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Summary of the Thesis

SUMMARY OF THE THESIS

The work presented in this Thesis represents some major
developments in halogen(I) reagents, specifically towards the
oxidative functionalization of C(sp?)-H and C(sp®)-H bonds through
application of monomeric iodine(I) and bromine(I) reagents.

The present manuscript is divided into three general parts:

1-Iodine(I) reagents for vicinal alkene difunctionalization.

2-Oxidative amination of C(sp®)-H bonds of tetrahydrocar-
bazoles.

3-Application of iodine(I) reagents or bromine catalysis to the
formal total synthesis of (+)-aspidospermidine.

In the first section on alkene difunctionalization, we present a concise
synthesis, isolation and characterization of several novel iodine(I)
reagents with the general formula R4N[I(O2CAr):]. These
compounds exhibit high air and moisture stability. We have been
interested in the exploration of reactions promoted by these
electrophilic iodine reagents towards alkenes and have elaborated a
vicinal iodooxygenation of styrene derivatives (Scheme 1).

N
R P
R2 HO,CAr
NN R*%NII(O,CAN;] o O
1AL R2
R _J  Rs  CH.Cl, 80°C, 12h N [

R Z R3

Scheme i: lodooxygenation of styrene derivatives.
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In the second section, an exploration on the use of Varvoglis” reagent
PhI(NPhth), is discussed. This reagent is used in the synthesis of
novel iodine(I) and bromine(I) reagents with two phthalimide ligands
as stabilizers for the electrophilic halogen center. As C-H amination
of tetrahydrocarbazoles in the 4-position had not been explored
previously, we have developed an innovative methodology to carry
out such an C(sp?)-H oxidative amination of tetrahydrocarbazole
derivatives using an iodine(I) reagent or a novel bromine(-1/T)
catalysis (Scheme ii).

[I(NPhth), JBu,N
> PhthN
) DMF, 70 °C '
N PhI(NPhth), \
N DDAB (20 mol%) ‘ N
. n CH4CN - R
R®=H, Me or Bn 40°C, 12 h

Scheme ii: Oxidative amination of tetahydrocarbazole derivatives.

Finally, in the third chapter, we demonstrate the versatility of the
performance of the halogen reagents, that have been introduced in the
previous chapters, within different synthetic approaches towards the
synthesis of (+)-aspidospermidine (Scheme iii).

(x)-Aspidospermidine
Scheme iii: Synthesis of (+)-aspidospermidine by electrophilic halogen mediated
C(sp®)-H amination
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OVERALL OBJECTIVES

The general objectives of this thesis were to carry out the synthesis,
isolation and characterization of several halogen(I) reagents and to
probe the high potential of these new compounds in organic
chemistry:

-Novel iodine(I) reagents containing two carboxylic acid derivatives
as ligands with the general formula R4N[I(O2CAr)> were used as
powerful reagents for the vicinal iodooxygenation of alkenes.

-Varvoglis” reagent containing two phthalimide ligands allowed for
the synthesis of new iodine(I) and bromide(I) compounds, which in
turn showed to be useful reagents toward oxidative amination at the
4-position of tetrahydrocarbazole derivatives.

-Onces that the expected methodology based on the new halide
reagents containing two phthalimides was developed, the subsequent
objective consisted in a concise total synthesis of (£)-
aspidospermidine relying on an intramolecular C-H amination as the
key s






Chapter 1: Introduction

CHAPTER 1: INTRODUCTION

1.1 HYPERVALENT IODINE(III): A VERSATILE TOOL IN
ORGANIC SYNTHESIS

Iodine is an element that belongs to the p-block of the periodic table
and is quite different in reactivity to its halogen homologues. It is the
largest, least electronegative and, as a consequence, the most
polarizable element among the halides. These properties allow iodine
to form stable polycoordinated derivatives and its behaviour often
tends to resemble that of a transition metal when it is employed in
organic transformations. As a result of this similarity in reactivity, it
has been used successfully as a versatile alternative to highly toxic
heavy-metal oxidants such as lead(IV), mercury(ll), and
thallium(III).

1.1.1. Hypervalent bonding and general structures.

Iodine can be present in the three different oxidation states +1, +3,
and +5 in organic compounds and in addition is encountered with
oxidation states -1 and +7 in inorganic compounds. In 1969, J. L
Musher suggested the definition of hypervalent species as “molecules
and ions formed by elements in Groups 15-18 bearing more than
eight electrons in their valence shells”!!. According to this
convention, trivalent and pentavalent iodine compounds fall into this
category. In 1886, Willgerodt?l had synthesized the first
aryliodine(III) derivative in form of PhICl>, and a very rich structural
derivatisation followed in a surprisingly short period of time, which
includes the discovery of PIDA, that represents the most commonly
used derivative until the day of today.
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The most common iodine(Ill) reagents are shown in Figure 1,
including the most representative compounds such as
[bis(trifluoroacetoxy)iodo]benzene (PIFA), (diacetoxyiodo)benzene
(PIDA) and [hydroxy(tosyloxy)iodo]benzene (HTBI, Koser's
reagent)!

(':I Ar—li: ('DAC
Ar—l i Ph—I
cl F (I)AC
(dichloroiodo)arene (difluoroiodo)arene (diacetoxyiodo)benzene
OH o OTFA
1 2/, 1
Ph—I Ph—I" Ph—I
OTs OTFA
[hydroxy(tosyloxy)iodo]benzene iodosobenzene [bis(trifluoroacetoxy)iodo]benzene

Figure 1: Common iodine(III) reagents in organic synthesis.

Despite all these progresses, thorough attention from the synthetic
organic community regarding advanced synthetic application was
initially small, and it was necessary to wait for one century to see the
first time use of an iodine(IIl) reagent in the synthesis of a natural
product!* such as an antitumor agent, which is shown in Scheme 1.
Here, PIFA was used to enable a one-step oxidative conversion of the
terminal acetylene into the corresponding hydroxyketone.

O‘O‘

CHSCN

R (I) — Sugar

100 C 85/
Antitumor agent

Scheme 1: Synthesis of an antitumor agent.
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Previously, iodine(III) compounds were named as iodinanes, while
iodine(V) compounds were referred to periodinanes. Nowadays,
IUPAC has replaced these names by A3-iodanes and A’-iodanes
(Figure 2), respectively.

L'
o
v, NN
Lz L4102
Aryl-A3-iodane  Aryl-AS-iodane

Figure 2: General structures of I(III) and I(V) compounds.

Aryl- A*-iodanes have a pseudotrigonal bypiramid geometry, where
the lone pairs and the aryl are displaying to the equatorial positions
(T-shaped structure). Iodine(Ill) compounds can be described by
molecular orbital (MO) theory as a three-centre-four-electron (3c-4e)
arrangement. The theory combines one empty orbital from iodine and
one filled orbital from each of the ligands to generate 3 MOs: one
bonding, one non-bonding and another one anti-bonding. Of the two
pairs of electrons, one resides in the bonding molecular and the other
pair in the nonbonding molecular orbital. As depicted in Figure 3, the
two bonding electrons reside across the Donor-Acceptor (D-A) and
the Acceptor-Ligands (A-L) bonds, and the two non-bonding what
are at the terminal atoms (D and L). As a result, the acceptor A is
associated with positive charge, and D and L with negative charge.
This electronic distribution causes the polarization of the electron
cloud towards the terminal atoms.! The halogen-bonding interaction
between the ligand and the electrophilic iodine atom increases the
electrophilicity of the central iodine atom. For example, the distance
observed in the crystal structure of PhICL is 2.45A,[¢) which is longer
than the one observed in the crystal of iodine monochloride
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(2.32A).I7] This obvious weakness of the hypervalent bond dominates
the reactivity of hypervalent iodine.

A) Formation of hypervalent 3c-4e bond

5 0% o
D +A-L —— DQA--L D = donor
A = acceptor
L = ligand

— covalent bond

--- hypervalent bond

B) MO diagram for a hypervalent 3c-4e

LUMO — (<O (< (< antibonding

HOMO H (<X (< nonbonding
H OO (<D @  bonding

D A L

Figure 3: A) Formation of hypervalent 3c-4e bonds between iodine and two
ligands. B) General molecular orbital for 3c-4e bonds.

1.1.2. General reactivity

Hypervalent iodine compounds have become useful and routinely
employed reagents in the development of novel transformations in
organic synthesis.[®) The main reactivity of these reagents originates
from ligand exchange at the iodine centre followed by reductive
elimination, electrophilic activation by the iodine(IIl) reagent, radical
reactivity from I-X bond homolysis and from single-electron transfer
chemistry.
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1.1.2.1. Ligand exchange and reductive elimination

It is well known that nucleophiles can easily exchange the ionic
ligands in iodine(III) compounds.*) The exchange of a ligand by a
nucleophile can be carried out through two possible mechanistic
scenarios, which are best described as associative or dissociative
exchanges, respectively (Scheme 2).

Associative pathway

L © L. Nu, 1© Nuy,

Scheme 2: Associative and dissociative pathways for ligands exchange in
iodine(IIT) compounds.

The associative mechanistic scenario is described as the nucleophilic
attack at the electrophilic iodine center, following by the loss of one
former ligand of the iodine coordination sphere. In the case of a
dissociative pathway, one of the ligand dissociates from the
coordination sphere and the resulting positive charge on the iodine
atom will be neutralized by the incoming nucleophile.
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1.1.2.2. Electrophilic activation by the iodine(Ill) reagent

The electrophilic capacity of the iodine(Ill) is influenced by the
ligand. When the distance ligand-iodine is short, the interaction
between them is higher and as a consequence major stability and less
electrophilicity.”]

Vicinal dichlorination of alkenes can be carried out with PhICL. This
reaction is usually anti-selective.l'” The selectivity can be explained
through a direct opening of the initial chloronium ion as is shown in
the Scheme 3A or through an anchimeric assistance of a solvent
molecule or of neighbouring chlorine in the reductive elimination of
the hypernucleofuge iodine(III) (Scheme 3B).l'!! Syn-addition can be
rationalised by the chloride direct Sx2 reaction on the carbon bearing
the iodine(Il) (Scheme 3C).

& o
HD R H
— RSt —— \l/\R1 o
Cl Cl
cI<IPh AN ) -
S) R\é\a
®
R/ R —— .
Ph Cl—1—Ph
a® . R.(:
— R\:'/'\R1 \C|;|7\R1

D C\:i
Cle R R!

Cl

Scheme 3: Ionic vicinal dichlorination mechanism.

However, the electrophilicity of the iodine nucleus in PIDA reagent
is lower and does not react with alkenes. In 2011, Gade and Kang

10
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described that the alkene diacetoxylation mediated by PIDA can be
accelerated using a strong Bronsted acid.['?] The presence of only 5%
triflic acid in the reaction promotes the diacetoxylation. The
protonolysis of one of the acetates arrives at a cationic, thus more
pronounced electrophilic character at the I(III) core, whose
electrophilicity is strongly enhanced (Scheme 4).

o)
;\/\ PIDA, HOTf W
COH  AcOH,80°C, 17 h
up to 99% OAc

Scheme 4: Kang’s and Gade's Bronsted acid-mediated dioxygenation.

1.1.2.3. Radical reactivity

The radical mechanism is frequently observed during a reaction using
an iodine(Ill) reagent containing chlorine or an oxygenated or
nitrogenated group as ligand. This pathway can either be initiated
through light or via thermal induction.

As to an illustrative example, (diacetoxyiodo)arenes undergo
homolytic cleavage under thermal or photochemical conditions. In
Scheme 5, the light induced pathway to an acyloxy radical is shown,
which can be trapped through radical combination by other radical
molecule,!'3] or alternatively can liberate CO, leading to the
formation of a carbon-centered radical, which as a highly reactive
species can add to unsaturated bonds, as the depicted Michael
acceptor, ultimately furnishing a C-C bond formation event.

11
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07 “oR hy o) Z80,Ph
Ph—é TF R)LO. T’ R > R\/\802Ph
R

PhIO(O)CR CO,

Scheme 5: Example of iodine(III) reagents in a radical reaction under
photochemical conditions.

1.1.2.3. Single-electron transfer reaction

A single electron transfer reaction (SET) in iodine(Ill) chemistry is
usually the consequence of an electron donor-acceptor-complex
(EDA), which originates from interaction between an electron-
demanding and an electron-donating compound, with subsequent
formation of radical intermediates formed by a single electron
transfer.['4]

In 1991, Kita et al. discovered that o- and p-substituted phenol ethers
react with PIFA within built-up of an EDA complex. The aromatic
radical cation resulting from single electron transfer pathway can be
attacked by suitable nucleophiles to afford the nucleophilic aromatic
substitution product upon final H atom abstraction (Scheme 6).!'4]

B Oococr, ]
Ph ®0COCF,
]
OMe OMe OMe
PIFA SET A Ne© Nu
| —~ @
X
R °
Voo . PRl R H R

Scheme 6: Nucleophilic aromatic substitution through a SET.

12
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1.2. IODINE(I): A POWERFUL REAGENT

Hypervalent iodine(Ill) chemistry has been extensively studied,
nevertheless, until now, the knowledge about iodine(I) chemistry is
limited. In this section, we have been focused in the background
about iodine(I) reagents, but due to the similitude of iodine and
bromine in organic chemistry, reagents based on both of these
halogens will be discussed in this chapter.

In general, a coordinatively saturated halogen(I) reagent can be
considered as a three-centre-four-electron system. The halogen is
stabilized by simultaneous coordination of two electron-donating
ligands. The three atoms of the system [L-X-L]* may either form a
static, symmetric geometry [L--X--L]*, or two rapid structures in
rapid equilibrium [L-X--L]* <« [L--X-L]* (Figure 4). In the
symmetric geometry state, the halogen forms two L-X bonds of equal
distance and strength. However, in the case of non-symmetric and
dynamic systems, the halogen forms one stronger and shorter
covalent bond L-X and one weaker and longer halogen bond L--X in
each of the isomers. The definition of halogen bond, according to
IUPAC, is as an attractive interaction between an electrophile region
associated with a halogen atom in a molecular entity and a
nucleophilic region in another, or the same, molecular entity.[!3]

[|_—x—|_|@or [L—x—l_]@= [L-x-L]"
Static system

[L-x-L]"

Equilibrium system

[L-X--L] =——==[L--x-L]"

Figure 4: Static or dynamic three-centre-four-electron coordination in halogen(I)
complexes.

13
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Depending on the nature of the ligands present in the halogen(I)
complex, compounds can be divided in two classes: those derived
from neutral ligands and those from charged ligands.

1.2.1. Neutral ligands: state of the art

In this section, several organic transformations carried out with
halogen(I) compounds containing neutral ligands are discussed.

In 1985, bis(pyridine)iodonium(I) tetrafluoroborate (I(py).BFs, IPy)
was discovered by Barluengal'®! and ever since has been employed in
a significant number of reactions as iodonium source and oxidant.[!”!

When IPy is employed for olefin derivatization in presence of an
external nucleophile, 1,2-iodofunctionalization takes place.
However, in the absence of any additional nucleophile, the
corresponding 1,2-iodofluorination product is formed, in which the
fluorine nucleophile is provided by the BFs counterion.[!8] In both
cases, a stoichiometric amount of tetrafluoroboric acid or boron
trifluoride is necessary to acidify the pyridine (Scheme 7).[16-19]

14
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S)

® BF
</ \: ’_> 4
_NTING

Barluenga’s reagent
I(py)2BF4

|
l(py)2BF4 + 2HBF, + >=< + Nu@ _— ﬁ_é
Nu

Nu: MeO, OH, NCO, NO,, Br, CI...

CH,Cl, I
I(py)oBF4 + 2HBF, + — _—
-78 °C F

Scheme 7: Barluenga’s reagent in representative olefin difunctionalization.

The synthesis of iodinated aromatic compounds was reported using
IPy.?%) The iodination of the o- or p-position of peptides
analogues,?!! phenylamine, £ and y-arylamines!??! was effected with
I(py).BF4 (Scheme 8).

Aromatic electrophilic substitution in peptides analogues

(0] (0]
An—HN Ann—HN
I(py)oBF4 /HBF4 (1:2)

CH,CI,/TFA
up to 95%

mixture of o-, p-functionalization

Aromatic electrophilic substitution in arylamines
|

CO,Me CO,Me
©/\( “" lpy)oBF4 [HBF, (12) ) 2
NHCOCF3 CH,CI/TFA (10:1) NHCOCF3
RT

up to 90% o-functionalization

Scheme 8: Barluenga’s reagent: iodination of aromatic compounds.
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Barluenga’s reagent can be used as a powerful oxidant outside the
incorporation of iodine into the hydrocarbon scaffold. For example,
secondary alcohols can be oxidized to ketones under thermal
conditions.[’]  Cycloalkanols are oxidatively cleaved to the
corresponding @-iodocarbonyls and 1,2-diols are converted to the
respective dicarbonyls!!”! under photolytic conditions!?*! (Scheme 9).

Oxidation under thermal conditions

I(py)2BF, I
. .
W 60 °C, CHsCN \g/\Hr
up to 92%
Oxidation under photolytic conditions
O
OH (py)oBFy, hv Y,
(H CH,Cl, Ut
up to 94% l
Qio"' I(py)oBFy hv QIO
“NOH CH,Cl, 0
up to 92%

Scheme 9: Barluenga’s reagent as a powerful oxidant.

An interesting reactivity with Barluenga’s reagent and alkynes has
been described. Barluenga et al. described an unprecedented
coupling of (trialkylsilyl)acetylenes derivatives with IPy providing
regio- and diastereoisomerically pure enynes derivatives.[?>! Further
notable transformations include exo-endo-cyclizations of a-w-
diynes,?%! the synthesis of different 2,3-unsubstituted indoles from
pyrrole derivatives,/?”! the cyclization of 2-acetylenyl-benzaldehyde
derivatives by reaction with I(py).BFs and several silyl protected
alcohols (Scheme 10).128]
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Trialkylsilylacetylenes derivatives

o TBDMS. (p)),BF, /HBF, 04) TBDMS
CH,Cl, //
Ph

up to 95%

N

Sulfides derivatives

|
— S
CSF’“ I(py)-BF / HBF,
\
= sPh CHCl

up to 71%
Indoles derivatives

R1
Yy - 1(py)2BF4 / HBFy
7 CH,Cl,

/) 20 2.
N R2

up to 72%

Cyclization of acetylenes-aldehydes derivatives

I(py)-BF 4/ HBF,4

o 1. OR?
o O
R1 2. RQOH R1
|

up to 88%

V4

Scheme 10: IPy as an efficient reagent for the transformation of alkyne

derivatives.

Iodonium ions have been used to promote the reaction of aldehydes
as acylating agent for arenes in a simple synthesis of diarylketones
(Scheme 11).1?°]
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o% CH,Cl, o
up to 61%

Scheme 11: IPy as an efficient reagent to promote the intramolecular acylation of
arenes.

Recently, Murai et al. developed the -catalytic inter- and
intramolecular alkyne-carbonyl metathesis of alkynes with ketones
or aldehydes using a catalytic amount of IPy (Scheme 12).53%

a) Intermolecular reaction

R? o 0
/ J loy)oBF, (20%) I HBF, 2) R
+ 2" H >  Ar
Ar R CH,Cl, |
up to 73% R?

b) Intramolecular reaction

O
,—=~R! A
TN |(py)2BF4 (20%) /HBF4 () TsN\j/QR1
N CHyCl,

© up to 82%

Scheme 12: Catalytic amounts of IPy promote the alkyne-carbonyl metathesis.

It is known that other ligands can also coordinate to iodonium ions,
concretely 2,4,6-collidine  (2,4,6-trimethylpyridine), to afford
bis(collidine)iodine(I) hexafluorophosphate.*!l This reagent can be
used as an iodonium source. Intramolecular iodosilyletherization is
an effective procedure for preparing diols from the corresponding «-
alkenylsilanols. The primary cyclic silyl ether products were further
derivatized by oxidative cleavage of the carbon-silicon bond to form
1,3-diols as products from sequential dual oxidation.??] Another
example is reported in which I(coll):PF¢ is employed for the
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synthesis of 3-iodobenzo[b]furans by iodocyclization of 2-alkynyl-1-
(1-ethoxyethoxy)benzenes (Scheme 13). Okitsu ef al. examined the

possibility to use I(py).BF4 as an iodinating reagent instead of
I(coll)2PFs and the yield was similar, but this reagent is more

economic than IPy.[*3

I(coll),PFg
Bis(collidine)iodine(l) Hexafluorophosphate reagent

Synthesis of diols

OH Ph_ Ph
N-SiPh, (CO0LTe, oSy _MBUSSTHELB  HO, > £t
CHCl, Hexane KF-KHCO4
up to 94% up to 87%

Synthesis of 3-iodobenzo[b]furans

R
F I(coll),PFg '
BF5OEt, A\
% R
(o) CH,Cl, o]
)\OEt up to 99%

OH oH

Scheme 13: I(coll)2PFs as an iodonium source in organic transformations.

Bromonium ions are also reported to coordinate with two collidines

to provide highly reactive bromonium ion precursors.

[34]

The

reactivity of a ¢, f~unsaturated acid with Br(coll)2PF¢ was studied to

afford 2-oxetanones through 4-endo cyclization (Scheme 14).3%]
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PFs

7 “N-Br-
N-Br-N )

Br(coll),PFg
Bis(collidine)bromine(l) Hexafluorophosphate reagent
R? 0 Br(coll),PF R! O

Y ————  X)=0
R2  OH CH,Cl, R
up to 60% Br

Scheme 14: Br(coll)PFs as a reagent for the synthesis of 2-oxetanones.

Enantioselective halogenation with a chiral anion phase-transfer
system was described by Toste et al. developing highly insoluble,
ionic reagent as electrophilic bromide and iodine sources.®
Phosphoric acid was used as the source of an anionic phase-transfer
catalyst to achieve the enantioselective reaction of o-anilidostyrenes
to yield 4-H-3,1-benzoxazines (Scheme 15).

X=Br, |

Toste’s reagent

“X source”, cat (10%) X\'.,
N .
82003 > @((O
NH Hexane/p-xylene (1:1) NJ\ Ph

Scheme 15: Toste’s reagent in an enantioselective halogenation reaction.
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On the other hand, Yoshida et al. provided an elegant electrochemical
approach to generate iodine and bromine cations in solution, using
dimethyl sulfoxide (DMSO) as a stabilizing agent. The resulting
stabilized halogen cations served as powerful reagents for alkene
difunctionalization. The authors reported that yog
haloalkoxysulfonium ions treated with triethylamine gave a-
halocarbonyl compounds.*”! Later, they discovered that changing the
nature of the base led to the formation of different products.
Triethylamine is a bulky base therefore reacts with the oxygen, but
other bases, as NaOMe or NaOH, attack the sulfur atom and cleave
the S-O bond under formation of an alkoxide ion and as the
consequence give different products (Scheme 16).538]

0--1--0, g
\S_
I
[I(dmso),] EtzN
(Yoshida)
|
-28 2 —
Bu,NBF, o ! R XR ®s NaoH  OH
BuNX — > ®S——» RALLIN .
X=Br,| DMSO/CH,Cl, X~ 78°C a0 min . gt R1J\:/R
-78°C then 0°C, 30 min g
X
NaOMe l
R1’<1/R2

Scheme 16: Synthesis of halohydrins, halocarbonyls and epoxides from olefins
through DMSO-stabilized halogen cation.
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1.2.2. State of the art with charged ligands

Halogen(I) reagents with charged ligands can be generated in situ or
isolated as salts.’®) The main reactivity of these types of compounds
has been explored in their behaviour towards olefins. At the outset,
the electrophilic halide will be formed in solution and will react with
olefins. Two different pathways could then proceed both depending
on the role of the active ligand: 1) it can behave as nucleophile
leading to the 1,2-difunctionalized products; 2) it can realize a
nucleophilic substitution of the halide to afford a new
monofunctionalized product. These reagents also can display the
required radical-based reactivity due to the possibility to react as an
electrophilic halide or nucleophilic source.*"]

1.2.2.1. General synthesis.

As discussed at the outset, several pathways exist to generate
iodine(Ill) compounds, which in turn can be employed in the
synthesis of different halogen(I) compounds. Two accessible routes
to generate the hypervalent reagents are described here. PIDA or
PIFA are used as precursors due to the fact that they display a
different reactivity and are commercially available.

The acetate moiety in PIDA has a conjugated pKa of 4.75.141]
Consequently, it can easily exchange ligands with stronger acids,
which display pKa value smaller than acetic acid. In 2011, Muiiiz et
al. developed two new iodine(Ill) reagents. The combination of
PIDA with bistosylamide or bismesylamide promotes the desired
ligand exchange to afford the new I'''-N covalent bond,*?! creating a
novel class of hypervalent iodine(III) reagents of the general formula
ArI(OAc)N(SOzR),. The development of new metal free amination
reactions with these iodine(III) reagents is due to the acidic nature of
the bissulfonylimide with a pKa of 1.9.[1 In 2012, the same group
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used this reagent to carry out the synthesis of ynamines from
acetylenes establishing a C-H to C-N bond conversion (Scheme 17).
In this project, they tried to synthesize other iodine(I1I) reagents with
another nitrogen source such as phthalimide. Unfortunately, the C-N
bond formation was not found possible under this condition. This
outcome could be explained by the low acidity of phthalimide,*!!
which does not promote the required protonolysis.*4]

%
HNR, y
CH,Cl, RT
@—l(OAc)g — @—I:NRZ 4
-HOAc OAc

CH,Cl,
R=Ts, Ms
up to 83%

NR»

Scheme 17: A novel iodine(III) reagent promotes the synthesis of ynamines.

In the case of PIFA, protolytic ligand exchange cannot be performed
as in the case of PIDA due to the strong acidity of the trifluoroacetic
acid (pKa = 0.23). However, due to the strong electron-withdrawing
nature of its carboxylate ligands, PIFA might easily undergo bond
exchange through nucleophilic addition. In 1983, Varvoglis et al.
reported a stable iodine(IIl) compound, [bis(phthalimide)iodo]ben-
zene, which is prepared by the reaction of PIFA with potassium
phthalimide in acetonitrile (Scheme 18).4°]

O PIFA
_ CHON
NK
up to 74%
o}

[Bis(phthalimide)iodo]benzene
reagent

Scheme 18: Synthesis of Varvoglis’ reagent.
As it was explained above, different halide(I) reagents can be
generated from iodine(III) reagents. Gabor ef al. in 1980, carried out
the synthesis of the first iodine(I) salt by mixing PIDA with
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tetracthylammonium iodide.[*®) This route can be called the classical
pathway due to the fact that the majority of the authors form these
types of reagents using iodine(Ill) compounds in presence of
ammonium iodide or bromide. Another route, which is less common
and, as a consequence, can be referenced as the non-classical
pathway, was described by Barry, Eberson et al. in 1984. They
formed halide(I) reagents by mixing ammonium salts containing the
anion, in presence of N-halogenated amides (Scheme 19).[47]

Gabor’s procedure

Et,NI © o
0 o) CHCly i j\ EUN
———
JL0_|_OJ'I\ 25°C O—I-0
up to 92%

Barry’s procedure

0 0 B @
0 @ _CHON e
N BN~ + NBr N-Br—N

T

o) o

up to 92%

Scheme 19: Synthesis of halide(I) reagents using the classical or non-classical
pathway.

1.2.2.2. The most representative halogen(l) reagent

The first contributions in the synthesis of halide(I) reagents were
achieved by Gabor, Barry and Eberson in the 1980’s. Gabor ef al.
synthesized tetracthylammonium [diacetoxyiodate(I)] using the
classical pathway. They reported that this reagent is an efficient
source of acetyl hypoiodite, which proved to be an excellent o-
acetoxylating agent of the triazolium salts.[*¢! Later Barry, Eberson et
al. developed, through the non-classical pathway, different
bromide(I) reagents*’! using succinimide derivatives as ligands.[*8
They studied the rate of formation of succinimide radicals, and they
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discovered a relatively faster homogeneous reaction when the
succinimide source comes from complex tetrabutylammonium
[disuccinimidebromide(I)], instead of N-bromosuccinimide (Scheme
20).1491

a-Acetoxylation of the triazolium salts

® O
[(OAc) llEt,N =— Et4N AcO + IOAc
Acetyl hypoiodite

R/ :ESMe

Ph g‘N |©

SMe

>‘<\‘/|@

AcO @N’

Succinimide radical

e
O ® (0]
Q ] BuyN
N—Br—N>| — > 2 N°
o] (6] O
O le) Faster formation
EﬁNBr _— QN °
0 ¢]
Scheme 20: First contributions of halogen(I) reagents.

One of the main contributions to the synthesis of halogen(I)
compounds has been made by Kirschning. The main research interest
was the 1,2-addition to double bonds due to the high importance of
this transformation in organic synthesis. At the beginning, they
synthetized different halogen(I) reagents to provide iodine-1*"l or
bromine-! promoted haloacetoxylation.
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Later, a number of polymer-bound reagents has been reported for the
synthesis of organic molecules, as before, for the difunctionalization
of double bond of different substrates.52}53) In this field, they
developed the first polymer-supported iodine azide source, which
promotes azidoiodination of alkenes.l>*! Carbohydrate derivatives
can be accessed with this type of polymer-supported reagents
(Scheme 21).553]

1,2-Addition

O [(OAC),lIPhsP or [(OAC)X]Et4N O/OAC
up to 62% “x

Stereoselective
X=1,Br

Polymer-supported-reagent

@
_NMes

<=x-=<

X=8Br, I
Y = OAc, COCF5 Ny

Azidoiodination of alkene
® Ns

- I
NMe; Ny

N3
up to 78%

Stereoselective

Scheme 21: Kirschning’s reagents promote the difunctionalization of alkenes.

The most recent contribution in the iodine(I) reagent field has been
made by Kashyap et al. In 2016, they prepared a new iodine(I)-based
sulfonium salt. They carried out the iodoacetoxylation of glycal
derivatives with trimethylsulfonium bis(acetoxy)iodate(I). During
the screening of the reaction, they discovered that better results were
obtained when the iodine(I) was generated in situ. After that,
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Kashyap’s group developed a robust method for iodocarboxylation
using PIDA, sulfonium salt and carboxylic acid derivatives with
glycals. The desired products were obtained with good yields, but
sometimes with low regioselectivity. This result was explained due
to the competitive nucleophilic attack by acetate.*®! Later on, they
employed the sulfonium bis(acetoxy)iodate(I) complex in a
successfully intramolecular regio- and stereoselective vicinal iodo-
functionalization of alkenes to afford iodoethers, iodohydrins and
iodoesters in a one-pot process, depending on the selected solvent. >
In 2018, Kashyap et al. developed the iodination of alkynes, again
using a solvent-controlled process. The characteristic reactivity of
this iodine(I) reagent with alkyne derivatives can be controlled by the
nature of the solvent, leading to 1-iodoalkynes and vicinal (E)-
diiodoalkene products (Scheme 22).57]
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Me;SI(OAc),
Kashyap’s reagent

lodocarboxylation of glycals RO

0 RO 0 RO
® 0 © o :&/)
MegS™ | Ar)j\OH )o]\ )o]\ MesS RO Z RO | 0
—— —_—
Ar” S0—1—07 Ar upto97% RO O
PhI(OAC), (100:0) 0

Ar

lodoesters, lodoethers or iodohydrins synthesis

R RS RO TS
- s A)CH3CN/H,0 r Ar
B)MeOH Method A Method B
MezSI(OAc), OR DMF Na OR
AN Solvents A")\/I T> Ar)\/
R =Ac, H, Me upto98%  R=Ac, H, Me

Alkyne’s functionalization

MesSI, PIDA G
CH3CN
30 min
up to 99%
|
\/ MesSl, PIDA R
z P X
Y T o Y
(S w. Y |
e 30 min R

up to 99%

Scheme 22: Todoester, iodoether or iodohydrine synthesis and alkyne
functionalization.
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CHAPTER 2: A NOVEL IODINE(I) REAGENT FOR IODO-
OXIGENATION

2.1. INTRODUCTION: IODINE REAGENTS IN ALKENE
VICINAL DIFUNCTIONALIZATION

Recently, iodine reagents have been recognized as powerful tools for
the oxidative transformation of hydrocarbons.[*85°] The benefits of
this modern functionalization by use of iodine allows to avoid the use
of transition metals. Despite the fascinating application and
significant advances of transition metals in organic chemistry,®” the
use of metal catalyzed reactions is limited for the production of
pharmaceutical ingredients and can be prohibitively expensive at
large scale applications.[®!] Stereoselective bisfunctionalization of
alkenes is a highly important transformation/*?) to access bioactive
molecules and natural products in organic chemistry. Concretely,
halofunctionalization has been extensively studied due to the
selective and easy addition of two new chemical entities in a single
step. The process involves the electrophilic halide addition, such as
iodine (I"), to the double bond. Subsequently, a suitable nucleophile
opens the cyclic iodonium intermediate to provide the 1,2-
iodofunctionalized product. This type of reaction generates two new
stereocenters with highly anti-selectivity to incorporate vicinal
hydroxy (f~iodohydrins), ester (fiodoesters) or alkoxy (f
iodoethers) moieties.>%!

A noteworthy transformation using an electrophilic iodine was
carried out by Corey et al. in 1969. The authors developed an
effective pathway to synthesize lactones by the combined addition of
oxygen and iodine across a carbon-carbon bond. This reaction is
conducted under mild conditions and incorporation of the versatile
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iodine atom into the product. This powerful generation of lactones
was used to synthesize numerous prostaglandins (Scheme 23).16]

~

o} 0
1) H,O, NaOH, 0°C > D :: N\ — OH
\ 2) Kiz(aq), 0-5 °C, 12h|__Q —> A~
0™, " ~CH,OCHz HO Y
HO OH

Scheme 23: Corey s lactonization.

A new approach to halolactonization was developed by Tan ef al. to
construct iodolactones from olefinic carboxylic acids. It was found
that tetrabutylammonium [diacetoxyiodate(I)] was able to promote
the iodolactonization in yields of up to 98%. As depicted in the
previous chapter (1.2.2.1), the iodine salt was prepared using PIDA
and tetrabutylammonium iodide (TBAI) in a 1:1 molar ratio. Tan's
group investigated the catalytic version of the lactonization reaction
regenerating PIDA in situ. To do that, catalytic amounts of
iodobenzene and sodium perborate as terminal oxidant were used to
give the iodine(I) reagent, which afforded the iodolactonization
product (Scheme 24).1%4

30



Chapter 2: A novel iodine(l) reagent for iodooxygenation

R' CO,H i
2 % R1
a2 Phi(5mol%) o
N\, BusN(1.1equiv) R2 |
R NaBOs H,0 (2 equiv.) R3
AcOH (5 equiv.)
CH,Cl,
R' CO,H
R2
Phi(OAc), TBAI
N\ RS
OAC ) 0
NaBOa Bu4N
OA

' R\ O +B N®A oe
u C!
ACOH ¢ R? !
| +AcOH
R3

Scheme 24: Tetrabutylammonium [diacetoxyiodate(I)] promoted
iodolactonization.

As highlighted in the introduction, the groups of Kirschning®"l and
Kashyapl*?+5¢] developed a number of iodine(I) salts as precursors of
electrophilic iodine reagents. The applicability in organic synthesis
has been demonstrated by numerous chemo- and regioselective
iodooxygenation reactions of olefins.

One of multiple reactions to synthesize pyrrolidines by the generation
of N-centered radicals is known as the Hofmann-Loffler reaction.[!
In this scenario, the N-centered radical is formed by photochemical
or thermal decomposition of a N-halogenated bond in presence of a
strong acid to promote the intramolecular amination reaction.
Although this reaction has a huge potential, the required reaction
conditions are very harsh. Our group developed the first example of
a Hofmann-Loffler-type amination reaction, which used a catalytic
amount of halogen to build up the pyrrolidine’s core under extremely
mild conditions.[®*] The initial reaction between hypervalent
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iodine(IIl) reagent Phl(mCBA), and molecular iodine allows the
formation of I(mCBA), which is the active catalyst (Scheme 25).
Once the catalyst is generated, it leads to N-I bond formation to afford
the intermediate A. Under light irradiation, the resulting nitrogen-
centered radical B, engages in a 1,5-hydrogen atom transfer from the
benzylic position, forms the carbon-centered radical C. This
intermediate abstracts an iodine atom from another molecule of A in
a radical chain reaction to lead to the intermediate D. Here, iodine(I)
is oxidized to iodine(Ill) increasing the iodine’s ability to act as a
good leaving group. After that, the nucleophilic amination proceeds
with regeneration of the active catalyst [(mCBA). Muiiiz’'s group
discovered that the regeneration of the catalyst is possible due to the
stabilization of I(mCBA) by the formation of an adduct with the
carboxylic acid. To confirm this hypothesis, the salt of the
ammonium derivative BwN[I(mCBA);] was prepared. Under
stoichiometric use of this model compound, pyrrolidine formation
took place in comparable yields as in the catalytic cycloamination.
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Catalyst Formation

051,+05Phl(O,CA), ~ ——— |O,CAr
- 0.5 Phl

Catalytic Cycle

Phl PhI(O,CAr),

D Cc

Ts >_< Ts )
No N -
HO,CAr I
H[I(OCAr),] [(O,CAr)
-HO,CAr Ph ~—
A B

NHTs

: ; Initiation:
7(/\ HO,CAr hv, -1°

Ph

Ph

Scheme 25: An iodine(I/II)-catalyzed Hofmann-Loffler.

2.1.1 General objectives

As an iodine(I) compound was recognized as the active species
leading to N-I bond formation, we were interested in further
exploring iodine(I) reagents in electrophilic halide promoted
reactions. It was envisioned to synthesize powerful electrophilic
halide reagents of the general formula R4N[I(O,CAr),] and
subsequently employ these reagents in alkene functionalization.
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2.2. RESULTS AND DISCUSSION

2.2.1. Synthesis and study of stability of iodine(I) reagents

We started our studies with the synthesis of dioxoiodanes using
different benzoates as ligands. The general synthesis of reagents 3
can be accomplished by reaction between an ammonium salt 1 and a
hypervalent iodine(III) compound 2 (Figure 5). The thus obtained
iodine(I) reagents 3 were isolated as white to yellow solids which
display high stability against moisture and air.
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CDCl3
25°C,12h
R;4NI + Phl(O,CAr); —— R4N[IO,CAr],
1 2 -Phl 3
°e
NBuy,

NBuy,

3b (X=F): 79%
=Cl): 76%
=Br): 86%

9 0
é?w

e): 74%

3k: 99%

1%
NBuy

3l (X=Cl): 83%
3m (X=Br): 77%

n (X=CF3): 78%
0 (X=Me): 90%
P (
q (

Q. <.

X=OMe): 99%
X=CO,Me): 96%

Figure 5: Synthesis of iodine(I) reagents of the general formula R4N[I(O2CAr)2].
The high stability of this type of compounds can be rationalized by

examining the X-ray structures. Four of the new compounds 3f, 3g,
3i and 3k were submitted to analysis by X-ray diffraction of suitable
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crystals as it is shown in Figure 6.1%] These compounds display the
expected linear coordination mode at the central iodine atom by the
anionic carboxylates, and the iodine-oxygen distance is comprised
between 2.16 and 2.20 A. The bond length between the iodine center
and the ligands is shorter compared to the interaction for the neutral
ligands of Barluenga’s reagent (2.255-2.261 A )I®®M¢7] or Yoshida's
reagent (2.27 A).’7] The shorter bond lengths that are observed for
anionic ligands is a proof of more pronounced iodine-ligand
interaction and as a consequence, higher stability.

Figure 6: From top to bottom, right to left: Solid-state structures of compound 3f,
3g, 3i and 3k.

Although these reagents appeared to be air- and moisture-stable in
their solid form, we were interested to study the stability of these
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reagents with regard to ligand exchange in solution. Hence
fluorinated compounds 3g and 3n were dissolved in deuterated
chloroform (Scheme 26). This experiment continued repeated
monitoring by ’F-NMR spectroscopy. The spectra showed no cross-
over between the benzoates from the iodine coordination sphere of
the two differently fluorinated reagents, thereby confirming that the
two anionic iodine units remained stable at 25°C in CDCl; solvent.

o) 25°C, 12h (unchanged)

—l@
®
F NBu,
o CDCl,
F. : )\—o—l—o—é — , 3@
o

Scheme 26: Proof of stability of two iodine(I) compounds against dissociation in
solution.

2.2.2. Reagent performance in alkene oxidation

We have investigated the reaction of styrene with these iodine(I)
reagents. In the previous chapter was shown how some iodine(I)
compounds induce iodooxygenation reactions, due to this fact, we
were interested to explore this particular reaction for the present case.
We started our exploration by mixing BusN[I(mCBA).] with styrene
in different solvents at 25 °C (Table 1, Scheme 27). Using Et,0,
acetonitrile or toluene, the desired iodooxygenation reaction did not
proceed (entries 1, 2 and 3), whereas the expected product was
observed using THF and DMF with an average of 15% yield (entries

37



Chapter 2: A novel iodine(l) reagent for iodooxygenation

4 and 5). However, in THF and DMF, a significant amount of by-
products were observed. Finally, DCM was found to be the best
solvent leading to a cleaner reaction and a better isolated yield (25%,
entry 6). Then, we observed that the temperature is not an important
factor for the efficiency of the reaction (Table 2, Scheme 27). In fact,
increasing the temperature to 30 °C, 40 °C or 60 °C led to the same
range of yield (32%, 28% and 31% respectively) and it also led to the
formation of multiple impurities along with unreacted starting
material. To avoid the formation of too many by-products, we
decided to work at 30°C.
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Solvent optimization

N Bu,N[I(mCBA),] o
Solvent, 25 °C, 12h o
I
4a 5e

Entry Solvent Isolated yield (%)

Cl

1 Et,0 0
2 ACN 0
3 Toluene 0
4 THF 10
5 DMF 15
6 CH,Cl, 25
Temperature optimization Cl

N BuyN[I(mCBA),] o
Temperature, CH,Cl, 12h 0
|
4a 5e

Entry T (°C) Isolated yield (%)
1 25 25
2 30 32
3 40 28
4 60 31

Scheme 27: Temperature and solvent optimizations.

Due to these informations, we thought that the addition of an acid
might be beneficial to accelerate the reaction (Scheme 28). Our

39



Chapter 2: A novel iodine(l) reagent for iodooxygenation

investigation of different acid promoters started with the use of a
solution of 4M HCI and we observed a slight improvement of the
yield (37%, entry 1). Acetic acid (43%, entry 2), formic acid (46%,
entry 3), citric acid (40%, entry 4), pivalic acid (50%, entry 5) and
TFA (54%, entry 6) gave better results than 4M HCIl but still left room
for improvement. Finally, the use of the m-chlorobenzoic acid, which
is present as carboxylate ligand in the iodine(I) reagent, gave the best
result with 94% isolated yield (entry 7).

cl
Bu,N[I(mCBA),]

N Acid o
CH,Cl,, 30 °C, 12h 0
[
4a 5e

Entry Acid Isolated yield (%)
1 HCI (4M) 37
2 Acetic acid 43
3 Formic acid 46
4 Citric acid 40
5 Pivalic acid 50
6 TFA 54
7 m-CBA 94

Scheme 28: Effect of the addition of an acid to the iodooxygenation reaction.

This proved that the iodine(I) reagent is activated by the addition of
an equimolar amount of free carboxylic acid, which accelerated the
reaction.
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As observed for the complete set of 16 examples, all reagents 3
provided the corresponding 1,2-difunctionalized products in 60-94%
isolated yield regardless of the position of the electron-donating or
electron-withdrawing group in the iodine(I) reagent (Scheme 29).

R
. o
HO,CAr (1.2 equiv) o}
N BuyN[I(OCAr),] 3a-j, I-q |
CHCl,, 30 °C, 12h
4a 5a-j, I-q
R=H R= ortho R= meta R=para

5a: 74% 5b (X=F): 92%

5e (X=Cl): 93% 51 (X=Cl): 83%
5¢c (X=Cl): 94%  5f
59

X=Br): 76% 5m (X=Br): 68%

(
(
5d (X=Br): 89% (X=F): 79% n (X=CF): 70%
h (X= NOZ) 89% 50 (X=Me): 80%
5i (X=OMe): 71% 5p (X=OMe): 88%
5j (X=Me): 60%  5q (X=CO,Me): 79%

Scheme 29: Jodooxygenation of styrene 4a with the set of reagents 3.

Mechanistic studies of the transformation revealed (Scheme 30, top),
that the iodine(I) reagent in presence of the benzoic acid derivative
gives the protonated iodine derivative and the corresponding
tetrabutylammonium benzoate. One of the two carboxylate ligands
dissociates from the central iodine and the resulting active species I-
O>CAr reacts with styrene, forming an intermediate iodonium, which
undergoes nucleophilic attack by the carboxylate to afford the
iodooxygenated product. To study the influence of the free acid in
the coordination sphere of the iodine center, two experiments were
carried out with two different para-substituted iodine(I) reagents, one
with an electron-withdrawing CF3-group, 3n, and another with an
electron-donating OMe-group, 3p, in presence of benzoic acid. In
both cases a mixture of two products with a ratio 4:1 of 5n/5a and
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S5p/5a was formed, respectively, regardless of the electronic
substitution, leading to an identical outcome (Scheme 30, bottom).
Finally, it is also noteworthy that the use of a catalytic amount of free
acid (10 mol%) results in a significant reduction of the reactivity.

Mechanism of the reaction

© o] —|e ®
0 A | ® ArCOH ju At T H
NB _ O—I-0
Ar)\—O—I—O—ﬁo " AconBL, AT _<o
ArCO,H { -ArCO,H
0
0

A 3 omy

Ar Ar

(@@ | X
©/\ —©)v'

Influence of the acid on the reaction

X
X —o
T
NBuy A
Q (0]
0—I1-0 . 0 + o ©
0 PhCO,H ' |
X CH,Cl,, 30 °C, 12h
3n (X=CF3) 5n, p 5a
3p (X=OMe)
5n:5a = 80:20
5p:5a = 79:21

Scheme 30: Exploration into the mechanism of the I(I) promoted
iodooxygenation.

Furthermore, we studied potential substitution effects on the initial
rate of the iodooxygenation. As represented at the top of Figure 7,
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such electronic influences are indeed present in the oxidation of
styrene 4a with different iodine(I) reagents. In order to avoid the
steric influence on the reaction rate, we selected four reagents with a
para-substitution (3n-3q and 3a). As it can be observed in Figure 7,
electron-withdrawing substituents enhance the initial rate of the
reaction, which represents a logical result due to the lower stability
of the ligand at the iodine(I)-center, enabling the fastest liberation of
the active species [-O2CAr and also, the electrophilic character is
more pronounced.

Moreover, this observation was confirmed by the corresponding
Hammett plot. Based on the initial rate of the individual reactions, a
linear relationship is obtained between the logarithm of the rate
fractions versus the Hammett o values (Figure 7, bottom). The
graphical correlation yields a corresponding p value of 0.78, which is
characteristic of a built-up of electrophilicity in the slow step of the
reaction as discussed before.
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70 4

60 -
*R=H
S -
£ 5 + R=OMe
]
2 5 R=Me
®
g 40 x X R=COOMe
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o X ]
X s " R=CF;
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Figure 7: Effect of the 4-substitution on the initial rate of the iodooxygenation of
styrene with different iodine(I) reagents (top) and Hammett correlation (bottom).

Due to the best result of the iodooxygenation obtained with the
iodine(I) containing mCBA as ligands, we decided to use this reagent
with different arene derivatives to increase the scope of the reaction.
As demonstrated in Scheme 31 for 17 examples, the corresponding
vicinal difunctionalization reaction proceeds well for a serie of
different substitution patterns at the arene core. Good results were
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obtained with individual 2-, 3- and 4-substitutions as demonstrated
for products 6b-n with 20-99% isolated yield. Moreover, the reaction
allowed higher substitution at the aromatic ring as it is shown for
products 6 0-q with 81-95% isolated yield.

Cl

O

3-chlorobenzoic acid (1.2 equiv) @)
BuyN[I(mCBA),] 3e (1.2 equiv) |
R ~ R
CH,Cl, 30 °C, 12h
4a-q 5e, 6b-q
R= para R= R= ortho _
—H)- = para . . R= meta
OO, 1COAg oo B0COMS) 96% gl (ovie: sz
2B 94 6g (X=F): 50% (X=CD:30% " gm (x=OPh): 78%
6¢c (X=1Bu): 94% _RY) 459 ;
AR 6h (X=Br): 45% 6n (X=CFj3): 20%
6d (X—Ph) 65% 6i (ch|) 40%
6e (X=OMe): 99% ’
Cl Cl CI\@
(0]
o ° o’ © o)
MeoD/K/l | /ﬁ:(K/
90
60:81% 6p: 85% 6q: 95%

Scheme 31: Iodooxygenation of styrenes 4a-q with reagent 3e.

Furthermore, we observed that the reaction gives the desired
iodooxygenated products 8 a-g in 55-98% isolated yield, with -
substituted styrenes as substrates (Scheme 32). As in the case of
previous examples, all the reactions proceeded with complete regio-
and chemoselectivity, which is in favor of the carboxylate
incorporation at the benzylic position. This is logical because the
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benzylic position is the most reactive for nucleophilic attack at the
stage of the iodonium intermediate, resulting from alkene addition to
the electrophilic iodine center.

cl
o . o
Ro 3-chlorobenzoic acid (1.2 equiv) 0
Bu,N[I(mCBA),] 3e (1.2 equiv) /Ejj\/l
CH,Cl, 30 °C, 12h
R oLl R,
7a-g 8a-g

2R R
Cadueadieaile o

8a: 98% 8b: 95% 8c: 75% 8d: 76%

Scheme 32: Iodooxygenation of a-substituted styrenes 7a-g with reagent 3.

Furthermore, we investigated the stereospecificity of the reaction
with fstyrene 9a and 9b. We observed that in the case of cis-f-
styrene, the reaction is stereoselective as the cis-product 10a was
obtained as the major stereoisomer (cis/trans = 92/8). In the case of
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trans-f-styrene, the reaction is stereospecific with formation of the
trans-product 10b in 99% isolated yield. Cyclic alkenes such as 9¢
and 9d gave the corresponding regiospecific products 10¢ and 10d in
a 95-91% isolated yield. This means that the vicinal iodooxygenation
reaction proceeds with stereospecificity regarding the geometry of

internal double bond (Scheme 33).

3-chlorobenzoic acid (1.2 equiv)
BuyN[I(mCBA),] (1.2 equiv)

.

CH,Cl,, 30 °C, 12h

9a

3-chlorobenzoic acid (1.2 equiv)
BuyN[I(mCBA),] (1.2 equiv)

4

CH,Cl,, 30 °C, 12h

3-chlorobenzoic acid (1.2 equiv)
BuyN[I(mCBA),] (1.2 equiv)

e

CH,Cl,, 30 °C, 12h
9c

3-chlorobenzoic acid (1.2 equiv)
BuyN[I(mCBA),] (1.2 equiv)

2

CH,Cly, 30 °C, 12h
od

Ar
o

10a: 92%
L
0 O

Shi

10b: 99%

Ar

0 O

Cr
10c: 95%
Ar

0 (0]

Co-

10d: 91%

+

Ar
Q/Eo
|

10b: 8%

Scheme 33: Iodooxygenation of internal alkenes 9a-d with reagent 3e.

Further studies were focused on the exploration of additional
substrates. In previous work, Mufiiz’s group studied the diamination
of butadiene derivatives such as 11a with hypervalent iodine reagents
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and observed the selective formation of vicinal diamines. As
expected, the reaction with 3e led to the formation of a single
regioisomer 12a, due to the formation of the thermodynamic product
(maintenance of styrene conjugation).[®) Two examples of amino
styrenes with different protecting groups were studied. We observed
that the tosylamide derivative 4s promotes an aminooxygenation to
the 3-oxygenated indoline. Instance of that is provided by the
observation that the Cbz derivative undergoes clean iodooxygenation
to 6r.11 In the case of substrate 11b, we obtained a similar result as
Minakata in the study of the decarboxylative acetoxylation of
unsaturated carboxylic acid.l”% Here, the iodine reagent promotes the
decarboxylation of the compound, followed by oxygenation to give
the allylic product (Scheme 34).

Ar

3-chlorobenzoic acid (1.2 equiv)

o)\o
Bu,N[I(mCBA),] (1.2 equiv)
\ I
CH,Cl,, 30°C, 12h (j/\)V

12a: 64%

4

11a

3-chlorobenzoic acid (1.2 equiv)

Ar
o4,
©\/\ Bu,N[I((MCBA),] (1.2 equiv) ©\/\g
NHTs N
Ts

CH,Cl, 30 °C, 12h

12b: 61%

3-chlorobenzoic acid (1.2 equiv) Ar

4s
@(\ Bu,N[I(mCBA),] (1.2 equiv) 0o
NHCbz I

CH,Cl, 30°C, 12h

4 NHCbz

6r: 84%
3-chlorobenzoic acid (1.2 equiv)
Bu,N[I((mCBA),] (1.2 equiv)

S S
CH,Cl, 30°C, 12h

(0}
11b 12c: 63%

Scheme 34: Further examples on the oxidation of alkenes 4s-t, 11a-b with
reagent 3e.
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To conclude our research, it was interesting to find a general additive
that could replace the benzoic acid derivative in each reaction in order
to activate the intermediate I-O>CAr to promote the iodooxygenated
product. In the beginning of the project, we tried to optimize the
reaction with several acids but we observed that none of them
provided the iodooxygenated product with a good yield. On the other
hand, in 2015, Hayashi et al. reported the activation of N-
iodosuccinimide with allylamine.*® In our case, allylamine was not
compatible with iodine(I) reagent 3¢, however, acetamide derivatives
promoted the iodooxygenated product of 4-fluorostyrene 4g to the
corresponding product 6g (66-100%, conversion yield) in a way that
is comparable with 2-chlorobenzoic acid. Due to its instability in
solution, no structural data has become yet; an activation of iodine(I)
by acetamide, similar to the case of Hayashi, is proposed to be
involved in this case (Scheme 35).
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Hayashi (2015)

=
HZN/\/ /\/
N— —/—// N—I--N
CDCly HH
(0] (0]
3¢ (1.2 equiv.) o6 d
/@/\ Additive o)K©
F CH,Cl,, 30 °C, 12h /@2\
|
49 F 6g
Additive Equivalents Conversion (%)@
2-Chlorobenzoic acid 1.2 96
Allylamine 1.2
Acetamide 1.2 75
Acetamide 2 90
Acetamide 3 100 (83)®)
Trifluoroacetamide 1.2 72
2-Phenylacetamide 1.2 66
o (0]
® ()
S\— _<Ar 1 NBu, HZNJ\ 8\—
0—-1-0 O—I--N.
Ar o) -ArCO,NBu, Ar i H

Scheme 35: Iodooxydation upon activation of reagent 3¢ with amides. [a]
Conversion by ?’F-NMR spectroscopy with fluorobenzene as internal standard.
[b] Isolated yield purification.

This outcome demonstrated that there are further possible activation
modes for compounds 3 in metal-free oxidation reactions.
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2.3. CONCLUSION

In this section, we have presented the general synthesis, isolation and
characterization of several important iodine(I) reagents with the
general formula R4N[I(O2CAr):]. These compounds are air- and
moisture-stable and also survive upon exposure in solution. They
represent conceptually new iodine(I) compounds with anions as
stabilizers. These compounds display the expected performance as
electrophilic reagents upon interaction with electron-rich substrates
such as styrene derivatives. This iodine(I) compounds are powerful
reagents for the vicinal iodooxygenation of alkenes with a total of 47
different examples obtained. In this versatile application, the reaction
mechanism was studied in detail. Furthermore, the initial rates of the
individual reactions and the chemo- and regioselectivity of the
transformation were investigated. Finally, we discovered acetamide
as general additive, which can be added to the reaction in order to
activate the intermediate I-O2CAr to promote the reaction.
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2.4. EXPERIMENTAL SECTION

2.4.1. General procedures

General procedure for the synthesis of iodine derivatives

A Schlenk tube equipped with a magnetic stirrer was charged with
the corresponding iodine(Ill) compound (1.0 equiv) and ammonium
iodide (2.17 mmol, 1.0 equiv), evacuated and backfilled with argon.
At this point, 4 mL of CDCl; were added. The solution was stirred
for 12 h at 25°C. Et,O was then added to induce the precipitation of
a solid which was filtered and washed with Et2O. The solid was dried
under reduced pressure to obtain the pure title compound.

General procedure for the difunctionalization reaction

A Schlenk tube equipped with a magnetic stirrer was charged with
benzoic acid derivative (1.2 equiv), iodine(I) reagent 3 (1.2 equiv)
and 3 mL of dry dichloromethane. The corresponding styrene (0.2
mmol, 1 equiv) was added and the reaction was stirred overnight at
30°C. Then, DCM was added and the solution was washed with a
saturated aqueous solution of Na>S>0s. The organic layer was dried
over Na;SQyq, filtered and the solvents were removed under reduced
pressure. The crude product was purified by flash column
chromatography (hexane/EtOAc, 9/1, v/v) to provide the correspond-
ding iodooxygenated product.
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2.4.2. Compound characterization
Iodine(I) reagent

Tetrabutylammonium 1,3-benzoyldioxiodane 3a
'H NMR (400 MHz, CDCl3): § = 0.96 (t, J= 7.3 Hz, 12H), 1.42 (h,
1° Re.. J=7.4 Hz, 8H), 1.63-1.77 (m, 8H), 3.34-

Q O_l_op 3.44 (m, 8H), 7.32 (t, J = 7.5 Hz, 4H),

Q)L o 7.40 (t, J = 7.3 Hz, 2H), 7.98 (d, J= 7.3

Hz, 4H).

13C NMR (125 MHz, CDCl3): 8 = 13.8, 19.9, 24.2, 59.1, 127.8,

129.9, 130.8, 133.2, 171.5.

IR v(cm™): 3066, 2960, 2931, 2873, 1607, 1574, 1320, 1292, 1124,

1023, 707, 678.

HRMS (MALDI-TOF): cald. for Ci4H101O4-(M-BusN): 368.9629;

found: 368.9640.

mp: 142-143 °C.

Tetrabutylammonium 1,2-bis(2-fluorobenzoyl) dioxiodane 3b
TH-NMR (400 MHz, CDCl3): 6= 1.00 (t, J= 7.4 Hz, 12H), 1.48 (h,
1° &eu, J=7.4Hz, 8H), 1.73-1.83 (m, 8H), 3.44-

Q O_l_;p 3.49 (m, 8H), 6.97-7.04 (m, 2H), 7.05-

@[\L o 7.12 (m, 2H), 7.30-7.36 (m, 2H), 7.75-
" 7.84 (m, 2H).

13C NMR (125 MHz, CDCl3): § = 13.6, 19.7, 24.0, 60.0, 115.9,

116.1, 123.4 (d, J= 3.7 Hz), 131.5 (d, /= 8.6 Hz), 132.0 (d, J=2.3

Hz), 161.0 (d, J = 253.8 Hz), 169.0.

YF NMR (376 MHz, CDCl): § =-112.7.

IR v(em™): 2962, 2933, 2875, 1648, 1304, 759, 653.

HRMS (MALDI-TOF): cald. for Ci14HsF2104-(M-NBu4):404.9441;

found: 404.9449.
mp: 124-126 °C.
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Tetrabutylammonium 1,2-bis(2-chlorobenzoyl) dioxiodane 3¢
1° Rew, 'HNMR (400 MHz, CDCls): 8=0.97 (t,

o O_I_C(')p J=7.3Hz, 12H), 1.45 (h, J=7.3 Hz, 8H),

@fL 0 1.68-1.78 (m, 8H), 3.38-3.44 (m, 8H),
; 7.15-7.23 (m, 4H), 7.27-7.33 (m, 2H),

7.55-7.67 (m, 2H).

13C NMR (125 MHz, CDCl): & = 13.8 19.8, 24.1, 59.1, 126.3,

129.8, 129.9, 130.3, 131.6, 134.2, 171.0.

IR v(cm™): 2961, 2932, 2874, 1656,1635, 1290, 1256, 750, 648.

HRMS (MALDI-TOF): cald. for Ci4HsClLIOs-(M-NBuy):

436.8850; found: 436.8869.

mp: 98-100 °C.

Tetrabutylammonium 1,2-bis(2-bromobenzoyl) dioxiodane 3d
71° R, 'H NMR (400 MHz, CDClL3): § = 0.92-

0 o—|—Bc:Q 1.00 (m, 12H), 1.36-1.50 (m, 8H), 1.65-

@f\L 0 1.79 (m, 8H), 3.33-3.44 (m, 8H), 7.03-
” 7.14 (m, 2H), 7.19-7.25 (m, 2H), 7.43-

7.50 (m, 2H), 7.03-7.14 (m, 2H).

13C NMR (125 MHz, CDCl3): & = 14.0, 20.0, 24.3, 59.1, 120.2,

127.1,130.2, 130.3, 133.2, 136.8, 171.8.

IR v(em™): 2960, 2931, 2874, 1656, 1295, 1256, 1137, 748, 693,

432.

HRMS (MALDI-TOF): cald. for CisHsBr2lOs-(M-NBus):

524.8850; found: 524.8840.

mp: 104-106 °C.

Tetrabutylammonium 1,3-bis(3-chlorobenzoyl)dioxiodane 3e
© R, '"HNMR (400 MHz, CDCL): § =3.53

-
o3 O_l_oj}c' (s, 12H), 7.25 (t, J = 7.8 Hz, 2H), 7.37
T

(ddd, J=38.0,2.2, 1.2 Hz, 2H), 7.83 (dt,
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J=17.7,13 Hz, 2H), 7.93 (t,J = 1.8 Hz, 2H).

13C NMR (125 MHz, CDCl): 6 = 56.5, 128.0, 129.3, 129.9, 131.1,
133.9, 170.7.

IR v(cm™): 3084, 3056, 3033, 2954, 1623, 1563, 1483, 1292, 1256,
736.

HRMS (MALDI-TOF): cald. for Ci4HsClIOs-(M-MesN):
436.8850; found: 436.8843.

mp: 118-119 °C.

Tetrabutylammonium 1,3-bis(3-bromobenzoyl)dioxiodane 3f
1° %e.. '"HNMR (400 MHz, CDCls): § = 0.99
N Q O_I_OQ& (t,J=7.3 Hz, 12H), 1.41-1.43 (m, 8H),
\©)L e 1.64-1.78 (m, 8H), 3.33-3.44 (m, 8H),
7.21 (t, J=7.8 Hz, 2H), 7.53 (ddd, J =
7.9, 2.1, 1.1 Hz, 2H), 7.91 (d, J= 7.6 Hz, 2H), 8.12 (brs, 2H).
13C NMR (125 MHz, CDCl3): & = 13.8, 19.9, 24.2, 59.1, 121.9,
128.6, 129.5, 133.0, 138.6, 170.0.
IR v(cm™): 2960, 2931, 2872, 1609, 1561, 1293, 1258, 750, 717.
HRMS (MALDI-TOF): cald. for Ci4sHsBr2lO4-(M-BusN):
524.7839; found: 524.7819.
mp: 118-119 °C.

Tetrabutylammonium 1,3-bis(3-fluorobenzoyl)dioxiodane 3g
~1° %, 'H NMR (400 MHz, CDCLs): 8 = 0.99
3 O_l_oé}F (t,J=7.4 Hz, 12H), 1.45 (h, J= 7.4 Hz,
7@} 0 8H), 1.64-1.79 (m, 8H), 3.36-3.45 (m,
8H), 7.09 (tdd, J=8.4, 2.7, 1.0 Hz, 2H),
7.24-7.34 (m, 2H), 7.65 (d, J= 9.9 Hz, 2H), 7.77 (d, J = 7.7 Hz, 2H).
13C NMR (125 MHz, CDCl;): § = 13.8, 19.9, 24.2, 59.2, 116.7 (d, J
=21.9 Hz), 117.6 (d, J = 21.4 Hz), 125.7, 125.6, 129.2 (d, J = 7.7
Hz), 162.5 (d, J=245.1 Hz), 170.3.
YF NMR (376 MHz, CDCl3): § = -114.5.
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IR v(cm™): 3075, 2960, 2934, 2874, 1617, 1582, 1297, 1288, 1214,
760.

HRMS (MALDI-TOF): cald. for Ci14HsF2104-(M-BusN): 404.9441;
found: 404.9475.

mp: 107-108 °C.

Tetrabutylammonium 1,3-bis(3-nitrobenzoyl)dioxiodane 3h
~1° %, 'H NMR (400 MHz, CDCL): § =0.96
S O_l_op“c’z (t, J = 7.4 Hz, 12H), 1.45 (h, J = 7.5
O)L o Hz, 8H), 1.72-1.80 (m, 8H), 3.25-3.66
(m, 8H), 7.50 (t, J = 7.9 Hz, 2H), 8.13
(ddd, J = 8.2, 2.5, 1.2 Hz, 2H), 8.30 (dt, J= 7.7, 1.5 Hz, 2H), 8.72-
8.79 (m, 2H).
13C NMR (125 MHz, CDClL): 6 = 13.8, 19.9, 24.2, 59.2, 124.8,
125.4, 128.9, 134.8, 135.9, 148.0, 169.0.
IR v(cm™): 2959, 2932, 2874, 1654, 1628, 1527, 1347, 1296, 1257,
716.
HRMS (MALDI-TOF): cald. for CisHgIN2Og-(M-BusN):
458.9331; found: 458.9377.
mp: 129-130 °C.

Tetrabutylammonium 1,3-bis(3-methoxybenzoyl)dioxiodane 3i
“1° .. 'H NMR (400 MHz, CDCL): § =
3 o_l_opwe 0.95 (t, J = 7.4 Hz, 12H), 1.41 (h, J =
Q)L o 7.4 Hz, 8H), 1.64-1.73 (m, 8H), 3.34-
3.43 (m, 8H), 3.81 (s, 6H), 6.93 (ddd,
J=28.2,2.8, 1.1 Hz, 2H), 7.20 (t, J= 7.9 Hz, 2H), 7.51 (dd, J = 2.7,
1.4 Hz, 2H), 7.55 (dt, J= 7.7, 1.2 Hz, 2H).
13C NMR (125 MHz, CDCls): 8= 13.8, 19.9,24.2, 55.5,59.1, 114.5,
117.3, 122.5, 128.7, 134.8, 159.3, 171.2.
IR v(cm™): 2960, 2932, 2872, 2837, 1605, 1578, 1432, 1289, 1278,
1230, 1100, 1043, 758.
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HRMS (MALDI-TOF): cald. for CisH14106-(M-BusN): 428.9841;
found: 428.9822.
mp: 112-113 °C.

Tetrabutylammonium 1,3-bis(3-methylbenzoyl)dioxiodane 3j

1° Re.. 'H NMR (400 MHz, CDCL): 8 =0.92
3 O_l_opme (t,J=7.3 Hz, 12H), 1.38 (h, J= 7.4 Hz,
W@)L 0 8H), 1.60-1.65 (m, 8H), 2.32 (s, 6H),
3.20-3.39 (m, 8H), 7.20-7.26 (m, 4H),
7.72-7.74 (m, 2H), 7.77 (s, 2H).
13C NMR (125 MHz, CDCls): 8= 13.8, 19.9,21.4, 24.1, 58.9, 127.0,
127.7,130.6, 131.5, 133.1, 137.3, 171.5.
IR v(cm™): 2959, 2931, 2872, 1613, 1601, 1583, 1295, 1279, 1210,
749, 673.
HRMS (MALDI-TOF): cald. for Ci6H;410s-(M-BusN): 396.9942;
found: 396.9995.
mp: 143-144 °C.

Tetramethylammonium1,3-bis(3-chlorobenzoyl)dioxiodane 3k
—° %, 'H NMR (400 MHz, CDCLs): § = 3.53
3 O_l_oé}c' (s, 12H), 7.25 (t, J = 7.8 Hz, 2H), 7.37
j@} o (ddd, J= 8.0, 2.2, 1.2 Hz, 2H), 7.83 (dt,
J=17.7,1.3 Hz, 2H), 7.93 (t, J= 1.8 Hz,
2H)
13C NMR (125 MHz, CDCL): 8 = 56.5, 128.0, 129.3, 129.9, 131.1,
133.9, 170.7.
IR v(cm™): 3084, 3056, 3033, 2954, 1623, 1563, 1483, 1292, 1256,
736.
HRMS (MALDI-TOF): cald. for Ci4HsClIOs-(M-MesN):
436.8850; found: 436.8843.
mp: 118-119 °C.
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Tetrabutylammonium 1,4-bis(4-chlorobenzoyl)dioxiodane 31
“ —° R, 'HNMR (400 MHz, CDCls): 6 = 0.95

0 9 (t,J=7.4Hz, 12H), 1.40 (h, J="7.4 Hz,
J@)L oo, 12H), 1.64-1.72 (m, 8H), 3.20-3.47 (m,
¢ 8H), 7.27 8d, J = 8.4 Hz, 4H), 7.88 (d,
J= 8.4 Hz, 4H).
13C NMR (125 MHz, CDClLy): § = 13.8, 19.9, 24.2, 59.1, 128.0,
131.4,131.7, 136.9, 170.4.
IR v(cm™): 2960, 2933, 2874, 1618, 1608, 1285, 1275, 1123, 1013,
765, 552.
HRMS (MALDI-TOF): cald. for Ci4HgCl2104-(M-BusN):
436.8850; found: 436.8768.
mp: 152-153 °C.

Tetrabutylammonium 1,4-bis(4-bromobenzoyl)dioxiodane 3m
" —° % 'H NMR (400 MHz, CDCl3): 5 = 0.96
0 Q (t,J=7.4Hz, 12H), 1.41 (h,J=7.4 Hz,
@/‘L % 8H), 1.55-1.77 (m, 8H), 3.24-3.46 (m,
o 8H), 7.44 (d, J = 8.3 Hz, 4H), 7.83 (d,
J = 8.2 Hz, 4H).
13C NMR (125 MHz, CDClL): 6 = 13.7, 19.8, 24.1, 59.0, 125.4,
130.9, 131.5, 131.9, 170.5.
IR v(cm™): 2957, 2930, 2871, 1646, 1585, 1284, 1118, 1011, 832,
761.
HRMS (MALDI-TOF): cald. for Ci4sHsBr2lOs-(M-BusN):
524.7840; found: 524.7587.
mp: 164-165 °C.
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Tetrabutylammonium 1.,4-bis(4-(trifluoromethyl)benzoyl) dio-

xio-dane 3n

cr, 19 @, TH NMR (400 MHz, CDCl3): § = 0.94

(t, J=17.3 Hz, 12H), 1.41 (h, J= 7.4

/©)L°"‘O y Hz, 8H), 1.63-1.76 (m, 8H), 3.32-3.43

FsC (m, 8H), 7.56 (d, J = 8.2 Hz, 4H), 8.05

(d, J=8.0 Hz, 4H).

13C NMR (125 MHz, CDCl3): 8 = 13.8, 19.9, 24.2, 59.2, 124.2 (q, J

= 272.3 Hz), 124.8 (q, J = 3.8 Hz), 130.2, 132.5 (q, J = 32.7 Hz),

136.3, 170.0.

'F NMR (376 MHz, CDCl3): 5 = -62.8.

IR v(cm™): 2962, 2935, 2876, 1654, 1630, 1329, 1307, 1289, 1162,

1117, 1061, 863, 781, 703.

HRMS (MALDI-TOF): cald. for CisHsFslO4-(M-BusN): 504.9377;

found: 504.9323.

mp: 171-172 °C.

Tetrabutylammonium 1,4-bis(4-methylbenzoyl)dioxiodane 30
Me—|eﬁBu4 'H NMR (400 MHz, CDCL): 5§ = 0.97
o (t, J=7.3 Hz, 12H), 1.38 (h, /= 7.4 Hz,
/@)LO—'—O S 8H), 1.60-1.69 (m, 8H), 2.33 (s, 6H),
Me 3.26-3.40 (m, 8H), 7.09 (d, J = 7.9 Hz,
4H), 7.83 (d, J = 7.9 Hz, 4H).
I3C NMR (125 MHz, CDCl3): 6 =13.8,19.9, 21.5, 24.1, 58.9, 128.5,
129.9, 130.5, 140.9, 171.4.
IR v(cm™): 2961, 2932, 2873, 1645, 1609, 1282, 1170, 1119, 1020,
759, 616.
HRMS (MALDI-TOF): cald. for Ci6H141O04-(M-BusN): 396.9942;
found: 396.9898.
mp: 170-171 °C.
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Tetrabutylammonium 1,4-bis(4-methoxybenzoyl)dioxiodane 3p
omﬂ@ﬁm 'H NMR (400 MHz, CDCl3): 6 = 0.96
o (t,J=7.3Hz, 12H), 1.42 (h, J=7.3 Hz,
J@)LO—'-O 5 8H), 1.60-1.79 (m, 8H), 3.27-3.48 (m,
MeO 8H), 3.82 (s, 6H), 6.82 (d, J = 8.8 Hz,
4H), 7.93 (d, J = 8.8 Hz, 4H).
13C NMR (125 MHz, CDCl3): 6 =13.8,19.9,24.2,55.4,59.1, 112.9,
125.8, 131.7, 161.7, 171.2.
IR v(cm™): 2999, 2951, 2930, 2872, 2840, 1634, 1601, 1505, 1280,
1239, 1157, 1022, 773, 616.
HRMS (MALDI-TOF): cald. for CisH141Os-(M-BusN): 428.9841;
found: 428.9867.
mp: 145-146 °C.

Tetrabutylammonium 1,4-bis(methylesterbenzoyl) dioxiodane
3q
cosic1°9, ~ "H NMR (400 MHz, CDCL): § =
o 0.92-1.04 (m, 12H), 1.36-1.41 (m,
@)LO-'-O S 8H), 1.58-1.71 (m, 8H), 3.30-3.42
MeO,C (m, 8H), 3.92 (s, 6H), 7.94-8.17 (m,
8H).
I3C NMR (125 MHz, CDCL): 6 = 14.0, 20.1,24.4,52.5,59.2, 129.3,
130.0, 132.1, 137.3, 167.2, 170.7.
IR v(em™): 2957, 2928, 2872, 1710, 1646, 1278, 731.
HRMS (MALDI-TOF): cald. for C18H14108-(M-NBU.4)1 484.9739;
found: 484.9734.
m.p.: 129-130 °C.
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Iodooxygenated products.

2-Todo-1-phenylethylbenzoate Sa

. i '"H NMR (400 MHz, CDCl3): & = 3.62 (dd, J = 10.7,
©):K© 5.3 Hz, 1H), 3.67 (dd, J = 10.7, 7.7 Hz, 1H), 6.12 (dd,

! J=17.7,5.2 Hz, 1H), 7.36-7.52 (m, 7H), 7.59-7.65 (m,

1H), 8.13-8.18 (m, 2H).
13C NMR (125 MHz, CDCl;): & = 8.0, 75.5, 126.3, 128.5, 128.6,
128.8,129.8, 129.9, 133.3, 138.6, 165.3.
IR v(em™): 3031, 2054, 1710, 1260, 1098, 1026, 699, 684.
HRMS (ESI): Cald. for [M+Na]" C;sH3INaO; 374.9852, found;
374.9866.
m.p: 44-47 °C.

2-Todo-1-phenylethyl-2-fluorobenzoate Sb

. f%) '"H NMR (400 MHz, CDCL): & = 3.61 (dd, J = 10.6,
©)\ 5.2 Hz, 1H), 3.66 (dd, J = 10.6, 7.7 Hz, 1H), 6.16 (dd,

' J=17.,5.2Hz, 1H), 7.15-7.21 (m, 2H), 7.33-7.51 (m,

5H), 7.53-7.63 (m, 1H), 8.05 (td, /="7.5, 1.9 Hz, 1H).
13C NMR (125 MHz, CDCl3): 6 =7.7,76.1, 117.3 (d, J = 22.2 Hz),
118.3 (d, J = 9.4 Hz), 124.0 (d, J = 4.1 Hz), 126.5, 128.7, 128.8,
132.3,134.9 (d, J=9.1 Hz), 138.3, 160.0 (d, J=3.7 Hz), 162.2 (d, J
=261.2 Hz).
YF NMR (376 MHz,CDCl3): § = -108.5.
IR v(em™): 3030, 2921, 1727, 1612, 1246, 1073, 750.
HRMS (ESI): Cald. for [M+Na]" C;sHi2FINaO, 392.9758, found;
392.9765.

2-Todo-1-phenylethyl-2-chlorobenzoate Sc

. I 7 'HNMR (400 MHz, CDCl): & = 3.62 (dd, J = 10.6,
©)\ 5.2 Hz, 1H), 3.67 (dd, J = 10.6, 7.8 Hz, 1H), 6.16 (dd,
|
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J=18, 5.2 Hz, 1H), 7.35-7.52 (m, 8H), 8.00 (dd, J = 7.7, 1.6 Hz,
1H).

13C NMR (125 MHz, CDCly): § = 7.5, 76.4, 126.6, 126.7, 128.8,
128.9, 129.5, 131.2, 131.8, 132.9, 134.1, 138.1, 164.2.0.

IR v(em™): 3032, 2963, 1729, 1283, 1213, 1109, 1043, 743.
HRMS (ESI): Cald. for [M+Na]* C1sH,2CIINaO;, 408.9463, found;
408.9462.

2-Todo-1-phenylethyl-2-bromobenzoate S5d

. I " 'HNMR (400 MHz, CDCL): & = 3.62 (dd, J = 10.6,
©)\ 5.3 Hz, 1H), 3.68 (dd, J = 10.6, 7.7 Hz, 1H), 6.15 (dd,

: J=17.,5.3 Hz, 1H), 7.34-7.51 (m, 7H), 7.67-7.73 (m,

1H), 7.94-7.99 (m, 1H).
13C NMR (125 MHz, CDCl3): § = 7.4, 76.6, 122.0, 126.6, 127.2,
128.8, 128.9, 131.5, 131.7, 132.9, 134.5, 138.0, 164.7.
IR v(em™): 3063, 3031, 1731, 1241, 1099, 1026, 740, 696.
HRMS (ESI): Cald. for [M+Na]* C;sHi2BrINaO; 452.8958, found;
452.8954.

2-Todo-1-phenylethyl-3-chlorobenzoate Se
i 'H NMR (400 MHz, CDClL): 6 = 3.62 (dd, J = 10.7,
©)0\ 5.1 Hz, 1H), 3.67 (dd, J = 10.7, 7.9 Hz, 1H), 6.13 (dd,
o J=179,5.1Hz, 1H), 7.36-7.49 (m, 6H), 7.59 (ddd, J =
7.9, 2.0, 1.2 Hz, 1H), 8.03 (dt, /= 7.9, 1.2 Hz, 1H), 8.12 (t, J=2.0
Hz, 1H).
13C NMR (125 MHz, CDCl3): 6 = 7.6. 76.1, 126.3, 128.0, 128.8,
128.9, 129.8, 129.8, 131.5, 133.3, 134.7, 138.2, 164.1.
IR v(ecm™): 3066, 3032, 1722, 1248, 1120, 1070, 742.
HRMS (ESI): Cald. for [M+Na]* Ci1sH12ClINaO2 408.9463, found,
408.9466.
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2-Todo-1-phenylethyl-3-bromobenzoate 5f

. i '"H NMR (400 MHz, CDCl): & = 3.62 (dd, J = 10.7,
@ 5.1 Hz, 1H), 3.67 (dd, J=10.7, 7.9 Hz, 1H), 6.13 (dd,

e J=1709,5.1 Hz, 1H), 7.34-7.49 (m, 6H), 7.74 (ddd, J =

8.0,2.0, 1.1 Hz, 1H), 8.06-8.10 (m, 1H), 8.27 (t, /= 2.0 Hz, 1H).
13C NMR (125 MHz, CDCl3): § = 7.6, 76.1, 122.6, 126.4, 128.5,
128.8, 128.9, 130.1, 131.7, 132.8, 136.3, 138.2, 164.0.
IR v(em™): 2956, 2924, 1722, 1235, 1114, 742, 769.
HRMS (ESI): Cald. for [M+Na]" CisHi2BrINaO» 452.8958, found,;
452.8949.

2-Todo-1-phenylethyl-3-fluorobenzoate 5g

. i '"H NMR (400 MHz, CDCL): & = 3.62 (dd, J = 10.7,
©)\ 5.1 Hz, 1H), 3.66 (dd, J = 10.7, 7.8 Hz, 1H), 6.12 (dd,

P J=7.8,5.1Hz, 1H), 7.32 (tdd, /=8.3,2.7, 1.1 Hz, 1H),

7.36-7.52 (m, 6H), 7.82 (ddd, /=9.2, 2.7, 1.4 Hz, 1H), 7.94 (dt, J =
7.8, 1.4 Hz, 1H).
13C NMR (125 MHz, CDCl3): 6 = 7.6, 76.0, 116.7 (d, J = 23.1 Hz),
120.4 (d, J = 21.3 Hz), 125.6 (d, J = 3.1 Hz), 126.3, 128.9, 129.0,
130.2(d,J=7.7Hz), 131.9(d, J=7.4 Hz), 138.3, 162.6 (d, J=247.3
Hz), 164.2 (d, J= 3.2 Hz).
YF NMR (376 MHz, CDCl3): 5 =-111.8.
IR v(em™): 3069, 3033, 1721, 1445, 1266, 1195, 1091, 749.
HRMS (ESI): Cald. for [M+Na]" Ci5H;2FINaO, 392.9758, found;
392.9764.

2-Todo-1-phenylethyl-3-nitrobenzoate Sh
°° v, 'H NMR (400 MHz, CDCL): & = 3.64 (dd, J =
©):\©/ 10.8, 4.9 Hz, 1H), 3.70 (dd, J = 10.8, 8.2 Hz, 1H),
! 6.17 (dd, J = 8.2, 4.9 Hz, 1H), 7.38-7.50 (m, 5H),
7.71 (t, J= 8.0 Hz, 1H), 8.44-8.49 (m, 2H), 8.94-8.96 (m, 1H).
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13C NMR (125 MHz, CDCl3): 6 = 7.1, 76.8, 124.8, 126.4, 127.7,
128.9,129.1, 129.8, 131.6, 135.5, 137.9, 148.4, 163.3.

IR v(em™): 2923, 2852, 1727, 1526, 1349, 1250, 1061, 694.
HRMS (ESI): Cald. for [M+Na]" CisH2INNaOs 419.9703, found;
419.9705.

m.p: 108-109 °C.

2-Todo-1-phenylethyl-3-methoxybenzoate 5i

oj‘)\@(%“e 'H NMR (400 MHz, CDCL): & = 3.62 (dd, J =
@ 10.7, 5.1 Hz, 1H), 3.66 (dd, /= 10.7, 7.7 Hz, 1H),

: 3.89 (s, 3H), 6.11 (dd, J = 7.7, 5.1 Hz, 1H), 7.14-

7.18 (m, 1H), 7.35-7.43 (m, 4H), 7.44-7.48 (m, 2H), 7.66 (dd, J =2.7,
1.4 Hz, 1H), 7.76 (dt, J=7.6, 1.4 Hz, 1H).
13C NMR (125 MHz, CDCl3): & = 8.0, 55.5, 75.6, 114.5, 119.7,
122.3,126.3, 128.8, 128.9, 129.5, 131.1, 138.5, 159.6, 165.2.
IR v(ecm™): 2960, 2835, 1715, 1269, 1209, 1033, 750.
HRMS (ESI): Cald. for [M+Na]" CisH;sINaOs 404.9958, found;
404.9976.

2-Todo-1-phenylethyl-3-methylbenzoate 5j
i o, 'H NMR (400 MHz, CDCL): &= 2.45 (s, 3H),
©)O:J\© 3.43-2.71 (m, 2H), 6.12 (dd, J = 7.5, 5.2 Hz, 1H),
' 7.27-7.33 (m, 2H), 7.43 (s, 3H), 7.43-7.50 (m, 2H),
8.03-8.08 (m, 2H).
13C NMR (125 MHz, CDCL): &= 8.0, 21.3, 75.5, 126.4, 127.0,
128.4, 128.7, 129.7, 130.3, 134.1, 138.3, 138.6, 165.5.
IR v(em™): 3033, 2922, 1719, 1270, 1194, 741.
HRMS (ESI): Cald. for [M+Na]" Ci6H;isINaO; 389.0009, found;
389.0011.
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2-Todo-1-phenylethyl-4-chlorobenzoate 51

OJLCL '"H NMR (400 MHz, CDCL): § = 3.59-3.69 (m,
@/\ o 2H), 6.11 (dd, J=17.7, 5.2 Hz, 1H), 8.06-8.11 (m,

: 2H), 7.37-7.50 (m, 7H).

13C NMR (125 MHz, CDCL): &= 7.8, 75.8, 126.3, 128.2, 128.8,
128.9,129.0, 131.2, 138.3, 139.8, 164.5.
IR v(em™): 2924, 1720, 1592, 1261, 1088, 754, 697.
HRMS (ESI): Cald. for [M+Na]" Ci5sH2ClINaO; 408.9463, found;

408.9461.
m.p: 67-69 °C.

2-Todo-1-phenylethyl-4-bromobenzoate Sm

. i@ '"H NMR (400 MHz, CDCl;): 8 =3.61 (dd, J=10.7,
©)\ ., -1Hz 1H),3.65 (dd,/=10.7,7.8 Hz, 1H), 6.10 (dd,

! J =128, 5.1 Hz, 1H), 7.37-7.46 (m, 5H), 7.62-7.66

(m, 2H), 7.98-8.02 (m, 2H).
13C NMR (125 MHz, CDCl3): 6 = 7.8, 75.9, 126.3, 128.5, 128.7,
128.8,128.9, 131.4, 131.9, 138.3, 164.6.
IR v(em™): 3033, 2924, 1719, 1588, 1261, 1095, 1010, 751.
HRMS (ESI): Cald. for [M+Na]* C;sHi2BrINaO; 452.8958, found;
452.8940.
m.p: 53-54 °C.

2-Todo-1-phenylethyl-4-trifluoromethylbenzoate Sn

. i "H NMR (400 MHz, CDCl3): 8 =3.63 (dd, J=10.7,
©)\ [j\CFS 4.9 Hz, 1H), 3.68 (dd, J = 10.7, 8.0 Hz, 1H), 6.14

' (dd, J = 8.0, 4.9 Hz, 1H), 7.35-7.49 (m, 5H), 7.77

(d, J=8.2 Hz, 2H), 8.23-8.30 (m, 2H).
13C NMR (125 MHz, CDCl3): 8 =7.5,76.2, 123.6 (q, J=272.9 Hz),
125.5 (q, J = 3.8 Hz), 126.3, 128.9, 130.3, 132.9, 134.8 (q, J = 32.7
Hz), 138.1, 164.1.
F NMR (376 MHz, CDCl3): & = -63.3.
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IR v(em™): 2925, 2853, 1722, 1324, 1265, 1094, 698.
HRMS (ESI): Cald. for [M+Na]* CisH12F3INaO; 442.9726, found,;
442.9721.

2-Todo-1-phenylethyl-4-methylbenzoate So

i 'H NMR (400 MHz, CDCl;): & = 2.45 (s, 3H),
(o)
©)\ [j\CHS 3.60-3.69 (m, 2H), 6.12 (dd, J = 7.5, 5.2 Hz, 1H),
|
2H).

7.27-7.32 (m, 2H), 7.37-7.49 (m, 5H), 8.02-8.08 (m,

13C NMR (125 MHz, CDCl): § = 8.2, 21.7, 75.3, 126.3, 127.0,
128.7,128.8, 129.2,129.9, 138.7, 144.1, 165.4.

IR v(em™): 3033, 2921, 1717, 1263, 1092, 748.

HRMS (ESI): Cald. for [M+Na]" Ci6HisINaO; 389.0009, found;
389.0003.

2-Todo-1-phenylethyl-4-methoxybenzoate Sp

ojL@ '"H NMR (400 MHz, CDCl;): § = 3.60-3.67 (m,

©/\ oen, 2H), 3.90 (s, 3H), 6.09 (dd, J = 7.5, 5.2 Hz, 1H),
! 6.95-7.00 (m, 2H), 7.35-7.42 (m, 3H), 7.43-7.47

(m, 2H), 8.09-8.13 (m, 2H).
13C NMR (125 MHz, CDCL): § = 8.3, 55.5, 75.1, 113.8, 122.1,
126.3, 128.7, 128.7, 131.9, 138.8, 163.7, 165.0.
IR v(em™): 2959, 2933, 1710, 1604, 1250, 1164, 695.
HRMS (ESI): Cald. for [M+Na]" CisH;sINaOs 404.9958, found;
404.9960.

2-Todo-1-phenylethyl-4-terephthalatebenzoate Sq
. i 'H NMR (400 MHz, CDCL): & = 3.63 (dd, J =
©)\ o 10.7,5.1 Hz, 1H), 3.68 (dd, J=10.7, 7.8 Hz, 1H),
: ocH: 398 (s, 3H), 6.13 (dd, J = 7.8, 5.1 Hz, 1H), 7.35-
7.49 (m, SH), 8.13-8.24 (m, 4H).
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13C NMR (125 MHz, CDCly): 8= 7.6, 52.5, 76.1, 126.4, 128.8,
128.9,129.7, 129.8, 133.5, 134.3, 138.2, 164.5, 166.2.

IR v(em™): 2953, 2925, 1714, 1270, 1235, 1083, 726, 700.

HRMS (ESI): Cald. for [M+Na]* Ci7H;5sINaO4 432.9907, found;
432.9908.

m.p: 112-114 °C.

2-Todo-1-(p-tolyl)ethyl 3-chlorobenzoate 6b
. i '"H NMR (500 MHz, CDCl3): § =2.37 (s, 3H), 3.60

/©)\ (qd, J=10.6, 6.6 Hz, 2H), 6.07 (dd, J=7.9, 5.1 Hz,
Me ' ¢ 1H), 7.18-7.22 (m, 2H), 7.29-7.34 (m, 2H), 7.38-
7.43 (m, 1H), 7.56 (ddd, J = 8.0, 2.2, 1.1 Hz, 1H), 7.99 (dt, J = 7.7,
1.4 Hz, 1H), 8.07 (t, J= 1.9 Hz, 1H).
13C NMR (125 MHz, CDCl): § = 7.8, 21.4, 76.2, 126.4, 126.7,
128.1,129.6, 129.9, 131.7, 133.4, 134.7, 135.4, 138.9, 164.3.
IR v(cm™): 3067, 3029, 2958, 2922, 2860, 1725, 1721, 1274, 1247,
1121, 744.
HRMS (ESI): Cald. for [M+Na]" CicH14CIINaO; 422.9619, found,;
422.9630.

1-(4-(tert-Butyl)phenyl)-2-iodoethyl 3-chlorobenzoate 6c¢
i '"H NMR (500 MHz, CDCl5): 8 =1.31 (s, 9H), 3.58

@/K (dd, J=10.7, 4.7 Hz, 1H), 3.64 (dd, J = 10.7, 8.4
tBu I ¢ Hgz IH), 6.10 (dd, J = 8.4, 4.7 Hz, 1H), 7.34-7.37
(m, 2H), 7.39-7.43 (m, 3H), 7.56 (ddd, /= 8.0, 2.2, 1.1 Hz, 1H), 8.00
(ddd, J=7.8, 1.6, 1.1 Hz, 1H), 8.09 (t, /= 1.8 Hz, 1H).
I3C NMR (125 MHz, CDCl3): §=7.8,31.4,34.8,76.2,125.9, 126.2,
128.1,129.9, 129.9, 131.8, 133.4, 134.8, 135.3, 152.1, 164.4.
IR v(cm™): 2967, 2919, 2866, 1721, 1610, 1574, 1425, 1289, 1277,
1250, 1120, 1070, 852, 745, 673, 613, 590.
HRMS (ESI): Cald. for [M+Na]" Ci19H2CIINaO> 465.0089, found,;
465.0081.

67



Chapter 2: A novel iodine(l) reagent for iodooxygenation

1-([1,1'-Biphenyl]-4-yl)-2-iodoethyl 3-chlorobenzoate 6d
. i '"H NMR (500 MHz, CDCl3): § =3.63 (dd, J=10.7,

J@)\ 5.0 Hz, 1H), 3.68 (dd, J = 10.7, 8.1 Hz, 1H), 6.15
Ph ¢ (dd, J=8.0, 5.0 Hz, 1H), 7.34-7.39 (m, 1H), 7.41-
7.47 (m, 3H), 7.49-7.52 (m, 2H), 7.56-7.59 (m, 2H), 7.60-7.63 (m,
2H), 8.03 (dt,/=17.8, 1.4 Hz, 1H), 8.11 (t, /= 1.9 Hz, 1H).
13C NMR (125 MHz, CDCl;): § = 7.6, 76.1, 125.5, 126.9, 127.3,
127.7,127.8, 128.2, 128.9, 130.0, 131.6, 133.5, 134.8, 137.3, 140.5,
142.0, 164.3.
IR v(cm™): 3063, 3029, 2960, 2922, 1721, 1574, 1486, 1425, 1286,
1247, 1120, 1070, 764, 744, 732, 695, 672, 590, 503.
HRMS (ESI): Cald. for [M+Na]" C21HisCIINaO; 484.9776, found,;
484.9768.

2-Todo-1-(4-methoxyphenyl)ethyl 3-chlorobenzoate 6e
. i '"H NMR (300 MHz, CDCL): § = 3.49-3.70 (m,

O)\ 2H), 3.80 (s, 3H), 6.06 (dd, J = 8.1, 5.2 Hz, 1H),
MeO ' ¢ 6.88-6.94 (m, 2H), 7.34-7.43 (m, 3H), 7.55 (ddt, J
= 8.0, 2.0, 1.0 Hz, 1H), 7.98 (dt, /= 7.7, 1.8 Hz, 1H), 8.06 (t,/=1.9
Hz, 1H).
I3C NMR (75 MHz, CDCl3): $=7.8,55.4,76.1,114.3,127.9, 128.1,
129.8, 129.9, 130.4, 131.7, 133.4, 134.7, 160.1, 164.3.
IR v(cm™): 3074, 2996, 2958, 2925, 2833, 2652, 2959, 2546, 1690,
1509, 1417, 1290, 1244, 1029, 746.
HRMS (ESI): Cald. for [M+Na]" CicH14CIINaO3 438.9568, found,;
438.9572.

1-(4-Acetoxyphenyl)-2-iodoethyl 3-chlorobenzoate 6f
°° '"H NMR (300 MHz, CDCL): § = 2.30 (s, 3H),
O/\ 3.52-3.67 (m, 2H), 6.09 (dd, J = 7.7, 5.3 Hz, 1H),
AcO & 7.08-7.15 (m, 2H), 7.37-7.47 (m, 3H), 7.56 (ddt, J
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—8.1,2.2, 1.1 Hz, 1H), 7.99 (dq, J= 7.8, 1.2 Hz, 1H), 8.07 (t, /= 1.9
Hz, 1H).

I3C NMR (75 MHz, CDClL3): §=7.4,21.2,75.7,122.1,127.7,128.1,
129.9, 131.5, 133.6, 134.8, 135.8, 151.1, 164.2, 169.4.

IR v(cm™): 3076, 2955, 2919, 2850, 1757, 1714, 1695, 1574, 1509,
1464, 1427, 1417, 1369, 1261, 1216, 1197, 1168, 1197, 1168, 1127,
912, 896, 748, 719, 668, 526.

HRMS (ESI): Cald. for [M+Na]" C17H14CIINaO4 466.9518, found,;
466.9510.

1-(4-Fluorophenyl)-2-iodoethyl 3-chlorobenzoate 6g
i '"H NMR (400 MHz, CDCl3): § =3.59 (ddd, J=16.0,

Q): 10.7, 6.5 Hz, 2H), 6.07 (dd, J=7.6, 5.3 Hz, 1H), 7.03-
F e 714 (m, 2H), 7.37-7.47 (m, 3H), 7.57 (ddd, J = 8.0,
2.2, 1.1 Hz, 1H), 7.98 (ddd, J= 7.8, 1.6, 1.1 Hz, 1H), 8.06 (t, J= 1.7
Hz, 1H).
13C NMR (125 MHz, CDCl3): 6 =7.5, 75.6, 115.9 (d, J = 21.7 Hz),
128.1,128.4 (d, J= 8.4 Hz), 129.8, 129.9, 131.5, 133.6, 134.2 (d, J =
3.3 Hz), 134.8, 162.9 (d, J=248.1 Hz), 164.2.
'F NMR (376 MHz, CDCl3): 5 = -112.4.
IR v(cm™): 3070, 2959, 2925, 2853, 1721, 1605, 1574, 1510, 1425,
1286, 1248, 1225, 1158, 1121, 1084, 1070, 949, 834, 744, 672, 567,
503.
HRMS (ESI): Cald. for [M+Na]" C;sH;1CIFINaO; 426.9369, found;
426.9364.

1-(4-Bromophenyl)-2-iodoethyl 3-chlorobenzoate 6h
. i '"H NMR (300 MHz, CDCl): § = 3.46-3.68 (m, 2H),
O)\ 5.95-6.10 (m, 1H), 7.23-7.34 (m, 3H), 7.42 (t,J=17.9
Br ' ¢ Hgz, 1H), 7.55(dd,J=13.7,8.2 Hz, 2H), 7.98 (d, /=
7.8 Hz, 1H), 8.05 (d, /= 1.9 Hz, 1H).
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13C NMR (75 MHz, CDCl3): & = 7.1, 75.5, 123.1, 128.1, 128.2,
129.9, 130.0, 131.4, 132.2, 133.6, 134.9, 137.3, 164.2.

IR v(cm™): 3069, 2958, 2924, 2851, 1722, 1574, 1487, 1426, 1277,
1247, 1121, 1070, 1011, 954, 817, 744, 673, 587, 554, 506.

HRMS (ESI): Cald. for [M+Na]® CisH1iBrClINaO, 486.8568,
found; 486.8560.

1-(4-Chlorophenyl)-2-iodoethyl 3-chlorobenzoate 6i
. i '"H NMR (500 MHz, CDCL): § = 3.52-3.66 (m, 2H),

m 6.04 (dd, J = 7.5, 5.3 Hz, 1H), 7.36-7.38 (m, 4H),
cl e 742t J=17.9Hz 1H), 7.57 (ddd, J = 8.0, 2.1, 1.0
Hz, 1H), 7.98 (dt, J= 7.9, 1.3 Hz, 1H), 8.06 (t, /= 1.8 Hz, 1H).
13C NMR (125 MHz, CDCl): & = 7.2, 75.5, 127.9, 128.1, 129.2,
129.9, 130.0, 131.4, 133.6, 134.9, 134.9, 136.8, 164.2.
IR v(cm™): 3070, 2927, 2852, 1725, 1575, 1490, 1456, 1426, 1278,
1249, 1230, 1120, 1070, 947, 896, 743, 672, 518, 492.
HRMS (ESI): Cald. for [M+Na]* C1sH;1Cl2.INaO; 442.9073, found;
442.9069.

2-Todo-1-(2-methoxyphenyl)ethyl 3-chlorobenzoate 6j
i '"H NMR (500 MHz, CDCl): & = 3.58 (dd, J = 10.7,
é"e)’\ 7.8 Hz, 1H), 3.71 (dd, J = 10.7, 5.8 Hz, 1H), 3.90 (s,
' & 3H), 6.41 (dd, J=17.8, 3.8 Hz, 1H), 6.91 (dd, J = 8.3,
1.0 Hz, 1H), 6.96 (td, J="7.5, 1.0 Hz, 1H), 7.31 (ddd, J=8.2, 7.4, 1.7
Hz, 1H), 7.36-7.40 (m, 1H), 7.41-7.45 (m, 1H), 7.57 (ddd, J = 8.0,
2.2, 1.1 Hz, 1H), 8.05 (ddd, J=7.8, 2.2, 1.1 Hz, 1H), 8.13 (t,J= 1.6
Hz, 1H).
13C NMR (125 MHz, CDClL): § = 8.0, 55.7, 71.0, 110.9, 120.8,
126.4, 126.8, 128.1, 129.8, 129.9, 130.0, 131.8, 133.4, 134.8, 156.2,
164.1.
IR v(cm™): 3069, 3006, 2936, 2837, 1723, 1601, 1574, 1491, 1463,
1425, 1352, 1287, 1241, 1122, 1085, 1027, 957, 895, 745, 673, 587.
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HRMS (ESI): Cald. for [M+Na]" Ci¢H14CIINaO3 438.9568, found,;
438.9572.

1-(2-Chlorophenyl)-2-iodoethyl 3-chlorobenzoate 6k

o i '"H NMR (400 MHz, CDCl): & = 3.59 (dd, J = 10.9,
@)\ 7.7 Hz, 1H), 3.73 (dd, J = 10.9, 4.1 Hz, 1H), 6.39 (dd,

e J=77,4.1 Hz, 1H), 7.21-7.35 (m, 2H), 7.35-7.52 (m,

3H), 7.59 (ddd, J = 8.0, 2.1, 1.1 Hz, 1H), 7.97-8.08 (m, 1H), 8.11 (t,
J=1.8 Hz, IH).
13C NMR (125 MHz, CDCl): 6 = 6.4, 72.7, 127.3, 127.4, 128.2,
129.9, 130.0, 130.1, 131.4, 132.4, 133.7, 134.9, 136.2, 163.9.
IR v(cm™): 3069, 2959, 2924, 2852, 1725, 1574, 1473, 1426, 1279,
1248, 1120, 1051, 1039, 744, 457.
HRMS (ESI): Cald. for [M+Na]* CisH;1Cl2.INaO; 442.9073, found;
442.9072.

2-Todo-1-(3-methoxyphenyl)ethyl 3-chlorobenzoate 61

O° '"H NMR (300 MHz, CDCl): § = 3.51-3.68 (m,
MeOO)\ 2H), 3.82 (s, 3H), 6.06 (dd, J = 7.7, 5.3 Hz, 1H),

e 6.86-7.04 (m, 3H), 7.31 (t, J=7.9 Hz, 1H), 7.41 (t,

J=79Hz, 1H), 7.56 (ddd, J=8.0, 2.1, 1.1 Hz, 1H), 8.02 (dt, J= 7.8,
1.4 Hz, 1H), 8.08 (t, /= 1.8 Hz, 1H).
I3C NMR (75 MHz, CDCl3): 6 =7.6,55.4,76.1,112.4,114.1, 118.7,
128.1, 129.8, 129.9, 130.1, 131.6, 133.5, 134.8, 139.9, 159.9, 164.3.
IR v(cm™): 3069, 2957, 2835, 1722, 1600, 1586, 1575, 1488, 1455,
1426, 1285, 1247, 1122, 1043, 957, 879, 744, 698.
HRMS (ESI): Cald. for [M+Na]" Ci¢H14CIINaO3 438.9568, found,;
438.9569.
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2-Todo-1-(3-phenoxyphenyl)ethyl 3-chlorobenzoate 6m

°° 'H NMR (500 MHz, CDCl;): & = 3.55-3.62 (m,
PhOO)\ 2H), 6.05 (dd, J = 7.4, 5.4 Hz, 1H), 6.97 (ddd, J =

e 8.2,25,1.0Hz 1H), 7.00-7.04 (m, 2H), 7.07 (t,J =

2.1 Hz, 1H), 7.12-7.16 (m, 2H), 7.31-7.37 (m, 3H), 7.41 (t, J="7.9
Hz, 1H), 7.57 (ddd, J = 8.0, 2.1, 1.1 Hz, 1H), 7.98 (dt, J = 7.8, 1.3
Hz, 1H), 8.06 (t, /= 1.9 Hz, 1H).
13C NMR (125 MHz, CDCl): & = 7.6, 75.7, 116.5, 118.9, 119.4,
121.1, 123.9, 128.1, 129.9, 130.0, 130.3, 131.5, 133.5, 134.8, 140.3,
156.7, 157.9, 164.2.
IR v(cm™): 3071, 3003, 2957, 2933, 2835, 1721, 1595, 1574, 1517,
1463, 1422, 1246, 1122, 1071, 1025, 884, 807, 744, 650, 545.
HRMS (ESI): Cald. for [M+Na]" C21HisCIINaO3 500.9725, found,;
500.9719.

2-Todo-1-(3-(trifluoromethyl)phenyl)ethyl 3-chlorobenzoate 6n
0° '"H NMR (400 MHz, CDCl): § = 3.50-3.74 (m,

F30\©)\ 2H), 6.12 (dd, J=7.3, 5.5 Hz, 1H), 7.43 (t, J=7.9

¢ Hz 1H), 7.49-7.70 (m, 5H), 7.97-8.04 (m, 1H), 8.08

(t, J=1.8 Hz, 1H).

13C NMR (125 MHz, CDClL3): & = 6.9, 75.4, 123.4 (q, J = 3.9 Hz),

125.9 (q, J = 3.7 Hz), 128.2, 129.6, 129.8, 129.9, 130.1 (q, J = 2.9

Hz), 131.2, 133.8, 134.9, 139.4, 164.2.

F NMR (376 MHz, CDCl3): & = -62.8.

IR v(cm™): 3071, 2960, 2927, 2854, 1724, 1575, 1426, 1328, 1286,

1248, 1165, 1120, 1070, 956, 899, 869, 801, 744, 701, 672, 657, 460.

HRMS (ESI): Cald. for [M+Na]® CicHii1CIF3INaO, 476.9337,

found; 476.9335.
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1-(3,4-Dimethoxyphenyl)-2-iodoethyl 3-chlorobenzoate 60
“ '"H NMR (500 MHz, CDCl;): & = 3.56 (dd, J = 10.6,
o 5.0 Hz, 1H), 3.64 (dd, J = 10.6, 8.3 Hz, 1H), 3.87 (s,
Voo £, 3H), 3.90 (s, 3H), 6.04 (dd, J= 8.3, 5.0 Hz, 1H), 6.87
Meo]@)v (d,/=8.3 Hz, 1H), 6.92 (d, J=2.1 Hz, 1H), 7.00 (dd,
J=8.3,2.0Hz, 1H), 7.40 (t,J=7.9 Hz, 1H), 7.55 (ddd,
J=28.0,2.2,1.2 Hz, 1H), 7.98 (dt, J= 7.8, 1.3 Hz, 1H), 8.07 (t, J =
1.8 Hz, 1H).
13C NMR (125 MHz, CDCl): § = 7.7, 56.1, 76.3, 109.8, 111.3,
119.1, 128.1, 129.9, 130.8, 131.7, 133.4, 134.8, 149.3, 149.6, 164.3.
IR v(cm™): 3003, 2957, 2933, 2835, 1721, 1595, 1574, 1517, 1463,
1422, 1246, 1122, 1071, 1025, 884, 807, 744, 650, 545.
HRMS (ESI): Cald. for [M+Na]" Ci17H1sCIINaO4 468.9674, found,;
468.9670.

2-Todo-1-(naphthalen-2-yl)ethyl 3-chlorobenzoate 6p
“ '"H NMR (500 MHz, CDCl3): § = 3.67 (dd, J = 10.3,
\@O 5.0 Hz, 1H), 3.74 (dd, J =10.3, 8.6 Hz, 1H), 6.27 (dd,
? , J=8.1,5.1Hz 1H), 7.42 (t, J=7.9 Hz, 1H), 7.49-7.55
(m, 3H), 7.57 (d, J = 8.0 Hz, 1H), 7.82-7.93 (m, 4H),
8.03 (dd, J=17.8, 1.6 Hz, 1H), 8.12 (d, /= 2.3 Hz, 1H).
13C NMR (125 MHz, CDCl3): 6 = 7.5, 76.5, 123.6, 126.2, 126.7,
126.8, 127.9, 128.2, 128.3, 128.9, 129.9, 130.0, 131.6, 133.2, 133.5,
133.6, 134.8, 135.6, 164.3.
IR v(cm™): 3057, 2921, 2850, 1721, 1574, 1425, 1286, 1277, 1248,
1121, 1084, 1070, 815, 742, 666, 476.
HRMS (ESI): Cald. for [M+Na]" Ci19H14CIINaO; 458.9619, found,;
458.9609.
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2-Todo-1-mesitylethyl 3-chlorobenzoate 6q
¢ '"H NMR (400 MHz, CDCls): § = 2.25 (s, 3H), 2.50 (s,
\@O 6H), 3.55(dd, J=10.6,4.9 Hz, 1H), 3.84 (t,J=10.6 Hz,
1, 1H), 6.52 (dd, J=10.4, 4.9 Hz, 1H), 6.85 (s, 2H), 7.41
/fjib (t, J=7.9 Hz, 1H), 7.55 (ddd, J = 8.0, 2.2, 1.1 Hz, 1H),
7.98 (dt, J=7.8, 1.3 Hz, 1H), 8.06 (t, J = 1.8 Hz, 1H).
13C NMR (125 MHz, CDCl3): 5 =4.6, 20.8,20.9, 74.4, 128.1, 129.9,
130.5, 131.1, 131.7, 133.3, 134.8, 136.5, 138.4, 164.3.
IR v(cm™): 3069, 2967, 2919, 2866, 1721, 1610, 1574, 1473, 1425,
1373, 1289, 1277, 1250, 1120, 1084, 1070, 927, 886, 852, 804, 673,
745, 613, 590, 497.
HRMS (ESI): Cald. for [M+Na]" CigHi3CIINaO> 450.9932, found,;
450.9920.

1-lodo-2-phenylpropan-2-yl 3-chlorobenzoate 8a
“ 'H NMR (400 MHz, CDCl;): 6 = 2.15 (s, 3H), J = 10.7
o Hz, 1H), 3.98 (d, J = 10.7 Hz, 7.28-7.46 (m, 6H), 7.59
¢, (ddd,J=38.0,2.2, 1.1 Hz, 1H), 7.97-8.03 (m, 1H), 8.09 (t,
J=1.8 Hz, IH).
13C NMR (125 MHz, CDCl3): § = 17.5, 26.0, 81.9, 124.8, 128.1,
128.2,128.8, 129.9, 130.0, 132.7, 133.3, 134.7, 141.4, 163.6.
IR v(cm™): 3065, 3028, 2984, 2933, 1721, 1574, 1447, 1424, 1375,
1282, 1254, 1193, 1158, 1122, 1070, 1030, 889, 744, 672, 696, 574,
501.
HRMS (ESI): Cald. for [M+Na]" Ci¢H14CIINaO; 422.9619, found,;
422.9610.

1-lIodo-2-(p-tolyl)propan-2-yl 3-chlorobenzoate 8b
@ '"H NMR (400 MHz, CDCl3): 5 = 2.12 (s, 3H), 2.35 (s,
5 3H), 3.75 (d, J = 10.7 Hz, 1H), 3.94 (d, J = 10.7 Hz,
/©>(')v' 1H), 7.16-7.20 (m, 2H), 7.27-7.31 (m, 2H), 7.39-7.43
Me

74



Chapter 2: A novel iodine(l) reagent for iodooxygenation

(m, 1H), 7.56 (ddd, J = 8.0, 2.2, 1.1 Hz, 1H), 7.99 (dt, J= 7.8, 1.3
Hz, 1H), 8.09 (t, J = 1.7 Hz, 1H).

13C NMR (125 MHz, CDCl3): § = 17.8, 21.2, 25.9, 81.8, 124.7,
128.1, 129.5, 129.9, 129.9, 132.8, 133.2, 134.7, 137.9, 138.4, 163.6.
IR v(cm™): 3067, 3026, 2982, 2922, 1721, 1574, 1513, 1452, 1424,
1374, 1294, 1282, 1254, 1186, 1158, 1122, 1070, 1027, 889, 876,
814, 744, 721, 673, 608, 499.

HRMS (ESI): Cald. for [M+Na]" Ci17H1sCIINaO; 436.9776, found,;
436.9771.

2-(4-(tert-Butyl)phenyl)-1-iodopropan-2-yl 3-chlorobenzoate 8c
“ '"H NMR (500 MHz, CDCl5): § = 1.31 (s, 9H), 2.11 (s,
\@o 3H), 3.75 (d, J = 10.7 Hz, 1H), 3.96 (d, J = 10.7 Hz,
{ , 1H),7.28-7.44 (m, 5H), 7.56 (ddd, J=8.0, 2.2, 1.1 Hz,
BUJ@X 1H), 7.98-8.02 (m, 1H), 8.09 (t, /= 1.8 Hz, 1H).
13C NMR (125 MHz, CDCl3): 6 = 17.9, 26.1, 31.4,
34.7, 81.9, 124.5, 125.7, 128.1, 129.9, 130.0, 132.8, 133.2, 134.7,
138.2, 150.9, 163.7.
IR v(cm™): 3034, 2962, 2868, 1722, 1574, 1463, 1425, 1282, 1257,
1192, 1159, 1123, 1070, 1016, 831, 746, 672, 605, 579.
HRMS (ESI): Cald. for [M+Na]" C20H2»CIINaO; 479.0245, found,;
479.0232.

1-lodo-2-(4-methoxyphenyl)propan-2-yl 3-chlorobenzoate 8d
“ '"H NMR (400 MHz, CDCl3): § = 2.12 (s, 3H), 3.73
5 (d, J=10.6 Hz, 1H), 3.80 (s, 3H), 3.93 (d, J = 10.6
f | Hz, 1H), 6.86-6.93 (m, 2H), 7.29-7.36 (m, 2H), 7.39-
7.43 (m, 1H), 7.55 (ddd, /= 8.0, 2.2, 1.1 Hz, 1H), 7.98
(dt,J=17.8, 1.4 Hz, 1H), 8.07 (t, /= 1.8 Hz, 1H).
13C NMR (125 MHz, CDCl3): 8 = 17.9, 25.8, 55.4, 81.7, 114.1,
126.2, 128.1, 129.9, 129.9, 132.8, 133.2, 133.3, 134.7, 159.3, 163.7.

H,CO

75



Chapter 2: A novel iodine(l) reagent for iodooxygenation

IR v(cm™): 3071, 2953, 2926, 2833, 2651, 2591, 2544, 1690, 1596,
1573, 1509, 1459, 1426, 1415, 1288, 1244, 1158, 1030, 896, 828,
805, 746, 718, 667, 544.

HRMS (ESI): Cald. for [M+Na]* C17H,6ClINaO3 452.9725, found;
452.9718.

2-(4-Fluorophenyl)-1-iodopropan-2-yl 3-chlorobenzoate 8e
“ TH NMR (400 MHz, CDClL3): § =2.12 (s, 3H), 3.77 (d,
\(Eo J=10.7 Hz, 1H), 3.91 (d, J = 10.7 Hz, 1H), 7.00-7.10
£, (m,2H), 7.34-7.46 (m, 3H), 7.57 (ddd, J = 8.0, 2.2, 1.1
FJ©>K/ Hz, 1H), 7.95-8.01 (m, 1H), 8.07 (t, /= 1.8 Hz, 1H).
13C NMR (125 MHz, CDCL): § = 17.3, 25.9, 81.5,
115.7 (d, J=21.6 Hz), 126.8 (d, /= 8.2 Hz), 128.1, 129.9 (d, /= 4.3
Hz), 132.5, 133.4, 134.8, 137.3 (d, J = 3.3 Hz), 162.4 (d, J = 247.5
Hz), 163.6.
F NMR (376 MHz, CDCl3): 5 = -114.1.
IR v(cm™): 3067, 3041, 2960, 2926, 2879, 1725, 1698, 1597, 1507,
1473, 1417, 1225, 1158, 1014, 832, 747, 544.
HRMS (ESI): Cald. for [M+Na]" C;sHi3CIFINaO; 440.9525, found;
440.9526.

2-(4-Chlorophenyl)-1-iodopropan-2-yl 3-chlorobenzoate 8f
“ 'TH NMR (500 MHz, CDCl): 6 =2.12 (s, 3H), 3.77 (d,
\@o J=10.7 Hz, 1H), 3.89 (d, /= 10.7 Hz, 1H), 7.31-7.37
¢, (m,4H), 7.40-7.43 (m, 1H), 7.57 (ddd, J = 8.0, 2.2, 1.1
CQX Hz, 1H), 7.97 (dt, J = 7.8, 1.4 Hz, 1H), 8.06 (t, J = 1.8
Hz, 1H).
13C NMR (125 MHz, CDCl3): & = 16.9, 25.9, 81.5, 126.4, 128.1,
129.0, 129.9, 130.0, 132.4, 133.4, 134.1, 134.8, 140.0, 163.6.
IR v(cm™): 3068, 2983, 2933, 1720, 1574, 1491, 1423, 1293, 1252,
1193, 1159, 1121, 1094, 1068, 1012, 889, 826, 763, 743, 719, 673,
591, 555, 520.
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HRMS (ESI): Cald. for [M+Na]" CisHi3C12INaO> 456.9230, found,;
456.9212.

2-Todo-1,1-diphenylethyl 3-chlorobenzoate 8g
¢ "H NMR (500 MHz, CDCl:): § = 4.72 (s, 2H), 7.27-7.32
o (m, 2H), 7.34-7.40 (m, 4H), 7.42-7.49 (m, 5H), 7.59 (ddd,

S, J=8.0,22, 1.1 Hz, 1H), 8.05 (dt, J= 7.8, 1.3 Hz, 1H),

8.12 (t, J= 1.8 Hz, 1H).
13C NMR (125 MHz, CDCl): & = 16.1, 84.8, 100.1,

126.3, 127.9, 128.1, 128.5, 129.9, 130.0, 132.8, 133.4, 134.9, 142.4,
163.4.
IR v(cm™): 3087, 3059, 3024, 2924, 2853, 1725, 1659, 1574, 1491,
1447, 1421, 1294, 1281, 1261, 1233, 1114, 1069, 961, 784, 739, 701,
691, 670, 592.
HRMS (ESI): Cald. for [M+Na]" C21HisCIINaO; 484.9776, found,;
484.9767.

(1S, 2S) 2-Iodo-1-phenylpropyl 2-chlorobenzoate 10a
/?;O d.e. 84%.

Yellow oil.
©/\I/ 'H NMR (400 MHz, CDCl3): = 1.88 (d, J = 7.0 Hz,
3H), 4.54 (p,J=7.0 Hz, 1H), 5.95 (d, /= 7.5 Hz, 1H), 7.41-7.35 (m,
4H), 7.44-7.51 (m, 4H), 8.04-8.07 (m, 1H).
13C NMR (125 MHz, CDCL): § = 25.0, 28.6, 81.3, 126.7, 127.1,
128.61, 128.8, 129.4, 131.8, 131.3, 132.9, 134.2, 137.1, 163.9.
IR v(cm™): 1924, 1732, 1243, 1074, 1045.
HRMS (ESI): Cald. for [M+Na]" CicH14ClINaO; 422.9627, found,
422.9606.

0
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(1S, 2R) 2-Iodo-1-phenylpropyl 2-chlorobenzoate 10b
Y Diastereospecific.

9#0 Yellow oil.
m 'H NMR (400 MHz, CDCl3): 6 = 1.97 (d, J = 7.0 Hz,
3H), 4.56-4.64 (m, 1H), 6.15 (d, J= 5.4 Hz, 1H), 7.36-7.43 (m, 4H),
7.45-7.52 (m, 4H), 8.03 (dd, J=7.7, 1.7 Hz, 1H).
13C NMR (125 MHz, CDCL): § = 23.3, 27.8, 80.7, 126.7, 127.2,
128.40, 128.6, 129.5, 131.3, 131.9, 132.9, 134.1, 137.3, 164.1.
IR v(cm™): 1924, 1733, 1243, 1111, 1043.
HRMS (ESI): Cald. for [M+Na]" Ci6H14ClINaO; 422.9627, found,

422.9610.

A. Shimizu, R. Hayashi, Y. Ashikan, T. Nokami, j. Yoshida. J. Org.
Chem. 2015, 11, 242-248.

(1S, 25)-2-iodo-2,3-dihydro-1H-inden-1-yl-3-chlorobenzoate 10c¢
L, 'HNMR (400 MHz, CDCLy): § =3.44 (dd, J=17.0, 4.6
S Hz, 1H), 3.86 (dd, J = 17.0, 6.8 Hz, 1H), 4.67 (ddd, J =

@O/ 6.8, 4.6, 3.7 Hz, 1H), 6.67 (d, /= 3.7 Hz, 1H),

7.29-7.36 (m, 2H), 7.37-7.47 (m, 2H), 7.48-7.53 (m, 1H), 7.56 (ddd,

J=28.0,2.2,1.1 Hz, 1H), 7.95 (dt, J= 7.8, 1.3 Hz, 1H), 8.02 (t, J =

1.9 Hz, 1H).

13C NMR (125 MHz, CDCl;): & = 23.8, 43.5, 86.7, 124.8, 125.9,

127.7, 128.0, 129.7, 129.8, 129.9, 131.4, 133.3, 134.6, 138.3, 142.2,

164.8.

IR v(cm™): 2962, 1714, 1265, 1087, 749.

HRMS (ESI): Cald. for [M+Na]" CicH12CIINaO; 420.9463, found,;

420.9458.
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(1S, 2S) 2-lodo-1,2,3,4-tetrahydronaphthalen-1-yl-3-chlorobenzoate
10d

)A;o Yellow oil.

¢ 'H NMR (400 MHz, CDCL): § = 2.20-2.51 (m, 2H),
©:>_l 3.91-2.20 (m, 2H), 4.77 (ddd, J = 5.8, 4.2, 3.0 Hz, 1H),
6.49 (d, J=4.3 Hz, 1H), 7.20-7.31 (m, 2H), 7.32-7.42 (m, 3H), 7.56
(ddd, J=18.0,2.2, 1.1 Hz, 1H), 7.96 (dt,J=17.8, 1.4 Hz, 1H), 8.02 (t,
J=19Hz, IH).
13C NMR (125 MHz, CDCl): § = 27.4, 28.0, 28.8, 75.7, 126.7,
128.0, 129.0, 129.8, 129.9, 130, 131.1, 131.6, 133.3, 134.6, 136.1,
164.5.
IR v(cm™): 2925, 1716, 1243, 1243, 1119, 1069, 745.
HRMS (ESI): Cald. for [M+Na]" C17H14CIINaO; 434.9619, found,;
434.9623.

(E)-1-1odo-4-phenylbut-3-en-2-yl 3-chlorobenzoate 12a

. j\'o 'H NMR (400 MHz, CDCl3): 8 =3.52 (dd, /=5.8, 2.6
©/\)\/| Hz, 2H), 5.66-5.75 (m, 1H), 6.23 (dd, J=16.2, 7.2 Hz,

1H), 6.79 (d, J=16.2 Hz, 1H), 7.28-7.37 (m, 3H), 7.39-

7.44 (m, 3H), 7.56 (ddd, J = 8.0, 2.2, 1.1 Hz, 1H), 7.99 (dt, J = 7.8,
1.3 Hz, 1H), 8.07 (t, /= 1.8 Hz, 1H).
13C NMR (125 MHz, CDCl3): & = 7.1, 74.5, 125.3, 126.9, 128.1,
128.7, 128.8, 129.9, 129.9, 131.8, 133.4, 134.8, 135.2, 135.7, 164.3.
IR v(cm™): 3063, 3026, 2924, 1719, 1575, 1425, 1285, 1245, 1121,
1084, 1070, 963, 938, 743, 692, 673, 496.
HRMS (ESI): Cald. for [M+Na]" C17H14CIINaO; 434.9619, found,;
434.9627.

1-Tosylindolin-3-yl 3-chlorobenzoate 12b
o,@' '"H NMR (400 MHz, CDCl3): & =2.30 (s, 3H), 4.10-4.20
©\/\g ? (m, 2H), 6.16 (dd, J=5.8, 3.1 Hz, 1H), 7.10 (td, J = 7.5,
Ts 1.0 Hz, 1H), 7.18 (d, J= 8.1 Hz, 2H), 7.32 (t, /= 7.9 Hz,
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1H), 7.40-7.44 (m, 2H), 7.51 (ddd, J = 8.0, 2.2, 1.1 Hz, 1H), 7.65-
7.70 (m, 3H), 7.73 (t, J= 1.9 Hz, 1H), 7.80 (d, /= 8.0 Hz, 1H).

13C NMR (125 MHz, CDClL): § = 21.6, 55.8, 72.6, 115.7, 124.4,
127.0, 127.4, 127.9, 128.8, 129.6, 129.7, 129.8, 131.2, 131.3, 133.5,
133.9, 134.6, 143.3, 144.5, 164.9.

IR v(cm™): 3257, 3069, 3030, 2924, 2858, 1718, 1466, 1356, 1248,
1163, 1070, 747, 670.

HRMS (ESI): Cald. for [M+Na]® CxH;sCINNaOsS 450.0537,
found; 450.0543.

1-(2-(((Benzyloxy)carbonyl)amino)phenyl)-2-iodoethyl 3-
chlorobenzoate 6r
. j‘;o '"H NMR (400 MHz, CDCl3): 6 = 3.57 (dd, J=10.7, 4.6
©\)V| Hz, 1H), 3.80 (t, /= 10.7 Hz, 1H), 5.27 (s, 2H), 6.18 (dd,
nice: J = 7.5, 4.7 Hz, 1H), 7.20 (t, J = 7.6 Hz, 1H), 7.32-7.48
(m, 8H), 7.55 (d, J = 8.7 Hz, 1H), 7.72-7.74 (m, 2H), 7.94 (dt, J =
7.8, 1.4 Hz, 1H), 8.03 (t, /= 1.9 Hz, 1H).
13C NMR (125 MHz, CDCl): 8 = 5.1, 67.4, 73.5, 125.7, 126.9,
128.1, 128.4, 128.5, 128.7, 130.0, 130.2, 130.9, 133.7, 134.9, 135.7,
136.3, 154.5, 165.1.
IR v(cm™): 3325, 3067, 3032, 2957, 2930, 1707, 1517, 1453, 1247,
1214, 1041, 744.
HRMS (ESI): Cald. for [M+Na]® CxHi9CIINNaO4 557.9940,
found; 557.9945.

Allyl 3-chlorobenzoate 12¢

S T, AL Strayer, C. C. Culy, M. H. Bunner, A. R. Frank, P. A.
Albiniak. Tetrahedron Lett. 2015, 56, 6807.
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2.4.3. Control experiments

Cross over experiment.

A Schlenk tube equipped with a magnetic stirrer was charged with
tetrabutylammonium  1,2-bis(fluorobenzoyl) dioxiodane (0.15
mmol,1.0 equiv.) and tetrabutylammonium 1,3-bis(fluorobenzoyl)
dioxiodane (0.15 mmol, 1.0 equiv.) in 1 mL of CDCl; and the
reaction was stirred 12 h at 25 °C. Then, the reaction mixture was
analyzed by "F-NMR without additional treatment.

—le
NBuy
o -1-0 _ CPC 3g,3n

25 C 12h (unchanged)
NBu4

OM@

TH NMR (400 MHz, CDCL): 5 = 0.94 (t, J = 7.3 Hz, 24H), 1.41 (h,
J=17.3 Hz, 16H), 1.62-1.76 (m, 16H), 3.28-3.46 (m, 16H), 6.95-7.02
(m, 2H), 7.03-7.12 (m, 4H), 7.23-7.36 (m, 4H), 7.58-7.67 (m, 2H),
7.70-7.79 (m, 4H).

19F(H) NMR (376 MHz, CDCls): 5 =-112.4, -114.3.

Reactions of iodine(I) derivatives with styrene in presence of
benzoic acid

A Schlenk tube equipped with a magnetic stirrer was charged with
benzoic acid (1.2 equiv.), the corresponding iodine(I) (1.2 equiv.) and
3 mL of dry DCM. The styrene (0.19 mmol, 1.0 equiv.) was added
and the reaction was stirred 12 h at 30°C. Then DCM was added and
the solution was washed with a saturated aqueous solution of
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Na»S>03. The combined organic phases were dried over Na;SO4 and
the solvents were removed under reduced pressure. The crude was
purified by column chromatography (silica gel, n-hexane/ethyl
acetate, 90/10, v/v).

2-Todo-1-phenylethyl-4-trifluoromethylbenzoate and 2-iodo-1-
phenylethylbenzoate

© o]

(o] o
o | @
e o~ Ao, fo
X
o + (D/\ B CF;
0-1-0 CH,Cl, 30°C, 12h i i
o
F.C 79%* 21%*

3

The products have the same Rrand they could not be separated by
column chromatography.
*Conversion calculated by 'H-NMR.

2-Todo-1-phenylethylbenzoate and 2-iodo-1-phenylethyl-4-
methoxybenzoate

©

(o]
o (o]
)
OCHj3 NBuy4 ©)‘\OH O)K©\ 0)‘\©
Q + ©/§ S e—— OCH3
0—-1-0 CH,Cl,, 30 °C, 12h I |
° 66%* 17%*
HyCO

*Yield obtained after column chromatography.
2-lodo-1-phenylethyl-4-methoxybenzoate

'H NMR (400 MHz, CDCl3): & = 3.59-3.68 (m, 2H) 3.90 (s, 3H),
6.09 (dd, J=7.4, 5.3 Hz, 1H), 6.94-7.00 (m, 2H), 7.33-7.49 (m, 5H),
8.08-8.14 (m, 2H).

2-lodo-1-phenylethylbenzoate
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'H NMR (400 MHz, CDCl3): & = 3.62 (dd, J = 10.7, 5.2 Hz, 1H)
3.67 (dd, J = 10.7, 7.6 Hz, 1H), 6.12 (dd, J = 7.6, 5.2 Hz, 1H), 7.34-
7.53 (m, 7H), 7.59-7.65 (m, 1H), 8.13-8.18 (m, 2H).

Kinetic studies on 4-fluorostyrene with iodine(I) derivatives in
presence of the corresponding acid derivatives.

c] 0 o)
R | ©

NBu, R_E Y TOH o X
i | —R

; O e g
+ _—
Ejj)Lo_Po CH,Cl,, 30 °C, 12h 1
R—— o
=

General procedure. The iodine(I) derivative (1.2 equiv.) and the
benzoic acid derivative (1.2 equiv.) were charged in a NMR tube,
followed by addition of CD>Cl (0.75 mL). After all solids were
dissolved, styrene (0.05 mmol, 1 equiv.) was added and the reaction
monitored by acquisition of a 'H-NMR experiment every 5.37 min.
All datas were collected in 500 MHz '"H-NMR. In the following plot
conversion [%] vs time [h] is represented.

70
60
*R=H

50 ¢R=OMe
R=Me

40 L X X R=COOMe
R=CF3

30

20 X m
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Kinetic profiles for iodooxigenation with iodine(I) derivatives in
presence of the corresponding benzoic acid derivatives. Hammett
Plot:

With the slopes of these initial rates obtained in the previous plot, a
Hammett correlation plot could be generated:

Entry X log(Kx/Kp) Hammett constant o,,.x
1 OCHj3 -0.30 -0.27
2 Me -0.20 -0.17
3 H 0.00 0.00
4 COOMe 0.18 0.31
5 CF; 0.35 0.54
0,4 -
0,3 -
0,2 -
T 0,1 -
5 y =0.7829x - 0.0593
X 0 - R2=0.98319
>
<]
= 01 -
-0,2 -
0,3 v
-0,4 : T T T )
-0,35 -0,15 0,05 0,25 0,45 0,65

Hammetto
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Hammett correlation studies show that the nature of the group in p-
position has a clear effect on the reaction rate. In the case of
compounds containing electron-withdrawing groups, the reaction
was noticed faster than with electron-donor groups.

2.4.4. X-Ray analytical data

Tetramethylammonium 1,3-bis(3-chlorobenzoyl)dioxiodane

Table S1. Crystal data and structure refinement for compound 3k.

Empirical formula C18 H20 CI2IN O4
Formula weight 512.15

Temperature 100(2) K
Wavelength 0.71073 A

Crystal system Orthorhombic

Space group Pbca

Unit cell dimensions a=10.7553(7)A. a=90°.

b=12.5457(8)A P =90°.
c=30.0421(18)A y = 90°.

Volume 4053.7(4) A3
z 8

Density (calculated) 1.678 Mg/m?3
Absorption coefficient 1.866 mm™!
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F(000)

Crystal size

Theta range for data collection
Index ranges

39<=1<=42

Reflections collected
Independent reflections
Completeness to theta =30.446°
Absorption correction

Max. and min. transmission
Refinement method

F2

Data / restraints / parameters
Goodness-of-fit on F2

Final R indices [[>2sigma(I)]
R indices (all data)

Largest diff. peak and hole

2032

0.20 x 0.20 x 0.20 mm?
2.329 to 30.446°.
-15<=h<=10,-17<=k<=17,-

25746

5514[R(int) = 0.0317]
89.600006%

Multi-scan

0.835 and 0.642
Full-matrix least-squares on

5514/ 0/ 239

1.070
R1=0.0191, wR2 = 0.0477
R1=0.0216, wR2 = 0.0484

0.874 and -0.509 e.A-3

Tetrabutylammonium 1,3-bis(3-bromobenzoyl)dioxiodane 3f

Table S2. Crystal data and structure refinement for compound 3f.

Empirical formula

C15.50 H22.50 Br C11.50
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10.50 N0.50 O2

Formula weight 444.37

Temperature 100(2) K

Wavelength 0.71073 A

Crystal system Triclinic

Space group P-1

Unit cell dimensions a= 9.309(2) a=85.338(10)°.
b= 13.407(3)A B=79.825(10)°.
c= 15.224(HA y = 78.116(8)°.

Volume 1828.1(8) A3

4 4

Density (calculated) 1.615 Mg/m3

Absorption coefficient 3.315 mm!

F(000) 888

Crystal size 0.20 x 0.20 x 0.20 mm?

Theta range for data collection 2.266 to 36.452°.

Index ranges -15<=h<=15,-22<=k<=22,-

25<=1<=25

Reflections collected 59113

Independent reflections 17672[R(int) = 0.0619]

Completeness to theta =36.452° 98.7%

Absorption correction Multi-scan
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Max. and min. transmission
Refinement method

F2

Data / restraints / parameters
Goodness-of-fit on F2

Final R indices [[>2sigma(I)]

R indices (all data)

0.733 and 0.564

Full-matrix least-squares on

17672/ 102/ 431

1.019
R1=0.0499, wR2 =0.1411

R1=0.0773, wR2 = 0.1540

Largest diff. peak and hole 3.358 and -2.545 e.A-3

Tetrabutylammonium 1,3-bis(3-fluorobenzoyl)dioxiodane 3g

Table S3. Crystal data and structure refinement for compound 3g.

Empirical formula
Formula weight
Temperature

Wavelength

C30 H44 F2 1N 04
647.56
100(2) K

0.71073 A
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Crystal system Orthorhombic
Space group Pcen
Unit cell dimensions a= 24.9785(14)A. o= 90°.

b= 9.4157(5)A. B=90°.

c= 13.1047(6)A. y= 90°.

Volume 3082.1(3) A3

4 4

Density (calculated) 1.396 Mg/m3
Absorption coefficient 1.084 mm-!

F(000) 1336

Crystal size 0.40 x 0.15 x 0.02 mm?>
Theta range for data collection 2.786 to 29.635°.

Index ranges -23<=h<=34,-7<=k<=7,-
18<=I<=17

Reflections collected 19450

Independent reflections 2888[R(int) = 0.0736]
Completeness to theta =29.635° 86.4%

Absorption correction Multi-scan

Max. and min. transmission 0.979 and 0.753
Refinement method Full-matrix least-squares on
F2

Data / restraints / parameters 2888/ 4/ 176
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Goodness-of-fit on F2 1.035

Final R indices [[>2sigma(I)] R1=0.0644, wR2 = 0.1454
R indices (all data) R1=0.1117, wR2=0.1672
Largest diff. peak and hole 2.302 and -1.301 e.A-3

Tetrabutylammonium 1,3-bis(3-methoxybenzoyl)dioxiodane 3i

Table S4. Crystal data and structure refinement for compound 3i.

Empirical formula C32 H50IN O6
Formula weight 671.63
Temperature 1002) K
Wavelength 0.71073 A
Crystal system Monoclinic
Space group C2/c

Unit cell dimensions a= 24.499(5)A. o= 90°.

b= 18.058(4)A  B=94.37(3)".
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Volume

V4
Density (calculated)

Absorption coefficient

F(000)

Crystal size

Theta range for data collection
Index ranges

19<=1<=17

Reflections collected
Independent reflections
Completeness to theta =27.533°
Absorption correction

Max. and min. transmission
Refinement method

F2

Data / restraints / parameters
Goodness-of-fit on F2

Final R indices [[>2sigma(I)]

R indices (all data)

Largest diff. peak and hole 1.821 and -3.180 e.A-3

c= 147233)A = 90°.

91

6495(2) A3
8
1.374 Mg/m3

1.028 mm-1

2800

0.20 x 0.20 x 0.20 mm?
1.927 to 27.533°.

-31<=h<=22,-23<=k<=23,-

26062

7397[R(int) = 0.1142]
98.799995%
Multi-scan

0.970 and 0.746

Full-matrix least-squares on

7397/ 1209/ 709

1.204
R1=0.0939, wR2 = 0.2428

R1=0.1154, wR2 = 0.2487
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CHAPTER 3: OXIDATIVE AMINATION OF C-(sp?) IN
DERIVATIVES OF TETRAHYDROCARBAZOLE

3.1. INTRODUCTION: BACKGROUND OF HYPERVALENT
IODINE(III) REAGENT PhI(NPhth); IN ORGANIC
CHEMISTRY. STRATEGIES FOR THE DIRECT o~
FUNCTIONALIZATION OF THE SIDE CHAIN OF 2,3-
DISUBTITUTED INDOLES.

Hypervalent iodine(IIl) reagents with I-N bonds are generally less
common than those with I-O bonds. Most of these compounds lack
stability and are sensitive to moisture.l’!l Except for few examples,
these reagents cannot be isolated.[’?) The chemistry of aryliodine(I1I)
reagents with phthalimide, saccharine, succinimide, and glutarimide
as ligands was reported by Varvoglis and co-workers (Figure 8).4!

©i©¢© ©ﬂ 0

Phi(phthalimide), Phi(saccharine),
°© Q 0 © o)
00
Phi(succinimide), Phl(glutarimide),

Figure 8: Varvoglis” reagents.

Varvoglis et al. described PhI(NPhth), as a thermally stable reagent
which is slowly hydrolyzed to iodobenzene and phthalimide by
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atmospheric moisture and quickly in solvents containing traces of
water. This reagent is insoluble in common organic solvents which
could explain the fact that it has not been used as a reagent in organic
synthesis for many years.

First reports on the use of Varvoglis” reagents in organic synthesis
appeared almost 30 years after their discovery. In 2012, Moriyama et
al. reported that PhI(NPhth) is formed in situ as an intermediate in a
Hofmann-type rearrangement of aromatic and aliphatic imides.[”?
Two years later, Deboef developed a process for the direct amination
of 2-arylpyridine derivatives using PhI(NPhth), with copper triflate
(Scheme 36).174]

Hofmann-type rearragement of imides

HNPhth
m-CPBA KoCO3
PhI ——— > PhI(OH)(OTs)
TsOH-H,0O Na,SO,
MeOH
—_—
Cro D =Crp
Ve Ph
O le) O
MeOe
o Os_OMe
Ph
—~ rlL N=C=0 NH
NS K@ —_—
e} T’ OMe  upto 97%
CO.Me CO,Me CO,Me

Phl

Regioselective C-H bond amination of arenes

Cu(OTf),
__CHClL
PhI NPhth), NPhth
up to 88%

Scheme 36: Varvoglis” reagent used in a Hofmann-type rearrangement with
imide derivatives and in a regioselective amination of arenes.
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Minakata’s group studied the use of hypervalent iodine reagents
containing I-N bond to give rise the decarboxylative amination of
unsaturated carboxylic acid.”%! To this end, they examined the use of
PhI(NPthth), and the decarboxylative amination proceeded with
success as shown in Scheme 37, top. Minakata also developed a new
class of hypervalent iodine reagents containing phthalimide as
ligand. This novel I(IIT) reagent (depicted in Scheme 37, bottom) was
used for the oxidative amination of C(sp®)-H bond of N,N-
dimethylanilines. In addition, this reagent was also satisfactory
applicable to the oxidative amination with rearrangement of
trialkylamines as well as enamines that were prepared in situ from
secondary amines and aldehydes.[’>]

Oxidative amination with Phl(NPhth), reagent

Phi(NPhth),
Ph COH ————— > NPhth
1,1,2,2-TCE, 80 °C

up to 49%

A new iodine(lll) reagent contains phthalimide for the oxidative amination reaction

PhthN—|—0
Ry~ R o)
1
RZ
HNPhth NPhth
or _— )\(\Ra
CH,CN,50°c  PMN™ T
R! up to 78% R

. .R? 0
N~ + 3
H HJ\/R

Scheme 37: Minakata’s oxidative amination using reagents which contain
phthalimide as ligand.
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Indoles are common structural motives in natural products, bioactive
compounds and pharmaceuticals.”®) Hence, considerable efforts have
been carried out towards the development of efficient methods for
their functionalization and synthesis.’”) In this regard, the
functionalization of C-H bonds has been studied extensively, being a
powerful and atom economical tool for the formation of C-C and C-
heteroatom bonds.l”®! Indole derivatives like tetrahydrocarbazoles
containing numerous stereogenic centers have significant value in the
synthesis of pharmaceutical products, as the exhibit outstanding
biological activities.””) Numerous strategies have been studied
towards the synthesis of tetrahydrocarbazole derivatives, involving
asymmetric  Fischer®, Diels-Alder® and cross-coupling!®?!
reactions. Despite significant progresses in the synthesis of
tetrahydrocarbazoles, strategies involving the direct a-functiona-
lization of the side chain of 2,3-disubstituted indoles are quite
limited.

Kawasaki et al. were interested in the functionalization of 2¢-
substituted indole derivatives. In 2011,33) they developed the
acyloxythionium mediated intermolecular C-H functionalization at
the 2 a-position of the indole ring using a nucleophile from DMSO-
TFAA combination. Two years later, they increased the scope of the
reaction and to achieve this goal, they discovered that the change of
the sulfoxide source allows a higher functionalization, including the
formation of C-C bonds.[®* In 2013, Lupton et al. studied the C(sp?)-
H oxidation of the carbamoyl protected tetrahydrocarbazole using
PIDA in presence of a catalytic amount of Pd(OAc): (Scheme 38).18%]
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Sulfoxide-TFAA and nucleophillc combination
R,SO, TFAA -
_ ’ =Y 1 _R2

R1% R2 25°C,DCM %(

N then Nu N

! Nu
PMB up to 99% PMB
R = Me, Ph

Nu: MeOH, TMSN3; BnNH, MeMgpBr...

Palladium catalysis combined with PIDA for the methoxylation of
tetrahydrocarbazoles’ derivatives

Pd(OAc), (20 mol%)

1 2
) MeOH, 100 °C N

N
- /& up to 80% \N& OCHs,
I o |

(0]

Scheme 38: Different combination of reagents towards the oxidative
functionalization of the of 2 a~position of tetrahydrocarbazoles.

The following examples are directed towards C-H amination of
tetrahydrocarbazoles:

C-H amination of the 1-position of the tetrahydrocarbazole core has
been explored by a number of research groups. Klussmann developed
a method for the amination of the 1-position of unprotected
tetrahydrocarbazole derivatives via a hydroperoxide intermediate
using visible light, oxygen, a catalytic amount of Brensted acid and
photosensitizer.®®) Liu et al. have reported a general method for
iodine-catalyzed regioselective C-H amidation and imination at the
I-position of tetrahydrocarbazole derivatives with chloramine
salts.”) Another interesting research about the C-H amination of
tetrahydrocarbazoles was carried out by Zu et al. They described a
simple protocol for the direct functionalization giving rise to a
diastereoselective oxidative coupling process mediated by zerz-butyl
hypochlorite (Scheme 39).158
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C-H functionalization via a peroxide intermediate
Rose bengal Method A:
(0.7 mol%) 8'(:)3233,/0)
o __Galv o h
Toluene, 25 °C Method B: N

up to 99% ACOH, 25 °C H N\AH
r

up to 95%

lodine catalysis and chloramine salt combination for the sulfonamidation
of tetrahydrocarbazoles

I, (10 mol %)
\Il = 2
up to 91% | NH

\

Ph
Oxidative reaction with tert-butyl hypochlorite

R2 R3
R! R* R R4
.R® +-BuOCI R!
\ RS + HN\ _— \ RS
N R7 THF, -20 °C N
H up to 89% H N-gs
R7

Scheme 39: Different combinations of reagents towards the oxidative amination
at the 1-position of tetrahydrocarbazoles.

As decribed above, oxidative C(sp?)-H functionalization at the 4-
position of tetrahydrocarbazoles was not reported.

After several approaches for the C-H functionalization of
tetrahydrocarbazoles using different reagents, Ishibashi et al. studied
this type of reaction using PIDA and TBAI, which form
tetrabutylammonium [diacetoxyiodate(I)] as reactive species in situ.
This transformation is regioselective and is dependent on the substi-
tution of the tetrahydrocarbazole. The thus obtained acetoxylated
products can be transformed into different functionalized tetra-
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hydrocarbazoles by a substitution reaction using appropriate
nucleophiles (Scheme 40).15]

AcO
TBAI (20 mol%)
PhI(OAc),
\ - \ + \
N CH,Cl, : AcOH (1:1) N N
Boc R 0°C Boc OAc Boc Me
t OO
R=H or Me up to 93% from R=H from R= Me

Scheme 40: Iodine-mediated acetoxylation in the 1- and 4-position of
tetrahydrocarbazole.

3.1.1. General objectives

As PhI(NPhth); has hardly been explored until now but can be
considered as a potentially useful oxidative “phthalimide source”
and, as a consequence, a useful reagent in organic chemistry, we were
interested in the synthesis, characterization and development of a
new C-H amination methodology employing this reagent. Since the
C-H amination of tetrahydrocarbazoles has been less explored, we
thought to develop an innovating methodology to carry out the
C(sp®)-H oxidative amination of tetrahydrocarbazole derivatives
using PhI(NPhth) as reagent.
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3.2. RESULTS AND DISCUSSION

We started our exploration with the synthesis of PhI(NPhth), 15
following an adaption of the Varvoglis” procedure. PIFA 14 and
potassium phthalimide 13 were added to a flask and the mixture was
stirred during 5 hours at 40 °C. During our previous exploration of
the performance of electrophilic iodine(I) reagents upon interaction
with electron-rich substrates (Chapter 2, section 2.2.1.), we
demonstrated the preparation of reagents of the general formula
R4N[I(O2CAr),] and studied their utility in the iodooxygenation of
styrene derivatives.!*?) In the present case, we used a similar protocol
to form the iodine(I) reagent R4N[I(NPhth),] 16, which is based on
the reaction between tetrabutylammonium iodide with PhI(NPhth),
at 40°C, using CH3CN as solvent (Scheme 41).
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PIFA
O

CHSCN ;
NK
T 40°C, 55%
o}

13

Bu4NI

®
l BuyN
CHSCN
15
47 °C 86%

L\‘/
- ’\9\/

X-Ray 16

Scheme 41: Synthesis of iodine(III) 15 and iodine(I) 16 reagents.

3.2.1. Reagent performance in oxidative amination of
tetrahydrocabazole derivatives. Stoichiometry version.

We began our studies with tetrahydrocarbazole 17a as the model
substrate. In our previous studies of iodooxygenation, iodine(I)
reagents were stabilized by the addition of an additive. As a
consequence, we started this investigation testing different additives.
Initial transformations using iodine(I) reagent 16 were carried out
under the following conditions: DCE at 50 °C (Scheme 42). Using
tetrafluoroboric acid or molecular iodine did not lead to the formation
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of compound 21a (entries 1-2), whereas the desired product was
observed when phthalimide, acetamide, acetic acid or DBU were
used as additives (entries 3-6) with the range of yield 36%, 35%, 20%
and 31%, respectively. The addition of previous additives, which
possess quite different reactivity such as a base or acid property, gave
similar results. This outcome let to the conclusion that the addition of
an additive to the reaction was not necessary and the expected
product was formed with 50% of yield when no additive was added
(entry 7, Scheme 42).

[I(NPhth), 1BusN (1.2 equiv) PhthN
16
) {
N Additive
H DCE N
17a 50 °C 21a
Entry Additive 'H-NMR Yield (%)
1 BF,H 0
2 I» 0
3 HNPhth 36
4 Acetamide 35
5 Acetic acid 20
6 DBU 31
7 Without additive 50

Scheme 42: Different additives tested for the C-N bond formation of
tetrahydrocarbazole 21a.

We were interested to check if a N-protected tetrahydrocarbazole
would lead to a better result, but both, electron-withdrawing and
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-donating protecting groups showed that the reaction works better
without any nitrogen protection (Scheme 43).

[I(NPhth), JBugN (1.2 equiv) PhthN

16
Qg0 o0
N DCE N
R 50 °C )
18R = Me _
j8R=Me 22 R = Me, 15%

24 R = Boc, 0%

Scheme 43: Acceptor and donor protecting groups tested in the oxidative
amination reaction.

We continued our investigation testing different solvents and
temperatures. First, we focused on the effect of the solvent on this
reaction at 50 °C. THF was our first test and led to the desired product
with 46% yield which is in the same range as the result obtained with
DCE (Scheme 44, entry 1). Replacing THF for acetonitrile improved
the yield as 56% (entry 2) but toluene and dioxane proved their lack
of efficiency (26% and 31% respectively, entries 3-4). The best
solvent found during our study was DMF with 61% yield (entry 5).
Next, we explored the effect of the temperature on this reaction. We
noticed that increasing the temperature of the reaction favored the 'H-
NMR yield of the substrate: at 60°C, the yield was 70% (entry 6), at
70°C was 87% (entry 7) and finally at 80°C, 80% (entry 8), which
demonstrated the decrease of the yield at elevated temperatures
(Scheme 44).
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[I(NPhth), 1BusN (1.2 equiv) PhthN
16 .
\ > \
N Solvent, T °C N
H H
17a 21a
Entry Solvent T°C 'H-NMR yield (%)
1 THF 50 46
2 CHCN 50 56
3 Toluene 36 26
4 Dioxane 50 31
5 DMF 50 61
6 DMF 60 70
7 DMF 70 87*
8 DMF 80 80

* Isolated yield 70%

Scheme 44: 'H-NMR yield of product 21a under different solvents and
temperatures conditions.

As a conclusion, the optimized conditions for this kind of
transformation are the use of DMF as solvent at 70 °C which led to
70% isolated yield of 21a.

To make sure that the iodine(I) compound 16 is necessary to promote
the reaction, we conducted a control experiment with N-
iodophthalimide (Scheme 45). In this case, the reaction did not
proceed: in the crude 'H-NMR, we only observed the starting
material 17a. This result proved the importance of R4N[I(NPhth),] to
afford the desired product 21a.

104



Chapter 3: Oxidative amination of C-(sp’) in derivatives of

tetrahydrocarbazoles
0
C<Nl PhthN
13d o
\ —_ x> \
N o N
N DMF, 70 °C N
17a 21a

Scheme 45: Control experiment with N-iodophthalimide.

In the introduction of this chapter, it is shown that the most reactive
part of the tetrahydrocarbazole is 1-position. Only the group of
Ishibashi provided the first evidence, that functionalization of the 4-
position of tetrahydrocarbazole is possible. In fact, when the 1-
position is methylated, the acetoxylation occurs regioselective in the
4-position!®! of the tetrahydrocarbazole. In our case of oxidative
C(sp®)-H functionalization, the amination takes place exclusively in
the 4-position (Figure 8).

Figure 8: X-ray structure of the compound 21a.

To confirm this outcome, the product 21a was used as a model
substrate in presence of BusN[I(NPhth),] (Scheme 46). In the crude
'"H-NMR, only the starting material was observed indicating that no
alternative amination takes place under these conditions.
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PhthN PhthN
[I(NPhth), JBusN (1.2 equiv)
16
\ > \
N DMF, 70 °C N
H H
21a 21a

Scheme 46: Study of the regioselectivity of this novel transformation.

As demonstrated in Scheme 47 for 15 examples, the developed
amination protocol proceeded for a series of different substitutions at
the arene core and at the aliphatic ring. This reaction showed a
tolerance for a broad number of functional groups affording good
yields and for specific cases, good diastereoselectivities. We
explored the influence of the 6-substitution of the arene core of the
tetrahydrocarbazole and we noticed that the formation of the product
was obtained with the same average of yield with electron-donating
and electron-withdrawing groups (21b-f, 70-92%), and the best
reactivity was observed in the case of chloride (21¢, 90%) and
bromide (21d, 92%). Furthermore, the substitution of the 8-position,
using a methyl group, gave similar results than a methyl-substitution
of the 6-position (21g, 65%) and (21f, 70%) respectively. The
influence of the number of carbons of the ring was studied and it was
observed that a decrease in the size of the ring led to an increase of
the yield (5C, entry 21h, 77%), (6C, entry 21a, 70%), (7C, entry 21i,
44%). Moreover, it was observed that the substitution of the 6-
position with a fluorine improved slightly the isolated yield (entry
21b and 21j, 81% and 80% respectively) as the previous results
(entry 21a and 21h, 70% and 77% respectively). The reaction was
explored also with two indoles: with 2,3-dimethylindole 21k, the
reaction proceeded with 38% yield, but in the case of 3-methylindole
211, no product formation could be observed.
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When the 3-position of the aliphatic ring of the tetrahydrocarbazole
1s functionalized, the reaction is diastereoselective with formation of
the trans-product (21m, 21n). We studied the influence of the
temperature in the ratio of diasteromerisomers for the compound 21n
at low temperature, the cis-product (kinetic product) was formed
preferably (25°C, 80:20, cis:trans), while at high temperature, the
trans-product (thermodynamic product) is favored (70°C, 20:80,
cis:trans).
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PhthN
[I(NPhth), 1BugN (1.2 equiv)
RW\, N /R2 16 RW\'I \ /RZ
T _ \ > _ \
N DMF, 70 °C N
H H
17a,n 21a,n
Rt PhthN PhthN R NPhth
\ \ \ )
n
N N N
H H,C H H
21b (R=F): 81% 21g = 65% 21h (R=H, n=1): 77%
21c (R=Cl): 90% 21a (R=H, n=2): 70%
21d (R=Br): 92% 21i (R=H, n=3): 44%
21e (R=0OCH,): 75% 21j (R=F, n=1): 80%

PhthN

b

L 21m (d.e: 54%): 80%

\

21m-cis 21m-trans

T(°C) Diastereoisomers 21n (%)

(cis:trans)
25 80:20
40 60:40
70 20:80 21n (70 °C, d.e: 60%): 83%

Scheme 47: Scope of the reaction.

The proposed mechanistic pathway is shown in Scheme 48. The
double bond of the tetrahydrocarbazole reacts with N-
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iodophthalimide to form the iodonium intermediate A, which leads
to compound 25a. At this stage, one of the phthalimide anions acts as
a base to remove the proton on the nitrogen. The other phthalimide
anion abstracts a proton of the 4-position of 25a to afford the
intermediate B. The equilibrium of tetrabutylammonium iodide and
phthalimide could be displaced to the left, giving rise to the formation
of hydroiodic acid and the active phthalimide. The intermediate B
undergoes a nucleophilic attack by the phthalimide and the nitrogen
of the indole remained protonated to afford the desired product 21a.
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© @e
PhthN—I—NPhth] Bu4N®= BusN™ = NPhth+  PhthN—I

PhthN—I

N
H
17a A NPhth HI

F HO \ J/@ﬂ\\
o0 4\ Igs
—
N Ny
25blF]
X-ray 25blFl
®
Bu4N
'/— NPhth

Q_@ + BugNl + HNPhth
4
N
25a B

® 0O
Bu;Nl + HNPhth <——== BuN~ “NPhth + HI

Bu4N%
{ e PhthN
N N
Uand 21a

Scheme 48: Proposed mechanistic pathway of the reaction.

When the reaction is carried out in the absence of anhydrous
conditions, the intermediate derivative 25bFl could be isolated,
suggesting that the compound 25a was formed during the reaction.
However, 25a could not be isolated due to the fact that the iodine is
localized on the benzylic position. This position is very reactive and
in addition to the good leaving group ability of the iodine under non-
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anhydrous conditions, water acts as a nucleophile leading to
compound 25b!Fl.

3.2.2. Reagent performance in oxidative amination of tetrahydro-
cabazole derivatives. Catalytic version.

When we proposed the mechanistic pathway, we observed that one
of the product of the reaction was BusNI. This fact let us consider
that the reaction could be carried out in a catalytic way. We started
our approach to develop a catalytic reaction using BusNI as catalyst
in DMF at 70°C, but no product was formed (entry 1, 0%).
Furthermore, we wanted to be sure that the reaction cannot only work
with iodine(Ill) reagent which was confirmed by this experiment
(entry 2, 0%). The desired product was formed when acetonitrile was
used as solvent (entry 3, 60%). Entry 4 showed that when molecular
iodine was used as catalyst, the product was not formed and the 'H-
NMR vyield did not improve when a mixture of I and BusNI was
employed (entry 5, 30%). Then, several nitrile solvents were tested
as butylonitrile (entry 6, 58%), isotyronitrile (entry 7, 55%) and
propionitrile (entry 8, 56%) and gave similar results. Finally, when
the influence of the temperature was investigated, we observed that
the '"H-NMR yield of the desired product improved with lower
temperature (entry 9, 60°C, 63%) and decreased with higher one
(entry 10, 90°C, 40%) (Scheme 49).
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PhI(NPhth), (1.2 equiv.) PhthN

F 15 E
Catalyst (20 mol%)
[os®, Q’\Q
N
H

T(C),12h

Y

N
17b 21b
Entry Solvent T°(C) Catalyst 'H-NMR yield (%)
1 DMF 70 BuyNI 0
2 CH3CN 70 Any catalys 0
3 CH4CN 70 BugNI 60
4 CH3CN 70 I 0
5 CH4CN 70 l,+Bu,NI 30
6 Butyronitrile 70 BuyNI 58
7 Isotyronitrile 70 BuyNI 55
8 Propionitrile 70 BuyNI 56
9 CH3CN 60 BuyNI 63
10 CH4CN 90 Bu,NI 40

Scheme 49: Catalytic version of the oxidative amination reaction.

Several times, the product was isolated in order to check the yield,
but the maximum amount of isolated compound was 40%. The major
problem of this reaction was the big amount of impurities formed
during the reaction, which could be explained by the reactivity of the
free nitrogen of the tetrahydrocarbazole towards the iodine(III)
reagent. In order to overcome this problem, we decided to protect the
nitrogen group. We observed that when the substrate was protected
with a methyl group 18a, the 'H-NMR yield of 22a was 70% (entry
1) and no side products were formed during the reaction. The issue
in this case was the formation of a mixture of regioisomers (75:25).
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When the tetrahydrocarbazole was protected with Boc 20, the
reaction did not proceed (entry 2, Scheme 50).

PhI(NPhth), (1.2 equiv.)
N Catalyst (20 mol%) . Q_C Q_Q
A T(C), 12h ) L NPhin
0% - 2oc Zanzhe  RERcls
Entry Protecting group (R) T°(C) Catalyst Conversion (%) ozrzgz:é?g:aa
1 Me 70 BuyNI 70 75:25
2 Boc 70 BuyNI 0 0
3 Me 50 BuyNI 65 80:20
4 Me 40 BuyNI 55 86:14
5 Me 50 BuyNBr 65 100:0
6 Me 40 BuyNBr 64 100:0

Scheme 50: Test of different reaction conditions for a catalytic version of the
reaction.

We observed that when the temperature was high, the reaction gave
better result but is less regioselective with the aminated product at the
4-position (entry 1, 70°C, 75:25), (entry 3, 50°C, 80:20) and (entry
4, 40°C, 86:14). When the catalyst was changed for BusNBr, only
one product was formed (entry 5, 50°C, 100:0) and (entry 6, 40°C,
100:0). Once that the problem of regioselectivity was overcome by
the use of a bromide salt as catalyst, several sources of bromide
sources were tested for this reaction. We observed that with bulky
ammonium bromide, the "TH-NMR yield increased significantly and
the reaction was optimized when dimethyldioctadecylammonium-
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bromide (DDAB) was used as catalyst (entry 1, 91%) and the product
was isolated with 80% yield (Scheme 51).

PhthN

PhI(NPhth), (1.2 equiv.) Q_Q
Catalyst (20 mol%)
Og® \
N

l\\l CH3CN, 40°C, 12 h |
18a 22a
Entry Catalyst TH-NMR yield
1 Dimethyldioctadecylammoniumbromide 91*
2 Tetra-n-octylammoniumbromide 87
3 Dihexadecyldimethylammonium bromide 85

* Isolated yield 80%

Scheme 51: Screening of bromide salts.

The optimized catalyst (DDAB) and the reaction conditions
described before were then employed to explore the scope of the
selective C-N bond formation of protected tetrahydrocarbazoles 18a-
1. This reaction also showed a broad functionalization group tolerance
with different substrates giving rise to good yields. In the case of
aliphatic ring substitution of the tetrahydrocarbazole, the reaction
was diastereoselective in favor of the formation of the trans-product
in the case some compounds. Electron-withdrawing and electron-
donating groups at the 6- and 8-postion of the arene core were
tolerated and the corresponding products were isolated in good yields
(22b-g, 65-90%). Studies of the amination of the five-membered ring
gave inferior results (22h, 62%) than in the stoichiometric reaction
(21h, 77%) but still better than in the case of the 6-membered ring of
tetrahydrocarbazole (22a and 21a, 80% and 70% respectively) and
also in the case of 7-membered ring (22i, 77%). However, when this
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methodology was applied to substituted aliphatic tetrahydrocarba-
zoles with bulky groups as phenyl and zert-butyl, surprisingly only
one diastereomer was formed to afford the trans-product (z-Bu, 22Kk,
70%), (Ph, 221, 64%). When the substitution in the aliphatic ring was
methy group, mixture of diastereomers were formed (22j, d.e: 30)
(Scheme 52).

PhI(NPhth), (1.2 equiv.)

15 PhthN
R! R2 DDAB (20 mol%) R R2
\ 28 \
>
N N
| CH4CN I
40°C, 12 h
18a-l 22a-|
R PhthN PhthN R NPhth
\ \ \ )
n
N N N
I HsC I |
22b (R=F): 90% 229 = 75% 22h (n=1): 62%
22¢ (R=Cl): 66% 22a (n=2): 80%
22d (R=Br): 65% 22i (n=3): 77%
22e (R=OCHj): 75%
22f (R=CHyz): 72%
PhthN PhthN PhthN
22j (d.e.SO%). 74% 22k 70% 221 = 64%

Scheme 52: Scope of the oxidative-amination of tetrahydrocarbazole derivatives
under catalytic conditions.

The proposed mechanistic pathway of this reaction starts with the
formation of bromine(I) in situ, resulting from the reaction between
iodine(III) and the catalytic DDAB. The compound 18a enters the
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catalytic cycle to afford the intermediate A. Subsequently, one
phthalimide anion abstracts a proton in the 4-position of intermediate
B to afford C by elimination of bromide and at the same time,
regeneration of the catalyst. Finally, the second phthalimide anion
attacks the double bond of intermediate C to give the desired product
22a (Scheme 53).

PhI(NPhth),
Phl

DDAB

© e
PhthN-Br-NPhth DDA

28

Scheme 53: Proposed mechanistic pathway of the catalytic reaction.
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In order to confirm the formation of bromine (I) in the catalytic cycle,
we were interested in isolating the putative bromine(I) reagent 28.
We tried the classical reaction conditions which we used before to
synthesize iodine(I) reagents, however in the present case, the
reaction did not take place. Consequently, an adaption of a procedure
described by Barry*”l was used: after formation of phthalimide
ammonium salt 27, the precipitate was dissolved in DMF and N-
bromophthalimide 13¢ was added to afford the desired product 28
(Scheme 54).

0
1) MeOH, 25°C, 1 h o ®
DDAB + Ag,0O 2 > N~ DDA
26 0o
27 O
NH
13b O o
78% DMF
40 °C, 30 min NBr
75% o)
{%r 13c
I

X-ray 28

Scheme 54: Synthesis of bromine(I) reagent 28.

3.2.3. Deprotection of phthalimide

The last step of our study was the deprotection of the phthalimide and
we decided to start our investigation with the free
tetrahydrocarbazole 21a. We tried the general protocol with several
types of hydrazines, but the free amine was not obtained. We only
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noticed decomposition (entry 1). When ammonia was used as a
solvent, the semi-deprotection of 30a was observed (entry 2). When
several acids or TBAF was used, we also observed decomposition
(entries 3-4, Scheme 55).

PhthN H,N

Reagent, solvent
>
\ \
N o N
H TCO) H
21a 29a
Entry Reagent Solvent T: 25°C Reflux
1 NHoNH, NH,NH,HCI, CHsNHNH,, THF, EtOH, Starting Material and Decomposition
BUNHNH,, NH,CH,CH,NH, MeOH, IPA decomposition product products
2 NH3H,0, NHzMeOH Reagent as solvent Starting material Semi-deprotection
i ; THF, EtOH, . Decomposition
3 HCI, H,SO,4, TFAA, Acetic acid MeGH, IPA NT products
Decomposition
4 TBAF THF NT* prodrf,ms

* NT = The reaction was not tested

Scheme 55: Screening conditions for the deprotection of phthalimide.

Another attempt to deprotect the phthalimide was the use of NaBH4
as described by John et al. in 1984.°% In this case, the opened
phthalimide form 30a was observed, but the following step with an
acid such as TFAA, acetic acid or HCI did not result in cleavage of
the amide bond. Semi-deprotected phthalimide was formed also
when LiOH was used in the reaction, but when the compound 30b
was in acidic media under reflux, the desired full deprotection did not
take place (Scheme 56).
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9 LOH
O=>NH
NaBH,
i-PrOH {
——
24h,25°C N
H HoN
PhthN 30a 2
Acid
{ 0 —x— >
Reflux N
N OH H
21a LiOH o NH 29a
i-PrOH
2h, Reflux \
N
H
30b

Scheme 56: Different pathways for the deprotection of phthalimide.

Given that the previous procedure did not show any evidence of the
deprotection, we decided to protect the free nitrogen of the
tetrahydrocarbazole. We started to protect the tetrahydrocarbazole
with an electron-withdrawing group like Boc. When the substrate 24
was treated with hydrazine, opened phthalimide 31a was observed.
In order to get the free amine, the compound 24 was setting up in
presence of LiOH but no evidence of the free amine was shown in
this reaction. When LiOH was directly used with 24, only the opened
phthalimide 31b was formed. As the free amine was not obtained
from 24, we decided to change the nature of the protecting group in
the next step. (Scheme 57).
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Scheme 57: Different pathways for the deprotection of phthalimide from N-
protected tetrahydrocarbazole.

The last strategy was the deprotection of the tetrahydrocarbazole with
a donor-group such as methyl 22. When the substrate was in a
mixture with hydrazine in THF:MeOH (1:1), the free amine formed
in 95% of yield. Although the methyl protecting group is found in a
lot of natural and pharmaceutical compounds, tetrahydrocarbazoles
with free N-H are far more common. We tried the same methodology
with benzyl protected tetrahydrocarbazole and the free amine was
obtained in excellent yield (Scheme 58).
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tetrahydrocarbazoles
PhthN HoN
NH,NH,
\ THF:EtOH (1:1) )
N 12h, 25°C N
22 95% 29b
PhI(NPhth), HaN

PhthN
DDAB
(20 mol%) NHoNH,
) - \ THF:EtOH (1:1) )
N 40°C N

[¢] N
CH,ON h 12h, 25 °C L
Ph 65% Ph
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19 23 29¢

Scheme 58: Deprotection of the phthalimide with different protecting groups on
the nitrogen of tetrahydrocarbazole.
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3.3. CONCLUSION

In this section, we have presented syntheses, isolations and
characterizations including X-ray analyses of iodine(I)
R4N[I(NPhth),] and bromine(I) DDA[Br(NPhth),] reagents, using
Varvoglis’ reagent PhI(NPhth),, which was also characterized by X-
ray analysis. We have developed an unprecedented oxidative-
amination of the 4-position of tetrahydrocarbazole derivatives. The
reaction can be carried out under stoichiometric as well as catalytic
conditions. In the stoichiometric version, the iodine(I) reagent was
used to obtain a large series of aminated tetrahydrocarbazoles with
different substitutions at the arene core and at the aliphatic ring, all
of them isolated in good to excellent yields. When the aliphatic ring
was substituted, with this methodology the ratio of cis-trans
diastereoisomers could be controlled by the temperature: low
temperature led to the cis-compound, however with high
temperature, the trans-compound was formed preferably. The
catalytic version, in which the bromine(I) reagent is formed in situ,
allows for the oxidative amination of different tetrahydrocarbazoles
with substitution in the aromatic and aliphatic ring. In the case that
diastereoisomers can be formed, the reaction is diastereospecific with
the trans-compound formed exclusively when in p-position has a
bulky group as phenyl or fert-butyl. Finally, it was shown, that the
deprotection of the phthalimide can be achieved under mild
conditions with a methyl or benzyl protecting group at the nitrogen
of the tetrahydrocarbazole.
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3.4. EXPERIMENTAL SECTION

3.4.1. General procedure

Synthesis of the iodine(III) reagent 15

A mixture of phenyliodine(Ill) bis(trifluoroacetate) (4.65 mmol, 1
equiv.) and potassium phthalimide (9.30 mmol 2 equiv.) in 44 mL of
acetonitrile was stirred at 40°C in an oil bath for 12 h. The brown
precipitate was collected, washed with cold acetonitrile and dried
under vacuum.

Synthesis of the iodine(I) reagent 16

A mixture of iodine(Ill) reagent (0.066 mmol, 1 equiv.) and
tetrabutylammonium iodide (0.066 mmol, 1 equiv.) in 3 mL of
acetonitrile was stirred at 47 °C in an oil bath for 12 h. Then the cold
ether was added and the product crystallized when the mixture was
cooling at -20 °C.

Synthesis of the bromide(I) reagent 28

Step 1: 27

To a solution of dimethyldioctadecylammonium bromide (2.48
mmol, 1.15 equiv.) in 6.5 mL of methanol was added silver oxide
(2.16 mmol, 1 equiv.), then the mixture was stirred for 1 h. The
mixture was filtered through Celite and phthalimide (2.48 mmol, 1.15
equiv.) was added to the filtrate. Then the solid was dried in vacuo.
Step 2: 28

Phthalimide salt (0.14 mmol, 1 equiv.) was added to a solution of N-
bromophthalamide (0.14 mmol, 1 equiv.) in DMF (1.0 mL). The
solution was stirred during 30 min at 40 °C. When the mixture cooled
down to room temperature, 8 mL of ether was added and the product
was crystallized when the mixture was cooling at -20 °C. The mixture
was filtered and washed with ether to give the white product.
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General procedure for the stoichiometric oxidative amination of
tetrahydrocarbazole derivatives, 21a-n.

In a schlenk flask was added iodine(I) reagent (0.14 mmol, 1.2
equiv.), and tetrahydrocarbazole derivative (0.12mmol, 1 equiv.) in
1.5 mL of dry DMF and the mixture was stirred overnight at 70 °C.
The crude was diluted with EtOAc, washed with water (2x) followed
by 2M NaOH (2x). Then the mixture was concentrated in vacuo and
the residue was purified by column chromatography (eluents: n-
hexane/EtOAc, 7/3 v/v).

General procedure for the catalytic oxidative amination of
tetrahydrocarbazole derivatives, 22a-1.

In a schlenk flask was added iodine(III) reagent (0.14 mmol, 1.2
equiv.), DDAB (0.024 mmol, 20%) and tetrahydrocarbazole
derivative (0.12 mmol, 1 equiv.) in 1.5 mL of dry CH3CN and the
mixture was stirred overnight at 40 °C. The crude was diluted with
EtOAc, washed with water (2x) followed by 2M NaOH (2x). Then
the mixture was concentrated in vacuo and the residue was purified
by column chromatography (eluents: n-hexane/EtOAc, 8/2 v/v).

Deprotection of phthalimide 29

A flask was charged with tetrahydrocarbazole derivative (0.150 g)
and 2.4 mL of NHoNH,. Subsequently, 4 mL of THF and 4 mL of
MeOH were added. The mixture was stirred overnight at 25 °C. The
solvents were removed under reduced pressure and the resulting
crude product was dissolved in chloroform and filtered in order to
remove the by-product. The solvent was evaporated to yield the free
amine in quantitative yields.
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3.4.2. Compound characterization

Diphthalimide(iodobenzene) 15

ol Jo 'H NMR (400 MHz, MeOD): & = 7.60 (m, 2H).
@:«(N_,_N 7.80-7.88 (m, 9H), 8.03-8.07 (m, 2H).

o 0 13C NMR (125 MHz, MeOD): & = 121.2, 122.7,
130.6, 130.8, 131.9, 132.9, 133.9, 169.5.
IR (em™) = 3190, 1732, 1668, 1272, 1115, 710.
mp: 354 °C.

tetrabutyl ammonium [bisphthalimideiodine(I)] 16
0o o ]@Bum 'H NMR (400 MHz, CDCl3): § = 0.88-1.03
@N—I—Nm (m, 12H), 1.32-1.51 (m, 8H), 1.60- 1.77 (m,
0o o 8H), 3.30-3.45 (m, 8H), 7.55-7.62 (m, 4H),
7.69-7.75 (m, 4H).
13C NMR (125 MHz, CDCl3): § = 13.7, 19.8, 24.1, 59.0, 122.6,
133.2,134.3, 172.2.

IR (cm™) = 2964, 2872, 1678, 1597, 1112, 708.
mp: 142.6 °C.

Dimethyldioctadecylammonium phthalimideiodine 27

0. 3 '"H NMR (400 MHz, CDCl3): 8 = 0.89 (t, J = 6.8 Hz,
" 6H), 1.10-1.15 (m, 60H), 1.59-1.73 (m, 4H), 3.32-3.45

(m, 10H), 7.40-7.46 (m, 2H), 7.54-7.62 (m, 2H).

13C NMR (125 MHz, CDCl): 8= 26.2, 29.1, 29.4, 29.5, 29.6, 29.7,

29.7,29.7,31.9, 51.3, 63.8, 120.4, 130.8, 138.7, 186.1.

IR (em™) = 3500, 1923, 2846, 1577, 1370.

mp: 58 °C

Dimethyldioctadecylammonium [bisphthalimidebromine(I)] 28
° © 'HNMR (400 MHz, CDCl3): § =091 (t,J =

(0] (0]
DD.
@Q«—wﬁ@ 6.9 Hz, 6H), 1.16-1.40 (m, 60H), 1.68-1.80
0 (0]

(m, 4H), 3.42 (s, 6H), 3.44-3.50 (m, 4H),
7.55-7.64 (m, 4H), 7.68-7.77 (m, 4H).
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13C NMR (125 MHz, CDCL): 8 = 14.1, 22.7, 22.8, 26.3, 29.2, 29.4,
29.5,29.6,29.7,29.7,29.7, 51.5, 64.4, 121.8, 132.3, 135.3, 175.4.
IR (em™) = 2923, 2839, 1668, 1280, 1131, 716.

mp: 95 °C.

2-(2,3,4,9-tetrahydro-1H-carbazol-4-yl)isoindoline-1,3-dione 21a

'H NMR (400 MHz, CDClL3): & = 1.90-2.02 (m, 1H),
(%‘0 2.19-2.35 (m, 2H), 2.38-2.48 (m, 1H), 2.71-2.81 (m, 1H),

Q_\Q 2.91-3.02 (m, 1H), 5.78-5.85 (m, 1H), 6.87-6.93 (m, 1H),
7.04-7.10 (m, 2H), 7.26-7.30 (m, 2H), 7.69-7.75 (m, 2H),
7.80-7.85 (m, 2H), 7.94 (s, 1H).

13C NMR (125 MHz, CDCl3): & = 22.1, 22.9, 28.5, 45.2, 107.6,

110.8, 117.4, 119.6, 121.2, 123.2, 126.2, 132.0, 133.8, 135.6, 136.5,

168.3.

IR v(em™): 3347, 1700, 1392, 1110, 716.

mp: 197 °C.

HRMS (ESI): Cald. for [M+Na]" C20Hi6sN2NaO, 339.1104, found;

339.1108.

2-(6-fluoro-2,3,4,9-tetrahydro-1H-carbazol-4-yl)isoindoline-1,3-
dione 21b
TH NMR (400 MHz, CDCl3): 8 = 1.86-2.00 (m, 1H),
%‘0 2.16-2.31 (m, 2H), 2.36-2.46 (m, 1H), 2.36-2.73 (m,
F\d—b 1H), 2.80-2.91 (m, 1H), 5.67-5.82 (m, 1H), 6.69-6.82
> (m, 3H), 7.14 (dd, J = 8.8, 4.3 Hz, 1H), 7.71-7.76 (m,
2H), 7.81-7.88 (m, 2H), 8.07 (s, 1H).
F(H) NRM (376 MHz, CDCl3): 8=-124.7.
13C NMR (125 MHz, CDCls): 6 =22.0, 22.9, 28.5, 45.0, 102.6 (d, J
=23.7Hz), 107.7 (d, J=4.4 Hz), 109.1 (d, /= 26.1 Hz), 111.3 (d, J
= 9.8 Hz), 123.3, 126.4 (d, J =9.9 Hz), 131.9, 132.1, 134.0, 138.5,
157.8 (d, J=234.0 Hz), 168.3.
IR v(em™): 3367, 1702, 1366, 1586, 1107.
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mp: 195 °C.
HRMS (ESI): Cald. for [M+Na]" C20HisFN2NaO» 357.1010, found,;
357.1003.

6-fluoro-1,2,3,4-tetrahydro-4aH-carbazol-4a-ol 25b!¥!
Ho ™ 1H NMR (400 MHz, CDCl3): 8= 1.16 (td, J = 13.8, 4.0
"C 7 Hz 1H), 1.26-1.39 (m, 1H), 1.62-1.73 (m, 1H), 1.87-
2.06 (m, 1H), 2.07-2.18 (m, 1H), 2.25-2.38 (m, 1H),
2.47-2.63 (m, 2H), 4.72 (s, 1H), 6.94 (td, J = 8.8, 2.6 Hz, 1H), 6.98-
7.04 (m, 1H), 7.12 (dd, J = 7.5, 2.5 Hz, 1H).
13C NMR (125 MHz, CDCl3): 8 = 20.5, 28.7, 29.2, 29.7, 38.8, 82.1
(d, J=2.1Hz), 110.2 (d, J= 24.7 Hz), 115.7 (d, J = 23.7 Hz), 120.9
(d, J=8.7 Hz), 143.5 (d, /= 8.1 Hz), 148.8, 61.37 (d, J=245.4
Hz).
1YF(H) NRM (376 MHz, CDCls): 8 = -116.7.
HRMS (ESI): Cald. for [M+H]* Ci2H13N2FNO 206.0976, found;
206.0975.
IR v(em™): 3144, 2938, 1468, 1183, 1096, 840.
mp: 80 °C.

2-(6-chloro-2,3,4,9-tetrahydro-1H-carbazol-4-yl)isoindoline-1,3-
dione 21c¢

'H NMR (400 MHz, CDCl): 6 = 1.81-2.00 (m, 1H),
. %0 2.10-2.46 (m, 3H), 2.59- 2.86 (m, 2H), 5.69-5.81 (m,

Q_\Q 1H), 6.95-7.06 (m, 2H), 7.07-7.1 7 (m, 1H), 7.69-7.79
N (m, 2H), 7.80-7.88 (m, 2H), 8.15 (s, 1H).

13C NMR (125 MHz, CDCl3): 8 = 21.8, 22.8, 28.7,
449, 107.1, 111.7, 116.8, 121.4, 123.3, 125.1, 127.2, 131.8, 134.1,
138.3, 168.4.
IR v(em™): 3419, 2957, 1705, 1388, 1307.
mp: 206 °C.
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HRMS (ESI): Cald. for [M+Na]" Cy0H;sCIN:NaO> 373.0714,
found; 373.0711.

2-(6-bromo-2,3,4,9-tetrahydro-1H-carbazol-4-yl)isoindoline-1,3-
dione 21d
'H NMR (400 MHz, CDCl): 6 = 1.85-2.00 (m, 1H),
N 9‘0 2.13-2.41 (m, 3H), 2.64-2.76 (m, 1H), 2.78-2.90 (m,
Q_\Q 1H), 5.69-5.78 (m, 1H), 7.05-7.15 (m, 2H), 7.17-7.22
N (m, 1H), 7.71-7.79 (m, 2H), 7.79-7.91 (m, 2H), 8.15 (s,
1H).
13C NMR (125 MHz, CDCl): & = 21.3, 22.8, 28.7, 44.8, 107.1,
112.2, 112.8, 119.9, 123.3, 124.0, 127.9, 131.8, 134.0, 134.3, 138.1,
168.4.
IR v(ecm™): 3410, 2936, 1707, 1388, 1322.
mp: 199 °C.
HRMS (ESI): Cald. for [M+Na]" CyHisBrN2NaO> 417.0209,
found; 417.0207.

2-(6-methoxy-2,3,4,9-tetrahydro-1H-carbazol-4-yl)isoindoline-
1,3-dione 21e
'H NMR (400 MHz, CDCl3): 8 = 1.83-2.03 (m, 1H),
‘ 9:0 2.11-2.32 (m, 2H), 2.35-2.50 (m, 1H), 2.60-2.78 (m,
Df_@ 1H), 2.76-2.96 (m, 1H), 3.56 (s, 3H), 5.74-5.81 (m,
N 1H), 6.53 (d, /= 2.4 Hz, 1H), 6.70 (dd, /= 8.7, 2.4
Hz, 1H), 7.14 (dd, /= 8.7, 0.5 Hz, 1H), 7.66-7.74 (m,
2H), 7.79-7.85 (m, 2H), 7.90 (s, 1H).
I3C NMR (125 MHz, CDCl3): 6 =22.0, 23.0, 28.5,45.3,55.6, 100.2,
107.3,110.4,111.4, 123.2, 126.56, 130.8, 131.9, 133.9, 137.5, 153.9,
168.4.
IR v(ecm™): 3403, 2926, 1706, 1389, 1111.
mp: 186 °C.
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HRMS (ESI): Cald. for [M+Na]" C21Hi1sN2NaO3 369.1210, found;
369.1198.

2-(6-methyl-2,3,4,9-tetrahydro-1H-carbazol-4-yl)isoindoline-1,3-
dione 21f
'H NMR (400 MHz, CDCl3): 8 = 1.88-2.00 (m, 1H),
» :%NO 2.17-2.33 (m, 2H), 2.26 (s, 3H), 2.35-2.45 (m, 1H),
) Q_\Q 2.66-2.77 (m, 1H), 2.85-2.95 (m, 1H), 5.79 (ddt, J =
N 7.5, 5.8, 1.6 Hz, 1H), 6.85-6.91 (m, 2H), 7.16 (dd, J =
8.1, 0.8 Hz, 1H), 7.72 (dd, J = 5.4, 3.0 Hz, 2H), 7.84
(dd, J=15.4, 3.0 Hz, 2H), 7.90 (d, J = 2.8 Hz, 1H).
I3C NMR (125 MHz, CDCl3): 6 =21.5,22.0,22.9,28.8,45.2,106.9,
1104, 117.2, 122.7, 123.2, 126.4, 128.7, 132.0, 133.8, 133.9, 136.8,
168.4.
IR v(ecm™): 3420, 2936, 2858, 1707, 1390, 1110.
mp: 196 °C.
HRMS (ESI): Cald. for [M+Na]" C21HisN2NaO, 353.1260, found;
353.1251.

2-(8-methyl-2,3,4,9-tetrahydro-1H-carbazol-4-yl)isoindoline-1,3-
dione 21g
'H NMR (400 MHz, CDCl): & = 1.89-2.03 (m, 1H),
:%:0 2.18-2.35 (m, 2H), 2.36-2.50 (m, 1H), 2.42 (m, 3H),
Q_\Q 2.75-2.84 (m, 1H), 2.96-3.06 (m, 1H), 5.75-5.87 (m,
N 1H), 6.80-6.89 (m, 2H), 6.91-6.96 (m, 1H), 7.69-7.74
(m, 2H), 7.80-7.85 (m, 2H), 7.88 (s, 1H).
I3C NMR (125 MHz, CDCl3): 6 =16.6,22.2,23.0,28.6,45.3,108.1,
115.1, 119.8, 119.7, 122.0, 123.2, 125.6, 132.0, 133.8, 135.1, 136.1,
168.4.
IR v(cm™): 3409, 2953, 1698, 1329, 716.
mp: 146 °C.

129



Chapter 3: Oxidative amination of C-(sp’) in derivatives of
tetrahydrocarbazoles

HRMS (ESI): Cald. for [M+Na]" C21HsN2NaO, 353.1260, found;
353.1254.

2-(1,2,3,4-tetrahydrocyclopenta[b]indol-1-yl)isoindoline-1,3-
dione 21h
R '"H NMR (400 MHz, CDClL): & = 2.78-2.96 (m, 3H),
o o 3.01-3.16 (m, 1H), 3.42-3.54 (m, 1H), 5.93-6.00 (m,
Q_Q 1H), 6.97-7.06 (m, 1H), 7.06-7.13 (m, 1H), 7.23-7.33
N (m, 2H), 7.33-7.40 (m, 1H), 7.64-7.71 (m, 2H), 7.75-
7.85 (m, 2H), 8.13 (s, 1H).
13C NMR (125 MHz, CDCL): 8 = 25.6, 34.6, 49.1, 111.6, 117.1,
118.2,119.9, 123.0, 123.2, 132.2, 133.8, 141.2, 146.8, 168.3.
IR v(em™): 3411, 2919, 2850, 1699, 1393, 1314.
mp: 150 °C.
HRMS (ESI): Cald. for [M+Na]" C19H14N2NaO, 325.0947, found;
325.0943.

2-(5,6,7,8,9,10-hexahydrocyclohepta[b]indol-10-yl)isoindoline-
1,3-dione 21i
% '"H NMR (400 MHz, CDCl;): § = 1.76-1.86 (m, 2H),
N ® 2.05-2.19 (m, 3H), 2.46-2.56 (m, 1H), 2.85 (dt, J=15.6,
4.0 Hz, 1H), 3.64 (ddd, /=16.3, 12.4, 4.8 Hz, 1H), 5.95-
N 6.02 (m, 1H), 6.98-7.04 (m, 1H), 7.05-7.11 (m, 1H),
7.25-7.28 (m, 1H), 7.41-7.36 (m, 1H), 7.67 (dd, J=5.5, 3.0 Hz, 2H),
7.78 (dd, J=5.5, 3.1 Hz, 2H), 7.88 (d, /= 4.6 Hz, 1H).
I3C NMR (125 MHz, CDCl3): 6 =24.4,26.6,27.6,32.5,47.0, 108.1,
110.4,117.4, 119.6, 121.1, 123.0, 128.7, 132.1, 133.7, 134.4, 139.8,
168.5.
IR v(em™): 3383,2921, 1697, 1350, 1323.
mp: 130 °C.
HRMS (ESI): Cald. for [M+Na]" C23H19N3NaO, 392.1369, found;
392.1377.

[0)
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2-(7-fluoro-1,2,3,4-tetrahydrocyclopenta[b]indol-1-
yDisoindoline-1,3-dione 21j
R 'H NMR (400 MHz, CDCl): & = 2.76-2.95 (m, 2H),
o o 3.01-3.13 (m, 1H), 3.40-3.51 (m, 1H), 5.91 (dt, J=9.0,
m 2.0 Hz, 1H), 6.81 (td, J = 9.1, 2.6 Hz, 1H), 6.98 (dd, J
H\ =94,2.6 Hz, 1H), 7.17 (dd, J= 8.8, 4.3 Hz, 1H), 7.67-
7.74 (m, 2H), 7.78-7.84 (m, 2H), 8.14 (s, 1H).
13C NMR (125 MHz, CDCl): é = 25.6, 34.6, 48.9, 103.5 (d, J =
23.9 Hz), 109.0 (d, J=26.1 Hz), 112.0(d, /=9.8 Hz), 117.2 (d, J =
4.3 Hz), 123.1, 123.5 (d, J = 10.3 Hz), 132.1, 133.9, 137.6, 148.6,
157.9 (d, J = 234.7 Hz), 168.3.
PYF(H) NRM (376 MHz, CDCl3): 8 =-124.2.
IR v(ecm™): 3400, 2937, 1694, 1429, 1108.
mp: 183 °C.
HRMS (ESI): Cald. for [M+Na]" C19H;3FN2NaO; 343.0853, found;
343.0851.

2-((2-methyl-1H-indol-3-yl)methyl)isoindoline-1,3-dione 21k

'H NMR (400 MHz, CDCl;3): 8 = 2.69 (s, 3H), 4.99 (s,
O%:o 2H), 7.10 — 7.15 (m, 2H), 7.25-7.28 (m, 1H), 7.65-7.71

(m, 2H), 7.79-7.84 (m, 2H), 7.86-7.92 (m, 2H).

@é 13C NMR (125 MHz, CDCl3): 8 = 11.9, 32.1, 107.2,
110.0, 119.0, 119.9, 121.4, 123.1, 127.9, 132.3, 133.7,

134.8, 135.0, 168.4.

IR v(em™): 3411, 2921, 1699, 1393, 710.

mp: 100 °C.

HRMS (ESI): Cald. for [M+Na]" CisH14N2NaO, 313.0947, found;

313.0963.
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2-(3-methyl-2,3,4,9-tetrahydro-1H-carbazol-4-yl)isoindoline-1,3-
dione 21m
'H NMR (400 MHz, CDCl3): 8 =1.10 (d, /= 6.0 Hz,

%:OCH 3Hmin), 1.14 (d, J = 6.7 Hz, 3Hmaj), 1.67-1.89 (m,
@Fg * 1Humaj-1Hmin), 2.08 — 2.15 (m, 1Humaj-1Hmin), 2.33 —

> 2.46 (m, 1Hmaj-1Humin), 2.59-2.67 (0, 1Humg-1Hunin),
2.88-2.71 (m, 2Hmaj-2Hmin) 5.38 (d, /= 9.4 Hz,
1Hmaj), 5.78 (d, J = 4.4 Hz, 1Hmin), 6.92 — 6.85 (m, 1Hmaj), 7.03 —
6.96 (m, 1Hmin), 7.12 — 7.04 (m, 2Hmaj-2Hmin), 7.28 — 7.20 (m,
1 Hmaj-1Hmin), 7.69 — 7.63 (m, 2Hmin), 7.77 — 7.70 (m, 2Hmaj), 7.90 —
7.83 (m, 2Hmaj), 7.96 (d, J = 7.3 Hz, 2Hmin) , 8.23 (s, 1Hmaj), 8.28 (s,
1Hmin).
13C NMR (125 MHz, CDCL3): 8 = 17.6, 18.7, 22.9, 27.9, 31.3,
33.3,33.9,47.4,52.7,60.4, 106.8, 108.0, 110.8, 110.8, 117.2,
119.5,119.6, 121.0, 121.2, 122.9, 123.3, 123.6, 126.0, 126.4, 131.8,
132.7, 133.9, 134.3, 135.9, 136.0, 136.3, 137.5, 167.9, 168.5.
IR v(em™): 3379, 2928, 1690, 1351, 1113, 717.
mp: 98 °C.
HRMS (ESI): Cald. for [M+Na]" C21HisN2NaO, 353.1260, found;
353.1270.

3-(4-(1,3-dioxoisoindolin-2-yl)-2,3,4,9-tetrahydro-1H-carbazol-
3-y)propanenitrile 21n (cis)
'H NMR (400 MHz, CDCl3): 6 = 1.75-1.82 (m,
O%:O o 2H), 1.94-2.07 (m, 1H), 2.27-2.32 (m, 1H), 2.41-
W 2.62 (m, 2H), 2.67-2.77 (m, 1H), 2.81-2.89 (m,
N 1H), 3.01-3.13 (m, 1H), 5.65-5.69 (m, 1H), 7.00 (d,
J=28.0Hz, 1H), 7.04-7.10 (m, 1H), 7.29-7.32 (m,
1H), 7.69-7.78 (m, 2H), 7.80-7.88 (m, 2H), 7.94 (s, 1H).
13C NMR (125 MHz, CDCl3): 8 = 15.3,22.7, 25.4, 28.1, 38.4,
45.7,106.1, 110.8, 117.09, 119.6, 119.8, 121.48, 123.3 (d, J=45.7
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Hz), 126.1, 131.5 (d, J = 89.4 Hz), 134.2 (d, J = 35.2 Hz), 135.9,
137.3,169.1 (d, J = 164.5 Hz).

IR v(em™): 3421, 2850, 1703, 1318, 1103.

mp: 140 °C.

HRMS (ESI): Cald. for [M+Na]" C23H19N3NaO, 392.1369, found,;
392.1370.

3-(4-(1,3-dioxoisoindolin-2-yl)-2,3,4,9-tetrahydro-1H-carbazol-

3-yl)propanenitrile 21n (trans)

% 'H NMR (400 MHz, CDClL): 8 = 1.67-1.78 (m,

AN ?\/CN 1H), 1.84-1.94 (m, 1H), 1.93-2.03 (m, 1H), 2.34-

Q_@ 2.57 (m, 2H), 2.57-2.66 (m, 1H), 2.87-2.99 (m, 1H),
N 3.04-3.12 (m, 1H), 5.48-5.51 (m, 1H), 6.92-7.02 (m,

1H), 7.06-7.12 (m, 1H), 7.17-7.21 (m, 1H), 7.29-

7.32 (m, 2H), 7.58-7.80 (m, 2H), 7.94 (s, 1H).

I3C NMR (125 MHz, CDCl3): 6 = 14.9, 22.4, 27.6, 28.5, 37.7, 49.9,

107.1, 111.0, 117.1, 119.5, 119.8, 121.4, 123.5, 125.9, 131.6, 134.2,

136.0, 136.0, 168.4.

IR v(em™): 3242, 2926, 1607, 1449, 1296, 740.

mp: 156 °C.

HRMS (ESI): Cald. for [M+Na]" C23H19N3NaO, 392.1369, found;

392.1374.

2-(9-methyl-2,3,4,9-tetrahydro-1H-carbazol-4-yl)isoindoline-1,3-
dione 22a
'H NMR (400 MHz, CDClL3): & = 1.91-2.05 (m, 1H),
O%:O 2.16-2.27 (m, 1H), 2.31-2.51 (m, 2H), 2.73-2.53 (m, 1H),
Q_Q 2.90-3.06 (m, 1H), 3.68 (s, 3H), 5.79-5.87 (m, 1H), 6.84-
'f\ 6.95 (m, 1H), 7.06-7.20 (m, 2H), 7.22-7.30 (m, 1H), 7.67-
7.75 (m, 2H), 7.77-7.87 (m, 2H).
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13C NMR (125 MHz, CDCl3): 8 =21.7, 22.0, 28.4, 29.2, 45 .4,
106.7,108.9, 117.3, 119.2, 120.7, 123.2, 125.7, 132.0, 133.8, 136.9,
138.0, 168.4.

IR v(em™): 2938, 1703, 1386, 1347, 1110, 712.

mp: 190 °C.

HRMS (ESI): Cald. for [1\/['|'H]+ C21H19N20O2 331.1441, found;
331.1442.

2-(6-fluoro-9-methyl-2,3,4,9-tetrahydro-1H-carbazol-4-
yDisoindoline-1,3-dione 22b
'H NMR (400 MHz, CDClL): 8 = 1.91-2.04 (m, 1H),
i %0 2.14-2.25 (m, 1H), 2.27-2.47 (m, 2H), 2.73-2.83 (m,
Q_@ 1H), 2.87-3.01 (m, 1H), 3.67 (s, 3H), 5.72-5.83 (m, 1H),
N 6.73 (dd, J=9.6, 2.5 Hz, H), 6.83 (td, /= 9.1, 2.5 Hz,
1H), 7.16 (dd, J = 8.8, 4.3 Hz, 1H), 7.69-7.77 (m, 2H),
7.78-7.91 (m, 2H).
I3C NMR (125 MHz, CDCl3): 8 =21.8,21.9,28.4,29.5,45.2,102.5
(d,J=23.7 Hz), 106.7 (d, /= 4.6 Hz), 108.7, 109.4 (d, J=10.0 Hz),
123.3,125.7(d,J=9.9 Hz), 131.9, 133.5, 134.0, 139.7, 157.7 (d, J =
233.8 Hz), 168.3.
YF(H) NRM (376 MHz, CDCl3): 8 = -125.1.
IR v(em™): 2920, 1708, 1465, 1353, 1028.
mp: 153 °C.
HRMS (ESI): Cald. for [M+Na]" C21H;7FN2NaO; 371.1166, found;
371.1166.

2-(6-chloro-9-methyl-2,3,4,9-tetrahydro-1H-carbazol-4-
yDisoindoline-1,3-dione 22¢
'H NMR (400 MHz, CDCL): 8 = 1.88-2.07 (m, 1H),
N O%:O 2.12-2.25 (m, 1H), 2.26-2.46 (m, 3H), 2.68 -2.84 (m,
Q_@ 1H), 2.84-3.06 (m, 1H), 3.66 (s, 4H), 5.68-5.80 (m, 1H),

N
|
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7.00-7.08 (m, 3H), 7.10-7.19 (m, 1H), 7.69-7.77 (m, 3H), 7.79-7.88
(m, 3H).

I3C NMR (125 MHz, CDCl3): 8=21.6,21.8,28.6,29.4,29.7, 44.96,
106.4, 109.9, 116.8, 120.9, 123.3, 124.9, 126.6, 131.9, 134.0, 135.3,
139.6, 168.3.

IR v(em™): 2924, 1702, 1388, 1330, 1111, 714.

mp: 187 °C.

HRMS (ESI): Cald. for [M+Na]® C2H;7CIN2NaO, 387.0871,
found; 387.0861.

2-(6-bromo-9-methyl-2,3,4,9-tetrahydro-1H-carbazol-4-
yDisoindoline-1,3-dione 22d
'H NMR (400 MHz, CDCl3): 8 = 2.04-1.91 (m, 1H),
. O%:O 2.24-2.12 (m, 1H), 2.43-2.26 (m, 2H), 2.84-2.72 (m,
Q_Q 1H), 3.00-2.89 (m, 1H), 3.66 (s, 3H), 5.80-5.72 (m, 1H),
7.14-7.09 (m, 1H), 7.22-7.15 (m, 2H), 7.77-7.69 (m,
2H), 7.88-7.79 (m, 2H).
I3C NMR (125 MHz, CDCls3): 6 =21.6, 21.8,28.6, 29.4,29.7, 44.9,
106.3, 110.3, 112.6, 119.9, 123.3, 123.5, 127.3, 131.9, 134.0, 135.6,
139.5, 168.4.
IR v(em™): 2918, 1702, 1331, 1045, 715.
mp: 165 °C.
HRMS (ESI): Cald. for [M+Na]" C»Hi7BrN2NaO> 341.0366,
found; 341.0365.

2-(6-methoxy-9-methyl-2,3,4,9-tetrahydro-1H-carbazol-4-
yDisoindoline-1,3-dione 22e
TH NMR (400 MHz, CDCl3): 8 = 1.90-2.02 (m, 1H),
%‘0 2.28-2.49 (m, 2H), 2.73-2.82 (m, 1H), 2.88-2.99 (m,

HSCOCSZ_Q 1H), 3.56 (s, 3H), 3.65 (s, 3H), 5.77-5.83 (m, 1H),
6.54 (d,J=2.4 Hz, 1H), 6.75 (dd, J= 8.8, 2.4 Hz, 1H),
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7.09-7.19 (m, 1H), 7.68-7.74 (m, 2H), 7.78-7.85 (m, 2H).
13C NMR (125 MHz, CDCl3): 8 =

IR v(em™): 2910, 1707, 1463, 1350, 732.

mp: 156 °C.

2-(6,9-dimethyl-2,3,4,9-tetrahydro-1H-carbazol-4-yl)isoindoline-
1,3-dione 22f
'H NMR (400 MHz, CDCl): 8 = 1.85-2.02 (m, 1H),
%0 2.11-2.24 (m, 1H), 2.24 (s, 3H), 2.27-2.43 (m, 2H),
“SCQS_Q 2.75 (dt, J=16.9, 5.0 Hz, 1H), 2.85-2.99 (m, 1H), 5.74-
5.83 (m, 1H), 6.81-6.87 (m, 1H), 6.90 (dd, J=8.3, 1.6
Hz, 1H), 7.12 (d, J=8.3 Hz, 1H), 7.64-7.74 (m, 2H),
7.76-7.87 (m, 2H).
13C NMR (125 MHz, CDCl3): & = 22.0, 22.3, 22.4, 29.2, 45.9,
106.50, 109.1, 117.7, 122.8, 123.7, 126.5, 128.9, 132.6, 134.3, 135.9,
138.7, 169.0.
IR v(em™): 2929,1702, 1388, 1111, 716.
mp: 185 °C.
HRMS (ESI): Cald. for [M+Na]" C22H20N2NaO; 367.1417, found;
367.1423.

2-(8,9-dimethyl-2,3,4,9-tetrahydro-1H-carbazol-4-yl)isoindoline-

1,3-dione 22g

% '"H NMR (400 MHz, CDCl3): = 1.87-2.01 (m, 1H),
=0 2.12-2.23 (m, 1H), 2.27-2.43 (m, 2H), 2.70-2.79 (m,

4H), 2.84-2.96 (m, 1H), 3.93 (s, 3H), 5.74-5.82 (m,

Q_\Q 1H), 6.71-6.79 (m, 2H), 6.89-6.93 (m, 1H), 7.64-7.72

HC ) (m, 2H), 7.75-7.83 (m, 1H).

13C NMR (125 MHz, CDCls): 6 =20.8, 22.5,22.6, 29.2,32.9, 45.8,

107.3, 115.9, 119.9, 121.4, 123.7, 124.5, 127.2, 132.6, 134.3, 136.4,

139.0, 168.9.

IR v(em™): 2950, 1707, 1387, 1113, 750.

mp: 179 °C.
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HRMS (ESI): Cald. for [M+Na]" C22H20N2NaO» 367.1417, found,;
367.1428.

2-(5-methyl-5,6,7,8,9,10-hexahydrocyclohepta[b]indol-10-
yDisoindoline-1,3-dione 22i
'H NMR (400 MHz, CDCl3): 8 = 1.65-1.76 (m, 1H),
%O 1.77-1.87 (m, 1H), 1.97-2.08 (m, 1H), 2.08-2.20 (m, 2H),
Q_D 2.49-2.61 (m, 1H), 3.13-3.23 (m, 1H), 3.32-3.43 (m, 1H),
N 3.58 (s, 3H), 5.77-5.83 (m, 1H), 7.08-7.18 (m, 1H), 7.19-
7.30 (m, 2H), 7.62-7.68 (m, 1H), 7.71-7.77 (m, 2H),
7.81-7.90 (m, 2H).
13C NMR (125 MHz, CDCl3): 8 = 21.2, 23.0, 26.6, 29.7, 29.8, 48.0,
108.8, 116.5, 118.7, 118.7, 121.8, 123.3, 127.3, 130.8, 131.9, 134.1,
136.8, 167.7.
IR v(em™): 2924, 1703, 1319, 717.
mp: 126 °C.
HRMS (ESI): Cald. for [M+Na]" Cx»H21N>O> 368.1598, found,;
368.1525.

2-((3R,4S)-3-methyl-2,3.,4,9-tetrahydro-1H-carbazol-4-
yDisoindoline-1,3-dione 22j (trans)
'H NMR (400 MHz, CDCl3): 8 =1.16 (d, J= 6.7 Hz,
O%NOCH 3H), 1.78-1.86 (m, 1H), 2.20-2.26 (m, 1H), 2.72-2.80
Q_Q ° (m, 1H), 2.81-2.87 (m, 1H), 2.95-3.04 (m, 1H), 3.67 (s,
qu\ 3H), 5.42 (d, J = 9.4 Hz, 1H), 6.87-6.91 (m, 1H), 7.04
(d, J=7.9 Hz, 1H), 7.09-7.13 (m, 1H), 7.26 (d, J = 8.2
Hz, 1H), 7.70-7.76 (m, 2H), 7.82-7.89 (m, 2H).
13C NMR (125 MHz, CDCl3): 6 = 18.7, 21.7, 29.3, 31.3, 33.1,
52.9,107.1,109.0, 117.2, 119.2, 120.6, 123.3, 125.5, 131.7, 133.9,
137.2,137.7, 168.5.
IR v(em™): 2925, 1699, 1315, 1109, 748.
mp: 215°C.
HRMS (ESI): Cald. for [M+H]" C2H21N>0, 345.1598, found,
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345.1599.

2-((3S,4S)-3-methyl-2,3,4,9-tetrahydro-1H-carbazol-4-
yDisoindoline-1,3-dione 22j (cis)

'H NMR (400 MHz, CDCl3): 6 = 1.11 (d, ] = 6.3 Hz,
9‘0 3H), 1.92-1.98 (m, 1H), 2.36-2.45 (m, 2H), 2.75-2.85
Q_\QCHS (m, 1H), 3.05-3.13 (m, 1H), 3.70 (s, 3H), 5.78-5.84 (m,

1H), 6.92-7.01 (m, 1H), 7.09-7.15 (m, 1H), 7.21-7.28

(m, 2H), 7.59-7.68 (m, 2H), 7.69-7.76 (m, 1H), 7.95
(d, J=7.4Hz, 1H).
13C NMR (125 MHz, CDClL3): 8 = 17.6, 21.9, 27.9, 29.2, 33.8, 47.5,
105.9,108.9,117.2,119.2,120.7, 122.9, 123.3, 126.0, 131.5, 132.16,
133.7,133.9, 137.2, 138.9, 168.7, 169.7.
IR v(em™): 2925, 1699, 1314, 748.
mp: 204 °C.
HRMS (ESI): Cald. for [M+H]" C2H21N>0, 345.1598, found,
345.1599.

2-(3-(tert-butyl)-2,3,4,9-tetrahydro-1H-carbazol-4-
yDisoindoline-1,3-dione 22k
TH NMR (400 MHz, CDCl3): 8 = 1.04 (s, 9H), 1.69-
%zo 1.79 (m, 1H), 2.35-2.44 (m, 1H), 2.59-2.69 (m, 1H),
2.79-2.89 (m, 1H), 2.98-3.10 (m, 1H), 3.67 (s, 3H),
N\ 5.82 (d, J=7.6 Hz, 1H), 6.89-6.99 (m, 1H), 7.04-7.12
! (m, 1H), 7.19-7.29 (m, 2H), 7.62-7.71 (m, 2H), 7.73-
7.84 (m, 2H).
13C NMR (125 MHz, CDClL): 6 = 21.7, 26.0, 28.1, 29.2, 33.6, 46.4,
46.6, 107.7, 108.7, 117.7, 119.3, 120.5, 123.1, 125.7, 132.0, 133.7,
137.2, 140.2, 168.6.
IR v(em™): 2923, 1704, 1395, 1108, 717.
mp: 240 °C.
HRMS (ESI): Cald. for [M+Na]" C23H2sN2NaO; 387.2043, found;
387.2056.
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2-(3-phenyl-2,3,4,9-tetrahydro-1H-carbazol-4-yl)isoindoline-1,3-
dione 221
'H NMR (400 MHz, CDCl): 6 = 2.28-2.42 (m, 2H),

9:0 2.90-3.00 (m, 1H), 3.10-3.20 (m, 1H), 3.71 (s, 3H),
Q_gph 3.94-4.05 (m, 1H), 5.95 (d, J = 10.2 Hz, 1H), 6.82-6.89

> (m, 1H), 6.99 (d, J = 7.8 Hz, 1H), 7.09-7.14 (m, 1H),
7.18-7.25 (m, 1H), 7.25-7.36 (m, 5H), 7.64-7.69 (m,
2H), 7.74 (dd, J = 5.4, 3.1 Hz, 2H).
I3C NMR (125 MHz, CDCl3): 6 =22.6,29.4,31.1,44.3,52.1, 107.6,
109.0, 117.4, 119.3, 120.7, 123.2, 125.4, 126.9, 127.6, 128.6, 131.6,
133.8, 137.2, 137.3, 142.6, 168.1.
IR v(em™): 2914, 2832, 1470, 1376, 732.
mp: 159 °C.
HRMS (ESI): Cald. for [M+Na]" C27H22N2NaO; 429.1573, found;
429.1563.

2-(9-benzyl-2,3,4,9-tetrahydro-1H-carbazol-4-yl)isoindoline-1,3-
dione 23
'H NMR (400 MHz, CDCL3): & = 1.91-2.04 (m, 1H),
o%m 2.17-2.36 (m, 2H), 2.38-2.50 (m, 1H), 2.72 (dt, J = 17.1,
Q_Q 5.4 Hz, 1H), 2.84-2.96 (m, 1H), 5.34 (d, J = 2.5 Hz, 2H),
N\ 5.90 (ddt, J = 7.6, 5.8, 1.6 Hz, 1H), 6.89-6.96 (m, 1H),
7.01-7.09 (m, 3H), 7.14-7.18 (m, 1H), 7.20-7.26 (m, 2H),
7.30-7.36 (m, 2H), 7.67-7.77 (m, 2H), 7.81-7.90 (m, 2H).
I3C NMR (125 MHz, CDCl3): 6 =21.8,21.9,28.5,45.3,46.4,107.3,
109.5,117.5,119.5,121.0, 123.2, 126.0, 126.01, 127.3, 128.8, 132.0,
133.8, 136.7, 137.8, 138.1, 168.3.
IR (cm™) = 2934, 1689, 1467, 1350, 1109, 718.
mp: 145 °C.
HRMS (ESI): Cald. for [M+Na]" C27H2N>;NaO» 429.1573, found;
429.1580.
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9-methyl-2,3,4,9-tetrahydro-1H-carbazol-4-amine 29b
"\ TH NMR (400 MHz, CDCls): & = 1.75-1.83 (m, 1H),
N\ 1.90-1.97 (m, 1H), 2.00-2.17 (m, 2H), 2.32-2.58 (m, 2H),
' 2.63-2.70 (m, 1H), 2.77 (dt, J = 16.4, 5.4 Hz, 1H), 3.63
(s, 3H), 4.37 (t, J = 4.9 Hz, 1H), 7.11-7.16 (m, 1H), 7.20-7.24 (m,
1H), 7.30 (d, /= 8.1 Hz, 1H), 7.70 (d, /= 7.8 Hz, 1H).
I3CNMR (125 MHz, CDCl3): §=19.2,22.1,29.0,33.7,44.4, 108.8,
113.3, 118.3, 119.1, 120.8, 126.3, 136.4, 134.0.
IR (ecm™) = 3036, 2839, 1457, 1457, 1307, 1243, 728.
HRMS (ESI): Cald. for [M+Na]® Ci9H20N2Na 299.1519, found;
299.1519.

9-benzyl-2,3,4,9-tetrahydro-1H-carbazol-4-amine 29c¢
"\ TH NMR (400 MHz, CDCls): & = 1.79-1.91 (m, 2H),
Q:Q 1.97-2.13 (m, 2H), 2.52-2.62 (m, 1H), 2.64-2.75 (m, 1H),
2.90 (s, 2H), 4.42 (t, J = 4.5 Hz, 1H), 5.21-5.30 (m, 2H),
b 7.00-7.06 (m, 2H), 7.09-7.11 (m, 2H), 7.20-7.32 (m, 4H),
7.70-7.76 (m, 1H).
13C NMR (125 MHz, CDCl): 6 =137.8, 136.8, 136.5, 128.8, 127.3,
126.5, 126.2, 121.1,
119.4,118.4, 113.2, 109.3, 46.3, 44.4, 33.1, 22.1, 19.1.
HRMS (ESI): Cald. for [M+Na]" CisHisNoNa 223.1206, found,;
223.1203.
IR (ecm™) = 3053, 2927, 2846, 1460, 1450, 1347, 738,
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3.4.3. X-Ray analytical data
Bisphthalimide(iodobenzene) 15
Crystal data and structure refinement for 15

Empirical formula C22 HI3 IN2 O4

Formula weight 496.24

Temperature 1002) K

Wavelength 0.71073 =

Crystal system Monoclinic

Space group P2(1)/n

Unit cell dimensions a= 12.226(4)= o= 90c0.

b= 7.6513)= B = 100.90(4).
c= 21.207(10)= 7= 90.

Volume 1947.9(14) =3

z 4

Density (calculated) 1.692 Mg/m3

Absorption coefficient 1.676 mm’!

F(000) 976

Crystal size 0.02x0.02 x 0.01 mm3

Theta range for data collection 1.956 to 23.223c0.
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Index ranges

Reflections collected
Independent reflections
Completeness to theta =23.22300
Absorption correction

Max. and min. transmission

Refinement method

Data / restraints / parameters

Goodness-of-fit on F2

Final R indices [[>2sigma(I)]

R indices (all data)

Largest diff. peak and hole

tetrahydrocarbazoles

-13<=h<=13,-8<=k<=8,-
22<=1<=22

3804

3804[R(int) = ?]
98.0%

Multi-scan

0.951 and 0.732
Full-matrix least-
squares on F2

3804/ 168/ 263
0.802

R1=10.0654, wR2 =
0.1349
R1=0.1871,wR2 =
0.1794

0.745 and -0.776 e~

tetrabutyl ammonium [diphthalimideiodine(I)] 16

Crystal data and structure refinement for 16
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Empirical formula C32H441IN3 04

Formula weight 661.60

Temperature 100(2) K

Wavelength 0.71073 =

Crystal system Monoclinic

Space group C2/c

Unit cell dimensions a= 47.535Q2)~ o= 9000.
b= 8.3624(4)= B=

91.1684(17)c0.

c= 15.8508(9)= v = 90c0.

Volume 6299.4(6) =3

V4 8

Density (calculated) 1.395 Mg/m?

Absorption coefficient 1.056 mm!

F(000) 2736

Crystal size 0.30x0.15x0.04
mm3

Theta range for data collection 0.857 to 32.403c0.

Index ranges -70<=h<=52,-
12<=k<=9,-23<=1<=23

Reflections collected 34277

Independent reflections 10275[R(int) = 0.0442]

Completeness to theta =32.403c0c  90.9%

Absorption correction Empirical

Max. and min. transmission 0.959 and 0.816

Refinement method

Full-matrix least-

squares on F?
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tetrahydrocarbazoles

Data / restraints / parameters 10275/ 0/ 365
Goodness-of-fit on F? 1.037
Final R indices [[>2sigma(I)] R1=0.0336, wR2 =

0.0620
R indices (all data) R1=0.0532, wR2 =

0.0682
Largest diff. peak and hole 1.168 and -0.691 .=

Dimethyldioctadecylammonium [diphthalimideiodine(I)] 28

Crystal data and structure refinement for 28
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tetrahydrocarbazoles
Empirical formula C54 H88 Br N3 O4
Formula weight 923.18
Temperature 100(2) K
Wavelength 0.71073 A
Crystal system Monoclinic
Space group Cc
Unit cell dimensions a= 11.8696(1 I)A, o= 90°

b= 9.4925(8)A, p =91.496(9)°
c= 46207(5)A, y= 90°

Volume 5204 4(8) A3

Z 4

Density (calculated) 1.178 Mg/m?

Absorption coefficient 0.835 mm’!

F(000) 2000

Crystal size 0.05 x 0.02 x 0.01 mm?
Theta range for data collection 1.763 to 28.216°.

Index ranges -15<=h<=15-8<=k<=12,-58<=1<=60

Reflections collected 12299

Independent reflections 12299[R(int) = ?]
Completeness to theta =28.216° 82.9%

Absorption correction Multi-scan

Max. and min. transmission 0.992 and 0.763
Refinement method Full-matrix least-squares on F?
Data / restraints / parameters 12299/ 0/ 285
Goodness-of-fit on F? 1.057

Final R indices [I>2sigma(])] R1=0.1194, wR2 =0.3217
R indices (all data) R1=0.1666, wR2 =0.3510
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Largest diff. peak and hole 3429 and -1.821 e.A3

2-(2,3,4,9-tetrahydro-1H-carbazol-4-yl)isoindoline-1,3-dione 21a

Table 1. Crystal data and structure refinement for 21a

Empirical formula C20 H16 N2 O2
Formula weight 316.35
Temperature 100(2) K
Wavelength 0.71073 =

Crystal system Tetragonal

Space group P4(2)/n

Unit cell dimensioén a=17.8385(6)=~ a= 90c0.

b= 17.8385(6)=p = 90.
c= 9.9114(4)=y = 90c.

Volume 3153.9(2) =3
Z 8
Density (calculated) 1.332 Mg/m?
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Absorption coefficient

F(000)

Crystal size

mm3

Theta range for data collection
Index ranges

Reflections collected
Independent reflection
Completeness to theta =30.50600
Absorption correction

Max. and min. transmission
Refinement method

Data / restraints / parameters
Goodness-of-fit on F?

Final R indices [[>2sigma(I)]
R indices (all data)

Largest diff. peak and hole

tetrahydrocarbazoles

0.087 mm!
1328
0.15x0.10x0.10

2.283 to 30.506c0.
-25<=h<=14,-13<=k<=25,-8<=I<=14
18735
4809[R(int) = 0.0422]
99.9%
Empirical
0.991 and 0.915
Full-matrix least-squares on F2
4809/ 0/ 217
1.018
R1=0.0493, wR2 =0.1126
R1=0.0847, wR2 =0.1296
0.378 and -0.216 e.~3

6-fluoro-1,2,3,4-tetrahydro-4aH-carbazol-4a-ol 25b
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tetrahydrocarbazoles

Table 1. Crystal data and structure refinement for 25b

Empirical formula CI12HI2FNO

Formula weight 205.23

Temperature 100(2) K

Wavelength 0.71073 =

Crystal system Monoclinic

Space group P2(1)/c

Unit cell dimensions a= 9.591(2)=a= 90c0.

b= 9.0611(18)= B = 100.937(7)cc.
c= 12.174(3)= y= 90.

Volume 1038.8(4) =3

V4 4

Density (calculated) 1.312 Mg/m?
Absorption coefficient 0.096 mm!

F(000) 432

Crystal size 0.15x0.15x0.05
mm3

Theta range for data collection 2.163 t0 26.612c0.
Index ranges -11<=h<=10,-11<=k<=10,-14<=1<=15
Reflections collected 6296

Independent reflections 2123[R(int) = 0.0544]
Completeness to theta =26.61200 97.5%
Absorption correction Empirical

Max. and min. transmission 0.995 and 0.649
Refinement method Full-matrix least-squares on F?
Data / restraints / parameters 2123/ 0/ 137
Goodness-of-fit on F? 1.044

Final R indices [[>2sigma(I)] R1=0.0496, wR2
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tetrahydrocarbazoles
=0.1203
R indices (all data) R1=10.0866, wR2 =0.1378
Largest diff. peak and hole 0.212 and -0.209 e.=3

22-(3-methyl-2,3,4,9-tetrahydro-1H-carbazol-4-yl)isoindoline-
1,3-dione 21m

Table 1. Crystal data and structure refinement for 21m

Empirical formula C21 HI& N2 O2
Formula weight 330.37
Temperature 100(2) K
Wavelength 0.71073 =
Crystal system Monoclinic
Space group P2(1)/c

Unit cell dimensions a= 11.7592(4)= a= 90.

b= 9.6394(3)=B = 93.250(3).
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Volume

V4

Density (calculated)
Absorption coefficient

F(000)

Crystal size

Theta range for data collection
Index ranges

Reflections collected
Independent reflections
Completeness to theta =37.378c0
Absorption correction

Max. and min. transmission
Refinement method.

Data / restraints / parameters
Goodness-of-fit on F?

Final R indices [[>2sigma(I)]
R indices (all data)

Largest diff. peak and hole

tetrahydrocarbazoles

c= 14.8441(4)=y = 90c0.
1679.90(8) =3
4
1.306 Mg/m?3
0.085 mm-!
696
0.20 x 0.15 x 0.05 mm?
2.521 to 37.378c0.
-14<=h<=19,-16<=k<=15,-24<=1<=24
20275
8093[R(int) = 0.0331]
92.2%
Empirical
0.995 and 0.765
Full-matrix least-squares on F?
8093/ 1216/ 454
1.030
R1=0.0496, wR2 = 0.1285
R1=0.0660, wR2 = 0.1366
0.555 and -0.262 e.~3
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CHAPTER IV: APPLICATION OF IODINE(I) REAGENT OR
BROMINE CATALYSIS TO THE TOTAL SYNTHESIS OF
(2)- ASPIDOPERMIDINE

4.1. INTRODUCTION: ASPIDOPERMA ALKALOIDS

The aspidosperma alkaloids are a family of more than 250
compounds, which share a pentacyclic skeleton and an indoline
core.’!l Those alkaloids can be found in the plant Aspidosperma
genus (Apocynaceae). They have interesting biological activities and
pharmacological properties, such as analgesic, antimalarial, anti-
inflammatory and psychotropic to anticancer effects. Therefore, they
have been widely employed throughout history in traditional
medicine.?! In general, the aspidorperma alkaloids family contains
polycyclic frameworks with multiple stereogenic centers and some
of them are shown in the Figure 9.

Aspidospermidine Tabersonine Vincadifformine

Limaspermidine Aspidoalbidine Aspidopermidin-21-oic acid

Figure 9: Representative structures of aspidosperma alkaloids.
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Aspidospermidine was first isolated by Biemann ef al. in 196173
from the bark of Aspidosperma Quebracho-blanco. Since then, many
researchers have developed elegant synthetic methods and strategies
for the preparation of aspidospermidine over the past few decades.”*

The most common pathway to synthesize aspidospermidine is
through the transformation of tricycle A and was first described by
Stork et al. in 1963.1%1 Since then, many authors have used this
intermediate A to access natural compounds that belong to the
aspidosperma alkaloid family.”®! Tricycle A, was used in a Fischer
indolization to obtain B, followed by a sodium borohydride reduction
to afford (+)-aspidospermidine (Scheme 59).7!

N H M
€ PhNHNH; NaBH,
—_—
H AcOH, 90 °C MeOH, 0°C
o 53% 80%
A B (x)-Aspidospermidine

Scheme 59: Synthesis of (+)-aspidospermidine from compound A.

MacMillan et al. developed a new cascade reaction between a 2-vinyl
indole C derivative and propynal D using an imidazolidinone
catalyst. This reaction proceeds through an organocatalytic Diels-
Alder reaction with subsequent f-elimination of methyl selenide,
followed by a 5-exo-trig cyclization with the internal secondary
amine to give intermediate E. A Wittig reaction was then followed
by the conversion of the N-Boc group into the N-allyl derivative F. A
Heck cyclization closed the last remaining ring to give intermediate
G. Finally, perhydrogenation with Pearlman’s catalyst Pd(OH)
afforded (+)-aspidospermidine (Scheme 60). %!
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1. PhgPCHgl, n-BuLi
THF, 0°C

NHBoc NB°° CHO then, AcOH, NaBH,CN, 0°C
_Cat* (20 mol%) _ “ 2. TFA, DCM, RT
SeMe 49 °C tg RT 3. (2)-3-bromo-1-iodoprop-1-ene
83%, 97% ee K,CO3 DMF, RT

70% (3 steps)

Pd(OH),, Hy

PhMe, 80°C

65%

MeOH, EtOAc 25°C
98%

(+)-Aspidospermidine

Scheme 60: MacMillan’s synthesis of (+)-aspidospermidine

Andrade et al. published in 2013 an alternative synthesis of (+)-
aspidospermidine.”®! Starting from chiral N-sulfinyl indole H, a
domino Michael/Mannich/N-alkylation reaction sequence afforded
N-sulfinyl derivative I with excellent diastereoselectivity and in good
yield. The following sequence includes a reduction and oxidation
step to form the aldehyde J, Wittig methylenation and ring-closing
metathesis (using the Hoveyda-Grubbs II catalyst) to give K. Then,
deprotection and N-alkylation with 2-bromoethanol led to L. Finally,
a Bosch-Rubiralta cyclization closed the last ring (intermediate M)
and double bond hydrogenation in the presence of PtO> provided the
natural product (-)-aspidospermidine (Scheme 61).
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1. LHMDS
Io) thenJJ\ 0 P o
1" )L /\/ /\/
NSeesy B COMe BUTNT oo e PN oHO
| THF, -78 °C Q_Q,Et 1. DIBAL-H (ot
\ 2. Allyl bromine 2. DMP
'.\l dir: 11:1 ’}l 98%, 2 steps [}1
it h
02PhS 73 % over two steps S0P SO,Ph
H | J
1. HCI, MeOH
2. Br(CH,),0OH
1. PhgPCH, N(a 2032
—_—
120 HGI-U EtOH, reflux
mol%
! 80% over two steps
90% over two steps SO,Ph P

Hy PtO,

EtOAc
75%

(-)-Aspidospermidine

Scheme 61: Andrade’s synthesis of (-)-aspidospermidine

Another noteworthy total synthesis of (%)-aspidospermidine was
presented by Zhu et al. in 2014.[1%1 The synthesis started with Pd(0)-
catalyzed decarboxylative coupling between the two fragments N and
O, followed by the addition of TBAF providing compound P.
Mitsunobu reaction of P with nosylamine under Walker's
conditions!!®! followed by the addition of TBAF afforded
nosylamine derivative Q, which was subsequently converted to
macrocycle R by a second Mitsunobu reaction. Then, an ozonolysis
step cleaved the double bond, the N-nosyl group was removed under
Fukuyama’s conditions, 2! the nitro group was reduced with TiCls
in an ammonium acetate buffer, and finally the addition of aqueous
NaHCOs solution followed by NaBH4 directly provided the target

154



Chapter 4: Application of iodine(l) reagents or bromine catalysis to
the total synthesis of (£)-aspidospermidine

compound (+)-aspidospermidine as a single diastereoisomer
(Scheme 62).

OTES otes  §"
OTBS
TiO, H [Pd(allyl)Cll, .
COK 4+ Q diglyme, 100 °C ~*
— >
NO then, TBAF 0°C O
2 57% NO,
N ) p
o NHNs
J PPhy DEAD
PPh; DEAD neopentyl alcohol
neopentyl alcohol (40 mol%) (40 mol%)
Toluene R O ’ Toluene
then, TBAF, 25 °C NO, 25°C. 81%

75%

03’ CH20|2Y M628
then, PhSH, Cs,CO3,
then TiCl; NH,OAc, MeOH
then, NaHCOS, NaBH,
50%

(x)-Aspidospermidine

Scheme 62: Zhu's synthesis of (+)-aspidospermidine

4.2. General objectives

Despite the large number of reported synthetic approaches to
synthesize aspidospermidine that have been carried out within a
remarkable number of different strategies, we wanted to demonstrate
the versatility and performance of the discussed halogen reagents as
a tool towards the realization of a novel synthetic approach within an
unprecedented C-H amination. Such an access should significantly
streamline the synthesis of aminated complex natural products.
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4.2. RESULTS AND DISCUSSION

We started this project synthesizing a model compound, which is
shown in Figure 10. Our first strategy was to employ the newly
developed iodine(I) reagent 16 to provide the oxidative amination in
the 4-position of the tetrahydrocabazole derivative.

g0

N
H

Figure 10: Model compound

The synthesis started with the preparation of the tetrahydrocarbazole
35 through a Fischer indole reaction with phenylhydrazine
hydrochloride 33 and ethyl 4-oxocyclohexanecarboxylate 34 (99%).
Compound 35 was reduced to the alcohol 36 (99%) with LiAlH4.
Appel reaction provided bromide 37 (85%). Alkylation of 37 with
diethyl malonate yielded diester 39 (55%). Upon heating in the
microwave at 180 °C, during 30 min, the di-ester underwent thermal
decarboxylation to form 40 (99%), followed by LiAlH4 reduction to
provide alcohol 41. The next step was the oxidative amination at the
4-position of the tetrahydrocarbazole to afford 42 (70%, d. e.: 54%).
Our methodology was effective in this step and the trans-

diastereomer was separated by column chromatography (Scheme
63).
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0 o]
NHNH, HCI
EtOH OBt A,
+ —_— —_— >
Reflux, 12h \ THF, 25 °C, 2 h
33 34 35
OH
CBr4 PPh3
N\ DCM 25°C, 12h
H 85%
36 37
Q LiCl, H,0
o o NaH, 1h, 25 °C OFt DMF
THF 180 °C
PSP N —_—
then, 37 \ o} Microwave, 30 min
38 Reflux, 12 h N 99%
55% H
39
2 [I(NPhth), JBu,N
u
OEt H 1%
LiAIH, DMF
#
\ THF, 25°C, 2 h \ 70°C, 12 h
N 0, N %
99% 70%
H ° H d.e: 54%
40 4
o
0?7 N s\/—OH
o)
N
H
42

Scheme 63: Initial steps in the synthesis of the model compound.

However, when preparing for the next step, which is shown in
Scheme 64, the phthalimide deprotection had not yet been
accomplished (Chapter 3, section 3.2.3.). As a result, the classical
conditions of deprotection using hydrazine were tested and the cyclic
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ether 43a was obtained in 65% instead of the expected amino alcohol
43b.

N
H
[/‘ g 43
o a
N OH
0 .
~ NH,NH,H,0
—_—
\ EtOH
N

Reflux, 3 h
H
42

Scheme 63: Formation of the cyclic ether 43a.

This unexpected result demonstrated that phthalimide can apparently
act as a good leaving group. This unexpected result is widely
unknown in phthalimide chemistry. As to a noteworthy exception,
Frohlich et al. studied the synthesis of carbohydrate derivatives in
2008.1%1 They discovered that 44 in the presence of butyllithium at
—78 °C forms the 1,2-elimination product 46. They assumed that the
anion 45 was generated and it immediately eliminated the adjacent
amide, which formed a well-stabilized amide anion as a very good
leaving group, to give the unsaturated product 46 (Scheme 64).
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?LQ s/j §LQ s y\o_ S/j
NN n-BuLi o, : ¢ @s O, A~ s
o NPhth CRPhth 5 \ .
0
O\A o \[/\ NPhth &y 7/\
4 45 46

Scheme 64: Frohlich’s discovery of the ability of phthalimide to act as a good
leaving group.

4

When the property of phthalimide as good leaving group was
discovered, we thought to use this observation and implement an
intramolecular amination step into our synthesis of aspidospermi-
dine. Mitsunobu reaction of 42 with diphenyl phosphoryl azide using
DIAD and triphenylphosphine provided the azide 47, which was
reduced to the corresponding amine 48 (80%, over two steps) with
H> and Pd/C. Finally, when 48 was treated with CsCO3 the cyclized
compound 49 was formed in 90% (Scheme 65).

o) o)
;N OH PPhs, DIAD N N
N —~ THF, 25 °C, 12 h 0 o~
O O
! )0 y
H R
o\ H
a2 o a7

£: © NH N\
H, PA/C 7N~ "0, —
—_— \ —_—
EtOH, 12°C \ THF, Reflux \
4h i2h
N
H
48

N
80% over 2 step 90% H

Scheme 65: Synthesis towards the model compound 49.
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Once we had the certainty that with our methodology the piperidine
core of 49 could be formed, this pathway was intended to be used
towards the synthesis of the natural product (+)-aspidospermidine.
This work was carried out by Dr. Julien Berges. The approach started
with the protection of 34 with ethylene glycol to form 50 with 99%
of yield. When LDA was added, the enolate was formed, which gave
rise to an Sn2 reaction with iodoethane to afford 51 (85%). LiAlH4
reduced 51 to 52 (99%) and then, the deprotection of ethylene glycol
to form 53 (99%). A Fischer indole reaction was carried out to give
the target tetrahydrocarbazole compound 54 with 99 % of yield. At
this point, we decided to try if the oxidative amination with the
iodine(I) reagent 16 could provide the aminated product 55.
Unexpectedly, it was not formed, and this outcome is believed to
arise from the steric hindrance at the neopentylic 4-position (Scheme
66).
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(0] \ [\
0_0 LDA 0,°
Ethylene glycol then, lodoethane
Toluene, reflux, 3h THF, -50°C 0
99% 85%
07 TOFEt Et0” SO EtO
34 50 51
£ (0]
) o__0O NHNH, HCI
THF, 25°C, 2 h OH 12 h, EtOH OH
99% 99%
52 53 33
OH [I(NPhth), ]BugN
16 e}
EtOH DMF N OH
B (0]
Reflux, 12h

70°C,12h
99%

R IZ o
Iz .

55
Scheme 66: Amination with iodine(I) reagent did not form the product 55.

In view of the previous results, we changed the synthetic route to the
compound 60 bearing the required nitrogen within a sulfonamide
moiety, to see if the halogen(I) reagent could activate the benzylic
position to make use of an intramolecular reaction and provide the
desired cyclization at the neopentylic position.

To arrive at the target compound, the alcohol 52 was oxidized under
Swern conditions to give the aldehyde 56 in 70%. Wittig reaction led
to homologated nitrile 57 (99%) and then, the hydrogenation of the
double bond was carried out with H> and Pd/C to furnish 58 (99%).
After that, the reduction of the nitrile, protection of the free amine
with nosyl and deprotection of the ketone afforded the cyclohexanone
59 with 80% of yield over 3 steps. The final Fischer indole synthesis
gave rise to the formation of the tetrahydrocarbazole core 60 (99%,
Scheme 67).
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(0]
M _B__CN M
/_\ o. O MeO”™ 1 o
OMe
Swern oxidation
70% LiOH, molecular sieve
o) THF 70°C
99% |
H
56 57 CN
1) LiAlH,
2) NsClI, Pyr. NHNH2 HCI
_ HPdC HCI (10%
EtOH 12 °C 80% over 3 step
NHNs 59
EtOH
_—
Reflux, 12h AN
99% N
H

60
Scheme 67: New strategies towards (+)-aspidospermidine.

At this point, the stochiometric reaction with iodine(I) reagent 16 was
carried out and the compound 61 was formed with 80% of yield
(Method A, Scheme 68). Once we had realized that the reagent 16
could successfully activate the benzylic position, we decided to check
if the product could be formed exploiting the corresponding bromine
catalysis as well. Indeed, 61 was isolated with 65% (Method B,
Scheme 68).
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Method A:
[I(NPhth), ]BusN

DMF, 150 °C, 12 h
80%

NHNs

Method B:
PhI(NPhth), DDAB (20 mol%)

A

N

H CH3CN, 100 °C, 12 h
60

65%

Scheme 68: Stoichiometric and catalytic version using halogen reagent.

When we observed that halogen reagents allowed the formation of
tetracyclic compound 61, the next goal was to synthesize the last
cycle. In order to do that, the nosyl group was removed using
thioethylene glycol and K>COs to give 62 (65%). The next step was
carried out following the protocol developed by Cho.[*?] The resulting
amine product reacted with chloroacetyl chloride to afford 63 in 65%
yield. Subsequent application of the protocol developed previously
by Heathcock!'%* completed the asymmetric total synthesis of (&)-
aspidospermidine with 53% of yield over two steps (Scheme 69).

Ho~~SH 0
K,CO4 cl A _c
- _—

ACN, 25 °C, 20h
65%

NEtz, DCM
65%

1. Nal (10 equiv.)
Acetone, reflux, 2h N/\\

then, AgOTf (2 equiv.) /’
THF, 25 °C, 30min Q_Q/
\ 2. LiAIH,, THF

o Reflux, 4h N
63 53% over 2 step (+)-Aspidospermidine

Scheme 69: Last steps toward the synthesis of (+)-aspidospermidine.
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This successful approach to aspidospermidine demonstrates that
halide-based oxidation methodology can provide innovative
solutions to the selective C-H amination of elaborated hydrocarbon
frameworks. It demonstrates that metal-free oxidation catalysis is
now becoming a more and more useful tool in organic synthesis.
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4.3. CONCLUSION

In this section we have demonstrated the ability of phthalimide as a
good leaving group in the benzylic position of the tetrahydrocarba-
zole derivative and we have developed a concise total synthesis of
(¥)-aspidospermidine that relies on an intramolecular C-H amination
as the key step. This reaction can be carried out using an iodine(I)
reagent as stochiometric oxidant or within the novel bromine(-1/T)
catalytic mainfold.
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4.4. EPERIMENTAL SECTION
4.4.1. General procedure

Ethyl 2,3,4,9-tetrahydro-1H-carbazole-3-carboxylate 35
Phenylhydrazine hydrochloride (0,85 g, 5.8 mmol, 1.0 equiv.) and
cyclohexanone derivative (1g, 5.8 mmol,1 equiv.) were dissolved in
EtOH (10 mL) and the mixture was stirred under refluxed overnight.
After solvent removal in vacuo, the pure compound 35 was used
without further purification for the next step.

(2,3,4,9-tetrahydro-1H-carbazol-3-yl)methanol 36

LiAlH4 (0.214 g, 6.13 mmol, 2.0 equiv) was added slowly to a
solution of the ester (1 g, 3.6 mmol, 1 equiv.) in THF (25 mL) at 0 °C
and then the solution was stirred for two hours at room temperature.
After that, a solution of NaOH (2M) was added carefully until a white
solid precipitated. After filtration over MgSO4 and evaporation of the
solvent, the crude alcohol 36 was obtained in quantitative yield.

3-(bromomethyl)-2,3,4,9-tetrahydro-1H-carbazole 37

A solution of the alcohol derivative 36 (1g, 4.9 mmol, 1.0 equiv) in
CH>CI> (20 mL) at 0 °C was treated with CBr4 (2.14 g, 6.5 mmol, 1.3
equiv) followed by the portionwise addition of triphenylphosphine
(1.7 g, 6.5 mmol, 1.3 equiv). The reaction was allowed to warm to
25°C and the mixture was stirred overnight. After that, the solvent
was evaporated under reduced pressure. The crude product was
purified by chromatography (eluent: n-hexane/EtOAc, 95/5 v/v) to
give the pure bromide product 37.

Diethyl 12-((2,3,4,9-tetrahydro-1H-carbazol-3-yl)methyl)malo-
nate 39

Diethyl malonate (2.1 mL, 13.1 equiv, 2. equiv) was added drop-wise
to a suspension of NaH (55%, 0.330 g, 13.75 mmol, 1.1 equiv) in
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THF (20 mL) at 0 °C and was stirred for 60 min. The bromide
compound was added in one portion and the resulting milky mixture
was stirred at reflux for 12 h. The reaction was then cooled and
quenched by the addition of H,O. THF was removed under reduced
pressure and the resulting crude was dissolved in Et;O and washed
with water. The aqueous layer was extracted with Et2O (4x), and the
combined organics layers were washed with brine, dried over
MgSO4 and filtered. The solvent was evaporated under reduced
pressure. The crude product was purified by chromatography (eluent:
n-hexane/EtOAc, 90/10 v/v) to give the pure product 39.

Ethyl 3-(2,3,4,9-tetrahydro-1H-carbazol-3-yl)propanoate 40

The diethyl malonate derivative 39 (0.4 g, 1.16 mmol, 1 equiv.) was
dissolved in DMF (19 mL) in a microwave vial (20 mL). LiCl (0.149
g, 3.5 mmol, 3 equiv.) and water (20 drops) were added and the sealed
vial was irradiated in a microwave oven at 180 °C for 30 minutes.
The cooled mixture was diluted with diethyl ether, washed with
water, and dried (MgSO4). The solvent was removed under vacuum
to give the pure compound 40.

3-(2,3,4,9-tetrahydro-1H-carbazol-3-yl)propan-1-ol 41
LiAlH4(0.172 g, 5.0 mmol, 2.0 equiv) was added slowly to a solution
of the ester 40 (0.67 g, 2.5 mmol, 1.0 equiv) in THF (20 mL) at 0 °C
and then the solution was stirred for two hours at room temperature.
After that, a solution of NaOH (2M) was added carefully until a white
solid precipitated. After filtration over MgSO4 and evaporation of the
solvent the crude alcohol 41 was obtained in quantitative yield.

2-((3S,4S)-3-(3-hydroxypropyl)-2,3,4,9-tetrahydro-1H-
carbazol-4-yl)isoindoline-1,3-dione 42
In a schlenk flask was added iodine(I) reagent (1.44 g, 2.2 mmol, 1.0
equiv.), and tetrahydrocarbazole derivative 41 (0.5 g, 2.2 mmol, 1.0
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equiv.) in 40 mL of dry DMF and the mixture was stirred overnight
at 70 °C. The crude was diluted with EtOAc, washed with water (4x).
Then the mixture was concentrated in vacuo and the residue was
purified by column chromatography (eluent: n-hexane/EtOAc, 4/6
v/V).

(4aS,11cR)-2,3,4,4a,5,6,7,11c-octahydropyrano|3,2-c]carbazole
43

The tetrahydrocarbazole derivative 42 (0.06 g, 0.16 mmol, 1 equiv.)
was treated with hydrazine hydrate (0.150mL, 1.92 mmol, 12 equiv.)
in the presence of 6 mL of EtOH and 1 mL of H>O at reflux during 3
h. The solvent was removed by reduced pressure, and the residue was
extracted with EtOAc (%2). The combined organic layers were
washed with H»O, dried, filtered, and then concentrated to a residue
that was purified by column chromatography (eluent: n-
hexane/EtOAc, 8/2, v/v).

2-((3R,4S)-3-(3-azidopropyl)-2,3,4,9-tetrahydro-1H-carbazol-4-
yDisoindoline-1,3-dione 47

Indole derivative (0.15 g, 0,4 mmol, 1 equiv.) was dissolved in 3 mL
of THF. Then, triphenylphosphine (0.21 g, 0.8mmol, 2 equiv.), DIAD
(0.16 g, 0.8 mmol, 2 equiv.) and diphenyl phosphoryl azide (0.22 g,
0.8 mmol, 2 equiv.) were added at 0 °C. The reaction mixture was
stirred 12 h at 25 °C. The cooled mixture was diluted with ethyl
acetate, washed with water, brine and dried with Na;SO4. The
solvent was removed under reduced pressure. The crude mixture was
filtered through a short pad of silica. The solvent was removed under
reduced pressure and product was subjected to the next reaction
without further purification.

2-((3R,4S)-3-(3-aminopropyl)-2,3.4,9-tetrahydro-1H-carbazol-4-
yDisoindoline-1,3-dione 48
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Indole derivative 47 (0.2 g, 0,5 mmol, 1 equiv.) was dissolved in 3
mL of THF then, Pd/C (60 mg, 30%) was added and the mixture was
stirred during 4 hours under a hydrogen balloon. After filtration over
celite and concentration in vacuo, the crude was dissolved in DCM
and a yellow solid precipitated when hexane was added. The product
was filtered to give the pure compound 48.

(4aR,11cR)-2,3,4,4a,5,6,7,11c-octahydro-1H-pyrido|3,2-
c]carbazole 49

Indole derivative 48 (0.2 g, 0,53 mmol, 1 equiv.) was dissolved in 30
mL of THF. Then, Csx2CO3 (60 mg, 30%) was added and the mixture
was stirred during 12 hours at 75 °C. After filtration over celite, the
liquid was concentrated under vacuo to give the pure compound 49.

4.4.2. Compound characterizations

Ethyl 2,3,4,9-tetrahydro-1H-carbazole-3-carboxylate 35
Yor 'HNMR (400 MHz, CDClL): 5= 1.35(d,J=7.2 Hz,
g 3H), 2.13-2.02 (m, 1H), 2.41-2.31 (m, 1H), 2.90-2.80
N (m, 3H), 3.00-2.91(m, 1H), 3.18-3.08 (m, 1H), 4.27
(qd,J=7.1, 1.4 Hz, 2H), 7.21-7.12 (m, 2H), 7.31-7.29 (m, 1H), 7.52
(d,J=17.4,1.6,0.8 Hz, 1H), 7.84 (s, 1H).
13C NMR (125 MHz, CDClL3): & = 14.3,22.4, 24.0, 25.8, 40.4,
60.9, 108.5, 110.5, 117.8, 119.3, 121.3, 127.5, 133.1, 136.0.

(2,3,4,9-tetrahydro-1H-carbazol-3-yl)methanol 36
Q_Qf ' 1H NMR (400 MHz, CDClL3): 8 = 1.94-1.86 (m, 1H),
H\ 2.22-2.02 (m, 2H), 2.47-2.38 (m, 1H), 2.84-2.75 (m,
2H), 2.98-2.90 (m, 1H), 3.84-3.68 (m, 2H), 7.20-7.06
(m, 2H), 7.33-7.28 (m, 1H), 7.49 (dd, J= 7.5, 1.3 Hz, 1H), 7.78 (s,
1H),
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13C NMR (125 MHz, CDCL): § = 22.43 23.9, 26.0, 37.5, 67.6,
109.1, 110.4, 117.7, 119.2, 121.1, 127.7, 133.9, 140.0.

IR v(em™): 3399, 2916, 1466, 1237, 1040, 738.

HRMS (ESI): Calcd. for [M+Na]" Ci3sHisNO 202.1226, found;
202.1225.

3-(bromomethyl)-2,3,4,9-tetrahydro-1H-carbazole 37

Q_Qf * 1H NMR (400 MHz, CDCls): 5 = 1.88-1.64 (m, 1H),
ﬁ\ 2.34-2.16 (m, 2H), 2.59-2.45 (m, 1H), 2.88-2.67 (m,

2H), 3.12-2.97 (m, 1H), 3.67-3.50 (m, 2H), 7.20-7.08

(m, 2H), 7.35-7.22 (m, 1H), 7.54-7.45 (m, 1H), 7.72 (s, 1H).

I3C NMR (125 MHz, CDCl3): § =22.3,26.3,28.1,37.2,39.2, 108.8,

110.5, 117.7,119.3, 121.3, 127.5, 133.3, 136.0.

IR v(em™): 3379, 2916, 2837, 1452, 1325, 743.

mp: 100 °C.

HRMS (ESI): Calcd. for [M+Na]" C;3H;sBrN 264.0382, found;

264.0371.

Diethyl 12-((2,3,4,9-tetrahydro-1H-carbazol-3-yl)methyl)malo-
nate 39
Yo 'HNMR (400 MHz, CDCL): §=1.29 (td, J=7.1,
Q_Q/\oiia 4.3 Hz, 7H), 1.70-1.58 (m, 2H), 3.62 (dd, J = 8.3,
N 7.2 Hz, 1H), 1.93-1.77 (m, 1H), 2.18-2.00 (m, 2H),
2.40-2.27 (m, 1H), 2.82- 2.72 (m, 1H), 2.97- 2.87
(m, 1H), 4.30- 4.15 (m, 4H), 7.17- 7.01 (m, 2H), 7.33- 7.23 (m, 1H),
7.52-7.41 (m, 1H), 7.76 (s, 1H).
13C NMR (125 MHz, CDCL): 8 = 14.1, 22.6, 27.0, 29.3, 32.6, 35.0,
50.0, 61.5, 109.2, 110.4, 117.7, 119.2, 121.2, 127.6, 133.7, 136.0,
169.7, 169.7.
IR v(em™): 3379, 2936, 1727, 1148, 752.
mp: 93 °C.
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HRMS (ESI): Calcd. for [M+Na]* C23H23N2NaO 366.1703, found,;
366.1690.

Ethyl 3-(2,3,4,9-tetrahydro-1H-carbazol-3-yl)propanoate 40
3 ont 'H NMR (400 MHz, CDCl): & = 1.30 (t, 3H),
Q_Q/\)L 1.69-1.58 (m, 2H), 1.93-1.79 (m, 2H), 2.10-2.01
N (m, 1H), 2.38-2.28 (m, 1H), 2.55-2.43 (m, 2H),
2.82-2.77 (m, 2H), 2.95-2.87 (m, 1H), 4.18 (qd, J
=17.2,0.9 Hz, 2H), 7.19-7.09 (m, 2H), 7.31-7.29 (m, 1H), 7.50-7.45
(m, 1H), 7.72 (s, 1H).
13C NMR (125 MHz, CDCL): 6 = 14.3,22.8,27.1,29.3, 31.2, 32.3,
34.3, 60.3, 109.6, 110.4, 117.7, 119.2, 121.1, 127.7, 133.9, 140.0,
173.9.
IR v(em™): 3401, 2920, 1701, 1455, 1141, 748.

HRMS (ESI): Calcd. for [M+Na]* Ci17H2:1NNaO> 294.1464, found,;
294.1465.

3-(2,3,4,9-tetrahydro-1H-carbazol-3-yl)propan-1-ol 41

o4 1 NMR (400 MHz, CDCl3): 5 = 1.60-1.50 (m,
<1N\§ ) 2H), 1.68-1.60 (m, 1H), 1.81-1.72 (m, 2H), 1.91-
H 1.84 (m, 1H), 2.10-2.03 (m, 1H), 2.38-2.29 (m,

1H), 2.82-2.75 (m, 2H), 2.96-2.90 (m, 1H), 3.73 (t, /= 6.6 Hz, 2H),
7.18-7.06 (m, 2H), 7.32-7.30 (m, 1H), 7.51-7.45 (m, 1H), 7.73 (s,
1H).

13C NMR (125 MHz, CDClL3): § =22.9, 27.4, 29.6, 30.5, 32.2, 34.5,
63.3,109.8,110.4, 117.7, 119.1, 121.0, 127.7, 133.9, 136.0.

IR v(em™): 3319, 2921, 1454, 1051, 736.

HRMS (ESI): Calcd. for [M+Na]* CisHi9NNaO 2521359, found;
252.1358.

2-((3S,4S)-3-(3-hydroxypropyl)-2,3.4,9-tetrahydro-1H-
carbazol-4-yl)isoindoline-1,3-dione 42
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d.e: 54%.
%"’JOH '"H NMR (400 MHz, CDCL): § = 1.86-1.54 (m,
Q_Q 5H), 2.35-2.14 (m, 1H), 2.71-2.59 (m, 1H), 2.85-
N 2.76 (m, 1H), 3.06-2.97 (m, 1H), 3.70-3.58 (m,
2H), 5.49 (d, J = 9.1 Hz, 1H), 6.90-6.84 (m, 1H),
7.10-6.99 (m, 2H), 7.28-7.26 (m, 1H), 7.76-7.71 (m, 2H), 7.86-7.80
(m, 2H), 7.98-7.90 (m, 1H).
13C NMR (125 MHz, CDCl): & =22.8, 28.0, 28.6, 29.8, 37.9, 50.6,
63.0, 107.9, 110.8, 117.2, 119.7, 121.2, 123.3, 126.1, 131.8, 134.0,
136.0, 136.4, 168.5.
IR v(em™): 3382, 2927, 1697, 1321, 717.
mp: 103 °C.
HRMS (ESI): Calcd. for [M+Na]" C23H22N2NaOs3 397.1523, found;
397.1543.

(4aS,11cR)-2,3,4,4a,5,6,7,11c-octahydropyrano|3,2-c]carbazole
43
o\ 'H NMR (400 MHz, CDCLy): § = 1.43-1.52 (m, 1H),
g ) 1.59-1.71 (m, 2H), 1.76-1.90 (m, 2H), 1.94-2.01 (m, 2H),
N 2.30-2.44 (m, 1H), 2.65-2.84 (m, 2H), 3.72 (td, /=11.0,
2.5 Hz, 1H), 3.93-4.01 (m, 1H), 4.80 (d, J = 2.7 Hz, 1H), 7.09-7.16
(m, 2H), 7.23-7.28 (m, 1H), 7.62-7.67 (m, 1H), 7.86 (s, 1H).
I3C NMR (125 MHz, CDCls): 6 =22.3, 23.0, 23.7, 28.7, 34.2, 67.4,
70.6,110.4, 111.3,118.2, 119.7, 121.3, 127.1, 136.1, 136.5.
HRMS (ESI): Calcd. for [M+Na]" C;sH2sNNaO3 250.1210, found;
250.1208.
IR v(em™): 2925, 1720, 1350, 1300, 1160.
mp: 97 °C.

172



Chapter 4: Application of iodine(l) reagents or bromine catalysis to
the total synthesis of (£)-aspidospermidine

2-((3R,4S)-3-(3-aminopropyl)-2,3.4,9-tetrahydro-1H-carbazol-4-
yDisoindoline-1,3-dione 48
'H NMR (400 MHz, CDCl3): § = 1.40-1.53 (m,
%0 -, 1H), 1.60-1.98 (m, 4H), 2.29-2.37 (m, 1H), 2.61-
QQ_D 2.70 (m, 1H), 2.82-3.08 (m, 4H), 5.44 (d, J=9.5
. Hz, 1H), 6.73 (ddd, J = 8.1, 7.0, 1.0 Hz, 1H),
6.78-6.83 (m, 1H), 6.93-6.99 (m, 1H), 7.24-7.29
(m, 1H), 7.82-7.90 (m, 4H).
13C NMR (125 MHz, CDClL): & =22.3, 24.5, 27.8, 28.9, 37.9, 39.7,
50.8, 106.3, 110.7, 116.1, 118.6, 120.3, 122.9, 125.9, 131.6, 134.3,
136.5, 136.6, 168.2.
IR v(em™): 2919, 2850, 1707, 1462, 1380, 800.
HRMS (ESI): Calcd. for [M+Na]" C23H23N3NaO2 396.1682, found;
396.1689.

(4aR,11cR)-2,3,4,4a,5,6,7,11c-octahydro-1H-pyrido|3,2-
c]carbazole 49
w "\ '"H NMR (400 MHz, CDCL3): § =1.47-1.53 (m, 1H),
() 1.61-1.71 (m, 2H), 1.80-1.98 (m, 3H), 2.11 (s, 1H), 2.30-
N 2.38 (m, 2H), 2.73-2.78 (m, 1H), 2.88 (td, J=11.8, 2.9
Hz, 1H), 3.03-3.10 (m, 1H), 4.14 (d, J = 3.5 Hz, 1H), 7.07-7.14 (m,
2H), 7.23-7.27 (m, 1H), 7.59-7.64 (m, 1H), 7.97 (s, 1H).
13C NMR (125 MHz, CDCl): § =22.7, 23.2, 23.5, 30.1, 34.4, 46.4,
51.3,110.5, 113.2, 117.8, 119.4, 121.1, 127.0, 135.3, 136.1.
IR v(em™): 3200, 2923, 1118, 1459, 1259, 1014.
mp: 170 °C.
HRMS (ESI): Calcd. for [M+H]" CisHioN> 227.1543, found;
227.1543.
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OVERALL CONCLUSIONS

Iodine reagents have been recognized as powerful tools for the
oxidative transformation of hydrocarbon molecules. The benefits of
this modern functionalization by employing iodine are that they allow
avoiding the use of transition metals. We have presented the general
syntheses, isolations and characterizations of several important
iodine(I) reagents, which contain two carboxylic acid derivatives as
ligands and follow the general formula R4N[I(O2CAr)>2]. These
compounds are air- and moisture-stable in the solid state and upon
exposure in solution. They represent conceptually new iodine(I)
compounds with anions as stabilizers. The stereoselective
difunctionalization of alkenes is a highly important transformation to
access bioactive molecules and natural products in organic chemistry,
which provides the selective and easy addition of two new chemical
entities in a single step. Regarding the more concrete case of the
halofunctionalization, vicinal halogen atoms with their ease for
subsequent transformation may enable an even greater
diversification. The previded iodine(I) compounds could indeed be
used as powerful reagents for the vicinal iodooxygenation of alkenes
within a total of 47 different examples accomplished with good
yields. In this versatile application, the reaction mechanism was
studied in detail. Furthermore, the initial rates of the individual
reactions and the chemo- and regioselectivity of the transformation
were investigated. Finally, we discovered the importance of
acetamide as a general additive, which once added, activates the
intermediate [-O2CAr to promote the reaction.

As the indole core is a common structural motif in natural products,
and in bioactive and pharmaceutical compounds, considerable efforts
have been carried out towards the development of efficient methods
for its functionalization and diversificative syntheses. Despite
significant progresses in the synthesis of tetrahydrocar-bazoles,
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strategies involving the direct a-functionalization of the aliphatic
side chain of 2,3-disubstituted indoles are quite limited. Due to this
fact, we have presented syntheses, isolations and characterizations
including X-ray analyses of stable complex iodine(I) derivatives
R4N[I(NPhth)>] and bromine(I) derivative DDA[Br(NPhth).], using
Varvoglis’ reagent PhI(NPhth)., which was also characterized by X-
ray analysis for the first time. These reagents were used towards the
development of an unprecedented oxidative amination of the 4-
position of tetrahydrocarbazole derivatives. The reaction can be
carried out under stoichiometric as well as catalytic conditions. In the
stoichiometric version, the iodine(I) reagent was used to obtain a
large number of aminated tetrahydrocarbazoles with different
substitutions at the arene core and at the aliphatic ring, all of which
were isolated in good to excellent yields. When the aliphatic ring
contained presubstitution, with this methodology, the ratio of cis-
trans diastereoisomers could be controlled by the temperature: low
temperature led to the cis-compound, however with high
temperature, the trans-compound was formed preferably. The
catalytic version, in which the bromine(I) reagent is formed in situ,
allows for the oxidative amination of several tetrahydrocarbazoles
with different substitu-tions in the aromatic and aliphatic rings. The
reaction is diastereose-lective in favor of the frans-product when a
bulky group such as phenyl or fert-butyl are present at the
neighboring carbon. Finally, it was demonstrated that the
deprotection of the phthalimide can be achieved under mild
conditions with a methyl or benzyl protecting group at the nitrogen
of the tetrahydrocarbazole.

Once the anticipated methodology had been fully developed and the
new iodine(I) and bromine(I) reagents were tested as useful tools in
organic chemistry, we conceived a concise total synthesis of (+)-
aspidospermidine that relies on an unprecedented intramolecular C-
H amination as the key step. This reaction can be carried out using an
iodine(I) reagent as stochiometric oxidant or within the bromine(-1/T)
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catalytic mainfold. In this section, we also discovered the ability of
phthalimide to act as a competent general leaving group in the
benzylic position of the tetrahydrocarbazole derivatives.

177



178



Bibliography

BIBLIOGRAPHY

[1]
[2]
[3]
[4]
[3]
[6]
[7]

[8]
[9]

[10]

[11]

[12]
[13]
[14]

[15]

[16]
[17]

[18]

J. Musher, Angew. Chem. Int. Ed. 1969, 261, 54-68.

C. J. Willgerodt, J. Prakt, Chem. 1886, 33, 154-160..

A. Yoshimura, V. V. Zhdankin, Chem. Rev. 2016, 116, 3328-
3435.

Y. Tamura, T. Yakura, J. Haruta, Y. Kita, Tetrahedron Lett.
1985, 26, 3837-3840.

S. Guha, I. Kazi, A. Nandy, G. Sekar, European J. Org.
Chem. 2017, 82, 5497-5518.

E. M. Archer, T. G. van Schalkwyk, Acta Crystallogr. 1953,
6, 88-92.

G. B. Carpenter, S. M. Richards, Acta Crystallogr. 1962, 15,
360-364.

V. V. Zhdankin, Arkivoc. 2009, 2009, 1-62.

J. A. Souto, C. Martinez, L. Velilla, K. Muhiz, Angew. Chem.
Int. Ed. 2013, 52, 1324-1328.

D. H. R. Barton, E. Miller, J. Am. Chem. Soc. 1950, 72, 370-
374.

V. E. Mylonas, M. P. Sigalas, G. A. Katsoulos, C. A. Tsipis,
A. G. Varvoglis, J. Chem. Soc. Perkin Trans. 1994, 2, 1691-
1696.

Y. B. Kang, L. H. Gade, J. Am. Chem. Soc. 2011, 133, 3658-
3667.

R. Sakamoto, T. Inada, S. Selvakumar, S. A. Moteki, K.
Maruoka, Chem. Commun. 2016, 52, 3758-3761.

Y. Kita, H. Tohma, M. Inagaki, K. Hatanaka, T. Yakura,
Tetrahedron Lett. 1991, 32, 4321-4324.

G. R. Desiraju, P. S. Ho, L. Kloo, A. C. Legon, R. Marquardt,
P. Metrangolo, P. Politzer, G. Resnati, K. Rissanen, Pure
Appl. Chem. 2013, 85, 1711-1713.

J. Barluenga, J. M. Gonzélez, P. J. Campos, G. Asensio,
Angew. Chem. Int. Ed. 1985, 24, 319-320.

M. J. Chalker, A. L. Thompson, B. G. Davis, Org. Synth.
2010, 87, 288-298.

J. Barluenga, P. J. Campos, J. M. Gonzalez, J. L. Suarez, G.
Asensio, G. Asensio, J. Org. Chem. 1991, 56, 2234-2237.

179



[19]
[20]

[21]

[22]

[23]

[24]

[25]

[26]

[27]
[28]
[29]
[30]
[31]
[32]
[33]

[34]
[35]

Bibliography

J. Barluenga, M. A. Rodriguez, P. J. Campos, J. Org. Chem.
1990, 55, 3104-3106.

J. Barluenga, J. M. Gonzalez, M. A. Garcia-Martin, P. J.
Campos, G. Asensio, J. Org. Chem. 1993, 58, 2058-2060.
G. Espuiia, G. Arsequell, G. Valencia, J. Barluenga, J. M.
Alvarez-Gutiérrez, A. Ballesteros, J. M. Gonzélez, Angew.
Chemie. Int. Ed. 2004, 43, 325-329.

J. Barluenga, J. M. Alvarez-Gutiérrez, A. Ballesteros, J. M.
Gonzalez, Angew. Chem. Int. Ed. 2007, 46, 1281-1283.

J. Barluenga, F. Gonzalez-Bobes, M. C. Murguia, S. R.
Ananthoju, J. M. Gonzalez, Chem. Eur. J. 2004, 10, 4206-
4213.

J. Barluenga, F. Gonzélez-Bobes, S. R. Ananthoju, M. A.
Garca-Martn, J. M. Gonzalez, Angew. Chem. Int. Ed. 2001,
40, 3389-3392.

J. Barluenga, I. Llorente, L. J. Alvarez-Garcia, J. M.
Gonzalez, P. J. Campos, M. R. Diaz, S. Garcia-Granda, J. Am.
Chem. Soc. 1997, 119, 6933-6934.

J. Barluenga, G. P. Romanelli, L. J. Alvarez-Garcia, I.
Llorente, J. M. Gonzélez, E. Garcia-Rodriguez, S. Garcia-
Granda, Angew. Chem. Int. Ed. 1998, 37, 3136-3139.

J. Barluenga, H. Vézquez-Villa, A. Ballesteros, J. M.
Gonzalez, Adv. Synth. Catal. 2005, 347, 526-530.

J. Barluenga, H. Vézquez-Villa, A. Ballesteros, J. M.
Gonzalez, J. Am. Chem. Soc. 2003, 125, 9028-9029.

J. Barluenga, M. Trincado, E. Rubio, J. M. Gonzélez, Angew.
Chem. Int. Ed. 2006, 45, 3140-3143.

K. Murai, K. Tateishi, A. Saito, Org. Biomol. Chem. 2016,
14,10352-10356.

F. Homsi, S. Robin, G. Rousseau, Org. Synth. 2000, 77, 206-
211.

K. Takaku, H. Shinokubo, K. Oshima, Tetrahedron Lett.
1996, 37, 6781-6784.

T. Okitsu, D. Nakazawa, R. Taniguchi, A. Wada, Org. Lett.
2008, 10, 4967-4970.

X. L. Cui, R. S. Brown, J. Org. Chem. 2000, 65, 5653-5658.
F. Homsi, G. Rousseau, J. Org. Chem. 1999, 64, 81-85.

180



[36]
[37]
[38]
[39]
[40]

[41]
[42]

[43]

[44]

[45]

[46]
[47]

[48]

[49]
[50]
[51]

[52]

Bibliography

Y. M. Wang, J. Wu, C. Hoong, V. Rauniyar, F. D. Toste, J.
Am. Chem. Soc. 2012, 134, 12928-12931.

Y. Ashikari, A. Shimizu, T. Nokami, J. I. Yoshida, J. Am.
Chem. Soc. 2013, 135, 16070-16073.

A. Shimizu, R. Hayashi, Y. Ashikari, T. Nokami, J. L
Yoshida, Beilstein J. Org. Chem. 2015, 11, 242-248.

T. R. Reddy, D. S. Rao, K. Babachary, S. Kashyap, Eur. J.
Org. Chem. 2016, 2016, 291-301.

K. Muniz, B. Garcia, C. Martinez, A. Piccinelli, Chem. Eur.
J. 2017, 23, 1539-1545.

D. H. Ripin, D. A. Evans, Heterocycles. 2005, 462, 1-6.

C. Roben, J. A. Souto, Y. Gonzélez, A. Lishchynskyi, K.
Muiiiz, Angew. Chem. Int. Ed. 2011, 50, 9478-9482.

P. Christ, A. G. Lindsay, S. S. Vormittag, J. M. Neudorfl, A.
Berkessel, A. C. O’Donoghue, Chem. Eur. J. 2011, 17, 8524-
8528.

J. A. Souto, P. Becker, A. Iglesias, K. Muiiiz, J. Am. Chem.
Soc. 2012, 134, 15505-15511.

(a) L. Hadjiarapoglou, S. Spyroudis, A. Varvoglis, Synthesis.
1983, /983, 207-208. (b) M. Papadopoulou, A. Varvoglis. J.
Chem. Res. Synop. 1983, 66. (c) M. Papadopoulou, A.
Varvoglis. J. Chem. Res. Synop. 1984, 166.

G. Doleschall, G. Téth, Tetrahedron. 1980, 36, 1649-1665.
J. E. Barry, M. Finkelstein, W. M. Moore, S. D. Ross, L.
Eberson, Tetrahedron Lett. 1984, 25, 2847-2850.

M. Elding, J. Albertsson, G. Svensson, L. Eberson, P.
Krogsgaard-Larsen, K. Maartmann-Moe, S. Wold, Acta
Chem. Scand. 1990, 44, 135-138.

L. Eberson, J. E. Barry, M. Finkelstein, W. M. Moore, S. D.
Ross, B. Wigilius, Acta Chem. Scand. 1985, 39b, 249-265.
A. Kirschning, C. Plumeier, L. Rose, Chem. Commun. 1998,
8, 33-34.

M. A. Hashem, A. Jung, M. Ries, A. Kirschning, Synlett.
1998, 1998, 195-197.

A. Kirschning, M. Jesberger, H. Monenschein, Tetrahedron
Lett. 1999, 40, 8999-9002.

181



[53]
[54]
[55]
[56]
[57]

[58]
[59]

[60]
[61]

[62]

[63]

[64]

Bibliography

H. Monenschein, G. Sourkouni-Argirusi, K. M. Schubothe,
T. O’Hare, A. Kirschning, Org. Lett. 1999, 1, 2101-2104.

A. Kirschning, H. Monenschein, C. Schmeck, Angew. Chem.
Int. Ed. 1999, 38, 2594-2596.

A. Kirschning, M. Jesberger, A. Schonberger, Org. Lett.
2001, 3, 3623-3626.

D. S. Rao, T. R. Reddy, K. Babachary, S. Kashyap, Org.
Biomol. Chem. 2016, 14, 7529-7543.

T. R. Reddy, D. S. Rao, S. Kashyap, Org. Biomol. Chem.
2018, 1508-1518.

T. Kaiho, lodine Chemistry and Applications, 2015. 625-636.
F. C. Kiipper, M. C. Feiters, B. Olofsson, T. Kaiho, S.
Yanagida, M. B. Zimmermann, L. J. Carpenter, G. W. Luther,
Z. Lu, M. Jonsson, Angew. Chem. Int. Ed. 2011, 50, 11598-
11620.

E. I. Negishi, Angew. Chem. Int. Ed. 2011, 50, 6738-6764.
(a) D. Nair, J. T. Scarpello, L. S. White, L. M. Freitas Dos
Santos, I. F. J. Vankelecom, A. G. Livingston, Tetrahedron
Lett. 2001, 42, 8219-8222. (b) C. C. C. Johansson Seechurn,
M. O. Kitching, T. J. Colacot, V. Snieckus. Angew. Chem. Int.
Ed. 2012, 51, 5062-5085. (¢) C. E. Garrett, K. Prasad, Adv.
Synth. Catal. 2004, 346, 889-900. (d) The European Agency
for the Evaluation of Medicinal Products, Committee for
Proprietary Medicinal Products; London, 2002.

(a) P. Phukan, P. Chakraborty and D. J. Kataki, J. Org. Chem.
2006. 71, 7533-7537 (b) T. B. Kakule, S. Zhang, J. Zhan, E.
W. Schmidt, Org. Lett. 2015, 17,2295-2297. (¢) T. B. Kakule,
Z. Lin, E. W. Schmidt, J. Am. Chem. Soc. 2014, 136, 17882-
17890. (d) X. De An, Y. Y. Jiao, H. Zhang, Y. Gao, S. Yu,
Org. Let. 2018, 20, 401-404. (e) S. N. Mlynarski, C. H.
Schuster, J. P. Morken, Nature, 2014, 505, 386-390. (f) K.
Kato, K. Hirano, M. Miura, Chem. Eur. J. 2018, 24, 5775-778.

E. J. Corey, N. M. Weinshenker, T. K. Schaaf, W. Huber, J.
Am. Chem. Soc. 1969, 91, 5675-5677.
H. Liu, C. H. Tan, Tetrahedron Lett. 2007, 48, 8220-8222.

182



[65]

[66]

[67]
[68]
[69]
[70]

[71]
[72]

[73]

[74]

[75]

[76]

Bibliography

C. Martinez, K. Mudiz, Angew. Chem. Int. Ed. 2015, 54,
8287-8291.

C. Alvarez-Rta, S. Garcia-Granda, A. Ballesteros, F.
Gonzalez-Bobes, J. M. Gonzélez, Acta Crystallogr. 2002, 58,
01381-01383.

R. W. Troff, T. Mikeld, F. Topic, A. Valkonen, K.
Raatikainen, K. Rissanen, J. Org. Chem. 2013, 9, 1617-1637.
A. Lishchynskyi, K. Mufiiz, Chem. Eur. J. 2012, 18, 2212-
2216.

L. Fra, A. Millan, J. A. Souto, K. Mutiz, Angew. Chem. Int.
Ed. 2014, 53, 7349-7353.

K. Kiyokawa, S. Yahata, T. Kojima, S. Minakata, Org. Lett.
2014. 16, 4646-4649.

P.J. Stang, V. V Zhdankin, Chem. Rev. 1996, 96, 1123-1178.
V. V. Zhdankin, P. J. Stang, Chem. Rev. 2008, 108, 5299-
5358.

K. Moriyama, K. Ishida, H. Togo, Org. Lett. 2012, 14, 946-
949,

A. A. Kantak, L. Marchetti, B. DeBoef, L. Ackermann, R.
Vicente, A. R. Kapdi, D. Alberico, M. E. Scott, M. Lautens,
X. Chen, Chem. Commun. 2015, 51, 3574-3577.

K. Kiyokawa, T. Kosaka, T. Kojima, S. Minakata, Angew.
Chem. Int. Ed. 2015, 54, 13719-13723.

(a) M. Ishikura, T. Abe, T. Choshi, S. Hibino, Nat. Prod. Rep.

2015, 32, 1389-1471. (b) M. Somei, F. Yamada, Nat. Prod.
Rep. 2005, 22, 73-103. (c) S. Cacchi, G. Fabrizi, Chem. Rev.
2005, 105, 2873-2920. (d) F. Chen, E. Huang, J. Chem. Rev.
2005, 105, 4671-4706. (e) G. R. Humphrey, J. T. Kuethe,
Chem. Rev. 2006, 106, 2875-2911. (f) A. J Kochanowska-
Karamyan, M. T. Hamann, Chem. Rev. 2010, 110, 4489-
4497. (g) V Sharma, P. Kumar, D. J. J. Pathak, Heterocycl.
Chem. 2010, 47, 491-502. (h) S. Cacchi, G. Fabrizi, Chem.
Rev. 2011, 111, PR215-PR283. (i) M. Ishikura, T. Abe, T.
Choshi, S. Hibino, Nat. Prod. Rep. 2013, 30, 694-752. (j) N.
K. Kaushik, N. Kaushik, P. Attri, N. Kumar, C. H. Kim, A.
K. Verma, E. H. Choi, Molecules. 2013, 18, 6620-6662. (k)

183



[77]

[78]

[79]

Bibliography

M.Z. Zhang, Q. Chen, G. F. Yang, Eur. J. Med. Chem. 2015,
89,421-441.(1) L. J. Gu, Y. S. Wang, H. T. Zhang, H. J. Tang,
G. P. Li, M. L. Yuan, ChemCatChem. 2016, 8, 2206-2209.
(a) G. Balme, D. Bouyssi, T. Lomberget, N. Monteiro,
Synthesis. 2003, 2115-2134. (b) G. Zeni, R. C. Larock, Chem.
Rev. 2004, 104, 2285-2310. (c) I. V. Seregin, V. Gevorgyan,
Chem. Soc. Rev. 2007, 36, 1173-1193. (d) R. Dalpozzo,
Chem. Soc. Rev. 2015, 44, 742-778. (e¢) A. H. Sandtorv, Adv.
Synth. Catal. 2015, 357, 2403-2435. (f) J. A. Leitch, Y.
Bhonoah, C. G. Frost, ACS Catal. 2017, 7, 5618-5627.

(a) M. Bandini, A. Eichholzer, Angew. Chem. Int. Ed. 2011,
48, 9608-9644. (b) M. Bandini, A. Eichholzer, Angew. Chem.
Int. Ed. 2009, 48, 9608-9644. (c) L. Joucla, L. Djakovitch,
Adv. Synth. Catal, 2009, 351, 673-714. (d) A. H. Sandtorv,
Adv. Synth. Catal. 2015, 357, 2403-2435. (e) L. Souillart, N.
Cramer, Chem. Rev. 2015, 115, 9410-9464. (f) R. Vanjari, K.
N. Singh, Chem. Soc. Rev. 2015, 44, 8062-8096. (g) J. Y. Mo,
L. H. Wang, Y. Q. Liu, X. L. Cui, Synthesis. 2015, 47, 439-
459. (h) Q. Yang, Q. Wang, Z. Yu, Chem. Soc. Rev. 2015, 44,
2305-2329. (i) L.Yang, H. Huang, Chem. Rev. 2015, 115,
3468-3517. (j) C. Liu, J. Yuan, M. Gao, S. Tang, W. Li, R.
Shi, A. Lei, Chem. Rev. 2015, 115,12138-12204. (k) G. Song,
X. Li, Acc. Chem. Res. 2015, 48, 1007-1020. (1) Z. Huang, H.
N. Lim, F. Mo, M. C. Young, G. Dong, Chem. Soc. Rev. 2015,
44, 7764-7786. (m) C. Cheng, J. F. Hartwig, Chem. Rev.
2015, 715, 8946-8975. (n) Gensch, T. Hopkinson, M. N.
Glorius, F. Wencel-Delord, J. Chem. Soc. Rev. 2016, 45,
2900-2936. (0) Q. Z. Zheng, N. Jiao, Chem. Soc. Rev. 2016,
45,4590-4627.

(a) A. W. Schmidt, K. R. Reddy. H. J. Knoelker, Chem. Rev.
2012, 712, 3193-3328. (b) H. J. Knoelker, K. R. Reddy,
Chem. Rev. 2002, 102, 4303-4428. (¢) P. K. Jaiswal, S.
Biswas, S. Singh, B. Pathak, S. M. Mobin, S. Samanta, RSC

184



[80]
[81]
[82]
[83]
[84]
[85]
[86]
[87]

[88]

Bibliography

Adv. 2013, 3, 10644-10649. (d) S. Harada, T. Morikawa, A.
Nishida, Org. Lett. 2013, 15, 5314-5317. (e) C. C. J. Loh,
Raabe, G. Enders. Chem. Eur. J. 2012, 18, 13250-13254. (f)
Q.F. Wu, C. Zheng, S. L. You, Angew. Chem. Int. Ed. 2012,
51, 1680-1683. (g) Zheng, C. Wu, Q.F. S. L. You, J. Org.
Chem. 2013, 78, 4357-4365. (h) Y.C. Xiao, C.Z. Yue, P.Q.
Chen, Y.C. Chen, Org. Lett. 2014, 16, 3208-3211. (i) R. R.
Zhao, Z. W. Sun, M. J. Mo, F. Z. Peng, Z. H. Shao. Org. Lett.
2014, 16,4178-4181. (j) Y. Wang, M. S. Tu, L. Yin, M. Sun,
F. Shi, J. Org. Chem. 2015, 80, 3223-3232. (k) Y. Huang, L.
Song, L. Gong, E. Meggers, Chem. Asian J. 2015, 10, 2738-
2743. (1) H. Zheng, P. He, Y. Liu, Y. Zhang, X. Liu, L. Lin,
X. Feng. Chem. Commun. 2014, 50, 8794-8796. (m) L. J.
Huang, J. Weng, S. Wang, G. Lu, Adv. Synth. Catal. 2015,
357,993-1003. (n) X. Zhao, H. Mei, Q. Xiong, K. Fu, L. Lin,
X. Liu, X. Feng, Chem. Commun. 2016, 52, 10692-10695. (0)
F.Zhao,N. Li, Y. F Zhu, Z.Y. Han, Org. Lett. 2016, 18, 1506-
1509.

S. Miiller, M. J. Webber, B. List, J. Am. Chem. Soc. 2011,
133, 18534-18537.

X. Wu, H. J. Zhu, S. B. Zhao, S. Sen Chen, Y. F. Luo, Y. G.
Li, Org. Lett. 2018, 20, 32-35.

R. D. Gao, L. Ding, C. Zheng, L. X. Dai, S. L. You, Org. Lett.
2018, 20, 748-751.

K. Higuchi, M. Tayu, T. Kawasaki, Chem. Commun. 2011,
47, 6728-6730.

M. Tayu, K. Higuchi, M. Inaba, T. Kawasaki, Org. Biomol.
Chem. 2013, 11, 496-502.

Y. Nakano, D. W. Lupton, Chem. Commun. 2014, 50, 1757-
1760.

N. Gulzar, M. Klussmann, Org. Biomol. Chem. 2013, 11,
4516-4520.

X. Liu, Y. Zhou, Z. Yang, Q. Li, L. Zhao, P. Liu, J. Org.
Chem. 2018, 83, 4665-4673.

L. Jiang, X. Xie, L. Zu, RSC Adv. 2015, 5, 9204-9207.

185



[89]
[90]
[91]
[92]
[93]

[94]

Bibliography

H. Zaimoku, T. Hatta, T. Taniguchi, H. Ishibashi, Org. Lett.
2012, /4, 6088-6091.

J. O. Osby, M. G. Martin, B. Ganem, Tetrahedron Lett. 1984,
25,2093-2096.

R. Yang, F. G. Qiu, Angew. Chem. Int. Ed. 2013, 52, 6015-
6018.

J. Y. Kim, C. H. Suhl, J. H. Lee, C. G. Cho, Org. Lett. 2017,
19,6168-6171.

K. Biemann, M. Friedmann-Spiteller, G. Spiteller,
Tetrahedron Lett. 1961, 2, 485-492.

(a) A. Camerman, N. Camerman, J. P. Kutney, E. Piers, J.
Trotter, Tetrahedron Lett. 1965, 6, 637-642. (b) J. P. Kutney,
N. Abdurahman, P. Le Quesne, E. Piers, 1. Vlattas, J. Am.
Chem. Soc. 1966, 88, 3656-3657. (c¢) J. P. Kutney, E. Piers,
R. T. Brown, J. Am. Chem. Soc. 1970, 92, 1700-1704. (d) Y.
Ban, K. Yoshida, J. Goto, T. Oishi, J. Am. Chem. Soc. 1981,
103, 6990-6992. (e) T. Gallagher, P. Magnus, J. C. Huffman,
J. Am. Chem. Soc. 1982, 104, 1140-1141. (f) M. Node, H.
Nagasawa, K. Fuji, J. Am. Chem. Soc. 1987, 109, 7901-7903.
(g) D. Desmaeele, J. D’Angelo. J. Org. Chem. 1994, 59,
2292-2303. (h) A. G. Schultz, L. Pettus, J. Org. Chem. 1997,
62, 6855-6861. (i) R. Iyengar, K. Schildknegt, J. Aube, Org.
Lett. 2000, 2, 1625-1627. (j) B. Patro, J. A. Murphy, Org.
Lett. 2000, 2, 3599-3601. (k) L. A. Sharp, S. Z. Zard, Org.
Lett. 2006, 8, 831-834. (1) R. Iyengar, K. Schildknegt, M. J.
Morton, J. Aube, J. Org. Chem. 2005, 70, 10645-10652. (m)
I. Coldham, A. J. M. Burrell, L. E. White, H. Adams, N.
Oram, Angew. Chem. Int. Ed. 2007, 46, 6159-6162. (n) T.
Ishikawa, K. Kudo, K. Kuroyabu, S. Uchida, T. Kudoh, S.
Saito, J. Org. Chem. 2008, 73, 7498-7508. (o) C. Sabot, K. C.
Guerard, S. Canesi, Chem. Commun. 2009, 2941-2943. (p) M.
Suzuki, Y. Kawamoto, T. Sakai, Y. Yamamoto, K. Tomioka.
Org. Lett. 2009, 11, 653-655. (q) F. De Simone, J. Gertsch, J.
Waser, Angew. Chem. Int. Ed. 2010, 49, 5767-5770. (r) L.
Jiao, E. Herdtweck, T. Bach, J. Am. Chem. Soc. 2012, 134,
14563-14572. (s) L. McMurray, E. M. Beck, J. Gaunt, Angew.
Chem. Int. Ed. 2012, 51, 9288-9291. (t) M. Kawano, T.
Kiuchi, S. Negishi, H. Tanaka, T. Hoshikawa, J. Matsuo, H.

186



[95]

[96]

[97]

Bibliography

Ishibashi, Angew. Chem. Int. Ed. 2013, 52, 906-910. (u) S.
Tong, Z. Xu, M. Mamboury, Q. Wang, J. Zhu, Angew. Chem.
Int. Ed. 2015, 54, 11809-11812. (v) P. Lajiness, W. J. Jiang,
D. L. Boger, Org. Lett. 2012, 14, 2078-2081. (w) Z. Li, S.
Zhang, S. Wu, X. Shen, L. Zou, F. Wang, X. Li, F. Peng, H.
Zhang, Z. Shao, Angew. Chem. Int. Ed. 2013, 52, 4117-4121.
(x) J. E. Nidhiry, K. R. Prasad. Tetrahedron. 2013, 69, 5525-
5536. (y) M. Mewald, J. W. Medley, M. Movassaghi, Angew.
Chem. Int. Ed. 2014, 53, 11634-11639. (z) G. Pandey, S. K.
Burugu, P. Singh, Org. Lett. 2016, 18, 1558-1561. (aa) B. P.
Pritchett, J. Kikuchi, Y. Numajiri, B. M. Stoltz, Angew.
Chem. Int. Ed. 2016, 55, 13529-13532.

G. Stork, J. E. Dolfini, J. Am. Chem. Soc. 1963, 85, 2872-
2873.

(a) L. A. Sharp, S. Z. Zard, Org. Lett. 2006, 8, 831-834. (b)
R. Iyengar, K. Schildknegt, J. Aub¢, Org. Lett. 2000, 2, 1625-
1627. (c) A. C. Callier-Dublanchet, J. Cassayre, F. Gagosz,
B. Quiclet-Sire, L. A. Sharp, S. Z. Zard, Tetrahedron. 2008,
64, 4803-4816. (d) R. Iyengar, K. Schildknegt, J. Aubé, Org.
Lett. 2000, 2, 1625-1627. (e) D. Gnecco, E. Vazquez, A.
Galindo, J. L. J. Teréan, L. Orea, S. Bernes, R. G. Enriquez,
Arkivoc. 2003, 185-192. (f) K. C. Guérard, C. Sabot, M. A.
Beaulieu, M. A. Giroux, S. Canesi, Tetrahedron. 2010, 66,
5893-5901. (g) A. J. M. Burrell, I. Coldham, L. Watson, N.
Oram, C. D. Pilgram, N. G. Martin, J. Org. Chem. 2009, 74,
2290-2300. (h) H. K. Cho, N. T. Tam, C. G Cho. Bull, Korean
Chem. Soc. 2010, 31, 3382-3384. (i) I. Coldham, A. J. M.
Burrell, L. E. White, H. Adams, N. Oram, Angew. Chem. Int.
Ed. 2007, 46, 6159-6162. (j) T. Ishikawa, K. Kudo, K.
Kuroyabu, S. Uchida, T. Kudoh, S. Saito, J. Org. Chem. 2008,
73, 7498-7508. (k) R. Iyengar, K. Schildknegt, M. Morton, J.
Aubé, J. Org. Chem. 2005, 70, 10645-10652. (1) C. Sabot, K.
C. Guérard, S. Canesi, Chem. Commun. 2009, 2941-2943.
(m) G. Pandey, S. K. Burugu, P. Singh, Org. Lett. 2016, 18,
1558-1561. (n) N. Wang, S. Du, D. Li, X. Jiang, Org. Lett.
2017, 19, 3167-3170.

A. Shemet, E. M. Carreira, Org. Lett. 2017, 19, 5529-5532.

187



[98]
[99]
[100]

[101]
[102]

[103]

[104]

Bibliography

S. B. Jones, B. Simmons, A. Mastracchio, D. W. C.
MacMillan, Nature. 2011, 475, 183-188.

S. Zhao, R. B. Andrade, J. Am. Chem. Soc. 2013, 135, 13334-
13337.

O. Wagnicres, Z. Xu, Q. Wang, J. Zhu, J. Am. Chem. Soc.
2014, 136, 15102-15108.

M. A. Walker, J. Org. Chem. 1995, 60, 5352-5355.

T. Fukuyama, C. K. Jow, M. Cheung, Tetrahedron Lett. 1995,
36, 6373-6374.

Y. L. Chen, R. Leguijt, H. Redlich, R. Frohlich, Synthesis.
20006, 4, 4212-4218.

M. A. Toczko, C. H. Heathcock, J. Org. Chem. 2000, 65,
2642-2645.

188












UNIVERSITAT
ROVIRA i VIRGILI



