I(111) reagents
and | envisioned that they may be applied to prepare it synthetically. The second specific
objective is to use organocatalytically generated enamine nucleophiles in the hypervalent
iodine-promoted dearomatization of phenols. As organocatalysts and HIRs share common
advantages in terms of low toxicity and cost, they seem to be an excellent match and their
combined use should allow to benefit from the best of both worlds.

Concerning the arylation reactions, | believe that the application of HIRs could fill existing
gaps in a metal-free access to certain S- and P-aryl compounds. Thus, | set out to develop
protocols for the arylation of sulfur and phosphorus nucleophiles with diaryliodonium salts.
The first project regarded the synthesis of aryl sulfides. Although the envisioned transformation
has already been achieved using an activation by acid, we thought that basic conditions should
allow for a broader scope, including biologically-relevant heterocyclic products. Secondly, |
decided to investigate the aryl transfer onto the sulfur atom of phosphorothioate diesters leading
to S-aryl phosphorothioates. Due to the importance of phosphorothioate derivatives in biology
and medicine, as well as, an easy access to P-stereogenic phosphorothioate diesters in
stereopure form, the proposed method should provide facile and metal-free entry to an
interesting class of compounds. Finally, | decided to examine the metal-free arylation of
secondary phosphines, since no reports on such a reaction have existed at the time.
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Chapter 2

Synthesis of Pummerer’s ketone and its analogs
by iodosobenzene-promoted oxidative phenolic
coupling (Paper 1)

2.1. Background

Heterocyclic compounds have found numerous applications as pharmaceuticals,
agrochemicals, cosmetics, and polymers, resulting in the continuous interest from the synthetic
organic chemistry perspective. Development of efficient strategies for the synthesis of these
scaffolds is an ever-increasing field of research. In this regard, hypervalent iodine chemistry
has emerged as an elegant and powerful tool for the construction of a plethora of bioactive
heterocyclic compounds and natural products ranging from three- to seven-membered ring
systems.9"1% In  particular, the properties of iodine(lll) compounds, such as
(difluoroiodo)arenes and (dichloroiodo)arenes 1, iodosylarenes 2, aryliodine(l11) carboxylates
3 and organosulfonates 4 (Figure 1.2) have been exploited in a many oxidative
functionalizations of organic substrates, leading to the formation of new carbon-carbon, carbon-
heteroatom, and heteroatom-heteroatom bonds,11:12:199-202

Arenols constitute valuable starting materials for the synthesis of heterocycles, in particular,
the susceptibility of phenols to undergo oxidation has been utilized in numerous synthetically
useful transformations.?®® The oxidative phenolic couplings, wherein two or more molecules of
a phenol become linked together, constitute an important class of reactions. Many biosynthetic
pathways, for instance these leading to usnic acid, dinapionones, and vancomycin, proceed via
the phenolic coupling.2%42% Not surprisingly, biomimetic total syntheses of multiple natural
products have employed such process as the key steps.?0"-2%
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Figure 2.1. Possible products of an oxidative phenolic coupling, including Pummerer’s ketone.

The major challenge in the development of oxidative phenolic coupling, especially its
intermolecular variants, is controlling the selectivity of the reaction. Namely, the oxidation
involves the removal of one hydrogen atom from each phenol molecule and creating linkages
between ortho and para carbon atoms, and more rarely oxygen, possibly yielding a mixture of
various dimers and higher oligomers, as well as quinone side-products (Figure 2.1).21°
Important products of the oxidations of para-substituted phenols are Pummerer’s ketone and
its analogs, which originate from the incipient ortho-para coupling, followed by the conjugate
addition of the residual hydroxyl group to the resulting cyclohexadienone ring. The rigid
tricyclic ring system of Pummerer’s ketone constitutes a common pharmacophoric motif. It is
present among the morphine family of narcotic analgesics, for example in codeine 58, and in
an Alzheimer’s disease drug galanthamine 59 (Figure 2.2).

MeO MeO O
O NMe
© H
H NMe
HO' HO
codeine 58 galanthamine 59

Figure 2.2. Examples of pharmaceuticals containing Pummerer’s ketone motif.
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Pummerer’s ketone and its analogs have been reported to form in 5-30% yield during
intermolecular ~ oxidative  phenolic  couplings  promoted electrochemically,?+-2%3
enzymatically,?42% and with chemical oxidants, such as iron(I11),27218 silver(ll),?°
persulfates,??° and organic peroxides.??! There have been also catalytic procedures developed,
the best one affording as much as 65% of the product, but only for a few very specific phenol
substrates.??? Somewhat better yields of Pummerer’s ketone analogs, in the range of 40—60%,
have been obtained in several intramolecular phenolic couplings (Figure 2.3).223-228 Alternative
approaches to the synthesis of Pummerer’s ketone have also been devised. These are usually
more efficient compared to the direct phenolic coupling, however, on the downside, they
involve multistep synthetic sequences.?2%-2%

OH
gio/©/o K3[FeCN
oY s - o
HO Br

Figure 2.3. Synthesis of (x)-galanthamine by an intramolecular phenolic coupling.

Because of the considerable advantage of the intermolecular oxidative phenolic coupling
leading to Pummerer’s ketone in terms of the large increase of the molecular complexity during
the single-step, we decided to investigate this reaction further. Also, up to date only the simplest
analogs of Pummerer’s ketone have been prepared by the oxidative phenolic coupling, hence
we intended to assess the scope of this method for the synthesis of a broader array of
compounds. In particular, we set out to explore the application of hypervalent iodine(l11)
oxidants to promote the phenolic coupling. The low toxicity and environmental friendliness of
these reagents make them ideal for the synthesis of bioactive compounds, such as ones
containing the Pummerer’s ketone scaffold.’® Hypervalent iodine(lll) reagents have been
reported to generate small amounts of Pummerer’s ketone as a side-product during the oxidative
dearomatizing fluorination of phenols.52%* Also, a promising performance of a hypervalent
iodine(111) oxidant has been observed in an intramolecular coupling leading to polycylic
Pummerer’s ketone analogs, including a galanthamine precursor.??* Finally, the hypervalent
iodine(111) species are a prominent class of reagents used in multiple oxidative transformations
of phenols.48:86:233
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2.2. Optimization of reaction conditions

We started our investigations by examining the effect of reaction parameters on the model
phenolic coupling of 4-propyl-1-naphthol (Table 2.1). The reaction using PIFA, the reagent
that has been employed before in the oxidative dearomatizing fluorination of phenols,5264
affords 26% of the desired Pummerer’s ketone analog 60a (entry 1). Very interestingly,
although the conversion of starting material is practically complete (>95%), compound 60a is
the only product observed in the reaction mixture by *H NMR (apart from iodobenzene).
Presumably, the remainder of the substrate is transformed into polymeric products, as
evidenced by the presence of some polar material showing very low mobility in TLC.

Testing other hypervalent iodine(lll) reagents (Table 2.1, entries 2-4) identified
iodosobenzene as the optimal oxidant, furnishing ketone 60a in 35% yield. An iodine(V) Dess-
Martin reagent was found to be less efficient (entry 5). The choice of solvent affects the
efficiency of the reaction only to a moderate degree (entries 6-15), except for highly polar
solvents, such as DMSO and MeOH (entries 7-8), which completely hinder the reaction. The
best results were obtained in toluene (entry 4) and DCE (entry 15). As far as the bases are
concerned, the replacement of EtsN with K3PO4 lead to a slight improvement in the yield (entry
21). Other examined bases, both organic and inorganic, had a detrimental effect on the yield
(entries 16-20). In the absence of base, only traces of the compound are formed. (entry 22).
Finally, we have briefly explored altering the equivalents of the oxidant (entry 23) and the
reaction temperature (entries 24-25), but not further enhancement could be achieved. Moreover,
it was established that the reaction time can be shortened to 2 h without any appreciable loss in
the yield.Although 38% yield of Pummerer’s ketone analog 60a might not be considered
impressive, it is still surpassing the other existing protocols for the intermolecular oxidative
phenolic coupling.?t-22!

Many of the hypervalent iodine(l11)-mediated oxidations, including phenolic couplings,
have been turned catalytic in the iodine-containing compound by the application of a
stoichiometric terminal oxidant, typically m-CPBA.1423 Unfortunately, the attempted reaction
using 10 mol% of PhlO did not show a catalytic turnover (entry 26). This most likely originates
from the presence of a base in the mixture, which is an indispensable reaction component (entry
22), but it hampers the reoxidation of iodoarene back to iodine(l11).14
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Table 2.1. Effect of reaction parameters on the model phenolic coupling.

OH
oxidant (1.0 equiv)

OO base (1.5 equiv.)
solvent (0.05 M)

rt, 24 h
n-Pr

Entry Reaction conditions Yield %02
1 PIFA, EtsN, toluene 26
2 PIDA, Et:N, toluene 33
3 PhI(OH)OTs, Et;N, toluene 21
4 PhlO, EtsN, toluene 35
5 Dess-Martin reagent, Et;N, toluene 10
6 PhlO, EtsN, MeCN 24
7 PhlO, EtsN, DMSO 0
8 PhIO, EtsN, MeOH 0
9 PhIO, EtsN, Cy-H 26
10 PhlO, EtsN, Et20 26
11 PhlO, EtsN, THF 33
12 PhlO, EtsN, CPME 31
13 PhIO, EtsN, AcOEt 25
14 PhIO, EtsN, CH.Cl; 30
15 PhIO, EtsN, DCE 35
16 PhlO, pyridine, DCE 30
17 PhlO, 4-DMAP, DCE 32
18 PhlO, t-BuOK, DCE 0
19 PhlO, Na,COs, DCE 12
20 PhlO, AcONa, DCE 9
21 PhlO, KsPO,, DCE 38
22 PhlO, no base, DCE 3
23 PhlO (1.5 equiv.), KsPO4, DCE 15
24 PhlO, KsPO4, DCE, 0 °C 25
25 PhlO, KsPOs, DCE, 80 °C 27
26 PhlO (10 mol%), KsPOs4, DCE, m-CPBA (2.0 4

equiv.)

3 Determined through analysis by *H NMR spectroscopy
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2.3. Scope and limitations

Having established the optimal reaction conditions, we continued to examine the scope of
the procedure (Figure 2.4). 4-Alkyl-subsituted naphthols could be oxidatively coupled,
providing benzannulated Pummerer’s ketone analogs 60a-60d. Specifically, n-propyl- (60a),
methyl- (60b), and 2-phenylethyl-containing (60d) products were obtained in over 30% yield.
A somewhat reduced yield of 22% was achieved for the benzyl-containing compound 60c. The
standard Pummerer’s ketone 60e was synthesized from para-cresol in 36%, while its analogs
having larger alkyl groups, such as ethyl (60f), n-pentyl (60g), 2-phenylethyl (60h), and benzyl
(60i) were afforded in synthetically acceptable yields of 22-28%. As far as the oxidative
coupling of phenols with additional substituents is concerned, the introduction of an extra group
into the ring lead to a slight improvement in the formation of the Pummerer’s ketone analogs.
Namely, 2-methyl- (60j), 2-n-propyl- (60k), 2-allyl- (60l), and 2-benzyl-4-methylphenols
(60m) were transformed into the corresponding Pummerer’s ketone-type products in moderate
30-38% yields. Compound 60l, bearing the allyl substituents, is particularly noteworthy, as it
demonstrates the compatibility of this methodology with terminal olefins, allowing, for
instance, for further functionalization of the peripheries. Finally, 3,4-dimethylphenol could also
be oxidatively coupled under the developed conditions, affording product 60n in 35% yield,
showing that such substitution pattern in the substrate is also tolerated. In all the cases, excellent
diastereoselectivity was observed — the reactions provided the cis isomers exclusively.

Importantly, as noticed before during the optimization, compounds 60a-60n were the sole
low molecular weight products of the reaction. The process selectively generates the
Pummerer’s ketone analogs, while the rest of the substrate is converted into polymeric material.
This constitutes a considerable advantage from the practical viewpoint, because it allows for
an easy isolation of the desired product, which needs just to be separated from iodobenzene
side-product. We speculate that such outcome stems from consecutive subsequent oxidative
couplings of any products, which still contain free phenol moieties (e.g., these originating from
the ortho-ortho or C-O couplings; see Figure 2.1). On the other hand, Pummerer’s ketone is a
“dead end”, since it cannot undergo further oxidation under the reaction conditions.
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Figure 2.4. Scope of the PhlO-promoted oxidative phenolic coupling (isolated yields).
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2.4. Plausible mechanism

Although for most of the oxidative reactions of phenols promoted by hypervalent iodine(l11)
reagents two-electron mechanisms have usually been implicated,?323 recent investigations on
the dearomatizing phenol hydroxylation (Figure 1.19) demonstrate that a radical pathway is
also a viable option.> Additionally, the similarity of the PhlO-promoted reaction to the other
phenolic couplings employing single-electron oxidants, such as Fe(lll), Ag(ll), or
peroxides,?’-22! |ends support for a radical mechanism. Therefore, we propose that the PhIO-
promoted phenolic coupling follows a radical pathway depicted in Figure 2.5.

In order to efficiently undergo a single-electron oxidation the phenol substrate needs to be
deprotonated,?® thus, the presence of a base in the reaction mixture is necessary, despite that
the stoichiometry of the reaction does not require extra base (phenolic protons recombine
eventually with the oxygen of PhlO, becoming H20). The single-electron transfer from PhlO
to phenolate anion is deemed favorable as it results in the formation of a resonance-stabilized
phenoxyl radical and the cleavage of the weak hypervalent bond in PhIO, yielding iodanyl(II)
radical, presumably PhI(OH)e. The latter species can in turn oxidize another phenolate,
producing the second equivalent of the phenoxyl radical. The recombination of two phenoxyl
radicals may take place in ortho-para, ortho-ortho, or C—O fashion, while para-para coupling
is prevented by the steric hindrance. The respective dearomatized intermediates convert into
their more stable aromatic tautomers. In the case of the ortho-para adduct, a subsequent
intramolecular conjugate addition affords the Pummerer’s ketone. Conversely, the phenol-
containing products may undergo following successive oxidative couplings leading to higher
oligomers.
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Figure 2.5. Plausible mechanism for the Phl1O-promoted phenolic coupling leading to Pummerer’s ketone.
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2.5. Conclusions

In summary, we have developed an iodosobenzene-promoted oxidative phenolic coupling,
which affords Pummerer’s ketone and its analogs. The method enables the synthesis of an array
of compounds, derived both from phenols and naphthols, and containing various substitution
patterns, with excellent diastereoselctivity. The products are formed in 20-40% vyield, which is
synthetically useful considering the large increase of the molecular complexity during this one-
step process. Importantly, the Pummerer’s ketone analogs are selectively formed under the
developed conditions, adding to the practical synthetic usefulness of the method.
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Chapter 3

Intramolecular enantioselective and
distereoselective oxidative dearomatization of
naphthols and phenols: Synthesis of
spirocarbocycles by the merger of I(l1])-
promoted oxidation and organocatalysis

3.1. Background

According to IUPAC, “spiro ring systems have two or more rings linked by one common
atom”.2%® They were first postulated by Adolf Baeyer in 1900.%7 Spriocycles frequently occur
in natural products?*®-24° and spirocyclic compounds are the focus of modern drug discovery
due to their presence in a variety of medicinally important molecules exhibiting a broad range
of biological activities. The structure of some bioactive natural products, such as
anticardiovascular magellanine 61, cytotoxic daphnilongeranin C 62, neurotrophic
tricycloillicinone 63, and antitubercular colombiasin A 64, which contain ortho-fused spiro-[6-
5]-bicycles are depicted in Figure 3.1.The design of new spirocyclic scaffolds and methods for
their preparation is one of the central themes in modern organic synthesis. Importantly,
spirocycles by definition contain a tetra-substituted carbon atom and often possess central or
axial chirality. This, combined with the high degree of rigidity imparted by the spiro ring
junction, lead to the development of a number of spirocyclic chiral ligands and catalysts, such

as 65-68 (Figure 3.1), that have found applications in various asymmetric transformations.?**
246
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Figure 3.1. Biologically active natural products and chiral ligands/catalysts containing spiro linkages.

Oxidative dearomatization of phenols by hypervalent iodine reagents is one of the synthetic
strategies to access various functionalized spirocycles. As discussed in section 1.3.2, upon the
treatment with iodine(111) compounds, typically PIDA or PIFA, phenols undergo an oxidative
dearomatization coupled with the addition of a nucleophile to either ortho- or para-position.
By tethering the nucleophilic group to the phenol, several dearomatizing transformations
resulting in the formation of spirocycles have been developed (see section 1.3.2). This chapter
focusses on our attempts to obtain carbospirocycles via a [I(Ill)-promoted phenol
dearomatization, using as the nucleophiles tethered enamines that would be generated upon the
action of secondary amine catalysts on aldehydes (Figure 3.2).

1)
OH (@) O (0]
H cat. Q 3
2 _H . _H0O A
o [icimn] p -cat.

('N N® (0]
™ A

Figure 3.2. Proposed synthesis of spirocycles by combining iodine(l11)-promoted phenol dearomatization with
the catalytic enamine activation of aldehydes.

.
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The catalytic Umpolung activation of aldehydes to form nucleophilic enamines is the classic
approach in asymmetric organocatalysis that has revolutionized organic synthesis since the
beginning to the 21st century and was eventually acknowledged by the Nobel Prize in 2021.24"
249 Application of chiral secondary amine catalysts, such as proline derivatives, may allow for
the controlled formation of the stereogenic centers created during the envisioned reaction.

3.2. Development of reaction conditions

We started the project with synthesizing five suitable substrates for the dearomatization, 69-
73, shown in Figure 3.3. The synthetic route, exemplified for 69, involved an initial Wittig
olefination of a naphthol aldehyde. Next, the phenol group was protected as TBS ether,
followed by a hydrogenation of the double bond and a DIBAL reduction of the ester to the
aldehyde. Finally, the silyl protection was removed by TBAF. Similarly, the other four
substrates 70-73 were synthesized from the respective hydroxy-naphathaldehydes or
benzaldehydes.
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Figure 3.3. Synthetic route to the starting materials.

The initial testing of the reaction conditions was performed on substrate 69, using 25 mol%
of the canonical secondary amine organocatalyst — TMS-protected diphenylprolinol 74a.
Several commercially available hypervalent iodine(lll) reagents, such as PIDA, PIFA, and
Koser reagent were screened, but unfortunately no desired product 75 was obtained (Table 3.1,
entries 1-3). The use of iodine(V) reagents yielded similar results (entries 4 and 5). Although
the use of iodosobenzene resulted in trace amounts of the desired spirocycle (entry 6), an
increase to 8% was observed when the reaction was performed in the presence of 1 equivalent
of trimethylamine (entry 7). Repeating this reaction resulted variable erratic yields each time,
probably due to the inherent instability of the aldehyde product (e.g., toward an aldol reaction).
Therefore, we decided to convert the product to the corresponding alkene 76, via a one-pot
Wittig olefination with phosphorane 77, after the reaction. We have since tested ortho-
iodosoanisole and iodosomesitylene, and to our delight, the former resulted in a two-fold
increase in the yield (entries 8 and 9).
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Table 3.1. Initial screening of oxidants.

0 oxidant (1.0 equiv) H
H.CY, OH base (1.0 equiv.) *
(H2C)a o O T "DCM (0.05 M) OR
O BT o
N OMe
H OTMs 2. PheP? Y
¢}
(25 mol%) (1.5 equiv.) 75,R=0
69 74a 77 76, R = CH,CO,Me
Entry  Reaction conditions Yield %*
(75/76)
1 PIDA, no base 0 (75)
2 PIFA, no base 0 (75)
3 Kosher reagent, no base 0 (75)
4 Dess-Martin reagent, no base 0 (75)
5 IBX, no base 0 (75)
6 PhIO, no base <3 (75)
7 PhIO, EtsN; then 77 8; 8 (75; 76)
8 o-iodosoanisole, EtsN; then 77 17 (76)
9 iodosomesitylene, EtsN; then 77 6 (76)

2 Determined through analysis by *H NMR spectroscopy.

An assessment the reaction media on the reaction outcome showed that polar solvents, both
protic and aprotic, have an adverse effect on the yield (Table 3.2, entries 1-7). The other tested

solvents provided the product in comparable amounts (entries 8-17).
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Table 3.2. Effect of solvents on the reaction outcome.

o)
I 74a (25 mol%) O
. P
(HoC)s H EtsN (1.0 equiv.) ’
Z 1 solvent (0.05 M) o OMe

OH ©i'\\o RT, 24 h - O‘
OMe
OMe 5 PheP”
o}

(1.0 equiv) (1.5 equiv.)
69 77 76
Entry  Solvents Yield %2

1 DMA 0
2 DMF 2
3 DMSO 1
4 TFE 0
5 HFIP 4
6 EtOH 4
7 MeOH 4
8 Et.O 19
9 CDCl; 16
10 CHCIs 18
11 DCE 16
12 THF 16
13 1,4-dioxane 13
14 Cy-H 15
15 pentane 10
16 toluene 22
17 MeCN 10

2 Determined through analysis by *H NMR spectroscopy.

Therefore, we returned to a more extensive screening of the oxidants (Table 3.3). To this
end, we synthesized and tested a series of iodosoarenes and aryliodo diacetates, and other
oxidants used for the phenol dearomatization. 3,5-Bis(trifluoromethyl)iodosobenzene 78
worked best, resulting in 25% of desired product (entry 4). In general, iodosoarenes performed
better than aryliodo diacetates. The other tested oxidants that have delivered some product
were: (Phl0)3.SO3, which can be considered as a modified, partially depolymerized, and
activated form of iodosobenzene (entry 12)%°; iminoiodane, an iodosobenzene surrogate (entry
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13)?°%: iodylbenzene (entry 14); NBS (entry 17); and, sodium hypochlorite (entry 19). However,
they provided results not better than 3,5-bis(trifluoromethyl)iodosobenzene.

74a (25 mol%)
DCM (1.0 equiv.)
EtsN (1.0 equiv.)
solvent (0.05 M)
RT, 24 h

OMe
. PR
o)

(1.5 equiv.)
77

Table 3.3. Second screening of oxidants.

69 76
Entry Oxidants Yield %* | Entry Oxidants Yield %?
1 lQo 17 11 F 11
F I(OAC),
O/
F F
F
2 @EIQO 23 12 (PhlO)s*S0O3 4
F
3 /©/I\\o 4 13 PhINTSs 6
FsC
4 F30\©/I\\O 25 14 PhlO; 16
CF;
5 F\©/I\\O 12 15 CAN <1
F
6 F 15 16  DDQ 2
F I
~o
T
F
7 @EI(OAC)Z 13 17 NBS 19
F
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Entry Oxidants Yield %% | Entry Oxidants Yield %2

8 F\©/I(OAC)2 15 18 Oxone 4

F
9 /©/I(OAC)2 18 19 NaClO«5H,0 (2.0 21
F.c equiv.)

10 FsC I(OAc), 14

CF3

3 Determined through analysis by *H NMR spectroscopy.

Table 3.4 presents the effect of various inorganic and organic bases on the efficiency of the
reaction. Inorganic bases were all found to be unsuitable for this transformation (entries 1-5).
Slight increase in yield was observed with the increase in the amount of EtsN (entries 13 and
14), while other organic bases provided inferior results.
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Table 3.4. Screening of bases.

JJ\ 74a (25 mol%)
H-CY, “H CF Base (1.0 equiv.) * A
(e OH * " Dcm (.05 M) o M
o ()
OM
FsC CFs 2. PRPZ Y
(1.0 equiv) (1.5 e(?uiv.)
69 78 77 76
Entry Base Yield %2

1 Li.COs 5

2 Ca,COs 5

3 K3PO4 8

4 NaHCOs3 3

5 KOH 2

6 NaOAc 6

7 t-BuOK 0

8 DIPA 22

9 pyridine 6

10 DMAP 15

11 DABCO 18

12 DBU 8

13 EtsN (1.5 equiv.) 26

14 EtsN (2.0 equiv.) 28

2 Determined through analysis by *H NMR spectroscopy.

Subsequently, various chiral organocatalysts were evaluated, both in terms of the yield as
well as the enantioselectivity (Table 3.5). Unfortunately, the results could not be improved. In
particular, similar levels of efficiency and enantioselectivity were obtained using the catalysts
with more bulky 3,5-dimethylphenyl, 2-naphthyl, and 3,5-bis(trifluoromethyl)phenyl moieties
and larger silyl groups (74a-g, entries 1-7). We also tried to activate the tethered aldehyde with
MacMillan’s imidazolidinone organocatalysts of type 79, but to our disappointment they did
not work better than the proline-derived catalysts (entries 8-12). Other potential catalysts,
including amino acids: L-proline, D-valine, L-t-Bu-leucine, L-a-phenylglycine, L-
phenylalanine, and L-alanine provided the desired product in trace amounts (not shown).
Finally, the bifunctional squaramide-based secondary amine 80 catalyst gave no product, as
well (entry 13).
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Table 3.5. Effect of organocatalysts on the reaction outcome.

i 74179180 (25 mol%) 0
H.C), H CF EtsN (2.0 equiv.) * A
(HoC)4 o 3 I " "DCM (0.0 M) o OMe
e e o
F3C CF3 2. Ph3p4\n/OMe
(1.0 equiv) (15 ec%iv.)
69 78 77 76
Ar Q N/ 4 Q
Ar 146 2’ )QR 79 M CF3
N R2 3
H OR N" R N
H ng H HN
74a, Ar = Ph, R = TMS
74b, Ar = Ph, R = TBS 79a, R? = Bn, R3 = t-Bu, R* = H CF4
74C, Ar = 2—naphthy|, R=TMS 79b*TFA R2 =H R3 = t-Bu R4 =H 80
74d, Ar = 2-naphthyl, R = TBS iman 52 o A
74e, Ar = 3 5-dimethylphenyl, R = TMS 79¢’DCA, Ff = Bn, R: = Me, '34 = Me
74f, Ar = 3,5-bis(trifluoromethyl)phenyl, R = TMS 79d*HCI, R = Bn, R” = Me, R" = Me
749, Ar = 3,5-bis(trifluoromethyl)phenyl, R = TDS 79e, R? = Bn, R® = 5-methyl-2-furyl, R* = H
Entry Catalyst Yield %? dr@ eeP
1 74a 27 6:1 72
2 74b 30 71 68
3 T4c 26 6:1 68
4 74d 30 71 70
5 T4e 27 4:1 72
6 74f 15 14:1 16
7 74g 20 9:1 0
8 79a 6 3:1 -
9 79b 7 3:1 -
10 79c 4 3:1 -
11 79d 7 3.4:1 -
12 79e 7 3:1 -
13 80 0 - -

2 Determined through analysis by *H NMR spectroscopy; ° ee of the major diastereomer, determined by HPLC

70

with a chiral column.



So far, the best results observed for the f-naphthol substrate were the yield up to 30% i.e.,
no catalytic turnover and the ee up to 72% (Table 3.5, entries 2 and 1, respectively). Thus, we
decided to apply these conditions for the other synthesized substrates 70-73.

The yields as well as the enantioselectivities for the a-naphthol derivative 70, using various
catalysts were worse compared to those obtained for the 69 (Table 3.6).

Table 3.6. Effect of organocatalyst on the reaction outcome for substrate 70.

74/79/80 (25 mol%)

O,.P\\I/H CF, , EtN(20equiv) o
DCM (0.05 M)
™ O e QO
FsC CFs 2 PheP” Y M =
(1.0 equiv) (.5 ec?uiv.) o’ OMe
70 78 77 81

Entry Catalyst Yield %? eeP

1 74a 13 52
2 74b 6 -

3 74c 14 50
4 74d 8 -

5 T4e 13 50

6 74f 13 50

7 74g 14 50

8 79a 12 -

9 79b 10 -

10 79¢c 11 -

11 79d 12 -

12 79e 11 -

13 80 4 -

2 Determined through analysis by *H NMR spectroscopy. The diastereomeric ratio could not be determined due
to signal overlapping in crude NMR spectra. © ee of the major diastereomer, determined by HPLC with a chiral
column.

A re-evaluation of oxidants, however, have identified sodium hypochlorite as a better choice
in the case of substrate 70, however, the results were still far from satisfactory (Table 3.7).
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Specifically, it provided 34% yield and 80% enantiomeric excess of the desired product at 0 °C
(entry 6).

Table 3.7. Effect of oxidant on reaction outcome for substrate 70.

74a (25 mol%)
oxidant (1.0 equiv.)
OI—PYH T "EtN (2.0 equiv.)

o)
DCM (0.05 M
(CH2)4 RTF 24 h : O‘
OMe
2. PhsPT Y ~
o)

(1.5 equiv.) (0] OMe
70 77 81
Entry Oxidant Yield %? eeP
1 PhIO 0 -
O/
3 PIDA 0 _
4 NaClO.5H,0 (2.0 equiv.) 20 80
5 NaClO«5H,0 (2.0 equiv.), 0 °C 14 62
6 NaClO«5H,0 (2.0 equiv.), no base, 0 °C 34 80

2 Determined through analysis by *H NMR spectroscopy. The diastereomeric ratio could not be determined due
to signal overlapping in crude NMR spectra. ? ee of the major diastereomer, determined by HPLC with a chiral
column.

The related a-naphthol substrate 71, containing an additional para-substituent, did not
deliver any promising results irrespective of the applied conditions (up to 6% yield of product).
Similarly, phenol 72 and naphthol 73, with the aliphatic aldehyde tethered at the para-position,
gave no spirocyclic products 82 and 84. Instead, they yielded up to 8% of the corresponding
Pummerer’s ketones 83 and 84, respectively (Figure 3.10). In the case of 72, most of the
substrate was recovered, while for 73, it was presumably fully converted to some polar
polymeric material.
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74a (25 mol%)

1 78 (1.0 equiv.)
OH " Et3N (2.0 equiv.)
DCM (0.05 M)
RT, 24 h
OMe
2. PhSP/\n/
\[T(CH2)4 “. )
5 equw
O 72 83
not observed small amounts
74a (25 mol%)
1 78 (1.0 equiv.)
OH " Et3N (2.0 equiv.) 0
DCM (0.05 M)
() — 22 )
OMe 0]
~
2. Ph3P/\ﬂ/ N\ o)
(CH2)4 o OMe
\[T (1.5 equiv.)
o7 77 84

not observed small amounts

Figure 3.10. Reaction of substrates 72 and 73 under the developed reaction conditions.

3.3. Conclusions

In conclusion, we attempted to develop a hypervalent iodine-mediated, amine
organocatalyzed protocol to synthesize all-carbon spirocycles via the dearomatization of
naphthols and phenols with tethered aldehydes. Though we succeeded in obtaining some of the
desired products with modest to good enantioselectivity, the yields of the reactions were
unsatisfactory. We speculate that such outcome may be due to the oxidation of the phenol
moiety by the stoichiometric oxidant being too fast compared to the catalytic generation of the
enamine nucleophile, leading to substrate decomposition.
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Chapter 4
Synthesis of aryl sulfides by metal-free
arylation of thiols with diaryliodonium salts
(Paper II)

4.1. Background

Aryl sulfide moiety is ubiquitous in natural products and bioactive molecules.?®>?2 These
include several pharmaceuticals and drug candidates, exhibiting for example anti-Alzheimer,
antiviral, antiinflammatory, and antidepressant activities (Figure 4.1).2°*2%" Moreover, aryl
sulfides constitute important reagents for organic synthesis?®®2%2 and building blocks in
material chemistry,263-265
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Figure 4.1. Examples of bioactive compounds containing an aryl sulfide moiety.

Among the existing methods for the preparation of aryl sulfides, the most general and widely
used is the transition metal-catalyzed C-S cross-coupling.26-2%8 Complexes of a variety of
metals, such as palladium, nickel, copper, cobalt, iron, gold, and indium, have been used as
catalysts in these reactions.?5>-2"" Apart from the typical couplings of aryl halides with thiols,
oxidative and reductive variants also exist.?’®28! Despite their high versatility, the inherent
drawbacks of the transition metal catalyzed cross-couplings, especially in the context of
pharmaceutical applications, are high price of the catalysts and possible contamination of
products with trace metal residues. Therefore, the development of metal-free methods for the
synthesis of aryl sulfides is an outstanding challenge and a number of such processes, for
instance organocatalytic or photoinduced, has been recently reported.?82-28°

One possible approach to eliminate the need of transition metal catalysis during Ar-S bond
formation is the application of aryl transfer reagents based on hypervalent iodine. The steep
downhill thermodynamics of I(111) to I(l) reduction has allowed for the arylation of various
carbon and heteroatom nucleophiles (e.g., N-, O-, and P-centered) under metal-free conditions
(see sections 1.4.4-1.4.5 and 1.4.7), however, the reports of aryl transfers to sulfur are scarce
(section 1.4.6).8687.286-289 1n particular, as far as the synthesis of aryl sulfides from thiols is
concerned, there exist only three such methods, employing diaryliodonium salts. Two of them,
developed by Zheng and Chen, have the advantage of not requiring any extra reagents, but their
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scope is strictly limited to 2-mercaptobenzazole substrates (Figure 4.2a).2%°2°1 A more general
procedure reported by Sanford utilizes an acid activation (Figure 4.2b).2"* Albeit it constituted
a considerable advancement, that protocol is still restricted to simple thiols, mainly due to
relatively harsh reaction conditions and long reaction times.

bmim]BF
N.__SH [ 4 Ne_Se_
S P T [ _ S
) R S, A—I-OTf _ 60°C,12h g ST A
X Ar or  DMF X
130 °C, 24h
X=0,S,NH
b) R/S\RZ + Ar_l_02CCF3 TFA _ R/S\Ar
Ar 1,4-dioxane
R = simple 110°C, 15 h
aryl & alkyl

R? = H, Me, alkyl
Figure 4.2. Transition metal-free synthesis of aryl sulfides using diaryliodonium salts.

Diaryliodonium salts have also been used for synthesis of aryl sulfides under palladium
catalysis conditions (Figure 4.3a).2% In another report, Mossadegh reported the preparation of
various alkyl-, aryl-, and diaryl sulfides via the reaction of diphenyliodonium iodide and
disulfides promoted by a Zn/AICl3 system (Figure 4.3b).2%

Pd(PPhs),
a) R-SH A —BF Mot S
Ar THF, RT R Ar
R = simple
aryl & alkyl Ar—|—]
|
b) RS—SR Zn/AICl, [(RS),zn] al RSN
—_ - n .
MeCN 2 MeCN/H,O Ar
80°C, 2 h
R = simple
aryl & alkyl

Figure 4.3. Transition metal-catalyzed/promoted synthesis of aryl sulfides using diaryliodonium salts.

We hypothesized that the activation of the thiol nucleophile by a base, commonly applied in
other reactions employing hypervalent iodine group transfer reagents,'61:168.172.86,286-289,294-296
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may lead to a facile formation of aryl sulfides under mild conditions, allowing for the synthesis
of complex products, relevant to pharmaceutical applications (Figure 4.4).

Ar—I—0OTf base
R,SH + Ar __base R’S\A "
R = complex
aryl & alkyl

Figure 4.4. Proposed synthesis of aryl sulfides by the arylation of thiols with diaryliodonium salts under basic
conditions.

4.2. Optimization of reaction conditions

Using 2-mercaptobenzothiazole 86 and diphenyliodonium trilfate 87a as model substrates,
we were able to establish a set of conditions for the S-arylation in quantitative yield (Table 4.1,
entry 1). In particular, the reaction is carried out in the presence of DBU in MeCN at 80 °C,
under the atmosphere of nitrogen. The arylation also proceeds well with a range of other bases,
both organic and inorganic (entries 2-7), however, these were later found to provide lower
yields than DBU, when other starting materials were used. As far as solvents are concerned,
application of toluene and DCE led to slightly decreased yields (entries 11-12), while further
decline was observed for the other tested solvents (entries 13-15). We have also evaluated
diphenyliodonium salts bearing various counter-anions, all of which delivered the product in
excellent yields (entries 16-20). However, the use of phenylbenziodoxolone as the aryl transfer
reagent had a detrimental effect on the reaction outcome (entry 21). Finally, it was determined
that the efficiency of the arylation drops significantly at lower temperature (entry 22) and that
the inert atmosphere is compulsory to attain quantitative product formation (entry 23).
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Table 4.1. Effect of reaction parameters.

standard conditions

SH @I—X

DBU (1.1 equiv.)

e

MeCN (0.1 M)
80°C, 1h

S

(1.1 equiv.) N, atmosphere
86 87a (X = OTf) 88
Entry  Change from the standard conditions Yield %02

1 none 95
2 TMG, instead of DBU 99
3 EtsN, instead DBU 87
4 t-BuOK, instead of DBU 84
5 AcONga, instead of DBU 91
6 Cs,COs, instead of DBU 97
7 K3POy, instead of DBU 98
8 NaHCOs, instead of DBU 34
9 pyridine, instead of DBU 27
10 DABCO, instead of DBU 56
11 toluene, instead of MeCN 82
12 DCE, instead of MeCN 85
13 CPME, instead of MeCN 72
14 DMSO, instead of MeCN 72
15 Cy-H, instead of MeCN 57
16 X = BF4 (87b), instead of X = OTf 100
17 X = O0CCF; (87c), instead of X = OTf 97
18 X = CI (87d), instead of X = OTf 100
19 X = QOTs (87e), instead of X = OTf 95
20 X = AsFs (87f), instead of X = OTf 91
21 phenylbenziodoxolone (87g), instead of 87a 0
22 RT, instead of 80 °C 46
23 under air, instead of N, 80

2 Yields are average of two experiments and were determined by *H NMR spectroscopy.
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4.3. Scope and limitations

Having optimized the reactions conditions, we explored the scope and limitations of this
transition metal-free S-arylation of thiols. With regard to the thiol coupling partner (Figure 4.5),
good to excellent yields were obtained for five-membered heterocyclic thiols. These include
thiols derived from pharmaceutically-relevant benzazoles (88a, 88b),%°" as well as thiazole
(88c), 2-thiazoline (88d), and 1,3,4-oxadiazole (88e). 2-Mercaptoimidazole furnished the
product with moderate efficiency (88f), likely due to the presence of a free NH group, although
no aryl transfer to the nitrogen could be detected. The method is also applicable to the synthesis
of aryl sulfides containing six-membered heterocycles, such as pyridine (88g, 88h) and
pyrimidine (88i). The arylation of thiophenols is possible for unsubstituted, electron-poor, and
electron-rich substrates (88j-88l). As far as the aliphatic thiols are concerned, they undergo the
arylation under the developed conditions in somewhat lower, albeit still synthetically useful,
overall yields compared to the aromatic counterparts. However, the reaction has proven to be
quite general, tolerating starting materials ranging from simple alkyl (88m), through benzyl
(88n), to functional group-containing thiols (880). Noteworthy, 1-thio-pB-D-glucose derivative
could be S-arylated in good yield (88p), demonstrating the usefulness of the method for the
preparation of complex, biologically-relevant aryl sulfides.
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Figure 4.5. Scope with regard to the thiol (isolated yields).

Some thiols (Figure 4.6), such as 2-mercaptopurine (88q), 2-quinolinethiol (88r), and 1,2,4-
triazole-3-thiol (88s) gave low yields of S-arylated products under the developed conditions.
Compared to thiophenol, the arylation of 2-naphthalenethiol (88t) proceeded in slightly reduced
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yield. The synthesis of S-aryl thiocarboxylates (88u), and aryl esters of thio- and dithiocarbamic
acids (88v, 88w) was also achieved. Though no product was observed for L-cysteine ethyl ester
(88x) and captopril (88y).

R2
|—OTf DBU (1.1 equiv. S
o O e ot

R 2 MeCN (0.1 M)
R
80°C, 1.5h
(1.1 equiv.) N atmosphere
87a 88
\
N
A0 CU .
88a (21%) 88r (40%) 88s (14%)

/\

oo “ro Yro

88t (34%) 88u (46%) 88v (47%)
Y NH2
N__S
T, = L,
S E F HOOC
88w (40%) 88x (0%) 88y (0%)

Figure 4.6. Unsuccessful substrates (NMR yields).

Next, we examined the scope with respect to diaryliodonium salts (Figure 4.7). The reaction
works well for 2- and 3-halide substituted aryl rings (88z, 88aa), however, 4-fluorophenyl is
transferred in a low yield (88ab). All evaluated trifluoromethyl-containing aryl groups
furnished desired sulfides with high efficiency (88ac-88ae), displaying the applicability of the
developed methodology to prepare compounds of potential pharmaceutical interest.?%-3% The
presence of other electron-withdrawing substituents, such as nitro (88af) and ester (88ag), also
resulted in excellent yields of the corresponding products. Similarly, moderately electron-rich
aryls are well tolerated, as in the case of mesityl (88ah) and 4-(trifluoromethoxy)phenyl (88ai)
moieties. The former example shows additionally that a considerable steric hindrance does not
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interfere with the C-S bond formation. Only if a strongly electron-donating 4-methoxy
substituent is present in the aryl ring, the efficiency of the coupling declines appreciably (88aj).

R
Ny -SH @—l—OTf | Ny S
DBU (1.1 .
T e Y U
X . MeCN (0.1 M) X
80°C, 1.5h
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87a 88

acacliacacaiocy ey

88z (87%) 88aa (92%) 88ab (34%)

F3
88ac (90%) 88ad (95%) 88ae (99%)a

atacWacavarscnel

88af (92%)P 88ag (99%) 88ah (100%)

STO, T T,

88ai (93%) 88aj (50%)°

X=0o0rS

Figure 4.7. Scope with regard to the diaryliodonium salt (isolated yields).
2 Synthesized using tetrafluoroborate salt; ® Synthesized using unsymmetrical (4-nitrophenyl)(phenyl)iodonium
triflate; © Synthesized using tosylate salt.

4.4. Computational mechanistic studies

In order to obtain insight into the mechanism of the developed reaction, we performed DFT
calculations (Figure 4.8). The computations show that in the presence of thiolate anion 89a,
diphenyliodonium triflate 87a is easily (via intermediate 90) and quantitatively transformed
into a much more stable (by 7.2 kcal/mol) iodonium thiolate species 91. The latter compound
can undergo a C-S bond-forming reductive elimination through TS1 with a viable barrier of
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21.5 kcal/mol, furnishing sulfide product 88a. This process, reducing iodine from +I1I to +I
oxidation state and leading to the loss of hypervalency, is highly exergonic (by 35.0 kcal/mol
relative to 91) providing the driving force for the reaction. We have also examined an
alternative mechanistic pathway of a direct attack of thiolate nucleophile 89a on the aryl group
of iodonium salt 87a. However, the corresponding transition state, TS2, is found to have a
prohibitively high energy barrier (28.2 kcal/mol relative to 87a). Therefore, the studied reaction
follows preferentially the inner sphere pathway, reported for several other reactions employing
iodine(111) group transfer reagents, 2628391302 rather than a less common direct substitution
route, wherein iodine constitutes a leaving group. 2303304

. S

AG (kcal/mol)

Figure 4.8. Calculated free-energy profile for the arylation of thiolate 89a with diaryliodonium salt 87a in
MeCN.
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4.5. Conclusions

In summary, we have developed an efficient method for the synthesis of aryl sulfides by the
arylation of thiols with diaryliodonium salts. The reaction proceeds without the need of metal
catalysis, under mild conditions, and it is experimentally simple. It delivers a range of products
containing various moieties, including pharmacophoric groups, such as heteroaryls and a sugar
derivative. The performed DFT calculations demonstrate that the process follows an inner-
sphere mechanism via C—S bond-forming reductive elimination at iodine center.
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Chapter 5

Metal-free S-arylation of phosphorothioate
diesters and related compounds with
diaryliodonium salts (Paper 111)

5.1. Background

Sulfur-containing organophosphorus compounds display an array of interesting and valuable
properties from both biological and chemical viewpoints. Accordingly, they have found
widespread applications ranging from agrochemicals and pharmaceuticals (including
oligonucleotide therapeutics), through building blocks for material and synthetic chemistry, to
chiral catalysts.305-31

An important subset of the sulfur-containing organophosphorus compounds are S-aryl
phosphorothioates (also referred to as aryl phosphorothiolates). Many of them are useful in
their own right as pesticides (for example Edifenphos and Fonofos)3'2-314 as well as biologically
active agents (Figure 5.1).3>3Y Moreover, due to the intrinsic lability of the P-S—Ar linkage,
this class of compounds have received considerable interest as intermediates in synthetic
organic chemistry. In this context, S-aryl phosphorothioate moiety has been used, for instance,
as a protecting group during the synthesis of modified oligonucleotides.®'®-32° Their other
synthetic applications include serving as convenient precursor for the construction of diverse
classes of organophosphorus compounds, such as phosphates,®?* pyrophosphates,3?2-324
phosphine oxides,*® and aryl-3°%3? and vinylphosphonates.3?’
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Figure 5.1. Examples of biologically active S-aryl phosphorothioates.

The traditional approaches for the synthesis of S-aryl phosphorothioates involve the
construction of the P-S bond,3? either via the phosphorylation of aryl thiols®2®332 or by the
reaction of P(l11) species with sulfur-centered electrophiles.®33-3%" Except for a single isolated
example,®® none of these methods allows for effective stereoselective access to P-chiral
molecules. Conversely, in the context of recent developments in the stereoselective preparation
of P-chiral phosphorothioate diesters,3%342 the alternative synthetic strategy, that is via the
formation of the S—Ar bond, would provide a superior entry to S-aryl phosphorothioates in a
stereopure form. Such synthetic pathway has, however, been explored to a much lesser extent.
This state of affairs stems from the difficulty associated with the functionalization of an
aromatic sp-hybridized carbon center and bonding it to sulfur. Specifically, there exist few
reports on oxidative couplings of phosphorothioate diesters with arylboronic acids or electron-
rich arenes, as well as Sandmeyer reactions employing diazonium and iodonium salts. 343347
Yet most of these processes employ phosphorothioates generated in situ by the sulfurization of
corresponding H-phosphonates, which cannot be readily accessed as pure enantiomers.
Moreover, a probable free-radical mechanisms of some of these reactions create additional
challenges for performing them in a stereocontrolled manner. Indeed, the synthesis of even a
single example of chiral S-aryl phosphorothioate (with stereogenic elements either in carbon
skeleton or at phosphorus) using above methods has not been demonstrated.
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Figure 5.2. Palladium-catalyzed synthesis of S-aryl phosphorothioates by direct S-arylation.

In this context, the group of Schoenebeck has disclosed in 2019 a direct S-arylation of
phosphorothioate diesters with aryl iodides using a dinuclear Pd(l) catalyst (Figure 5.2).
Although it has been shown that this cross-coupling conditions preserve the stereochemical
configuration of chiral centers in the carbon backbone, it has still not been applied to molecules,
in which the phosphorus atom itself is a stereocenter.3*®

Building on previous studies by us and others showing that hypervalent iodine(l11) reagents
allow for a highly efficient aryl transfer to sulfur-based nucleophiles,161:174291.296349 a5 \ye|| as
on seminal preliminary results by Chen et al. (Figure 1.44d),"* we came up with the idea for
the synthesis of S-aryl phosphorothioates by the direct arylation of phosphorothioate diesters
with diaryliodonium salts (Figure 5.3). Apart from being metal-free, the envisioned reaction
should maintain the stereochemical integrity of P-chiral compounds, enabling for the first time
to harness the potential provided by the access to enantiopure phosphorothioate diesters,339-342

o) N —x o A
) rll:l) o .+ = » B ~ R e metal-free
R O3 s ~ | R?07 s e retention
R3O R . R3O0 of P-chirality

readily accesible
in stereopure form

Figure 5.3. Proposed synthesis of S-aryl phosphorothioates by metal-free S-arylation with diaryliodonium salts.

5.2. Optimization of reaction conditions

Table 5.1 presents the effect of reaction parameters on the efficiency of the arylation of
model diphenyl phosphorothioate 92a with diphenyliodonium tetrafluoroborate 87b. Under the
optimized conditions, consisting simply of heating the starting materials overnight in 1,4-
dioxane at 100 °C under inert atmosphere, the reaction provides a quantitative yield of the
desired product (entry 1). The arylation sharply decelerates with decreasing temperature
(entries 2-3). Regarding the reaction solvents, the application of toluene and CPME led to
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slightly lowered vyields (entries 4-5), while further decline was observed for other tested
solvents (entries 6-9). We evaluated also diphenyliodonium salts bearing various counter-
anions, most of which delivered the product in good to excellent yields (entries 10-15), apart
from chloride, having a detrimental effect on the reaction outcome (entry 12). An alternative
iodine(l1)-based aryl transfer reagent, phenylbenziodoxolone, was found to be completely
ineffective (entry 16). Finally, the reaction could be carried out under air, albeit in a slightly
lowered yield (entry 17).

Table 5.1. Effect of reaction parameters

o standard
||:I> ° |—X conditions 9 /@
— [
PRO-Ss” Pho~P~g
Ph

1,4-dioxane (0.1 M)

FtNA 100 °C, 18 h ©
(1.2 equiv.) N, atmosphere
92 87b (X = BF,) 93a
Entry  Change from the standard conditions Yield %62
1 none 99
2 80 °C, instead of 100 °C 65
3 rt, instead of 100 °C 0
4 toluene, instead of 1,4-dioxane 94
5 CPME, instead of 1,4-dioxane 90
6 DMF, instead of 1,4-dioxane 63
7 DCE, instead of 1,4-dioxane @ 80 °C 43
8 MeCN, instead of 1,4-dioxane @ 80 °C 29
9 Cy-H, instead of 1,4-dioxane 19
10 X = OTf (87a), instead of X = BF4 89
11 X = O0CCF;(87c), instead of X = BF4 96
12 X = CI (87d), instead of X = BF4 22
13 X = QOTs (87e), instead of X = BF,4 97
14 X = AsFs (87f), instead of X = BF, 88
15 X = PFs(87h), instead of X = BF4 77
16 phenylbenziodoxolone (87g), instead of 87b 0
17 under air, instead of N, 90

2Yields are the average of two experiments and were determined by *H NMR spectroscopy
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5.3. Scope and limitations

With the optimized reactions conditions in hand, we set out to explore the scope and
limitations of this metal-free S-arylation of phosphorothioate diesters, first, with regard to the
aryl group that can be transferred (Figure 5.4). The reaction works well for halide-substituted
aryl rings (93b-93e). Noteworthy, contrary to the palladium-catalyzed counterpart,*>-37 aryl
bromide is tolerated (93d), providing a convenient handle for further functionalization. Aryls
containing both diverse electron-withdrawing (93f-93i) and electron-donating (93j-93I)
substituents in various positions of the ring furnish the desired products with good efficiency.
Extended aryl systems, such as 1- and 2-naphthyl, can also be transferred (93m-93n).
Regarding the steric factors, though the considerably hindered mesityl does not interfere with
the S—Ar bond formation 93j, there is a slight decrease in the yield in the case of 1-naphthyl
moiety 93n.
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Figure 5.4 Scope with regard to the diaryliodonium salt (isolated yields).
2 Synthesized using unsymmetrical (4-nitrophenyl)(phenyl)iodonium tetrafluoroborate.

Next, we moved to explore the scope with respect to the phosphorothioate diester (Figure
5.5). For simple starting materials the reaction is uneventful, both in the case of O,0-diaryl and
O,0-dialkyl substrates (93a, 930-93q). However, 2,2,2-trifluoroethyl-, 2,2,2-trichloroethyl-
derived phosphorothioate substrates (93r, 93s) were arylated in lower yields. Moreover, the
reaction with O,0-dibenzyl phosphorothioate, provides varying yields in the range of 20-40%
of 93t. This is most likely because of the partial removal of the respective groups from the
oxygen atoms under the reaction conditions. A single strict limitation identified is a very
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sterically hindered O,O-di-tert-butyl phosphorothioate, which was found to be completely
unreactive (93u).
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Figure 5.5 Scope with regard to the phosphorothioate diester (isolated yields).
aNMR vyield; T=thymin-1-yl, A=adenine-9-yl

The reaction was then tested using more complex molecules, relevant to asymmetric
catalysis and biological applications. To this end, a TADDOL-derived phosphorothioate could
be S-arylated in a nearly quantitative yield without any disruption to the backbone stereocenters
(93v). This result demonstrates that the developed method is fully interchangeable with the
palladium-catalyzed cross-coupling reported previously,®*® while it avoids a possible
contamination of the chiral product with trace transition metal residues, which may be of
importance in downstream catalytic applications. Moreover, the enantiopurity of axially chiral
BINOL-containing substrate also remained intact, although the reaction proceeds in much
lower vyield in this case (93w). Most importantly, however, the S-arylation with a
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diaryliodonium salt could be performed with a complete stereospecificity on dinucleoside
phosphorothioates having the opposite sense of chirality at the phosphorus stereocenter (93x)
(Figure 5.6). Not only these are the first instances of such transformation, but they also show
the applicability of this chemistry for a selective late-stage functionalization of complex,
functional group-rich  molecules. Similarly, S-arylation of another dinucleoside
phosphorothioate also proceeded stereospecifically, though with lower yields (93y).

|
1 1
o\\P LR | ﬂ O__,OR
95" "oR? Jl‘. /l Phs” “OR?
(Rp) J\ \ (Rp)-93x
Ph,IBF,
4>
Stand. Oy .OR!
Cond.
Phs” “OR?
(Sp)'93x
T rrrrrT T T T T T T T T T T L N
54.5 54.0 53.5 [ppm] 23.0 228 226 224 222 22.0 [ppm]

Figure 5.6 3P NMR spectra demonstrating complete stereospecificity of the reaction with P-stereogenic
dinucleoside phosphorothioates.
R! = 5'-0-DMT-thymidin-3'-yl, R? = 3’-O-TBS-thymidin-5"-ylI.

To further extend the scope, other possible P—S nucleophiles and related selenium
compounds were subjected to the developed arylation conditions (Figure 5.7). Thus, S-aryl
phosphorodithioates, both O,0-diaryl 94a and O,0-dialkyl 94b one, were successfully obtained
in high yields. Moreover, the aryl transfer to the selenium atom of phosphoroselenoates could
also be achieved, although with considerably lower efficacy 95a-95b. Finally, it was
determined that replacing alkoxy groups at phosphorus with carbon substituents gradually
decreases the reactivity toward diaryliodonium salts. Namely, the introduction of a single P-C
bond into the starting material resulted in a 20-30% drop in the yield of the corresponding S-
aryl phosphonate products (96a vs. 93a; 96b vs. 930). However, a synthetically useful yield
was obtained in the case of derivative of (-)-menthol 96c, for which the S-arylation was found
to also be fully stereospecific. In turn, the presence of two P—C bonds lead to the formation of
only 31% of S-phenyl diphenylphosphinothioate 97a and a complete loss of the reactivity for
dimethylphosphinothioate substrate 97b. Similarly, we verified this trend with other
phosphinothioates and were not able to observe the formation of 97c and 97d.
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Figure 5.7 Scope with regard to other types of P-S and P-Se compounds (isolated yields).

5.4. Mechanistic investigations

To obtain some insight into the mechanism of the S-arylation of phosphorothioate diesters
with diaryliodonium salts, the reaction between 92 and 87b was performed in the presence of
either TEMPO or DPE (1 equiv. each). In both cases the yield was not affected (>95%),
speaking against the involvement of radical intermediates.

The mechanism of the reaction was also subject to computational investigations using the
density functional theory calculations. In particular, we sought to elucidate the details of the S—
Ar bond formation and to rationalize the selectivity in terms of S- over O-arylation. The
computed free energy profile for the reaction is depicted in Figure 5.8.
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Figure 5.8 Free energy profile for the aryl transfer from diaryliodonium salt to phosphorothioate diester

Despite multiple attempts, we could not locate a transition state for the outer sphere pathway,
that is, a direct nucleophilic attack of model phosphorothioate 92b, neither with sulfur nor
oxygen, on the phenyl ring of 87b, substituting iodine-based leaving group in an Sn2
fashion.282%3% Conversely, the incorporation of phosphorothioate as a ligand into the inner
coordination sphere of iodine generates intermediates with either P-S—1 or P-O-I linkage
(INT-S and INT-O, respectively), which are relatively close in energy to both 92b and each
other, implying that these species can exist in an equilibrium. A homolytic cleavage of the S/O-
| bond in INT-S/INT-O is calculated to be highly endergonic (~30 kcal/mol), precluding the
radical course of the reaction, as already indicated by the experiments with TEMPO and DPE.
From both intermediates the aryl transfer may take place via two distinct pathways, involving
either 3- or 5-membered cyclic transition states (TS1 and TS2, respectively) that diverge into
the S- and O-arylation products. The S-Ar-forming TS1-S (from INT-S) and TS2-S (from
INT-O) are clearly energetically preferred to the O—-Ar-forming TS1-O (from INT-O) and
TS2-0 (from INT-S), explaining the completely selective S-arylation observed experimentally.
Interestingly, the 5-membered cyclic structures are favored in both pairs of the respective
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transition states, likely due to their less strained nature. In general, the inner sphere mechanism
established by the current computations shares similarities to those found for other aryl transfers
employing diaryliodonium salts.301:26:302349 However, the 5-membered cyclic TS is unique,
attributed to intrinsic structure of a phosphorothioate diester, bearing two nucleophilic sites in
an 1,3-arrangment. The computational studies also indicate that the S-arylation of P-chiral
phosphorothioates should proceed stereospecifically, as indeed observed experimentally, with
the retention of configuration at phosphorus atom, whose integrity is maintained throughout the
mechanistic pathway.

5.5. Conclusions

In conclusion, we have successfully developed an efficient protocol for the direct S-arylation
of phosphorothioate diesters with diaryliodonium salts. The method constitutes an
operationally simple and metal-free entry to a variety of S-aryl phosphorothioates and related
com-pounds that is also suitable for a late-stage functionalization of complex molecules. Very
importantly, the reaction proceeds with a full retention of the stereochemical con-figuration at
the phosphorus atom, as proven experimen-tally and computationally, thus, benefiting from the
easily accessible pool of stereodefined P-chiral phosphorothioate diesters. Finally, with the use
of DFT calculations, the arylation has been shown to proceed via an inner sphere mechanism,
through a 5-membered cyclic transition state.
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Chapter 6

Synthesis of tertiary phosphines and phosphine
oxides by metal-free arylation with
diaryliodonium salts

6.1. Background

Within the realm of organic chemistry, one of the oldest subfields is the chemistry of
phosphorus. Since the discovery of phosphorus, nearly two and a half century ago,
organophosphorus chemistry has emerged as an interesting and exciting field of research.
Organophosphorus compounds have found applications in medicinal chemistry,3°
agrochemistry,®* chemistry of materials,®*?% and general organic synthesis. In the latter
context, they have been used as organocatalysts, redox catalysts, excellent ligands for
transition-metal catalysis, and biorthogonal reagents. 354358

As part of our general interest in the synthetic applications of diaryliodonium salts, we
decided to explore the metal-free aryl transfer to a phosphorus atom. There exist already some
reactions employing this idea, as briefly discussed in section 1.4.7. However, the great majority
of the arylations of phosphorus employing diaryliodonium salts make use of transition metal
catalysis. In particular, arylphosphonates,®° tertiary phosphine oxides,**%%! and quaternary
phosphonium salts®2-3%* have been synthesized by the arylation of phosphites, secondary
phosphine oxides, and tertiary phosphines, respectively (Figure 6.1). However, no single report
exist on the direct arylation of secondary phosphines, either metal-free or metal-catalyzed.
Therefore, with the previous experience of S-arylation,3*°%5 we hypothesized that secondary
phosphines could act as suitable nucleophiles, in the reaction with diaryliodonium salts,
allowing for the easy, metal-free to access tertiary phosphines (Figure 6.2).
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Figure 6.1. Examples of metal-catalyzed arylations of phosphorus using diaryliodonium salts.
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Figure 6.2. Proposed metal-free arylation of secondary phosphines with diaryliodonium salts.

Traditionally, arylphosphines are synthesized by the reactions of organometallic reagents
with halophosphines or of alkali metal phosphides with aryl halides.*6-3% These protocols are
often limited in scope, due to the low functional group tolerance of organometallic reagents.
Several transition metal-catalyzed processes, employing palladium,®®937° copper,3'1:372 and
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nickel,37%37 for the coupling of aryl- or diarylphosphines with aryl(pseudo)halides have been
developed. Acylphosphines, 37437 (trimethylstannyl)diphenylphosphine and
(trimethylsilyl)diphenylphosphine,®”® diphenylphosphine-borane®’’3’® have also been used as
the phosphorus coupling partners in the transition-metal mediated couplings with aryl halides.
Although these methods have considerable advantages in terms of efficiency and functional
group tolerance, catalyst price and the contamination with residual trace metals remain a
concern. In one report, Zeitler and Wolf have reported a photoredox approach toward
unsymmetrically-substituted phosphines and phosphonium salts.>”® However, the reaction is
strongly substrate-dependent, as ortho-substituted aryl iodides delivered tertiary phosphines in
moderate yields, whereas tetraarylphosphonium salts were obtained from meta- and para-
substituted substrates, resulting from an over-arylation.

Recently, in the context of metal-free aryl transfer to phosphorus from diaryliodonium salts,
Bugaenko and Karchava achieved the arylation of tertiary aryl- and alkylphosphines bearing 2-
cyanoethyl group 98 with aryl(mesityl)iodonium triflates under a blue light irradiation,
followed by a DBU-mediated retro-Michael reaction of the in situ generated quaternary
phosphonium salts 99 (Figure 6.3).%8 Hence, (2-cyanoethyl)diphenylphosphine has been used
as diphenylphosphine surrogate.

CN

400-410 nm H DBU (1.5 equiv.)

. ZCN 5 MeCN.RT.4h_ lo g RT, 1h 5 R
R1’/ \H neat R1// \/\CN R R»]flz DA R»I/Iz DA
2 R? KN R? | R* |
70 OC, 7h |—OTf = =

— Me
98 Me 99
Me

Figure 6.3. Photochemical arylation of diphenylphosphine surrogate using diaryliodonium salts.

6.2. Development of reaction conditions

We started our investigations by screening different bases in the ability to promote the
arylation of model diphenylphosphine with diphenyliodonium triflate. Cylcohexane was used
at the solvent and the reactions were carried out at room temperature under nitrogen atmosphere
(Table 6.1). To avoid errors in the quantification of the reaction outcome due to oxidation by
air, the phosphine product (and any remaining substrate) was in situ oxidized to
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triphenylphosphine oxide with tert-butyl hydroperoxide. Different organic and inorganic bases
were tested, of which t-BuOK performed best (entry 10).

Table 6.1. Initial screening of bases.

1) base (1.5 equiv.)
cyclohexane, RT, overnight
@—l—ow N, atmosphere O

/P\ =
PR H 2) t-BUOOH (5 equiv.) P
15 min

(1.5 equiv.)
87a 100
Entry Base Yield %?

1 TEA 38
2 DBU 38
3 DBN 33
4 DIPEA 10
5 DABCO 32
6 TMG 38
7 2,6-lutidine 8

8 pyridine 4

9 imidazole 21
10 t-BuOK 77
11 Cs,CO3 45
12 AcOK 36
13 NaHCO3 10
14 KOH 56
15 Li.COs; 4

16 N62CO3 2

2 Yields are the average of two experiments and were determined by *'P NMR spectroscopy

After identifying t-BuOK as the best base for the arylation of diphenylphosphine, we
performed an extensive screening of solvents (Table 6.2). MeCN and DMSO were found to be
the best reaction media (entry 12 and 13). Although the result for DMSO was slightly better
than that for MeCN, the latter solvent was considered advantageous, due to more facile reaction
work-up.
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Table 6.2. Screening of solvents.

1) -BuOK (1.5 equiv.)
solvent, RT, overnight o
. I—OTf Ny atmosphere I

/P\ el /P
PIC TH 2) -BUOOH (5 equiv.) PHC !
15 min

(1.5 equiv.)
87a 100
Entry Solvent Yield %

1 n-hexane 63
2 toluene 63
3 benzene 81
4 diethyl ether 73
5 CPME 63
6 1,4-dioxane 59
7 acetone 56
8 AcOEt 46
9 DME 64
10 DCE 44
11 DMF 70
12 MeCN 88
13 DMSO 91
14 EtOH 56
15 MeNO- 36
16 DCM 35
17 THF 58
18 PhCF; 83

2 Yields are the average of two experiments and were determined by 3!P NMR spectroscopy

Subsequent experiments showed that the reaction is sensitive to the order of addition of the
reagents. For instance, if the phosphine substrate is added last to the reaction mixture, instead
of the base, it has a detrimental effect on the yield, providing only 30% of product. This may
be due to some undesired reaction of t-BuOK with the diaryliodonium salt, however further
studies are needed to clarify the details. Thus, the final experimental procedure involves placing
diphenylphosphine and diphenyliodonium triflate in a reaction vessel, followed by the addition
of the solvent (MeCN) under the inert atmosphere and, finally, the base (t-BuOK). The
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optimization of reaction time showed that nearly quantitative amounts of the product were
formed already within an hour of stirring at RT under these conditions.

For completeness, we also tested for a possible arylation of diphenylphosphine oxide
(formed from the unreacted substrate during the quenching of the reaction with t-BuOOH) with
diphenyliodonium triflate. Thus, subjecting of diphenylphosphine oxide to the developed
reaction conditions gave 15% of PhsPO after stirring overnight. Hence, PhoHPO indeed shows
a limited reactivity toward the diaryliodonium salt, but it is negligible compared to the reactivity
of the parent phosphine (which is fully arylated within an hour), and it should not have caused
any appreciable inaccuracy in the data presented in Tables 6.1-6.2.

Finally, we examined whether, during the one-pot oxidation of the generated tertiary
phosphine, chalcogenes other than oxygen can be introduced into the product. Thus, after a 2h
arylation, sulfur or selenium were added to the reaction mixture instead of t-BuOOH.
Regrettably, after an overnight stirring at RT, the corresponding triphenylphosphine sulfide
101a and selenide 101b were formed in only moderate yields under these conditions (Figure
6.4). Therefore, further optimization of the sulfurization and selenization reactions is necessary.

1) t-BuOK (1.5 equiv.)
MeCN, RT, 2 h X
©7|_0Tf N, atmosphere I
Ph—P~y 7 — >  phP
bH H 2) Sg or Se (5 equiv.) PH \©
RT, overnight

(1.5 equiv.) 101a, X = S (42%)
87a 101b, X = Se (38%)

Figure 6.4. Synthesis of triphenylphosphine sulfide and selenide.

6.3. Scope and limitations

Having optimized the reactions conditions, we moved on to explore the scope and limitations
of the developed reaction. Up till now, only the scope with regard to the diaryliodonium salts
has been examined (Figure 6.5). In the case of aryl rings ortho- and meta-substituted with
halogens (100b and 100c) moderate yields were obtained, whereas the para-halogen-containing
rings were transferred in low yields (100d and 100e). All evaluated trifluoromethyl-containing
aryls furnished the desired phosphine oxides with satisfactory efficiency (100f-100h). Better
results were obtained for the substrate with the electron-withdrawing ester moiety (100i),
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however, a sharp decline in the yield was observed for the transfer of the nitroarene group
(100j). Moderately electron-rich aryls are well tolerated, as in the case of
(trifluoromethoxy)phenyl (100k), mesityl (1001), and extended aryl systems, such as 1- and 2-
naphthyl (100m and 100n). Finally, the steric hindrance imposed by the mesityl and 1-naphthyl
moieties was found to have a considerable adverse effect on the coupling efficiency.

1) t-BuOK (1.5 equiv.)

2\ MeCN, RT,2h
5 . /) |=oTf N, atmosphere I R
P H ) 2) tBUOOH (1.5 equiv.) P |
g 15 min =
(1.5 equiv.)
87a 100
o F
P Ph—P h/F’ h/F’
K ,@ : f) ADEEA O
F
100a (93%)2 100b (52%) 100c (62%) 100d (40%)
o)
II
Ph/ Ph/ Ph-P Fa Ph/
Ph
CFs
CF;
100e (28%)° 100f (65%) 100g (59%)° 100h (52%)P
NO, OCF4
100i (70%) 100j (11%)° 100k (76%) 1001 (40%)
2 (]
PH
100m (49%)° 100n (57%)°

Figure 6.5. Scope with regard to the diaryliodonium salt (NMR yields).
21solated yield, ® Synthesized using 87b, ¢ Synthesized using unsymmetrical (4-nitrophenyl)(phenyl)iodonium
tetrafluoroborate.
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6.4. Conclusions

In conclusion, we have developed a preliminary protocol for the direct P-arylation of
secondary phosphines with diaryliodonium salts and briefly explored its scope. The work on
this project is still in progress. In particular, the scope and limitations of the reaction with regard
to the phosphine coupling partner are still to be explored, but a good tolerance toward various
functional groups has already been established. Based on the results that will be obtained,
additional changes to the reaction conditions may need to be implemented. Anyhow, the
method already shows promise to allow for a direct access to various phosphines and phosphine
oxides under simple and metal-free conditions.
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Concluding Remarks

To conclude, in this thesis, the utility of hypervalent iodine regents for oxidations and
arylations has been explored.

Specially, in Chapter 2, | have developed a hypervalent iodine(111)-mediated synthesis of an
array of Pummerer’s ketone analogs, by the oxidative phenol coupling. These compounds were
derived from both phenols and naphthols, with various substitution patterns, in excellent
diasteroselectivity, as sole low-molecular-weight products.

In Chapter 3, | was also able to develop an enantioselective and diastereoselective protocol
for the synthesis of all carbon spirocycles through a combination of I(I11)-promoted oxidative
arenol dearomatization and amine organocatalysis. Unfortunately, satisfactory yields could not
be obtained.

On the arylation front, Chapters 4 and 5 report metal-free transfers of an aryl group onto a
sulfur atom, under mild and experimentally simple conditions. Aryl sulfides containing a broad
range of aryl groups were accessed from an array of thiols, including aryl, heteroaryl, and alkyl,
including ones of biological and therapeutic relevance. Similarly, diaryliodonium salts were
found effective in the synthesis of an array of diverse S-aryl phosphorothioates and related
compounds. The S-arylation of phosphorothioate diesters proceeded with a full retention of the
stereogenic center at the phosphorus atom, opening convenient access to P-chiral products. In
both cases, the mechanisms of the reactions were established using DFT calculations.

Chapter 6 describes the preliminary work on the synthesis of tertiary phosphines and
phosphine oxides by the arylation of phosphorus with diaryliodonium salts. The reaction
conditions have been initially optimized and its scope accessed.

| am confident that the scientific results described in this thesis will support other researchers
to discover other new outstanding applications of hypervalent iodine compounds.
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Experimental Section

Unless otherwise noted, all materials were purchased from commercial suppliers and used
without purification. lodosobenzene was prepared according to a published procedure.®!
Anhydrous tetrahydrofuran and dichloromethane were purified prior to use by passage through
a column of neutral alumina under nitrogen. Triethylamine was rendered anhydrous by storing
over molecular sieves 4A. Anhydrous DCE, MeCN and 1,4-dioxane were purchased in a septa-
sealed bottle and was stored under nitrogen.

1H, 13C, 19F, and P NMR spectroscopic data were collected on Varian 400 MHz and Bruker
500 MHz spectrometers at ambient temperature. The chemical shifts are reported in ppm
relative to solvent peaks. Mass spectra were recorded on Thermo QExactive mass spectrometer
in ESI ionization mode with TOF mass analyzer. IR spectra were recorded on Shimadzu FT-
IR spectrometer equipped with an ATR unit for direct measurements of solid and liquid
samples. HPLC analysis of compound 930 was carried out on Shimadzu LC20AD.

Experimental procedure and characterization of compounds for
Chapter 2 (Paper 1)

General Procedure A: A 20 mL vial was charged with a phenol (0.50 mmol) and K3PO4
(159 mg, 0.75 mmol), followed by the addition of 1,2-dichloroethane (anhydrous, 10 mL).
lodosobenzene (110 mg, 0.50 mmol) was then added and the mixture was stirred for 2 hours at
room temperature. Insoluble material was filtered off and washed with dichloromethane.
Combined filtrates were concentrated under reduced pressure and the product was purified by
column chromatography on silica (n-hexane/ethyl acetate).

cis-12,13b-Dipropyl-6a,13b-dihydrodinaphtho[1,2-b:1",2"-
d]furan-5(6H)-one (60a): The title compound was prepared
according to the General Procedure A from 4-propylnaphthalen-1-
0182 in 38% yield (35 mg). 'H NMR (500 MHz, CDCls) & 8.00 (d,
L ) J=7.9Hz, 1H), 7.96 — 7.91 (m, 2H), 7.65 (d, J = 8.0 Hz, 1H), 7.57
(t, J=7.7 Hz, 1H), 7.47 — 7.39 (m, 3H), 7.27 (t, = 7.4 Hz, 1H), 5.15 (t, J = 3.5 Hz, 1H), 3.47
(dd, J=17.2,3.2 Hz, 1H), 3.12 (dt, J = 17.2, 3.9 Hz, 1H), 3.07 — 2.99 (m, 2H), 2.50 — 2.40 (m,
1H), 2.30 — 2.18 (m, 1H), 1.81 — 1.68 (m, 2H), 1.55 — 1.44 (m, 2H), 1.08 — 0.95 (m, 6H). *C
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NMR (126 MHz, CDCls) 8 195.0, 152.9, 144.6, 134.4, 132.4, 132.2, 132.0, 131.4, 127.3, 126.6,
126.4, 126.0, 125.2, 124.2, 122.3, 121.0, 120.7, 86.1, 50.8, 41.6, 39.9, 35.4, 24.2, 18.5, 14.7,
14.2. HRMS (ESI): m/z 371.2007 ([M+H]", CasH270,* calcd. 371.2006).

) cis -12,13b-Dimethyl-6a,13b-dihydrodinaphtho[1,2-b:1",2'-
d]furan-5(6H)-one (60b): The title compound was prepared
according to the General Procedure A from 4-methylnaphthalen-1-
ol in 31% yield (24 mg). *H NMR (500 MHz, CDCls) 6 7.98 (d, J
( J =79Hz, 1H), 7.95-7.87 (m, 2H), 7.63 (d, J = 7.9 Hz, 1H), 7.56
(t, J=7.6 Hz, 1H), 7.49 — 7.42 (m, 3H), 7.27 (t, I = 7.6 Hz, 1H), 4.97 (t, J = 3.5 Hz, 1H), 3.44
(dd, J=17.0, 3.5 Hz, 1H), 3.13 (dd, J = 17.0, 3.5 Hz, 1H), 2.68 (s, 3H), 1.93 (s, 3H). 13C NMR
(126 MHz, CDCls) 6 194.7, 153.1, 145.2, 134.5, 132.7, 130.4, 127.8, 127.70, 127.65, 126.7,
126.3,126.1, 125.5,124.4,122.1, 121.0, 120.8, 88.4, 47.1, 38.3, 25.3, 19.5. HRMS (ESI): m/z
315.1378 ([M+H]", C22H190." calcd. 315.1380).

cis-12,13b-diBenzyl-6a,13b-dihydrodinaphtho[1,2-b:1",2'-
d]furan-5(6H)-one (60c): The title compound was prepared
according to the General Procedure A from 4-benzylnaphthalen-1-
0l%83in 22% yield (26 mg). 'H NMR (500 MHz, CDCls3) § 7.95 (dd,
J=7.9,1.3Hz 1H),7.94-7.91 (m, 1H), 7.90 - 7.85 (m, 1H), 7.77
(d, J = 8.1 Hz, 1H), 7.64 (ddd, J = 8.2, 7.2, 1.5 Hz, 1H), 7.57 (s,
1H), 7.42 — 7.36 (m, 2H), 7.34 — 7.28 (m, 3H), 7.25 — 7.13 (m, 6H), 6.88 — 6.84 (m, 2H), 5.16
(dd, J =3.7, 3.1 Hz, 1H), 4.52 — 4.44 (AB system, 2H), 3.95 (d, J = 13.8 Hz, 1H), 3.48 (d, J =
13.8 Hz, 1H), 3.14 (dd, J = 17.3, 3.0 Hz, 1H), 2.06 (dd, J = 17.3, 3.8 Hz, 1H). *C NMR (126
MHz, CDCl3) & 194.6, 153.5, 143.9, 141.0, 135.9, 134.3, 132.4, 131.6, 130.1, 129.5, 128.6,
128.5,127.9,127.3,127.2,127.0,126.4, 126.1, 125.5, 124.6, 122.31, 122.25, 121.1, 86.4, 51.3,
45.4,39.1, 38.9. HRMS (ESI): m/z 467.2010 ([M+H]*, CssH270>" calcd. 467.2006).

( ) cis-12,13b-Diphenethyl-6a,13b-dihydrodinaphtho[1,2-
b:1',2'-d]furan-5(6H)-one (60d): The title compound was
prepared according to the General Procedure A from 4-
phenethylnaphthalen-1-01%2 in 33% yield (41 mg). 'H NMR
(500 MHz, CDCl3) & 8.04 — 7.97 (m, 3H), 7.59 — 7.54 (m,
1H), 7.52 — 7.44 (m, 3H), 7.34 — 7.11 (m, 12H), 5.26 (t, J =
3.7 Hz, 1H), 3.49 (dd, J = 17.1, 3.5 Hz, 1H), 3.35 (t, J = 7.8 Hz, 2H), 3.13 (dd, J = 17.1, 4.0
Hz, 1H), 3.04 (t, J = 7.8 Hz, 2H), 2.73 — 2.61 (m, 2H), 2.57 — 2.46 (m, 3H). 3C NMR (126
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MHz, CDCl3) & 194.8, 153.2, 144.0, 141.7, 141.2, 134.7, 132.0, 131.4, 131.1, 128.6, 128.5,
128.4, 128.1, 127.2, 126.8, 126.5, 126.31, 126.30, 126.25, 125.9, 125.4, 123.9, 122.4, 121.04,
121.00, 86.0, 50.8, 41.1, 39.9, 37.2, 35.1, 31.4. HRMS (ESI): m/z 495.2319 ([M+H]",
C3sH3102" calcd. 495.2319).

cis-8,9b-Dimethyl-4a,9b-dihydrodibenzo[b,d]furan-3(4H)-

e,_ one (60e): The title compound was prepared according to the
General Procedure A from 4-methylphenol in 36% yield (19 mg).
'H NMR (500 MHz, CDCls) & 7.02 (s, 1H), 7.00 (d, J = 8.2 Hz,
1H), 6.72 (d, J = 8.2 Hz, 1H), 6.47 (dd, J = 10.2, 1.9 Hz, 1H), 5.93
(d, J = 10.2 Hz, 1H), 4.72 — 4.68 (m, 1H), 3.05 (dd, J = 17.5, 2.8 Hz, 1H), 2.80 (dd, J = 17.5,

3.8 Hz, 1H), 2.33 (s, 3H), 1.58 (s, 3H). 3C NMR (126 MHz, CDCls) & 195.1, 156.6, 149.6,
132.2,131.1, 129.7, 125.8, 123.2, 110.1, 86.5, 45.1, 37.5, 21.4, 20.9.

\

I

cis-8,9b-diethyl-4a,9b-dihydrodibenzo[b,d]furan-3(4H)-one

t: (60f): The title compound was prepared according to the General
Procedure A from 4-ethylphenol in 28% yield (17 mg). *H NMR
(500 MHz, CDCl3) 6 7.04 — 6.98 (m, 2H), 6.74 (d, J = 8.0 Hz, 1H),
6.47 (dd, J = 10.2, 1.8 Hz, 1H), 6.02 (d, J = 10.2 Hz, 1H), 4.86 —
4.83 (m, 1H), 3.05 (dd, J = 17.6, 2.8 Hz, 1H), 2.77 (dd, J = 17.6, 4.2 Hz, 1H), 2.62 (9, J = 7.6
Hz, 2H), 2.11 — 1.93 (m, 2H), 1.23 (t, J = 7.6 Hz, 3H), 1.05 (t, J = 7.6 Hz, 3H). 13C NMR (126

MHz, CDCls) § 195.5, 156.8, 149.4, 137.5, 131.2, 128.5, 127.1, 122.3, 110.0, 84.2, 49.2, 39.1,
28.8, 28.4, 16.0, 9.1. HRMS (ESI): m/z 243.1379 ([M+H]*, C1sH190* calcd. 243.1380).

\

I

cis-8,9b-Dipentyl-4a,9b-dihydrodibenzo[b,d]furan-
n-CsHiq_-Csth 3(4H)-one (60g): The title compound was prepared according
o to the General Procedure A from 4-pentylphenol®®? in 22%

o yield (18 mg). *H NMR (500 MHz, CDCls)  7.00 — 6.96 (m,

2H), 6.72 (dd, J = 7.9, 0.6 Hz, 1H), 6.46 (dd, J = 10.2, 1.9 Hz,
1H), 6.00 (dd, J = 10.2, 0.6 Hz, 1H), 4.85 — 4.82 (m, 1H), 3.05 (dd, J = 17.6, 2.9 Hz, 1H), 2.78
(dd, J = 17.6, 4.2 Hz, 1H), 2.56 (t, J = 7.8 Hz, 2H), 2.02 — 1.85 (m, 2H), 1.62 — 1.55 (m, 2H)
1.44 — 1.25 (m, 10H), 0.91 (t, J = 7.0 Hz, 6H). 3C NMR (126 MHz, CDCl3) 5 195.5, 156.7,
149.6, 136.2, 131.4, 129.0, 126.9, 122.7, 109.9, 84.6, 48.9, 39.1, 36.1, 35.5, 32.3, 31.6, 31.5,

24.4, 22.5, 22.4, 14.04, 13.97. HRMS (ESI): m/z 327.2317 ([M+H]", C22Hs:10,* calcd.
327.2319).
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( ) cis-8,9b-Diphenethyl-4a,9b-

Ph dihydrodibenzo[b,d]furan-3(4H)-one (60h): The title

compound was prepared according to the General Procedure

O O | A from 4-(2-pheneth-1-yl)phenol®4in 25% yield (25 mg). 1H

£ NMR (500 MHz, CDClz) 6 7.37 — 7.12 (m, 10H), 7.03 (dd, J

=8.2,1.8 Hz, 1H), 6.88 (d, J = 1.8 Hz, 1H), 6.77 (d, J = 8.2

Hz, 1H), 6.47 (dd, J = 10.2, 1.8 Hz, 1H), 6.06 (d, J = 10.2 Hz, 1H), 4.98 — 4.93 (m, 1H), 3.09

(dd, J = 17.6, 2.9 Hz, 1H), 2.89 (s, 4H), 2.81 (dd, J = 17.6, 4.2 Hz, 1H), 2.72 — 2.65 (m, 2H),

2.29 — 2.16 (m, 2H). 13C NMR (126 MHz, CDCls) & 195.2, 156.9, 148.9, 141.5, 140.8, 135.1,

130.9, 129.3, 128.6, 128.5, 128.2, 128.1, 127.2, 126.4, 125.9, 123.1, 110.2, 84.4, 48.9, 39.0,
38.4,37.9, 37.5, 31.0. HRMS (ESI): m/z 395.2007 ([M+H]", C2sH2702" calcd. 395.2006).

cis-8,9b-Dibenzyl-4a,9b-dihydrodibenzo[b,d]furan-3(4H)-
”—, one (60i): The title compound was prepared according to the
General Procedure A from 4-benzylphenol in 27% yield (25 mg).
O 'H NMR (500 MHz, CDCls) 6 7.36 — 7.03 (m, 13H), 6.59 (dd, J

=10.2, 1.9 Hz, 1H), 5.96 (d, J = 10.2 Hz, 1H), 4.90 — 4.86 (m,
1H), 3.98 (s, 2H), 3.39 (d, J = 13.7 Hz, 1H), 3.14 (d, J = 13.7 Hz, 1H), 2.73 (dd, J = 17.5, 2.7
Hz, 1H), 1.81 (dd, J = 17.5, 4.0 Hz, 1H). 1*C NMR (126 MHz, CDCls) § 195.3, 156.9, 148.3,

141.3,135.3, 134.5, 131.6, 129.7, 128.8, 128.6, 128.5, 127.4, 127.2, 126.2, 123.5, 115.3, 110.3,
84.9,49.7, 42.8, 41.4, 38.3. HRMS (ESI): m/z 367.1696 ([M+H]*, CasH2302" calcd. 367.1693).

( ) cis-2,6,8,9b-Tetramethyl-4a,9b-
dihydrodibenzo[b,d]furan-3(4H)-one  (60j): The title
compound was prepared according to the General Procedure A
from 2,4-dimethylphenol in 30% yield (18 mg). *H NMR (500
\ / MHz, CDCl3) 6 6.84 — 6.80 (m, 2H), 6.23 —6.19 (m, 1H), 4.64 —
4.61 (m, 1H), 3.08 (dd, J=17.4, 2.6 Hz, 1H), 2.78 (dd, J = 17.4, 3.8 Hz, 1H), 2.89 (s, 3H), 2.15
(s, 3H), 1.72 (d, J =1.1 Hz, 3H), 1.52 (s, 3H). 3C NMR (126 MHz, CDCl3) § 195.7, 155.2,
145.4, 132.4, 132.0, 132.8, 132.7, 120.22, 120.20, 86.5, 45.5, 37.8, 21.9, 20.8, 16.1, 15.0.
HRMS (ESI): m/z 243.1379 ([M+H]*, C16H1902" calcd. 243.1380).
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cis-8,9b-Dimethyl-2,6-dipropyl-4a,9b-
dihydrodibenzo[b,d]furan-3(4H)-one  (60k): The title
compound was prepared according to the General Procedure A
from 4-methyl-2-propylphenol®® in 35% vyield (26 mg). 'H
NMR (500 MHz, CDCl3) 6 6.84 (s, 1H), 6.82 (s, 1H), 6.16 (s,
1H), 4.63 — 4.59 (m, 1H), 3.06 (dd, J=17.2, 3.0 Hz, 1H), 2.78 (dd, J = 17.4, 3.8 Hz, 1H), 2.49
(t, J=7.7, 2H), 2.31 (s, 3H), 2.21 — 2.13 (m, 1H), 2.09 — 2.01 (m, 1H), 1.62 — 1.55 (m, 2H),
1.54 (s, 3H), 1.40 —1.31 (m, 2H), 0.91 (t, J = 7.4 Hz, 3H), 0.80 91 (t, J = 7.4 Hz, 3H). 13C NMR
(126 MHz, CDCl3) 6 195.5, 155.0, 144.9, 135.8, 132.5, 130.6, 129.8, 125.0, 120.3, 86.2, 45.4,
38.1, 31.6, 31.4, 22.9, 22.1, 21.3, 20.9, 13.9, 13.6. HRMS (ESI): m/z 299.2003 ([M+H]",
C20H2702" calcd. 299.2006).

cis-2,6-Diallyl-8,9b-dimethyl-4a,9b-
dihydrodibenzo[b,d]furan-3(4H)-one  (60l):  The title
compound was prepared according to the General Procedure A
from 2-allyl-4-methylphenol®® in 38% yield (28 mg). *H NMR
(500 MHz, CDCls) 6 6.87 (s, 1H), 6.83 (s, 1H), 6.21 — 6.18 (m,
1H), 5.94 (ddt, J = 17.0, 10.2, 6.7 Hz, 1H), 5.74 (ddt, J = 17.0,
10.2, 6.7 Hz, 1H), 5.10 — 5.00 (m, 3H), 4.97 (dg, J = 17.1, 1.6 Hz, 1H), 4.67 — 4.62 (m, 1H),
3.36 -3.23 (m, 2H), 3.09 (dd, J = 17.3, 2.9 Hz, 1H), 2.99 (dddd, J = 16.2, 6.6, 2.7, 1.3 Hz, 1H),
2.88 — 2.76 (m, 2H), 2.31 (s, 3H), 1.55 (s, 3H). 13C NMR (126 MHz, CDCls) & 194.8, 154.7,
145.4, 136.1, 135.1, 134.2, 132.5, 130.9, 129.7, 122.3, 120.9, 116.7, 115.8, 86.4, 45.5, 38.0,
33.6, 33.1, 22.0, 20.9. HRMS (ESI): m/z 295.1690 ([M+H]", C20H230," calcd. 295.1693).

. \ cis-2,6-Dibenzyl-8,9b-dimethyl-4a,9b-
HaC HsC Bn | dihydrodibenzo[b,d]furan-3(4H)-one  (60m): The title
o compound was prepared according to the General Procedure A

5l © R from 2-benzyl-4-methylphenol®®® in 38% vyield (41 mg). H

L ) NMR (500 MHz, CDCl3) 6 7.29 — 7.16 (m, 8H), 7.08 — 7.05 (m,
2H), 6.80 (s, 1H), 6.74 (s, 1H), 6.16 — 6.12 (m, 1H), 4.68 — 4.64 (m, 1H), 3.94 — 3.82 (AB
system, 2H), 3.61 (d, J = 15.4 Hz, 1H), 3.36 (d, J = 15.4 Hz, 1H), 3.09 (dd, J =17.2, 3.1 Hz,
1H), 2.79 (dd, J = 17.2, 3.8 Hz, 1H), 2.24 (s, 3H), 1.52 (s, 3H). 1*C NMR (126 MHz, CDCls)
0 1949, 154.8, 146.1, 140.4, 139.1, 135.5, 132.5, 131.0, 130.1, 128.9, 128.8, 128.4, 128.3,

126.1, 126.0, 123.5, 121.0, 86.5, 45.7, 38.2, 35.4, 35.2, 22.0, 20.9. HRMS (ESI): m/z 395.2004
([M+H]*, CasH270,* calcd. 395.2006).
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( N ) (4aR,9bR)-1,7,8,9b-Tetramethyl-4a,9b-

Me Me 5 dihydrodibenzo[b,d]furan-3(4H)-one  (60n): The title

MeO compound was prepared according to the General Procedure A

o from 3,4-dimethylphenol in 35% vyield (21 mg). *H NMR (500

L ) MHz, CDCI3) 6 7.03 (s, 1H), 6.64 (s, 1H), 5.87 (s, 1H), 4.62 (t,J

=3.2Hz, 1H), 3.02 (dd, J=17.4, 2.6 Hz, 1H), 2.75 (dd, J = 17.4,

3.8 Hz, 1H), 2.25 (s, 3H), 2.22 (s, 3H), 1.93 (s, 3H), 1.58 (s, 3H). 3C NMR (126 MHz, CDCls)

0 194.7,158.7, 157.2, 137.8, 129.04, 128.98, 125.9, 125.1, 111.7, 87.8, 47.9, 37.0, 20.5, 20.1,
19.53, 19.50. HRMS (ESI): m/z 243.1377 ([M+H]", C16H1902" calcd. 243.1380).

\

I

Experimental procedures for Chapter 3

o Methyl (E)-3-(2'-0x0-2'H-spiro[cyclopentane-1,1'-

N naphthalen]-2-yl)acrylate (76); Table 3.5, entry 1: A 4 mL vial

’ o OMe was charged with 5-(2-hydroxynaphthalen-1-yl)pentanal 69 (11.4
“ mg, 0.05 mmol), catalyst 74a (4.19 mg, 25 mol%) and oxidant 78
(17.8 mg, 0.05 mmol), followed by the addition of DCM

(anhydrous, 1 mL). EtsN (13.9 ul, 0.10 mmol) was then added and the mixture was stirred for
24 hours at room temperature. Then, phosphorane 77 (25.1 mg, 0.15 mmol) was added and
stirred for additional 4 hours. The reaction mixture was filtered through a short silica plug
eluting with diethyl ether. Combined filtrates were concentrated under reduced pressure, and
the yield (27%) and dr (6:1) were assessed by *H NMR relative to an internal standard. The
product was purified by preparative TLC (n-hexane/ethyl acetate). H NMR (400 MHz,
CDCl3): § 7.50 — 7.43 (m, 2H), 7.37 (d, J = 9.8 Hz, 1H), 7.30 — 7.27 (m, 2H), 6.63 (dd, J = 15.6,
7.9 Hz, 1H), 6.07 (d, J = 9.8 Hz, 1H), 5.45 (dd, J = 15.6, 1.3 Hz, 1H), 3.64 (s, 3H), 2.65 — 2.54
(m, 1H), 2.26 — 2.18 (m, 2H), 2.16 — 1.99 (m, 2H), 1.97 — 1.86 (m, 2H). HPLC (CHIRALART
Cellulose-SC (equivalent to CHIRALPAK IC), hexanes/2-propanol = 17/3, flow rate = 1.0
mL/min, A =227 nm, 30 °C): tr = 19.0 min (rac-76: tr = 19.0 min, 22.0 min).

( o ) Methyl (E)-3-(1'-oxo-1"H-spiro[cyclopentane-1,2'-
’ naphthalen]-2-yl)acrylate (81); Table 3.7, entry 6: A 4 mL vial
O‘ was charged with 5-(1-hydroxynaphthalen-2-yl)pentanal 70
= (11.4 mg, 0.05 mmol), catalyst 74a (4.19 mg, 25 mol%),
o OMe | followed by the addition of DCM (anhydrous, 1 mL).
/ NaClO«5H20 (16.5 mg, 0.10 mmol) was then added at 0 °C and
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the mixture was stirred for 24 hours at 0 °C. Then, phosphorane 77 (25.1 mg, 0.15 mmol) was
added and stirred for additional 4 hours at room temperature. The reaction mixture was filtered
through a short silica plug eluting with diethyl ether. Combined filtrates were concentrated
under reduced pressure, and the yield (34%) were assessed by *H NMR relative to an internal
standard. The product was purified by preparative TLC (n-hexane/ethyl acetate). *H NMR (400
MHz, CDCls, for the mixture of diastereomers): & 8.04 (d, J = 7.8 Hz, 1H), 7.94 (d, J = 7.8 Hz,
1H), 7.57 (td, J = 7.5, 1.4 Hz, 1H), 7.51 (td, J = 7.5, 1.4 Hz, 1H), 7.36 (td, J = 7.6, 1.2 Hz, 1H),
7.31(td,J=7.6,1.2Hz, 1H), 7.24 (d, J =8.1 Hz, 1H), 7.18 (d, J = 7.6 Hz, 1H), 6.73 (dd, J =
15.6, 7.9 Hz, 1H), 6.62 (d, J = 10.1 Hz, 2H), 6.63 — 6.56 (m, 1H), 6.20 (d, J = 9.9 Hz, 1H), 6.04
(d, 3 =9.7 Hz, 1H), 5.71 (dd, J = 15.6, 1.2 Hz, 1H), 5.69 (dd, J = 15.6, 1.2 Hz, 1H), 3.62 (s,
3H), 3.55 (s, 3H), 3.46 — 3.34 (m, 1H), 2.79 — 2.67 (m, 1H), 2.30 — 2.10 (m, 4H), 2.08 — 1.76
(m, 8H). HPLC (CHIRALART Cellulose-SC (equivalent to CHIRALPAK IC), hexanes/2-
propanol = 17/3, flow rate = 1.0 mL/min, A = 227 nm, 30 °C): tr = 9.3 min (rac-76: tr = 7.9
min, 9.3 min).

Experimental procedure and characterization of compounds for
Chapter 4 (Paper II)

General Procedure B: A 20 mL vial was charged with thiol (0.70 mmol) and
diaryliodonium triflate (0.77 mmol). The vial was capped and evacuated/back-filled with
nitrogen three times. Acetonitrile (anhydrous, 7 mL) was added via syringe, followed by DBU
(115 pL, 117 mg, 0.77 mmol), and the reaction mixture was stirred at 80 °C for 1.5 hours. After
cooling to room temperature, the solvent was evaporated under reduced pressure.
Dichloromethane (2 mL) was added to the residue, followed by a small amount of silica. The
solvent was evaporated under reduced pressure, the solid residue was applied on the top of
silica column, and the product was purified by column chromatography.

2-(Phenylthio)benzo[d]thiazole (88a): The title compound was
N\\( S\© prepared according to the General Procedure B from

S benzo[d]thiazole-2-thiol (1a) and diphenyliodonium
trifluoromethanesulfonate'® (2a) in 100% yield (171 mg). *H NMR
(500 MHz, CDCl3): 8 7.89 (d, J = 8.2 Hz, 1H), 7.77 — 7.72 (m, 2H), 7.66 (d, J = 8.0 Hz, 1H),
7.55 - 7.45 (m, 3H), 7.41 (t, J = 7.7 Hz, 1H), 7.27 (t, J = 7.7 Hz, 1H). *C NMR (126 MHz,
CDClI3): 6 169.9, 154.1, 135.7, 135.6, 130.7, 130.13, 130.10, 126.3, 124.5, 122.1, 121.0. FT-
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IR (ATR): 1455, 1440, 1424, 1310, 1019, 1007, 999, 983, 748, 725, 705, 689, 665 cm™.. HRMS
(ESI): m/z 244.0248 ([M+H]*, C13H10NS,* calcd. 244.0249).

2-(Phenylthio)benzo[d]oxazole (88b): The title compound was

N\\r S\@ prepared according to the General Procedure B from
@0 benzo[d]oxazole-2-thiol and diphenyliodonium
trifluoromethanesulfonate!® (2a) in 76% yield (121 mg). 'H NMR
(500 MHz, CDClz): 6 7.75 — 7.69 (m, 2H), 7.64 — 7.60 (m, 1H), 7.50 — 7.45 (m, 3H), 7.44 —
7.41 (m, 1H), 7.31 - 7.24 (m, 2H). 13C NMR (126 MHz, CDCls): § 163.5, 152.0, 142.2, 134.6,
130.2, 129.8, 127.3, 124.54, 124.46, 119.3, 110.2. FT-IR (ATR): 1496, 1476, 1451, 1441,
1240, 1233, 1209, 1124, 1094, 1088, 1024, 1002, 925, 805, 740, 704, 687 cm™*. HRMS (ESI):
m/z 228. 0477 ([M+H]", C13H10NOS* calcd. 228.0478).

s s 2-(Phenylthio)thiazole (88c): The title compound was prepared

<\/\{( \© according to the General Procedure B from thiazole-2-thiol and

diphenyliodonium trifluoromethanesulfonate!® (2a) in 91% yield (123

mg). *H NMR (500 MHz, CDCls): 6 7.72 (d, J = 3.4 Hz, 1H), 7.66 — 7.61

(m, 2H), 7.44 — 7.40 (m, 3H), 7.23 (d, J = 3.4 Hz, 1H). 3C NMR (126 MHz, CDCl3): 5 166.1,

143.7, 133.9, 132.1, 129.9, 129.7, 120.6. FT-IR (ATR): 1472, 1440, 1384, 1303, 1052, 1038,

1018, 1015, 1000, 754, 742, 722, 716, 713, 704, 689 cm™. HRMS (ESI): m/z 194.0093
([M+H]", CoHgNS* calcd. 194.0093).

2-((2-Fluorophenyl)thio)-4,5-dihydrothiazole (88d): The title

S. _S compound was prepared according to the General Procedure B from 4,5-
&\{( dihydrothiazole-2-thiol and bis(2-fluorophenyl)iodonium
trifluoromethanesulfonate!®? in 72% yield (108 mg). *H NMR (500 MHz,
CDCl3): 6 7.69 — 7.59 (m, 1H), 7.50 — 7.44 (m, 1H), 7.22 — 7.15 (m, 2H), 4.26 (t, J = 8.1 Hz,
2H), 3.35 (t, J = 8.1 Hz, 2H). 3C NMR (126 MHz, CDCl3): & 165.9, 162.8 (d, J = 250.3 Hz),
137.5, 132.9 (d, J = 8.2 Hz), 124.8 (d, J = 3.7 Hz), 117.0 (d, J = 18.2 Hz), 116.5 (d, J = 22.7
Hz), 65.6, 35.5. ®F NMR (376 MHz, CDCl3): § -104.91 — -105.02 (m, 1F). FT-IR (ATR):
1594, 1576, 1570, 1469, 1438, 1437, 1262, 1221, 1072, 977, 958, 917, 820, 770, 717, 679 cm"
1 HRMS (ESI): m/z 214.0155 ([M+H]*, CsHsFNS,* calcd. 214.0155).
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2-((2-Fluorophenyl)thio)-5-phenyl-1,3,4-oxadiazole (88e):

o.__S The title compound was prepared according to the General
©\<\ \{\,’/ \© Procedure B from 5-phenyl-1,3,4-oxadiazole-2-thiol and bis(2-
fluorophenyl)iodonium trifluoromethanesulfonate!®? in 75%
yield (142 mg). *H NMR (500 MHz, CDCl3): 6 7.98 — 7.94 (m, 2H), 7.70 (td, J = 7.5, 1.8 Hz,
1H), 7.55 — 7.44 (m, 4H), 7.26 — 7.21 (m, 2H). *C NMR (126 MHz, CDCls): § 166.5, 162.3
(d, J =251.2 Hz), 161.9, 136.2, 132.8 (d, J = 8.2 Hz), 132.0, 129.2, 127.0, 125.4 (d, J = 4.5
Hz), 123.6, 116.9 (d, J = 21.8 Hz), 114.3 (d, J = 18.3 Hz). 1°F NMR (376 MHz, CDCls): & -
105.77 — -105.86 (m, 1F). FT-IR (ATR): 1473, 1469, 1450, 1266, 1187, 1059, 953, 824, 767,

699, 686, 678, 673 cml. HRMS (ESI): m/z 273.0490 ([M+H]*, CisH1FN,OS* calcd.
273.0492).

. 2-((3-Chlorophenyl)thio)-1H-imidazole  (88f):  The title

NYS Cl | compound was prepared according to the General Procedure B from
<\/{\1 \©/ 1H-imidazole-2-thiol and bis(3-chlorophenyl)iodonium
trifluoromethanesulfonate®®’ in 54% vyield (79 mg). *H NMR (500
MHz, CDCls): 6 7.13 (s, 2H), 7.12 — 7.08 (m, 3H), 7.01 — 6.96 (m, 1H). 3C NMR (126 MHz,
CDCls): 6 137.4, 136.0, 135.1, 130.3, 128.0, 127.0, 126.4, 125.5 (broad). FT-IR (ATR): 2558,
1860, 1576, 1565, 1550, 1461, 1457, 1419, 1405, 1328, 1099, 964, 944, 941, 769, 764, 704,
674, 660 cm™. HRMS (ESI): m/z 211.0092 ([M+H]*, CoHsN2SCI* calcd. 211.0091).

4-(Phenylthio)pyridine (88g): The title compound was prepared
O/S\Q according to the General Procedure B from pyridine-4-thiol and
N~ diphenyliodonium trifluoromethanesulfonate!® (2a) in 61% yield (80
mg). *H NMR (500 MHz, CDClas): 8 8.35 (d, J = 5.2 Hz, 2H), 7.59 —
7.52 (m, 2H), 7.49 — 7.44 (m, 3H), 6.98 — 6.89 (M, 2H). 3C NMR (126 MHz, CDCls): 5 150.5,
149.6, 135.4, 130.1, 129.9, 129.6, 121.0. FT-IR (ATR): 1570, 1540, 1476, 1440, 1406, 1220,

1087, 1066, 1024, 802, 749, 726, 705, 690 cm™. HRMS (ESI): m/z 188.0529 ([M+H]*,
C11H10NS" calcd. 188.0529).

- 2-((2-Fluorophenyl)thio)pyridine (88h): The title compound was
N. .S prepared according to the General Procedure B from pyridine-2-thiol and
O \© bis(2-fluorophenyl)iodonium trifluoromethanesulfonate!®? in 73% yield
(105 mg). *H NMR (500 MHz, CDCls): 5 8.42 (ddd, J = 4.9, 1.0, 0.9 Hz,

1H), 7.65 — 7.59 (m, 1H), 7.51 — 7.42 (m, 2H), 7.24 — 7.17 (m, 2H), 7.02 (ddd, J = 7.5, 4.9, 1.0
Hz, 1H), 6.95 (d, J = 8.1 Hz, 1H). 3C NMR (126 MHz, CDCls): § 162.9 (d, J = 249.1 Hz),
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159.5,149.9, 137.2, 136.9, 131.9 (d, J = 8.1 Hz), 125.2 (d, J = 4.5 Hz), 121.3, 120.3, 118.3 (d,
J =182 Hz), 116.6 (d, J = 22.8 Hz). 1%F NMR (376 MHz, CDCls): 5 -105.60 — -105.70 (m,
1F). FT-IR (ATR): 1574, 1558, 1473, 1447, 1417, 1261, 1225, 1116, 1070, 985, 823, 753, 734,
723 cmt. HRMS (ESI): m/z 206.0435 ([M+H]", C1iHoFNS* calcd. 206.0434).

NS 2-(Phenylthio)pyrimidine (88i): The title compound was prepared
E/\Y \© according to the General Procedure B from pyrimidine-2-thiol and
N diphenyliodonium trifluoromethanesulfonate'® (2a) in 64% yield (84
mg). *H NMR (500 MHz, CDCls): 6 8.50 (d, J = 4.9 Hz, 2H), 7.68 — 7.62
(m, 2H), 7.47 — 7.43 (m, 3H), 6.97 (t, J = 4.9 Hz, 1H). 3C NMR (126 MHz, CDCls): & 173.0,
157.7, 135.4, 129.6, 129.5, 129.4, 117.1. FT-IR (ATR): 1559, 1547, 1476, 1376, 1184, 1171,
772, 751, 705, 689, 629 cm®. HRMS (ESI): m/z 189.0481 ([M+H]*, CioHoN2S* calcd.
189.0481).

- (2-Fluorophenyl)(phenyl)sulfane (88j): The title compound was
s prepared according to the General Procedure B from benzenethiol and

©/ \© bis(2-fluorophenyl)iodonium trifluoromethanesulfonate!®? in 56%
yield (80 mg). 1H NMR (500 MHz, CDCla): 8 7.37 — 7.24 (m, 7H), 7.15

—7.06 (m, 2H). °C NMR (126 MHz, CDCls): 8 161.3 (d, J = 248.9 Hz), 134.4, 133.6, 131.1,
129.6 (d, J = 7.6 Hz), 129.5, 127.5, 124.9 (d, J = 3.6 Hz), 122.9 (d, J = 17.5 Hz). **F NMR
(376 MHz, CDCl3): 6 -108.71 —-108.81 (m, 1F). FT-IR (ATR): 1581, 1472, 1446, 1440, 1260,

1221, 1068, 1024, 822, 819, 747, 738, 716, 707, 689, 675 cm™.. HRMS (ESI): m/z 204.0406
([M]*, C12HoFS* calcd. 204.0404).

S (4-(Trifluoromethoxy)phenyl)(4-(trifluoromethyl)
/©/ \©\ phenyl)sulfane (88k): The title compound was prepared
FsC ocF, | according to the General Procedure B from 4-

(trifluoromethyl)benzenethiol and bis(4-
(trifluoromethoxy)phenyl)iodonium trifluoromethanesulfonate!®! in 76% yield (180 mg). 'H
NMR (500 MHz, CDCls): § 7.56 — 7.51 (m, 2H), 7.51 — 7.46 (m, 2H), 7.34 — 7.29 (m, 2H),
7.27-7.21 (m, 2H). 3C NMR (126 MHz, CDCls): 5 149.5, 141.9, 134.7, 131.8, 129.1, 126.8,
126.2 (q, J = 3.7 Hz), 124.2 (q, J = 272.5 Hz), 122.2, 120.6 (g, J = 259.3 Hz). °F NMR (376
MHz, CDCls): 8 -57.9 (s, 3F), -62.6 (,3F). FT-IR (ATR): 1607, 1491, 1324, 1254, 1208, 1161,
1122, 1107, 1099, 1085, 1063, 1013, 922, 827, 806, 703, 699 cm™*. HRMS (EI): m/z 338.0196
(IM]*, Cr4HsFOS* calcd. 338.0195).
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(4-Methoxyphenyl)(4-(trifluoromethyl)phenyl)sulfane
Me\/\/s\é (88I): The title compound was prepared according to the General
Procedure B from 4-methoxybenzenethiol and bis(4-
(trifluoromethyl)phenyl)iodonium trifluoromethanesulfonate3® in
57% yield (113 mg). *H NMR (500 MHz, CDCls): 6 7.51 — 7.42
(m, 4H), 7.15 (d, J = 8.4 Hz, 2H), 6.97 (d, J = 8.4 Hz, 1H), 3.86 (s, 3H). *C NMR (126 MHz,
CDCl3): 6 160.8, 145.0, 136.9, 127.4 (q, J = 32.6 Hz), 126.6, 125.8 (q, J = 3.6 Hz), 124.4 (q, J
= 271.6 Hz), 121.8, 115.6, 55.6. 1°F NMR (376 MHz, CDCls): § -62.34 — -62.44 (s, 3F). FT-
IR (ATR): 1602, 1492, 1324, 1314, 1290, 1252, 1166, 1153, 1109, 1097, 1083, 1062, 1031,
1011, 838, 831, 813, 801, 590 cm™. HRMS (El): m/z 284.0485 ([M]*, C12H11F30S* calcd.
284.0483).

S Butyl(2-fluorophenyl)sulfane  (88m):  The title

/©/ \©\ compound was prepared according to the General Procedure
MeO CcF, | B from butane-1-thiol and bis(2-fluorophenyl)iodonium
trifluoromethanesulfonate!®? in 59% yield (76 mg). *H NMR
(500 MHz, CDCl3): 6 7.37 (td, J = 7.6, 1.7 Hz, 1H), 7.24 — 7.16 (m, 1H), 7.11 — 7.03 (m, 2H),
2.92 (t,J = 7.4 Hz, 2H), 1.62 (quintet, J = 7.5 Hz, 2H), 1.46 (sextet, J = 7.5 Hz, 2H), 0.93 (t, J
=7.5 Hz, 3H). *°C NMR (126 MHz, CDCls): 5 161.5 (d, J = 244.6 Hz), 131.8 (d, J = 1.8 Hz),
128.1(d,J=7.3 Hz),124.5(d, J=3.6 Hz), 123.9 (d, J = 17.3 Hz), 115.7 (d, J = 22.4 Hz), 33.1
(d, J=2.8 Hz), 31.5, 22.0, 13.8. **F NMR (376 MHz, CDCls): 6 -109.81 — -109.90 (m, 1F).

FT-IR (ATR): 2923, 1472, 1446, 1437, 1275, 1259, 1218, 1123, 1072, 821, 747, 673 cm™.
HRMS (EI): m/z 184.0724 ([M]*, C1oH13FS* calcd. 184.0722).

Benzyl(2-fluorophenyl)sulfane (88n): The title compound was
@\/ F prepared according to the General Procedure B from
S\© phenylmethanethiol and bis(2-fluorophenyl)iodonium
trifluoromethanesulfonate!®® in 52% yield (79 mg). *H NMR (500

MHz, CDClg): & 7.31 — 7.19 (m, 7H), 7.09 — 7.00 (m, 2H), 4.12 (s,
2H). 13C NMR (126 MHz, CDCls): & 161.9 (d, J = 245.6 Hz), 137.4, 133.2 (d, J = 1.8 Hz),
129.02, 128.96, 128.6, 127.4, 124.5 (d, J = 3.6 Hz), 122.9 (d, J = 18.4 Hz), 115.8 (d, J = 22.7
Hz), 38.6 (d, J = 2.8 Hz). °F NMR (376 MHz, CDCls): § -166.82 — -167.00 (m, 1F). FT-IR

(ATR): 1569, 1496, 1473, 1465, 1454, 1450, 1439, 1437, 1263, 1215, 1197, 1068, 1031, 782,
745, 715, 693, 677, 667 cm'L. HRMS (EI): m/z 218.0567 ([M]*, C1sH11FS* calcd. 218.0566).
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Methyl 2-((2-fluorophenyl)thio)acetate (880): The title
LS " compound was prepared according to the General Procedure B from
MeO \© methyl  2-mercaptoacetate and  bis(2-fluorophenyl)iodonium
trifluoromethanesulfonate!®? in 55% yield (77 mg). *H NMR (500
MHz, CDCls): 6 7.47 (td, J = 7.6, 1.8 Hz, 1H), 7.32 — 7.25 (m, 1H),
7.14 —7.06 (m, 2H), 3.70 (s, 3H), 3.64 (s, 2H). 13C NMR (126 MHz, CDCls): 6 170.0, 162.0
(d, J = 246.8 Hz), 133.5, 129.9 (d, J = 8.1 Hz), 124.8 (d, J = 3.7 Hz), 121.5 (d, J = 18.1 Hz),
116.0 (d, J = 22.7 Hz), 52.7, 36.0 (d, J = 3.2 Hz). °F NMR (376 MHz, CDCls): § -108.65 — -
108.76 (m, 1F). FT-IR (ATR): 1735, 1730, 1473, 1437, 1277, 1260, 1222, 1153, 1150, 1143,
1131, 1124, 1072, 1008, 821, 753 cm™. HRMS (EI): m/z 200.0311 ([M]*, CoHoFO,S* calcd.
200.0307).

. (2R,3R,4S,5R,6S)-2-(acetoxymethyl)-6-((2-
Ao o. .S \@ fIuorophen;_/l)thlo)tetrahydro-2H-pyran-3,4,5_5-tr|yI triacetate
(88p): The title compound was prepared according to the General
A;;QTDAC Procedure B from (2R,3R,4S,5R,6S)-2-(acetoxymethyl)-6-
OAc mercaptotetrahydro-2H-pyran-3,4,5-triyl triacetate and bis(2-
fluorophenyl)iodonium trifluoromethanesulfonate!®? in 71% yield (228 mg). *H NMR (500
MHz, CDCls): & 7.58 (td, J = 7.5, 1.6 Hz, 1H), 7.38 — 7.32 (m, 1H), 7.15 — 7.07 (m, 2H), 5.22
(t, J=9.4 Hz, 1H), 5.05 (t, J = 9.8 Hz, 1H), 4.95 (t, J = 9.7 Hz, 1H), 4.72 (d, J = 10.1 Hz, 1H),
4.22 (dd, J =12.3, 5.3 Hz, 1H), 4.14 (dd, J = 12.3, 2.3 Hz, 1H), 3.71 (ddd, J = 10.2, 5.2, 2.4
Hz, 1H), 2.09 (s, 3H), 2.07 (s, 3H), 2.02 (s, 3H), 1.99 (s, 3H). 3C NMR (126 MHz, CDCl3): §
170.7, 170.3, 169.54, 169.52, 162.3 (d, J = 247.9 Hz), 136.0, 131.0 (d, J = 8.2 Hz), 124.7 (d, J
=4.5Hz),118.5(d, J=17.4 Hz), 116.2 (d, J=22.8 Hz), 85.2, 76.0, 74.1, 70.1, 68.3, 62.2, 20.9,
20.8, 20.75, 20.73. 1°F NMR (376 MHz, CDCl3): 5 -106.83 — -106.93 (m, 1F). FT-IR (ATR):
1739, 1735, 1473, 1366, 1250, 1213, 1088, 1042, 1031, 980, 913, 827, 819, 758, 754, 679, 621
cml. HRMS (ESI): m/z 459.1122 ([M+H]*, C20H24FOgS* calcd. 459.1120).

£ 2-((2-Fluorophenyl)thio)benzo[d]thiazole (88z): The title

N_ _S compound was prepared according to the General Procedure B from
@? \© benzo[d]thiazole-2-thiol and bis(2-fluorophenyl)iodonium
trifluoromethanesulfonate'®? in 89% yield (162 mg). *H NMR (500

MHz, CDCls): & 7.90 (d, J = 8.2 Hz, 1H), 7.75 (t, J = 7.5 Hz, 1H),
7.68 (d, J = 8.1 Hz, 1H), 7.57 — 7.51 (m, 1H), 7.42 (td, J = 7.8, 1.2 Hz, 1H), 7.32 — 7.23 (m,
3H). ¥C NMR (126 MHz, CDCl3): § 167.5, 162.9 (d, J = 251.4 Hz), 154.0, 137.5, 135.8, 133.3
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(d, J=8.2 Hz), 126.4, 122.3, 121.0, 117.3 (d, J = 18.2 Hz), 117.0 (d, J = 22.8 Hz). *F NMR
(376 MHz, CDCl3): 6 -104.85 —-104.93 (m, 1F). FT-IR (ATR): 1468, 1456, 1439, 1425, 1221,
1020, 1005, 816, 769, 755, 751, 723, 716, 678 cm™. HRMS (ESI): m/z 262.0155 ([M+H]*,
C13HoFNS>* calcd. 262.0155).

N S ol 2-((3-Chlorophenyl)thio)benzo[d]oxazole (88aa): The title

Y \©/ compound was prepared according to the General Procedure B
@O from benzo[d]oxazole-2-thiol and bis(3-chlorophenyl)iodonium
trifluoromethanesulfonate®®’ in 92% vyield (168 mg). 'H NMR
(500 MHz, CDCls): 6 7.73 (t, J = 1.8 Hz, 1H), 7.65 — 7.58 (m, 2H), 7.47 — 7.42 (m, 2H), 7.40
(t, J=7.9 Hz, 1H), 7.33 — 7.26 (m, 2H). 3C NMR (126 MHz, CDCls): 6 162.4, 152.1, 142.0,
135.3, 134.0, 132.4, 130.8, 130.2, 129.2, 124.76, 124.72, 119.4, 110.3. FT-IR (ATR): 1567,

1503, 1496, 1464, 1405, 1237, 1211, 1129, 1095, 1086, 1079, 1074, 869, 808, 779, 735, 676,
671, 664 cm'L. HRMS (ESI): m/z 262.0088 ([M+H]", C13HsNOSCI* calcd. 262.0088).

2-((4-Fluorophenyl)thio)benzo[d]thiazole (88ab): The title

N\\,/ S\@\ compound was prepared according to the General Procedure B
@S g | from benzo[d]thiazole-2-thiol and bis(4-fluorophenyl)iodonium
trifluoromethanesulfonate® in 34% yield (62 mg). *H NMR
(500 MHz, CDCls): 6 7.89 (dt, J = 8.2, 0.6 Hz, 1H), 7.78 — 7.72 (m, 2H), 7.68 (dt, J = 8.1, 0.6
Hz, 1H), 7.42 (t, J=7.8 Hz, 1H), 7.29 (t, J = 7.6 Hz, 1H), 7.22 — 7.16 (m, 2H). 1*C NMR (126
MHz, CDCls): 6 168.7 (d, J = 1.8 Hz), 164.4 (d, J = 253.1 Hz), 154.1, 138.0 (d, J = 9.1 Hz),
135.6, 126.4, 125.3 (d, J = 3.6 Hz), 124.6, 122.2, 121.0, 117.4 (d, J = 22.3 Hz). 1°F NMR (376
MHz, CDClz): & -108.84 — -109.00 (m, 1F). FT-IR (ATR): 1585, 1489, 1454, 1426, 1217,

1158, 1021, 1005, 833, 814, 756, 751, 726, 637 cm™. HRMS (ESI): m/z 262.0155 ([M+H]*,
C13HoFNS;* calcd. 262.0155).

2-((3-(Trifluoromethyl)phenyl)thio)benzo[d]thiazole

N\\(S\©/CF3 (88ac): The title compound was prepared according to the
@S General Procedure B from benzo[d]thiazole-2-thiol and bis(3-
(trifluoromethyl)phenyl)iodonium tetrafluoroborate’® in 90%
yield (196 mg). 'H NMR (500 MHz, CDCl3): & 8.01 (s, 1H), 7.92 (d, J = 8.2 Hz, 2H), 7.75 (d,
J=7.9Hz, 1H), 7.72 (d, J = 8.2 Hz, 1H), 7.61 (t, J = 7.9 Hz, 1H), 7.45 (td, J = 7.8, 1.2 Hz,
1H), 7.33 (td, J = 7.7, 1.2 Hz, 1H). 13C NMR (126 MHz, CDCls): 5 166.8, 153.8, 138.1, 135.8,

132.4 (g, J = 33.2 Hz), 131.8, 131.5 (g, J = 3.7 Hz), 130.5, 127.0 (q, J = 3.7 Hz), 126.6, 125.0,
123.6 (q, J = 273.5 Hz), 122.5, 121.1. 9F NMR (376 MHz, CDCls): & -62.79 (s, 3F). FT-IR
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(ATR): 1455, 1417, 1315, 1304, 1164, 1156, 1123, 1106, 1081, 1069, 1019, 1006, 998, 900,
807, 757, 728, 714, 707, 696, 673, 652 cm. HRMS (ESI): m/z 312.0122 ([M+H]",
C14HoF3NS,* calcd. 312.0123).

NS 2-((4-(Trifluoromethyl)phenyl)thio)benzo[d]thiazole
\\( \©\ (88ad): The title compound was prepared according to the
@S CF General Procedure B from benzo[d]thiazole-2-thiol and bis(4-

3
388

(trifluoromethyl)phenyl)iodonium trifluoromethanesulfonate
in 95% yield (207 mg). *H NMR (500 MHz, CDCls): § 7.94 (d, J = 8.1 Hz, 1H), 7.83 (d, J =
8.3 Hz, 1H), 7.74 (d, J = 8.1 Hz, 1H), 7.71 (d, J = 8.3 Hz, 1H), 7.46 (td, J = 7.8, 1.2 Hz, 1H),
7.35 (td, J = 7.7, 1.2 Hz, 1H). 3C NMR (126 MHz, CDCls): § 165.9, 153.8, 136.0, 135.5,
134.3, 131.9 (q, J = 32.8 Hz), 126.8 (q, J = 3.6 Hz), 126.6, 125.2, 123.9 (q, J = 272.9 Hz),
122.6, 121.2. °F NMR (376 MHz, CDCls): 6 -62.88 (s, 3F). FT-IR (ATR): 1428, 1319, 1312,
1166, 1160, 1104, 1092, 1077, 1061, 1015, 1007, 841, 834, 755, 728, 704 cm™. HRMS (ESI):
m/z 312.0122 ([M+H]", C14HoF3NS,* calcd. 312.0123).

2-((3,5-Bis(trifluoromethyl)phenyl)thio)benzo[d]thiazole
N\\( S CFs (88ae): The title compound was prepared according to the
@S \©/ General Procedure B from benzo[d]thiazole-2-thiol and bis(3,5-
CF, bis(trifluoromethyl)phenyl)iodonium tetrafluoroborate?® in

99% vyield (263 mg). 'H NMR (500 MHz, CDCls): & 8.17 (s,
2H), 7.99 — 7.92 (m, 2H), 7.78 (d, J = 8.1 Hz, 1H), 7.48 (t, J = 7.8 Hz, 1H), 7.38 (t, J = 7.7 Hz,
1H). 13C NMR (126 MHz, CDCls): 8 163.6, 153.6, 136.1, 134.1, 133.8 (q, J = 3.6 Hz), 133.1
(9, J = 33.8 Hz), 126.8, 125.5, 123.5 (quint., J = 3.6 Hz), 122.9 (q, J = 273.5 Hz), 121.3. 1°F
NMR (376 MHz, CDCl3): 6 -63.0 (s, 6F). FT-IR (ATR): 1457, 1425, 1350, 1273, 1173, 1136,

1126, 1120, 1106, 1098, 1074, 1024, 1010, 1000, 893, 822, 754, 727, 714, 699, 680, 676 cm.
HRMS (ESI): m/z 379.9997 ([M+H]*, C1sHsFsNS* calcd. 379.9997).

S 2-((4-Nitrophenyl)thio)benzo[d]oxazole (88af): The title
\\f \©\ compound was prepared according to the General Procedure B
@O NO from benzo[d]oxazole-2-thiol and (4-

2

nitrophenyl)(phenyl)iodonium trifluoromethanesulfonate!® in
92% vield (175 mg). 'H NMR (500 MHz, CDCls): § 8.31 —8.26 (m, 2H), 7.89 — 7.84 (m, 2H),
7.69 — 7.64 (m, 1H), 7.51 — 7.46 (m, 1H), 7.37 — 7.31 (m, 2H). 3C NMR (126 MHz, CDCls):
6 160.5, 152.0, 148.2, 141.7, 136.9, 133.2, 125.3, 125.0, 124.6, 119.6, 110.5. FT-IR (ATR):
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1502, 1451, 1338, 1211, 1128, 843, 807, 756, 749, 740, 727, 683 cm™. HRMS (ESI): m/z
273.0328 ([M+H]*, C13HsN203S* calcd. 273.0328).

2-((3-(ethoxycarbonyl)phenyl)thio)benzo[d]thiazole

Nﬁ/ S\©/002Et (88ag): The title compound was prepared according to the
@ S General Procedure B from benzo[d]thiazole-2-thiol and
bis(3-(ethoxycarbonyl)phenyl)iodonium
trifluoromethanesulfonate!? in 99% yield (218 mg). *H NMR (500 MHz, CDCls): & 8.42 (t, J
=1.7 Hz, 1H), 8.19 (dt, J = 7.9, 1.4 Hz, 1H), 7.95 — 7.87 (m, 2H), 7.68 (d, J = 7.9 Hz, 1H), 7.57
(t, J=7.8 Hz, 1H), 7.43 (t, J = 7.7 Hz, 1H), 7.30 (t, J = 7.7 Hz, 1H), 4.41 (g, J = 7.1 Hz, 2H),
1.41 (t, J = 7.1 Hz, 3H). 13C NMR (126 MHz, CDCl3): & 168.3, 165.6, 154.0, 139.4, 136.2,
135.8, 132.5, 131.6, 130.8, 130.1, 126.5, 124.8, 122.3, 121.1, 61.7, 14.5. FT-IR (ATR): 1715,
1457, 1426, 1419, 1289, 1279, 1256, 1239, 1125, 1020, 1007, 998, 984, 749, 726, 685 cm™.
HRMS (ESI): m/z 316.0459 ([M+H]*, C1sH13NS,* calcd. 316.0460).

0 ) 2-(Mesitylthio)benzo[d]thiazole  (88ah): The title
No S compound was prepared according to the General Procedure B
\7/ j@\ from  benzo[d]thiazole-2-thiol ~and  dimesityliodonium
Q/S Me Me | trifluoromethanesulfonate!® in 100% yield (200 mg). *H NMR
. J (500 MHz, CDCls): 6 7.86 (d, J = 8.2 Hz, 1H), 7.61 (d, J = 8.0
Hz, 1H), 7.40 (td, J = 7.8, 1.2 Hz, 1H), 7.24 (td, J = 7.6, 1.2 Hz, 1H), 7.10 (s, 2H), 2.51 (s, 6H),
2.38 (s, 3H). 13C NMR (126 MHz, CDCls): & 171.1, 154.7, 144.2, 141.6, 135.4, 130.1, 126.2,
125.8, 124.0, 121.7, 120.9, 21.84, 21.48. FT-IR (ATR): 1453, 1448, 1426, 1424, 1419, 1241,
1022, 1006, 853, 754, 726, 720 cm™. HRMS (ESI): m/z 286.0717 ([M+H]", C16H16NS," calcd.
286.0719).

NS 2-((4-(Trifluoromethoxy)phenyl)thio)benzo[d]thiazole

\\f \©\ (88ai): The title compound was prepared according to the
@S OCF; | General Procedure B from benzo[d]thiazole-2-thiol and bis(4-
(trifluoromethoxy)phenyl)iodonium
trifluoromethanesulfonate®®! in 93% yield (213 mg). *H NMR (500 MHz, CDCls): & 7.91 (d, J
=8.3 Hz, 1H), 7.81 - 7.75 (m, 2H), 7.70 (d, J = 7.8 Hz, 1H), 7.43 (td, J = 7.8, 1.2 Hz, 1H), 7.35
—7.29 (m, 3H). 13C NMR (126 MHz, CDCls): § 168.1, 154.0, 150.9 (d, J = 1.8 Hz), 136.9,

135.8,128.6, 126.5, 124.8, 122.3, 122.1, 121.06, 120.5 (g, J = 258.4 Hz). °F NMR (376 MHz,
CDCI3): 8 -57.76 (s, 3F). FT-IR (ATR): 1488, 1458, 1429, 1279 1258, 1257, 1241, 1215, 1202,

125



1165, 1154, 1127, 1102, 1090, 1087, 1074, 1021, 1008, 920, 849, 756, 728, 662, 510 cm™.
HRMS (ESI): m/z 328.0072 ([M+H]*, C1aHsFsNOS,* calcd. 328.0072).

N. S 2-((4-Methoxyphenyl)thio)benzo[d]thiazole (88aj): The

\\{/ \©\ title compound was prepared according to the General
‘@S OMe | Procedure B from benzo[d]thiazole-2-thiol and bis(4-
methoxyphenyl)iodonium 4-methylbenzenesulfonate®® in 50%
yield (137 mg). *H NMR (500 MHz, CDCls): 6 7.87 (d, J = 8.3 Hz, 1H), 7.71 — 7.65 (m, 2H),
7.64 (d, J=7.9 Hz, 1H), 7.40 (t, J = 7.8 Hz, 1H), 7.25 (t, J = 7.8 Hz, 1H), 7.04 — 6.98 (m, 2H),
3.89 (s, 3H). *C NMR (126 MHz, CDCls): 6 172.1, 161.9, 154.3, 137.8, 135.6, 126.3, 124.2,
121.9, 120.9, 120.4, 115.7, 55.6. FT-IR (ATR): 1588, 1493, 1460, 1453, 1427, 1291, 1250,
1175, 1172, 1027, 1019, 1006, 1002, 830, 767, 759, 731 cm™. HRMS (ESI): m/z 274.0353
([M+H]", C14H12NOS,* calcd. 274.0355).

Computational Details for Chapter 4 (Paper 11)

The calculations were carried out with Gaussian 16 software package®®* using B3LYP
functional,**°=** including the D3 dispersion correction with the BJ dumping.3*>3% Geometries
were optimized with SMD solvation model (in acetonitrile),®®’ using Def2-SVP basis set,3*
including a pseudopotential for iodine.3%4% For each stationary point a thorough
conformational analysis was performed in order to locate the conformer with the lowest energy.
This was done by identifying key rotatable bonds and manually building possible starting
geometries for optimizations.

The identified lowest energy stationary points were then characterized by frequency
calculations to confirm their character as minima (no imaginary frequencies) or transition states
(a single imaginary frequency). The final free energies were obtained from single-point
calculations on the optimized geometries with a larger Def2-QZVP basis set>® (with SMD
solvation) and were corrected for the thermodynamic effects using the quasi-harmonic
approximation®®® (100 cm™* cut-off) as implemented in GoodVibes program.*?
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Table S1. Energies and energy corrections of stationary points (in atomic units)

Stationary B3LYP-D3BJ B3LYP-D3BJ/ correct-iror:le:cr)n Ca-t-libbs
_ Def2-SVP (MeCN) Def2-QZVP (MeCN)

point L . . free energy

optimization single-point

87a -1721.665759 -1723.154379 0.163506
88a -1351.406924 -1352.347485 0.148636
89a -1120.026185 -1120.713668 0.062360
90 -2841.720875 -2843.887101 0.247171
91 -1880.658140 -1881.880890 0.227948
Phl -529.303981 -529.582725 0.061381
TfO- -961.040531 -961.998903 -0.001833
TS1 -1880.628122 -1881.845896 0.227293
TS2 -2841.680576 -2843.845752 0.244306

Experimental procedure and characterization of compounds for
Chapter 5 (Paper 111)

General Procedure C: A 20 mL vial was charged with phosphorothioate diester/related P—
S/Se compound (0.40 mmol) and diaryliodonium tetrafluoroborate (1.2 equiv., 0.48 mmol).
The vial was capped and evacuated/back-filled with nitrogen three times. Anhydrous 1,4-
dioxane (8 mL) was added via syringe and the reaction mixture was stirred at 100 °C for 18
hours. After cooling to room temperature, the solvent was evaporated under reduced pressure.
Dichloromethane (2 mL) was added to the residue, followed by a small amount of silica. The
solvent was evaporated under reduced pressure, the solid residue was applied on the top of
silica column, and the product was purified by column chromatography.

The procedure can also performed in a larger scale (see product 93w for 1.50 mmol
example). In this case, the 20 mL vial is replaced by a round-bottom flask equipped with a
reflux condenser, which is closed with a rubber septum and connected via needle to a positive
pressure of nitrogen (from balloon or manifold) throughout the reaction.
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Triphenyl phosphorothioate (93a): The title compound was

Q /@ prepared according to the General Procedure C from triethylammonium
PB%’P\S O,0-diphenyl  phosphorothioate 92a and  diphenyliodonium
tetrafluoroborate 87a%%? in 91% yield (124 mg). H NMR (500 MHz,
CDCl3) 6 7.58 — 7.45 (m, 2H), 7.42 — 7.30 (m, 7H), 7.21 (t, J = 7.5 Hz, 6H). 13C NMR (126
MHz, CDCls): 8 150.5 (d, J = 8.6 Hz), 135.5 (d, J =5.3 Hz), 130.0, 129.8 (d, J = 3.4 Hz), 129.7
(d,J=2.6 Hz), 125.7,125.2 (d, J = 7.6 Hz), 120.6 (d, J = 5.1 Hz). 3P NMR (203 MHz, CDCls):
5 15.1. FT-IR (ATR): 1588, 1487, 1269, 1179, 1159, 922, 746 cm™. HRMS (ESI): m/z

343.0557 ([M+H]*, C1sH1603PS* calcd. 343.0552).

S-(2-Fluorophenyl) O,0-diphenyl phosphorothioate (93b): The
? title compound was prepared according to the General Procedure C
PE%(;’P\S/Q from triethylammonium O,O-diphenyl phosphorothioate 92a and bis(2-
fluorophenyl)iodonium tetrafluoroborate'®?in 84% yield (121 mg). 'H
NMR (500 MHz, CDCl3): § 7.57 — 7.51 (m, 1H), 7.43 — 7.38 (m, 1H), 7.38 — 7.32 (m, 1H),
7.26 —7.19 (m, 6H), 7.15 - 7.10 (m, 2H). 3C NMR (126 MHz, CDCls): 5 162.9 (dd, J = 250.6,
5.7 Hz), 150.5 (d, J = 8.6 Hz), 137.9 (d, J = 4.6 Hz), 132.4 (dd, J = 8.1, 3.5 Hz), 130.0, 125.8,
125.1 (t, J = 3.2 Hz), 120.6 (d, J = 5.0 Hz), 116.7 (dd, J = 22.6, 2.8 Hz), 112.6 (dd, J = 18.6,
7.7 Hz). 3P NMR (203 MHz, CDCls): § 13.6. 1°F NMR (376 MHz, CDCls): 5 -104.5 —-104.6
(m). FT-IR (ATR): 2921, 1487, 1180, 1158, 934, 756 cm™. HRMS (ESI): m/z
361.0461([M+H]", C1sH1sFO3PS™ calcd. 361.0458).

F

S-(3-Chlorophenyl) O,0-diphenyl phosphorothioate (93c):

? @\ The title compound was prepared according to the General
PEEBP\S Cl| Procedure C  from triethylammonium  O,O-diphenyl
phosphorothioate  92a  and bis(3-chlorophenyl)iodonium
tetrafluoroborate®* in 91% yield (137 mg). *H NMR (500 MHz, CDClz): § 7.45 — 7.32 (m,
7H), 7.29 — 7.20 (m, 7H). 3C NMR (126 MHz, CDCls): 6 150.4 (d, J = 8.3 Hz), 135.1 (d, J =
5.5 Hz), 135.1 (d, J = 3.2 Hz), 133.5 (d, J = 5.5 Hz), 130.6 (d, J = 2.7 Hz), 130.10, 130.07,
126.9 (d, J = 7.5 Hz), 126.0, 120.6 (d, J = 4.8 Hz). 3P NMR (203 MHz, CDCls):  13.9. FT-
IR (ATR): 1588, 1487, 1273, 1179, 1159, 933, 764 cm™. HRMS (ESI): m/z 377.0168([M+H]",
C18H15CIO3PS™ calcd. 377.0163).
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S-(4-Bromophenyl) O,0O-diphenyl phosphorothioate (93d):
O /©/ d The title compound was prepared according to the General
PE%’P\S Procedure C  from  triethylammonium O,0-diphenyl
phosphorothioate  92a  and  bis(4-bromophenyl)iodonium
tetrafluoroborate!®? in 86% yield (145 mg). *H NMR (500 MHz, CDClz): § 7.48 — 7.43 (m,
2H), 7.38 — 7.32 (m, 6H), 7.25 — 7.19 (m, 6H). 1*C NMR (126 MHz, CDCl3): 6 150.4 (d, J =
8.4 Hz), 136.9 (d, J = 5.5 Hz), 132.8 (d, J = 2.6 Hz), 130.1, 125.9, 124.6 (d, J = 3.8 Hz), 124.3
(d, J = 8.0 Hz), 120.6 (d, J = 4.8 Hz). 3P NMR (203 MHz, CDCls): § 14.1. FT-IR (ATR):
1585, 1484, 1264, 1181, 1157, 926, 759 cm™. HRMS (ESI): m/z 420.9664 and
422.9635([M+H]*, C1sH1sBrOsPS* calcd. 420.9657 and 422.9637). Mp.: 88-89 °C.

- S-(3,5-Difluorophenyl) O,0-diphenyl phosphorothioate (93e):

The title compound was prepared according to the General

Q /@\ Procedure C from triethylammonium O,0O-diphenyl
PP,EBP\S F phosphorothioate 92a and  bis(3,5-difluorophenyl)iodonium
tetrafluoroborate®! in 86% yield (130 mg). *H NMR (500 MHz,

CDCl3): 8 7.40 — 7.43 (m, 4H), 7.28 — 7.21 (m, 6H), 7.06 — 7.00 (m, 2H), 6.86 (tq, J = 8.7, 2.2
Hz, 1H). 13C NMR (126 MHz, CDCl3): § 163.8 (dd, J = 12.7, 2.7 Hz), 161.8 (dd, J = 12.7, 2.7
Hz), 150.3 (d, J = 8.2 Hz), 130.1. 126.1, 120.6 (d, J = 5.1 Hz), 118.4 — 118.0 (m, 6H), 105.8
(td, J=25.1, 2.9 Hz). 3P NMR (203 MHz, CDCls): § 13.0. *°F NMR (376 MHz, CDCl3): & -

107.6 — -107.8 (m). FT-IR (ATR): 3059, 1591, 1434, 1269, 1186, 947, 847, 760 cm'X. HRMS
(ESI): m/z 379.0367([M+H]*, C1sH14F20sPS* calcd. 379.0364). Mp.: 51-53 °C.

S-(3-Trifluoromethylphenyl) 0,0-diphenyl

Q /@\ phosphorothioate (93f): The title compound was prepared
Pgﬁ//P\S CFs | according to the General Procedure C from triethylammonium
0O,0O-diphenyl phosphorothioate 92a and bis(3-
(trifluoromethyl)phenyl)iodonium tetrafluoroborate’®? in 86% yield (141 mg). *H NMR (500
MHz, CDCls): § 7.71 (d, J = 7.7 Hz, 1H), 7.67 — 7.61 (m, 2H), 7.47 (t, J = 7.9 Hz, 1H), 7.39 —
7.33 (m, 4H), 7.26 — 7.17 (m, 6H). 13C NMR (126 MHz, CDCls): § 150.3 (d, J = 8.3 Hz), 138.8
(d, J=5.1Hz), 132.3-132.0 (m), 130.10, 130.07, 126.8 (d, J = 7.5 Hz), 125.6 (quintet, J = 3.6
Hz), 126.0, 124.5 (g, J = 273.1 Hz), 120.5 (d, J = 5.4 Hz). 3'P NMR (203 MHz, CDCls3):  13.5.
F NMR (376 MHz, CDCls): § -62.8. FT-IR (ATR): 1588, 1486, 1321, 1272, 1179, 1158,
938, 762 cm™. HRMS (ESI): m/z 411.0429([M+H]", C19H1sF3s03PS* calcd. 411.0426).
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S-(3,5-Bis(trifluoromethyl)phenyl) 0,0-diphenyl

CF3 phosphorothioate (93g): The title compound was prepared
0 /@\ according to the General Procedure C from triethylammonium
PE%(’),P\S cF, | ©O.0-diphenyl phosphorothioate 92a and bis(3,5-

bis(trifluoromethyl)phenyl)iodonium tetrafluoroborate?®in  60%
yield (114 mg). *H NMR (500 MHz, CDCls3): 6 7.90 — 7.81 (m, 3H), 7.34 (t, J = 7.9 Hz, 4H),
7.29 —7.19 (m, 6H). 1*C NMR (126 MHz, CDCls): 5 150.1 (d, J = 8.1 Hz), 135.4, 132.8 (qd, J
=34.3,2.5Hz),130.2,129.0 (d, J =7.4 Hz), 126.3, 123.7 — 123.5 (m), 122.7 (q, J = 272.9 Hz),
120.5 (d, J = 5.4 Hz). 3'P NMR (203 MHz, CDCl3): § 12.0. °F NMR (376 MHz, CDCl3): & -
63.0. FT-IR (ATR): 1588, 1484, 1348, 1273, 1118, 935, 681 cm™. HRMS (ESI): m/z
479.0301([M+H]* C20H14FsO3PS™ calcd. 479.0300). Mp.: 51-52 °C.

S-(4-Nitrophenyl) O,0O-diphenyl phosphorothioate (93h):
¢} /©/ NO. The title compound was prepared according to the General
Procedure C  from triethylammonium  O,O-diphenyl
phosphorothioate 92a and (4-nitrophenyl)(phenyl)iodonium
tetrafluoroborate*” in 84% yield (130 mg). *H NMR (500 MHz, CDCls): § 8.16 (d, J = 8.8 Hz,
2H), 7.70 — 7.63 (m, 2H), 7.40 — 7.35 (m, 4H), 7.28 — 7.20 (m, 6H). 3C NMR (126 MHz,
CDCl3): & 150.1 (d, J = 8.5 Hz), 148.4 (d, J = 2.8 Hz), 135.5 (d, J = 6.0 Hz), 134.4 (d, J = 7.2
Hz), 130.2, 126.2 (d, J = 1.4 Hz), 124.3 (d, J = 1.7 Hz), 120.6 (d, J = 5.3 Hz). 3P NMR (203
MHz, CDCls): & 12.6. FT-IR (ATR): 1589, 1487, 1274, 1175, 1156, 932, 847, 741 cm™.
HRMS (ESI): m/z 388.0405([M+H]*, C1H1sNOsPS™ calcd. 388.0403). Mp.: 70-71 °C.

|1
Pho~P~g
PhC

S-(3-Ethoxycarbonylphenyl) 0,0-diphenyl

O @\ phosphorothioate (93i): The title compound was prepared
PE,(R(/)/P\S CO,Et | according to the General Procedure C from triethylammonium
0O,0O-diphenyl phosphorothioate 92a and bis(3-
(ethoxycarbonyl)phenyl)iodonium tetrafluoroborat®! in 90% yield (100 mg). *H NMR (500
MHz, CDCls): & 8.12 (q, J = 1.9 Hz, 1H), 8.09 — 8.04 (m, 1H), 7.72 — 7.66 (m, 1H), 7.42 (t, J
= 7.8 Hz, 1H), 7.38 — 7.33 (m, 4H), 7.25 — 7.20 (m, 6H), 4.38 (q, J = 7.1 Hz, 2H), 1.39 (t, J =
7.1 Hz, 3H). 3C NMR (126 MHz, CDCls): & 165.5, 150.4 (d, J = 8.3 Hz), 139.6 (d, J =5.1
Hz), 136.4 (d, J = 5.7 Hz), 132.0 (d, J = 2.1 Hz), 130.9 (d, J = 3.2 Hz), 130.0, 129.7 (d, J = 2.3
Hz), 126.0 (d, J = 7.9 Hz), 125.9, 120.6 (d, J = 5.1 Hz), 61.6, 14.5. 3IP NMR (203 MHz,
CDCls): & 14.2. FT-IR (ATR): 1719, 1266, 1127, 932, 774 cm™. HRMS (ESI): m/z
415.0768([M+H]", C21H200sPS™ calcd. 415.0764). Mp.: 83-84 °C.
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S-Mesityl O,0O-diphenyl phosphorothioate (93j): The title
OMe Me | compound was prepared according to the General Procedure C
: from triethylammonium O,O-diphenyl phosphorothioate 92a and
dimesityliodonium tetrafluoroborate!*® in 100% yield (154 mg). 'H
NMR (500 MHz, CDClz): 6 7.33 — 7.29 (m, 4H), 7.21 — 7.13 (m,
6H), 6.94 (s, 2H), 2.41 (d, J = 1.5 Hz, 6H), 2.27 (d, J = 2.8 Hz, 3H). 1*C NMR (126 MHz,
CDCl3): 6 150.8 (d, J=9.9 Hz), 144.4 (d, J = 5.0 Hz), 140.2 (d, J = 4.3 Hz), 129.9, 129.8 (d, J
= 3.6 Hz), 125.5, 120.7 (d, J = 4.7 Hz), 120.4 (d, J = 8.2 Hz), 22.5, 21.2. 3P NMR (203 MHz,
CDCl3): § 16.4. FT-IR (ATR): 2931, 1589, 1487, 1270, 1180, 922, 764 cm™. HRMS (ESI):
m/z 385.1026([M+H]", C21H2203PS™ calcd. 385.1022).

11
PhO~P~g
PhO
Me

OMe S-(4-Methoxyphenyl)  O,0-diphenyl phosphorothioate

O /©/ (93K): The title compound was prepared according to the General
PhO~P~g Procedure C  from triethylammonium  O,O-diphenyl
phosphorothioate 92a and bis(4-methoxyphenyl)iodonium
tetrafluoroborate’®? in 62% yield (93 mg). *H NMR (500 MHz, CDClz): § 7.41 — 7.32 (m, 6H),
7.24 —7.18 (m, 6H), 6.88 — 6.84 (m, 2H), 3.81 (s, 3H). *C NMR (126 MHz, CDCls): 5 161.1
(d, J = 2.9 Hz), 150.6 (d, J = 8.7 Hz), 137.2 (d, J = 5.0 Hz), 130.0, 125.6, 120.6 (d, J = 5.0 Hz),
115.2 (d, J = 2.7 Hz), 115.1 (d, J = 7.8 Hz), 55.6. 3P NMR (203 MHz, CDCl3): & 15.6. FT-IR
(ATR): 1589, 1487, 1250, 1175, 1155, 922, 748 cm™. HRMS (ESI): m/z 373.0662 ([M+H]*,
C19H1804PS* calcd. 373.0658).

PhO

S-(4-Trifluoromethoxyphenyl) 0O,0-diphenyl

o OCF3 phosphorothioate (93l): The title compound was prepared
pho//lFl’\S/©/ according to the General Procedure C from triethylammonium
Ph O,0O-diphenyl phosphorothioate 92a and bis(4-
(trifluoromethoxy)phenyl)iodonium tetrafluoroborate®! in 92% yield (156 mg). *H NMR (500
MHz, CDCls): § 7.54 — 7.48 (m, 2H), 7.39 — 7.33 (m, 4H), 7.25 - 7.13 (m, 8H). 13C NMR (126
MHz, CDCls): & 150.41 (d, J = 1.8 Hz), 150.40 (d, J = 8.6 Hz), 137.1 (d, J = 5.4 Hz), 130.1,
125.9, 123.7 (d, J = 7.8 Hz), 121.9, 120.6 (d, J = 4.8 Hz), 120.5 (d, J = 258.9 Hz). 3IP NMR
(203 MHz, CDCls): 6 14.2. **F NMR (376 MHz, CDCls): 6 -57.8. FT-IR (ATR): 1574, 1487,
1260, 1196, 1152, 393, 902, 764 cm™. HRMS (ESI): m/z 427.0378([M+H]"*, CigH15F304PS*
calcd. 427.0375).
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S-(Naphth-2-yl) O,0-diphenyl phosphorothioate (93m):

o The title compound was prepared according to the General
PE%BP\S Procedure C  from triethylammonium  O,O-diphenyl
phosphorothioate 92a and bis(2-naphthyl)iodonium
tetrafluoroborate®®® in 96% yield (150 mg). *H NMR (500 MHz, CDCls): & 7.96 (s, 1H), 7.84
(d,J=7.6Hz, 1H),7.81 (d, J=8.5Hz, 1H), 7.74 (d, J = 8.1 Hz, 1H), 7.57 — 7.49 (m, 3H), 7.37
—7.30 (m, 4H), 7.25 — 7.18 (m, 6H). 1*C NMR (126 MHz, CDCls): § 150.6 (d, J = 8.2 Hz),
135.8 (d, J = 7.1 Hz), 133.7 (d, J = 2.7 Hz), 133.5 (d, J = 2.5 Hz), 131.5 (d, J = 3.9 Hz), 130.0,
129.3(d, J=2.2 Hz), 128.0 (d, J = 10.0 Hz), 127.6 (d, J = 1.3 Hz), 127.0, 125.8 (d, J = 1.2 H2),
122.2 (d, J = 8.3 Hz), 120.7 (d, J = 5.3 Hz). 3P NMR (203 MHz, CDCls): § 14.9. FT-IR

(ATR): 1487, 1260, 1178, 1159, 913, 764 cm™. HRMS (ESI): m/z 393.0708([M+H]*,
C22H1803PS™ calcd. 393.0709). Mp.: 62-63 °C.

S-(Naphth-1-yl) O,0O-diphenyl phosphorothioate (93n): The
O O title compound was prepared according to the General Procedure C
Pgﬁap\s O from triethylammonium O,O-diphenyl phosphorothioate 92a and
bis(1-naphthyl)iodonium tetrafluoroborate'®? in 73% yield (114
mg). *H NMR (500 MHz, CDCl3) § 8.27 (d, J = 8.5 Hz, 1H), 7.92
(d, J = 8.5 Hz, 1H), 7.88 — 7.82 (m, 2H), 7.53 — 7.48 (m, 1H), 7.48 — 7.41 (m, 2H), 7.33 — 7.26
(m, 4H), 7.17 (t, J = 7.4 Hz, 2H), 7.14 — 7.08 (m, 4H). 1*C NMR (126 MHz, CDCls): 4 150.7
(d, J=8.5Hz), 136.2 (d, J =5.8 Hz), 134.9 (d, J = 4.0 Hz), 134.5 (d,J =2.6 Hz), 131.1 (d, J =
3.8 Hz), 129.9, 128.6, 127.4, 126.7, 126.2, 125.8 (d, J = 3.7 Hz), 125.6 (d, J = 1.1 Hz), 122.4
(d, J = 8.5 Hz), 120.5 (d, J = 5.4 Hz). 31P NMR (203 MHz, CDCl3): & 14.7. FT-IR (ATR):
1487, 1260, 1178, 1159, 913, 764 cm™. HRMS (ESI): m/z 393.0709 ([M+H]*, C22H1503PS*
calcd. 393.0709).

0,0-Diethyl S-phenyl phosphorothioate (930): The title compound
Q was prepared according to the General Procedure C from
E}gap\s triethylammonium 0,0-diethyl phosphorothioate and
diphenyliodonium tetrafluoroborate 87b% in 99% yield (97 mg). 'H
NMR (500 MHz, CDCls): 4 7.60 — 7.52 (m, 2H), 7.40 — 7.30 (m, 3H), 4.26 — 4.12 (m, 4H),
1.30 (td, J = 7.1, 0.7 Hz, 6H). 13C NMR (126 MHz, CDCls): 6 134.7 (d, J = 5.2 Hz), 129.5 (d,
J=2.4Hz),129.2 (d,J = 2.7 Hz), 126.8 (d, J = 7.4 Hz), 64.2 (d, J = 6.4 Hz), 16.2 (d, J = 7.2
Hz). 3P NMR (203 MHz, CDCls): 5 23.1. FT-IR (ATR): 1441, 1253, 1008, 970, 745 cm™.
HRMS (ESI): m/z 247.0555([M+H]*, C10H1603sPS™ calcd. 247.0552).
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This product was also synthesized in a larger scale (1.5 mmol), from triethylammonium
0O,0-diethyl phosphorothioate and diphenyliodonium tetrafluoroborate, affording 332 mg
(90%) of 930.

5,5-Dimethyl-2-(phenylthio)-1,3,2-dioxaphosphinane  2-

Me><:O\P/,O oxide (93p): The title compound was prepared according to the
Me o s General Procedure C from triethylammonium 5,5-dimethyl-
1,3,2-dioxaphosphinane-2-thiolate 2-oxide and

diphenyliodonium tetrafluoroborate 87b*°? in 88% yield (91 mg). *H NMR (500 MHz, CDCls):
5 7.68 — 7.58 (m, 2H), 7.40 — 7.32 (m, 3H), 4.20 (dd, J = 10.1, 3.7 Hz, 2H), 3.99 — 3.87 (m,
2H). 1.27 (s, 3H), 0.87 (s, 3H). 3C NMR (126 MHz, CDCls): § 134.9 (d, J = 5.3 Hz), 129.7
(d, J = 2.2 Hz), 129.4 (d, J = 2.7 Hz), 124.9 (d, J = 6.4 Hz), 78.4 (d, J = 7.4 Hz), 32.7 (d, J =
6.7 Hz), 22.2, 20.6. 3P NMR (203 MHz, CDCl3): 6 15.1. FT-IR (ATR): 1476, 1464, 1267,
1045, 990, 972, 782 cmL. HRMS (ESI): m/z 259.0553([M+H]*, C11H1s03PS* calcd. 259.0552).
Mp.: 120-121 °C.

0O,0-Diallyl S-phenyl phosphorothioate (93q): The title
? /@ compound was prepared according to the General Procedure C
\/\O/g\s from triethylammonium O,O-diallyl phosphorothioate and
Z diphenyliodonium tetrafluoroborate 87b% in 52% yield (56 mg).
'H NMR (500 MHz, CDCls): 6 7.61 — 7.53 (m, 2H), 7.40 — 7.30 (m, 3H), 5.93 - 5.85 (m, 2H),
5.32 (dg, J = 17.1, 1.4 Hz, 2H), 5.23 (d, J = 10.3 Hz, 2H), 4.67 — 4.54 (m, 4H). 13C NMR (126
MHz, CDCl3): 6 135.0 (d, J =5.4 Hz), 132.2 (d, J = 7.5 Hz), 129.6 (d, J = 2.5 HZz), 129.4 (d, J
= 2.7 Hz), 126.2 (d, J = 7.2 Hz), 118.8, 68.5 (d, J = 5.7 Hz). P NMR (203 MHz, CDCls): §
23.9. FT-IR (ATR): 2917, 1259, 922, 796, 745 cm™. HRMS (ESI): m/z: 271.0552 ([M+H]",
C12H1603PS™ calcd. 271.0552).

S-phenyl 0O,0-bis(2,2,2-trifluoroethyl) phosphorothioate
O @ (93r): The title compound was prepared according to the General
FgC/\O/F\S Procedure C from triethylammonium O,0-bis(2,2,2-trifluoroethyl)

FaC—© phosphorothioate and diphenyliodonium tetrafluoroborate 87
in 30% yield (43 mg). *H NMR (500 MHz, CDCls): & 7.63 — 7.56 (m, 2H), 7.48 — 7.37 (m,
3H), 4.44 — 4.29 (m, 4H). 3C NMR (126 MHz, CDCls): 6 135.6 (d, J = 5.4 Hz), 130.5 (d, J =
3.5 Hz), 130.0 (d, J = 2.8 Hz), 123.3 (d, J = 7.6 Hz), 122.3 (qd, J = 277.9, 10.3 Hz), 63.8 (qd,
J=38.4,5.7 Hz). *'P NMR (203 MHz, CDCls): 5 26.5. **F NMR (376 MHz, CDCls): 6 -75.0
(t, J = 7.8 Hz, 6F). FT-IR (ATR): 1299, 1284, 1247, 1180, 1153, 1078, 1069, 1023, 963, 956,
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874, 846, 836, 808, 752, 689, 654, 586, 582, 575, 556, 552 cm™. HRMS (ESI): m/z
354.9986([M+H]*, C1oH10FsOsPS* calcd. 354.9987).

S-phenyl 0O,0-bis(2,2,2-trichloroethyl) phosphorothioate
Q /@ (93s): The title compound was prepared according to the General
Cl,e” Yo" s Procedure C  from triethylammonium  O,0-bis(2,2,2-

CleC—© trichloroethyl) ~ phosphorothioate  and  diphenyliodonium
tetrafluoroborate 87b'% in 36% yield (65 mg).!H NMR (500 MHz, CDCls): § 7.63 — 7.56 (m,
2H), 7.48 — 7.37 (m, 3H), 4.64 (dd, J = 11.1, 7.0 Hz, 2H), 4..58 (dd, J = 11.1, 6.7 Hz, 2H). 13C
NMR (126 MHz, CDCl): 6 135.8 (d, J = 5.4 Hz), 130.3 (d, J = 3.5 Hz), 129.9 (d, J = 2.8 Hz),
128.8 (d, J = 7.6 Hz), 94.5 (d, J = 11.4 Hz), 77.1 (d, J = 6.3 Hz). 3'P NMR (203 MHz, CDCls):
523.9. FT-IR (ATR): 1250, 1110, 1091, 1042, 1012, 888, 883, 843, 775, 765, 757, 751, 718,
699, 692, 622, 593, 565, 561, 531 cm™. HRMS (ESI): m/z 452.8185 ([M+H]", C10H10ClsO3PS*
calcd. 452.8184).

(3aR,8aR)-2,2-Dimethyl-4,4,8,8-tetraphenyl-6-

Ph " (phenylthio)tetrahydro-[1,3]dioxolo[4,5-
// e][1,3,2]dioxaphosphepine 6-oxide (93v): The title

\ compound was prepared according to the General Procedure

Ph' ph C from triethylammonium (3aR,8aR)-2,2-dimethyl-4,4,8,8-

tetraphenyltetrahydro-[1,3]dioxolo[4,5-
e][1,3,2]dioxaphosphepine-6-thiolate 6-oxide and diphenyliodonium tetrafluoroborate 870
in 97% vield (239 mg). 'H NMR (500 MHz, CDCls) § 7.56 — 7.52 (m, 2H), 7.49 — 7.42 (m,
4H), 7.42 — 7.37 (m, 5H), 7.37 — 7.14 (m, 12H), 6.99 — 6.94 (m, 2H), 5.38 (d, J = 8.0 Hz, 1H),
5.09 (d, J = 8.0 Hz, 1H) 0.72 (s, 3H), 0.51 (s, 3H). 3C NMR (126 MHz, CDCls): & 144.0 (d, J
= 6.1 Hz), 143.3, 139.7 (d, J = 10.9 Hz), 139.6 (d, J = 3.6 Hz), 135.7 (d, J = 5.5 Hz), 129.9,
129.3 (d, J=2.6 Hz), 129.2 (d, J = 3.1 Hz), 128.7, 128.5, 128.4 (d, J = 3.9 Hz), 127.87, 127.86
(d, J = 12.9 Hz), 127.3 (d, J = 2.4 Hz), 126.8, 126.1 (d, J = 8.6 Hz), 114.2, 92.0 (d, J = 13.6
Hz), 88.9 (d, J = 10.0 Hz), 79.3 (d, J = 1.4 Hz), 79.1 (d, J = 2.3 Hz), 27.0, 26.6. 3'P NMR (203
MHz, CDCls): & 15.4. FT-IR (ATR): 1255, 1014, 968, 744, 696 cm™. HRMS (ESI): m/z
621.1860([M+H]*, Ca7Hs40sPS* calcd. 621.1859). Mp.: 165-167 °C (decomposition).

The NMR spectra (*H, 13C, 3!P) of the title compound contain a single set of signals
indicating that no epimerization has occurred, demonstrating the stability of the stereocenters
under the reaction conditions.
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0 ) (R)-4-(Phenylthio)dinaphtho[2,1-d:1",2"-
OO f][1,3,2]dioxaphosphepine 4-oxide ((R)-93w): The title

=N ,0/© compound was prepared according to the General Procedure

O/ S C from triethylammonium (R)-dinaphtho[2,1-d:1',2'-
OO f][1,3,2]dioxaphosphepine-4-thiolate 4-oxide and
. 2 diphenyliodonium tetrafluoroborate 87b% in 22% vyield (38
mg). *H NMR (500 MHz, DMSO-ds) & 8.29 (dd, J = 13.2, 9.0 Hz, 2H), 8.15 (dd, J = 8.1, 3.2
Hz, 2H), 7.78 — 7.68 (m, 4H), 7.63 — 7.55 (m, 2H), 7.54 — 7.45 (m, 3H), 7.44 — 7.38 (m, 2H),
7.25-7.18 (m, 2H). 3C NMR (126 MHz, DMSO-ds): § 146. 4 (d, J = 11.7 Hz), 145.7 (d, J =
11.6 Hz), 135.5 (d, J = 5.3 Hz), 131.9 (d, J = 10.5 Hz), 131.6, 131.5, 130.2 (d, J = 2.8 Hz),
130.0 (d, J = 2.1 Hz), 128.8 (d, J = 8.6 Hz), 127.4 (d, J = 10.6 Hz), 126.3, 126.2 (d, J = 21.1
Hz), 122.8 (d, J = 6.3 Hz), 121.1 — 120.6 (m). 3'P NMR (203 MHz, DMSO-ds): 6 32.0. FT-IR
(ATR): 1466, 1286, 1220, 1069, 945, 813, 745 cm™. HRMS (ESI): m/z 441.0709([M+H]*,
Co6H1803PS* calcd. 441.0709). Mp.: 80-83 °C (decomposition). HPLC (CHIRALART
Cellulose-SC (equivalent to CHIRALPAK IC), hexanes/2-propanol = 9/1, flow rate = 1.0
mL/min, A =227 nm, 30 °C): tr = 7.2 min (rac-93w: tr = 7.2 min, 8.9 min).

The HPLC analysis shows that the compound is enantiopure, demonstrating the stability of
the axial chirality under the reaction conditions.
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( ) (Rp)-3'-O-(tert-Butyldimethylsilyl)thymidin-5'-yl  5’-O-
DMTO ol dimethoxytritylthymidin-3'-yl S-phenyl phosphorothioate
(Rp-93x): The title compound was prepared according to the
@\O\\P»O General Procedure C from triethylammonium (Rp)-3'-O-(tert-
s” o o. 1| Butyldimethylsilyl)thymidin-5"-yl 5'-0O-
Dimethoxytritylthymidin-3’-yl phosphorothioate (108 mg, 0.10
OTBS mmol) and diphenyliodonium tetrafluoroborate 87b (44.2 mg,
" 0.12 mmol)™®2in 50% yield (53 mg). *H NMR (500 MHz,
DMSO-ds) 6 11.40 (s, 1H), 11.34 (s, 1H), 7.58 — 7.53 (m, 2H), 7.47 — 7.39 (m, 3H), 7.39 — 7.33
(m, 4H), 7.33 — 7.27 (m, 2H), 7.27 — 7.20 (m, 5H), 6.92 — 6.84 (m, 4H), 6.20 — 6.11 (m, 2H),
5.21—5.11 (m. 1H), 4.39 — 4.32 (m, 1H), 4.32 — 4.19 (m, 2H), 4.14 — 4.08 (m, 1H), 3.91 — 3.84
(m, 1H), 3.72 (s, 6H), 3.24 (dd, J = 27.5, 10.9 Hz, 2H), 2.49 — 2.42 (m, 1H), 2.32 (dd, J = 14.3,
6.0 Hz, 1H), 2.28 — 2.19 (m, 1H), 2.04 (ddd, J = 13.6, 6.4, 3.4 Hz, 1H), 1.72 (d, J = 1.0 Hz,
3H), 1.45 (d, J = 1.0 Hz, 3H), 0.84 (s, 9H), 0.04 (d, J = 6.0 Hz, 6H). 1*C NMR (126 MHz,
DMSO-ds): & 163.6 (d, J = 6.4 Hz), 158.2 (d, J = 1.2 Hz), 150.4 (d, J = 11.9 Hz), 144.5, 136.0,
135.5, 135.2, 135.1, 134.6 (d, J = 5.1 Hz), 129.73, 129.70 (d, J = 1.5 Hz), 127.8 (d, J = 35.1
Hz), 126.9, 124.9 (d, J = 7.2 Hz), 113.3, 109.9 (d, J = 16.5 Hz), 86.2, 84.2, 84.1, 83.7, 83.6 (d,
J=4.8Hz), 78.6 (d,J=55Hz),71.7,67.0 (d, J =5.9 Hz), 63.1, 59.8, 55.1, 25.6, 21.1, 17.6,
14.1,12.1,11.7, -4.9 (d, J = 15.4 Hz). 3P NMR (203 MHz, DMSO-de): 5 22.6. FT-IR (ATR):
1683, 1248, 1030, 991, 828 cm™. HRMS (ESI): m/z 1055.3688([M+H]*, Cs3HpaN4O13PSSi*
calcd. 1055.3692). Mp.: 115-117 °C (decomposition).

The NMR spectra (*H, 13C, 3!P) of the title compound contain a single set of signals
indicating that no epimerization has occurred, demonstrating the stability of the stereocenters
(both at carbons and at phosphorus) under the reaction conditions.

(Sp)-3'-O-(tert-Butyldimethylsilyl)thymidin-5'-yl ~ 5'-O-
dimethoxytritylthymidin-3'-yl S-phenyl phosphorothioate
o0 o (Sp-93x): The title compouno! was prepart?d according to the
@\ St General Procedure C from triethylammonium (Sp)-3'-O-(tert-

s Yo o | Butyldimethylsilyl)thymidin-5'-yl 5'-0-
Dimethoxytritylthymidin-3'-yl phosphorothioate (108 mg, 0.10
OTBS mmol) and diphenyliodonium tetrafluoroborate 87b (44.2 mg,
0.12 mmol)!®? in 52% yield (55 mg). 'H NMR (500 MHz,

DMSO-ds) 8 11.39 (s, 1H), 11.32 (s, 1H), 7.49 — 7.44 (m, 3H), 7.44 — 7.28 (m, 8H), 7.27 — 7.20

DMTO o_ |
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(m, 5H), 6.91 — 6.86 (m, 4H), 6.21 — 6.15 (m, 1H), 6.12 (t, J = 6.9 Hz, 1H), 5.18 — 5.05 (m.
1H), 4.36 — 4.26 (m, 2H), 4.26 — 4.19 (m, 1H), 4.06 — 3.98 (m, 1H), 3.91 — 3.85 (m, 1H), 3.72
(s, 6H), 3.22 (dd, J = 26.5, 10.9 Hz, 2H), 2.53 — 2.36 (m, 2H), 2.26 — 2.16 (m, 1H), 2.10 — 2.02
(m, 1H), 1.68 (d, J = 0.9 Hz, 3H), 1.46 (d, J = 0.8 Hz, 3H), 0.85 (s, 9H), 0.06 (d, J = 2.8 Hz,
6H). 3*C NMR (126 MHz, DMSO-ds): & 163.6 (d, J=5.8 Hz), 158.2 (d, J = 1.8 Hz), 150.3 (d,
J=3.9 Hz), 144.5, 135.8, 135.5, 135.2, 135.0, 134.4 (d, J = 4.8 Hz), 129.9 — 129.5 (m), 127.8
(d,J=39.3Hz), 126.9, 124.9 (d, J = 7.3 Hz), 113.3, 109.9 (d, J = 20.0 Hz), 86.2, 84.02, 83.96,
83.7,83.3(d,J=7.1Hz),78.7 (d,J=6.1 Hz), 71.4, 66.8 (d, J = 6.3 Hz), 66.3, 63.2, 59.8, 55.0,
25.6, 20.8, 17.6, 14.1, 12.1, 11.7, -4.9 (d, J = 19.2 Hz). 3P NMR (203 MHz, DMSO-de): &
22.3. FT-IR (ATR): 1680, 1249, 997, 830 cm™. HRMS (ESI): m/z 1055.3687([M+H]",
Cs3HsaN4O13PSSi™ caled. 1055.3692). Mp.: 114-116 °C (decomposition).

The NMR spectra (*H, *3C, 3!P) of the title compound contain a single set of signals
indicating that no epimerization has occurred, demonstrating the stability of the stereocenters
(both at carbons and at phosphorus) under the reaction conditions.

Triphenyl phosphorodithioate (94a): The title compound was

S @ prepared according to the General Procedure C from triethylammonium
Pgﬁﬂp\s O,0O-diphenyl phosphorodithioate and diphenyliodonium
tetrafluoroborate 87b'% in 81% yield (116 mg). *H NMR (500 MHz,
CDCl3) & 7.62 — 7.54 (m, 2H), 7.46 — 7.32 (m, 7H), 7.25 — 7.17 (m, 6H). 3C NMR (126 MHz,
CDCls): 6 150.8 (d, J = 9.6 Hz), 135.6 (d, J = 5.3 Hz), 130.0 (d, J = 3.6 Hz), 129.8 (d, J = 1.5
Hz), 129.6 (d, J = 2.8 Hz), 127.6 (d, J = 8.2 Hz), 125.8 (d, J = 1.7 Hz), 121.6 (d, J = 4.9 Hz).
3P NMR (203 MHz, CDCl3): 5 82.5. FT-IR (ATR): 1486, 1177, 1151, 913, 897, 791, 667 cm’
L HRMS (ESI): m/z 359.0324([M+H]*, C1sH1602PS," calcd. 359.0324). Mp.: 74-75 °C.

0,0-Diethyl S-phenyl phosphorodithioate (94b): The title

S @ compound was prepared according to the General Procedure C from
EtE(?(’)/P\S triethylammonium O,0O-diethyl phosphorodithioate and
diphenyliodonium tetrafluoroborate 87b*%? in 90% vyield (94 mg). *H
NMR (500 MHz, CDCls): 6 7.55 — 7.48 (m, 2H), 7.41 — 7.33 (m, 3H), 4.30 — 4.13 (m, 4H),
1.31 (td, J = 7.1, 0.8 Hz, 6H). 13C NMR (126 MHz, CDCls): § 134.9 (d, J = 5.1 Hz), 129.5 -
129.4 (m), 128.5 (d, J = 7.5 Hz), 64.4 (d, J = 5.6 Hz), 15.9 (d, J = 8.6 Hz). 3P NMR (203 MHz,
CDCls): § 88.3. FT-IR (ATR): 2924, 1440, 1009, 955, 797, 744, 648 cm™. HRMS (ESI): m/z
263.0324([M+H]", C10H1602PS" calcd. 263.0324).
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0,0,Se-Triphenyl phosphoroselenoate (95a): The title compound
O /@ was prepared according to the General Procedure C from
PEﬁBP\Se triethylammonium 0O,0-diphenyl phosphoroselenoate and
diphenyliodonium tetrafluoroborate 87b'% in 32% vyield (49 mg). 'H

NMR (500 MHz, CDCl3) & 7.59 — 7.52 (m, 2H), 7.41 — 7.27 (m, 7H), 7.24 — 7.18 (m, 6H). *C
NMR (126 MHz, CDCls): 6 150.5 (d, J = 8.3 Hz), 136.4 (d, J = 5.0 Hz), 130.0, 129.8 (d, J =
2.6 Hz), 129.5 (d, J = 3.2 Hz), 125.8 (d, J = 1.3 Hz), 122.9 (d, J = 9.1 Hz), 120.8 (d, J = 5.2
Hz). 3P NMR (203 MHz, CDCls): § 9.6. FT-IR (ATR): 1586, 1489, 1254, 1179, 1025, 924,
744 cm™. HRMS (ESI): m/z 390.998([M+H]*, C1sH1603sPSe* calcd. 390.9997). Mp.: 51-53 °C.

0,0-Diethyl Se-phenyl phosphoroselenoate (95b): The title

Q /@ compound was prepared according to the General Procedure C from
EtEOtaP\Se triethylammonium O,0O-diethyl phosphoroselenoate and
diphenyliodonium tetrafluoroborate 87b% in 39% yield (45 mg). 'H
NMR (500 MHz, CDCl3): & 7.68 — 7.61 (m, 2H), 7.39 — 7.28 (m, 3H), 4.28 — 4.10 (m, 4H),
1.31 (t, J = 7.1 Hz, 6H). 1*C NMR (126 MHz, CDCls):  135.7 (d, J = 4.6 Hz), 129.7 (d, J =
1.7 Hz), 129.0 (d, J = 2.6 Hz), 124.0 (d, J = 8.5 Hz), 64.0 (d, J = 6.1 HZz), 16.1 (d, J = 7.5 Hz).
31P NMR (203 MHz, CDCls): 6 18.1. FT-IR (ATR): 2992, 2922, 1439, 1248, 1007, 957, 739

cmL. HRMS (ESI): m/z 294.9997([M+H]*, C1oH1s0sPSe* calcd. 294.9997).

0O,S-Diphenyl phenylphosphonothioate (96a): The title compound

o /@ was prepared according to the General Procedure C from
Phggxp\s triethylammonium O-phenyl phenylphosphonothioate and
diphenyliodonium tetrafluoroborate 87b'% in 68% yield (89 mg). *H
NMR (500 MHz, CDCl3) & 7.84 — 7.74 (m, 2H), 7.57 — 7.51 (m, 1H), 7.45 — 7.39 (m, 2H), 7.37
—7.32 (m, 2H), 7.32 — 7.24 (m, 5H), 7.23 — 7.16 (m, 3H). *3C NMR (126 MHz, CDCls): &
150.9 (d, J=9.4 Hz), 136.0 (d, J=4.5Hz), 133.1 (d, J = 3.4 Hz), 131.9 (d, J = 10.9 Hz), 131.2
(d, 3 =150.5 Hz), 129.9, 129.4 (d, J = 2.8 Hz), 129.3 (d, J = 2.5 Hz), 128.5 (d, J = 15.1 Hz),
125.9 (d, J = 5.6 Hz), 125.4, 121.0 (d, J = 4.8 Hz). 3'P NMR (203 MHz, CDCls): & 39.5. FT-
IR (ATR): 1684, 1496, 1440, 1236, 922, 748, 687 cm™. HRMS (ESI): m/z 327.0604([M+H]",
C18H1602PS* calcd. 327.0603). Mp.: 58-59 °C.

O-Ethyl S-phenyl phenylphosphonothioate (96b): The title
compound was prepared according to the General Procedure C from
triethylammonium O-ethyl phenylphosphonothioate and
diphenyliodonium tetrafluoroborate 87b'% in 58% (64 mg). 'H NMR

Q
EtO—-P~
pH S
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(500 MHz, CDCl3): § 7.69 — 7.60 (m, 2H), 7.52 — 7.47 (m, 1H), 7.40 — 7.39 (m, 2H), 7.32 —
7.26 (M, 3H), 7.24 — 7.17 (m, 2H), 4.42 — 4.28 (m, 2H), 1.40 (t, J = 7.1 Hz, 6H). 13C NMR
(126 MHz, CDCls): 5 135.7 (d, J = 4.0 Hz), 132.7 (d, J = 3.4 Hz), 131.7 (d, J = 151.3 Hz),
131.6 (d, J = 10.3 Hz), 129.3 (d, J = 1.8 Hz), 129.1 (d, J = 2.7 Hz), 128.4 (d, J = 14.8 Hz),
126.8 (d, J = 5.6 Hz), 62.6 (d, J = 7.1 Hz), 16.5 (d, J = 6.5 Hz). 3'P NMR (203 MHz, CDCls):
5 41.8. FT-IR (ATR): 1439, 1231, 1118, 1018, 952, 745, 690 cmt. HRMS (ESI): m/z
279.0604([M+H]*, C1aH1s02PS* calcd. 279.0603).

0-((1R,2S,5R)-2-isopropyl-5-methylcyclohexyl)  S-phenyl

(S)-phenylphosphonothioate ((Sp)-96c¢): The title compound was

O:\P:S\© prepared according to the General Procedure C from

~ O Ph triethylammonium 0-((1R,2S,5R)-2-isopropyl-5-
N methylcyclohexyl) (S)-phenylphosphonothioate (97:3 dr at

phosphorus) (62 mg, 0.15 mmol) and diphenyliodonium
tetrafluoroborate 87b (44.2 mg, 0.12 mmol)*%? in 71% yield (41 mg; 97:3 dr at phosphorus). H
NMR (500 MHz, CDCls) § 7.75 — 7.64 (m, 2H), 7.52 — 7.44 (m, 1H), 7.41 — 7.33 (m, 4H), 7.29
~7.24 (m, 1H), 7.23 - 7.17 (m, 2H), 4.56 — 4.47 (m, 1H), 2.28 — 2.11 (m, 2H), 1.74 — 1.62 (m,
2H), 1.50 — 1.38 (m, 2H), 1.17 (g, J = 11.7 Hz, 1H), 1.06 (qd, J = 13.1, 3.2 Hz, 1H), 0.95 (d, J
=7.0 Hz, 3H), 0.88 (d, J = 6.8 Hz, 3H), 0.85 (d, J = 6.6 Hz, 3H), 0.84 — 0.80 (M, 1H). 13C NMR
(126 MHz, CDCls): § 135.6 (d, J = 4.4 Hz), 133.4 (d, J = 149.4 Hz), 132.4 (d, J = 3.0 Hz),
131.6 (d, J = 10.7 Hz), 129.2 (d, J = 2.2 Hz), 128.9 (d, J = 2.6 Hz), 128.3 (d, J = 15.2 H2),
126.9 (d, J = 4.9 Hz), 80.0 (d, J = 8.2 Hz), 48.9 (d, J = 7.1 Hz), 43.6, 34.2, 31.8, 25.8, 23.1,
22.1,21.4,16.2. 3P NMR (203 MHz, CDCls): § 39.9. FT-IR (ATR): 2921, 1456, 1439, 1233,
1117, 975, 690 cmt. HRMS (ESI): m/z 389.1691([M+H]"*, C22H3002PS* calcd. 389.1699).

The NMR spectra (*H, !P) of the title compound contain two sets of signals in 97:3 ratio,
corresponding exactly to the dr of the starting material, indicating that no epimerization has
occurred, demonstrating the stability of the stereocenters (both at carbons and at phosphorus)
under the reaction conditions.

S-Phenyl diphenylphosphinothioate (97a): The title compound was
O /@ prepared according to the General procedure C from triethylammonium
PE;,P\S diphenylphosphinothioate and diphenyliodonium tetrafluoroborate 87b*%
in 31% yield (38 mg). *H NMR (500 MHz, CDCls3): § 7.92 — 7.77 (m, 4H),

7.55 — 7.37 (m, 8H), 7.27 — 7.14 (m, 3H). 3C NMR (126 MHz, CDCls): 5 135.5 (d, J = 3.8
Hz), 137.7 (d, J = 106.8 Hz), 132.5 (d, J = 2.8 Hz), 131.8 (d, J = 10.1 Hz), 129.3, 129.1 (d, J =
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1.7 Hz), 128.7 (d, J = 13.2 Hz), 126.3 (d, J = 5.0 Hz). 3'P NMR (203 MHz, CDCls): § 41.5.
FT-IR (ATR): 1438, 1192, 1097, 740, 691 cm. HRMS (ESI): m/z 311.0654([M+H]",
C1sH10PS" calcd. 311.0654). Mp.: 90-92 °C.

Computational Details for Chapter 5 (Paper I11)

The calculations were carried out with Gaussian 16 software package®®® using B3LYP
functional,**°=%* including the D3 dispersion correction with the BJ dumping.3*>3% Geometries
were optimized with SMD solvation model (in 1,4-dioxane),*®" using Def2-SVP basis set,>*®
including a pseudopotential for iodine.3%4% For each stationary point a thorough
conformational analysis was performed in order to locate the conformer with the lowest energy.
This was done by identifying key rotatable bonds and manually building possible starting
geometries for optimizations.

The identified lowest energy stationary points were then characterized by frequency
calculations to confirm their character as minima (no imaginary frequencies) or transition states
(a single imaginary frequency). The final free energies were obtained from single-point
calculations on the optimized geometries with a larger Def2-QZVP basis set>® (with SMD
solvation) and were corrected for the thermodynamic effects using the quasi-harmonic
approximation®®® (100 cm™* cut-off) as implemented in GoodVibes program.*?
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Table S1. Energies and energy corrections of stationary points (in atomic units)

B3LYP-D3BJ/

B3LYP-D3BJ/

Thermal

Stationary Def2-SVP (1,4- Def2-QZVP (1,4- correction to Gibbs
point dioxane) dioxane) free energy
optimization single-point at 100 °C
92b -1602.975209 -1602.704331 0.270878
87b -1184.879847 -1184.739631 0.140216
93a -1659.474866 -1659.245371 0.229495
30 -1659.474889 -1659.245270 0.229619
INT-O -2188.728742 -2190.397469 0.308658
INT-S -2188.728478 -2190.398980 0.307500
MesN-BF4 -599.130961 -599.022880 0.108081
Phl -529.299466 -529.246901 0.052565
Phol- -760.724504 -760.597933 0.126571
(PhO).P(O)S- -1427.913790 -1427.770084 0.143706
TS1-O0 -2188.691159 -2188.385911 0.305248
TS1-S -2188.692471 -2188.388697 0.303774
TS2-O0 -2188.694516 -2188.388631 0.305885
TS2-S -2188.697204 -2188.392661 0.304543

Experimental procedure for Chapter 6

5 Triphenylphosphine oxide (100a); Figure 6.5: Experiment was carried
Ph//'g out under a nitrogen atmosphere in a glove box. A 20 mL vial was charged
Ph \O with diphenylphosphine (78.4 mg, 0.40 mmol) and diaryliodonium
trifluoromethanesulfonate (258.1 mg, 0.60 mmol). Anhydrous MeCN (8 mL)
was added via syringe, followed by t-BuOK (33.7 mg, 0.60 mmol), and the reaction mixture
was stirred at RT for 2 hours. Then, t-BuOOH (70% in water) (274 ul, 2.0 mmol) was added to
the reaction mixture and stirred for additional 15 minutes. The solvent was evaporated under
reduced pressure. Dichloromethane (2 mL) was added to the residue, followed by a small
amount of silica. The solvent was evaporated under reduced pressure, the solid residue was
applied on the top of silica column, and the product was purified by column chromatography
in 93% vyield (103 mg). *H NMR (400 MHz, CDCls) & 7.78 — 7.57 (m, 6H), 7.56 — 7.46 (m,
3H), 7.45 — 7.30 (m, 6H). 3P NMR (162 MHz, CDCl3): § 29.2.
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