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Preface
In this doctoral thesis, the research about the synthesis of 3,3disubstituted 2-oxindoles by deacylative alkylation processes and the
photocatalytic alkylation of alkenes developed during my Ph.D. are
described. The projects concerning the oxindole derivatives have been
carried out under the supervision of Prof. Carmen Nájera Domingo
and Prof. José Miguel Sansano Gil and were developed in the Organic
Chemistry Department and the Organic Synthesis Institute at the
University of Alicante (Spain). Regarding the photocatalytic part of
this doctoral thesis, it has been developed during my three months
stay at the University of Bologna (Italy) under the supervision of
Prof. Pier Giorgio Cozzi.
The thesis is divided into a general introduction and four
chapters. In the general introduction, natural products and synthetic
derivatives that contains an oxindole core are described, including
comments about their biological activity. Furthermore, general
methodologies for the synthesis of oxindole derivatives are included.
In the last part of the introduction, deacylative alkylation process is
described. Chapters were carried out with a short introduction, the
propose of the objectives, the comments and discussion of the
obtained results and finally the conclusions. Chapter 1 involves the
synthesis of 3,3-disubstituted 2-oxindole derivatives by a deacylative
alkylation process using alkyl halides. Chapter 2 describes the
allylation and deacylative allylation catalyzed by palladium of 2oxindoles using non-activated allylic alcohols. In the Chapter 3 is
described the synthesis of 3-fluoro-2-oxindoles combining the
methodologies described in both previous Chapters. Finally, in the
Chapter 4, the photocatalytic alkylation of electrophilic olefins by
benzylic and alkylic zinc sulfinates is surveyed.
These results have been supported by Spanish Ministerio de
Economía y Competitividad (MINECO) (projects CTQ2013-43446-P
and CTQ2014-51912-REDC), the Spanish Ministerio de Economía,
Industria y Competitividad, Agencia Estatal de Investigación (AEI)
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and Fondo Europeo de Desarrollo Regional (FEDER, EU) (projects
CTQ2016-76782-P and CTQ2016-81797-REDC), the Generalitat
Valenciana (PROMETEO2009/039 and PROMETEOII/2014/017)
and the University of Alicante. I also thank Spanish Ministerio de
Economía y Competitividad (MINECO) for a fellowship (BES-2014069695).
Most of the results described in this doctoral thesis have been
published in the following international peer reviewed journals:
“Synthesis of 3,3-Disubstituted 2-Oxindoles by Deacylative Alkylation
of 3-Acetyl-2-oxindoles” A. Ortega-Martínez, C. Molina, C. MorenoCabrerizo, J. M. Sansano and C. Nájera, Synthesis, 2017, 49, 5203–
5210.
“Palladium-catalyzed allylation and deacylative allylation of 3acetyl-2-oxindoles with allylic alcohols” A. Ortega-Martínez, R. de
Lorenzo, J. M. Sansano and C. Nájera, Tetrahedron, 2018, 74, 253–
259.
“Photocatalytic Radical Alkylation of Electrophilic Olefins by
Benzylic and Alkylic Zinc-Sulfinates” A. Gualandi, D. Mazzarella,
A. Ortega-Martínez, L. Mengozzi, F. Calcinelli, E. Matteucci, F.
Monti, N. Armaroli, L. Sambri and P. G. Cozzi, ACS Catal., 2017, 7,
5357–5362.
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1. Oxindoles as prominent scaffolds
Oxindoles are a family of heterocyclic compounds that have
attracted to the academia and industry for years ago, due to the large
amount of bioactive natural products and pharmaceutical derivatives
with extensive biological activities. The simplest molecular structure
of a 2-oxindole 1 consists in a benzene ring fused with a pyrrole ring
having a carbonyl group at the position 2 (Figure 1).

Figure 1. Simplest structure of 2-oxindole.
There are different names as 1,3-dihydro-2H-indol-2-one or
indolin-2-one but the most common used in the academia and
literature is 2-oxindole. The derivative framework bearing a
tetrasubstituted carbon stereocenter at the 3 position is a privileged
structure which forms a large family of natural and synthetic
products with biological activity. There are many substituents that
can be attached at the 3 position: alkyl, alkenyl, aryl, heteroatoms
(oxygen, nitrogen, sulfur) and halogens (fluorine, chlorine, bromine)
among others, through a broad range of synthetic methodologies.
Although the most variations have been done at the 3 position
of the oxindole, there are also substitution in another parts of the
molecule: in the aromatic ring, the totality of the positions have been
studied to exchange the hydrogen atom for another moieties as
hydroxy, methoxy, ethoxy, bromine, chlorine, fluorine, amides, nitro,
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and pyrrole among others. Of course, another susceptible position
that can be substituted is the hydrogen atom of the amide group.
Albeit numerous natural products have the N-H moiety, others are
methylated at the 1 position. However, many synthetic drugs have
been prepared with different groups at the N as for example aryl,
alkyl or benzyl groups. This fact shows the enormous variations and
possibilities that the oxindole core can provide.
In this general introduction, different topics will be described
for demonstrating that oxindoles are prominent scaffolds. In the first
part, on one hand some products that can be found in the nature will
be shown. Also, their chemical structure as well as their biological
activities will be displayed. On the other hand, in the recent years, a
broad range of synthetic oxindoles have emerged showing bioactivity
against numerous diseases. This is a good reason to comment the
oxindole derivative structures and their therapeutic benefits
achieved. For this reason, the pharmaceutical industry is trying to
find new leading compounds that could commercialize just in case to
overcome the clinical. Accordingly, new synthetic methodologies of
oxindoles are emerging to be more efficient and greener.
The second part will consist in a background focused on the
synthesis of 3,3-disubstituted 2-oxindoles, describing the most
important strategies available in the literature until now. At the end
of this section an introduction of the deacylative alkylation process
will be displayed with the aim of apply this synthetic methodology
for the new synthesis of oxindole derivatives.
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1.1. Natural products containing oxindole core.
Structures & biological activities
The first oxindole alkaloids that were found in the nature
were isolated from the roots of Gelsemium sempervirems. Also, more
oxindoles were isolated from Aspidosperma, Mitragyna, Ourouparia,
Rauwolfia and Vinca plants.1 Most of these alkaloids have a common
core structure derived from tryptamine because they have a spiro
fusion to a pyrrolidine ring at the 3 position of the oxindole core. They
were classified into two substructural classes: tetracyclic
secoyohimbane 2 and pentacyclic heteroyohimbane 3 (Figure 2).

Figure 2. Substructural classes of first isolated oxindole alkaloids.
These derivatives are classified as spiro[pyrrolidine-3,3oxindole] alkaloids but also exist other spiro derivatives that have
been isolated later from plants of the Apocynaceae and Rubiacae
families, which exhibit significant bioactivity. For example, the
alstonisine (4) was first isolated from Alstonia muelleriana,2 the wellknown (–)-horsfiline (5) and coerulescine (6), isolated in 19913 and
1998,4 respectively, have been popular targets for the chemists due
to the numerous syntheses that have been reported. The compound
5 was isolated from a Malaysian medicinal plant Horsfieldia
superba.3 Other natural products are chitosenine (7), which exhibits
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inhibitory activity of ganglionic transmission in vivo in rabbits and
rats,5 strychnofoline (8) which produces the mitosis inhibition in cell
lines as mouse melanoma B16, Ehrlich and Hepatom HW1656 and
the alkaloid (+)-elacomine (9) was also isolated from these plant
families. Finally, spirotryprostatins A and B (10 and 11, respectively)
inhibit the G2/M progression of mammalian tsFT210 cells and were
isolated from the fermentation broth of Aspergillus fumigatus7
(Figure 3).
The non-spirocyclic quaternary stereocenter at the 3 position of
oxindole derivatives are also present in the nature in a multiple
molecular structures. One of the most typical alkaloids are the 3substituted 3-hydroxy-2-oxindole and have been isolated from
several sources. For example, maremycin A and B (12 and 13,
respectively) have been isolated from the culture broth of marine
Streptomyces8, and the natural brominated oxindole derivatives
convolutamydines A, B, C, D, and E (14, 15, 16, 17 and 18,
respectively) isolated from marine bryozoan.8 Specifically, the
convolutamydine A (14) has been isolated from Amathiaconvoluta
with a potent activity in the differentiation of HL-60 human
plomyelocytic leukemia cells.9 Also, another 3-substituted 3-hydroxy2-oxindole derivative isolated from Uncariaattenuata Korth in
Thailand is compound 19.10 Finally, oxindole derivative donaxaridine
(20) was isolated from typical Mediterranean giant reed Arundo
donax11 (Figure 4).

General Introduction

Figure 3. Natural spiro[pyrrolidine-3,3’-2-oxindole]
alkaloids.
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Figure 4. Natural 3-substituted 3-hydroxy-2-oxindole
alkaloids.
There are other derivatives that could be potentially
synthesized from 3,3-disubstituted oxindole family. They can be
classified as pyrrolidinoindolines bearing a carbon substituent at C3a of the hexahydropyrrolo[2,3-b]indole ring system. Again, there are
numerous natural products containing this framework. The alkaloid
physostigmine (21) belongs to this class of pyrrolidinoindolines. It
was initially isolated from the seeds of the African Calabar bean
Physostigma venenosum and it is a potent reversible inhibitor of
butyryl- and acetylcholinesterase and is employed clinically for the
treatment of glaucoma.12 Also, for almost two decades, 21 was
evaluated in clinical trials for the symptomatic treatment of
Alzheimer’s disease.13 Unfortunately, it showed short duration of
action, low bioavailability and narrow therapeutic window. For this
reason, a powerful synthetic derivate was synthesized which will be

General Introduction
discussed in the next section of the introduction (see section 1.2.7).
Also it is possible to found compounds as flustramine B (22) which
was found in marine bryozoan Flustra foliacea14 and (–)pseudophrynaminol (23) in the skin of an Australian frog called
Pseudophryne coriacea.15 Other natural derivatives as flustraminol
(24), CPC-1 (25) and flustramine C (26) have been also described16
(Figure 5).

Figure 5. Natural pyrrolidinoindoline alkaloids derived from
2-oxindole.
Finally, other natural products can be found related with the
oxindoles. For example the first oxindolephytoalexin (antimicrobial
secondary metabolites produced by plants as a defense mechanism
responding to a biological, physical or chemical stress) that was found
in a cruciferous is the (–)-spirobrassinin (27),17 the Nmethylwelwitindolinone C isothiocyanate (28), which is the major
oxindole alkaloid in a specific blue-green algae (cyanobacteria)18 and
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finally, to show the wide range of sources where oxindole derivatives
can be found, the alkaloid (+)-alantrypinone (29) was isolated from
the fungus Penicillium thymicola (Figure 6).19

Figure 6. Different related oxindole alkaloids.

1.2. Synthetic oxindoles with an extensive range of
therapeutic benefits
Due to the numerous natural products with interesting
biological activities, synthetic oxindoles have attracted much
attention to the pharmaceutical industry. Thanks to the synthetic
existent methodologies and new ones that are emerging, this
industry is developing new synthetic oxindoles with amazing
bioactivities. For example, it has been developed a marketed anticancer agent sunitinib (30), which is implicated in the treatment of
tumors in gastrointestinal stromal and metastatic cells in the renal
cancer.20 Also, a potent HIV-1 non-nucleoside reverse transcriptase
inhibitor 3121,22 was developed, a growth hormone secretagogue SM130686 (32)23 and an inductor of systemic cartilage hyperplasia in
rats AG-041R (33) were discovered (Figure 7).24 In this section, the
wide variety of synthetic drugs and lead candidates that were or are
being investigated will be shown, in order to know the biological
activities of these oxindole derivatives. There is a huge list of diseases
where these compounds are active: anti-cancer, anti-HIV, antidiabetic, antibacterial, antioxidant, anti-leishmanial, β3 adrenergic

General Introduction
receptor agonists, phosphatase inhibitors, N-methyl-D-aspartate
receptor blockers, spermicidal, vasopressin antagonists, analgesic,
progesterone antagonists, stroke, kinase and acetylcholinesterase
inhibitors. Is worth to note that almost 100 compounds will be
displayed only to demonstrate the big number of interesting
compounds that can be obtained from the oxindole core and the
importance of developing greener and more efficient synthetic
methodologies. Some important brief comments will be displayed in
each disease.

Figure 7. Some examples of oxindole derived drugs.
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1.2.1. Cancer
The disease called as cancer or carcinogenesis is the leading
cause of death worldwide causing around 8.2 million of deaths in
2012 and is expected to rise by 75% reaching near to 25 million in
next to decades.25 Cancer is distinguished by uncontrollable growth
of cells leading to malignant tumors that invade the normal cells and
can spread to distant parts of the body through different systems.
Exist different treatments for this disease, but all the available anticancer drugs have side effects as nephrotoxicity, bone marrow
depression and alopecia due to their non-selectivity. For this reason,
new anti-cancer agents need to be developed to improve the efficacy
and diminish the side-effects.
Numerous natural and synthetic oxindole derivatives have
been evaluated as anti-cancer drugs. The molecules 5hydroxyoxindole (34) and isatin (35) (Figure 8), that are present in
mammalian body fluids and tissues, were found to have antiproliferative activity because show inhibition of cell proliferation
through interaction with extracellular signal-regulated kinases
(ERKs) and promotion of apoptosis.26

Figure 8. Molecules that show biological activity.
Later, several investigations have been done by research
groups and pharmaceutical companies to synthesize a big number
(more than 40) oxindole derivatives with different biological
activities and potencies against cancer.27–42 One of the most relevant
oxindole-pyridine derivate is 3631 which is a very potent (IC50 = 0.17
nM) protein kinase B/Akt inhibitor with 100 fold selectivity over
other Akt isoenzymes. This Akt kinase, plays crucial role in signal
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transduction pathway that regulates many processes in the cancer
(Figure 9).

Figure 9. Very potent oxindole derivative Akt inhibitor.

In the following figure will be shown the oxindole derivatives
37-64 cited in the previous paragraph that have shown different
activities against cancer (Figure 10). Among others, some of these
compounds showed activity against human lung,35 leukemia and
breast cancer cell lines.41
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Figure 10. Anti-cancer oxindole derivative structures.
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Figure 10. Anti-cancer oxindole derivative structures (cont.).
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Figure 10. Anti-cancer oxindole derivative structures (cont.).
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1.2.2. Diabetes
Diabetes is a metabolic disorder and in 2013 was estimated that
over 382 million people throughout the world had this disease.43 It
is characterized by improper secretion of insulin and/or defective
insulin function that results in elevated glucose level. Chronic
hyperglycemia leads various complications, for example retinopathy,
neuropathy, nephropathy and cardiovascular complications.44 In
1992, a series of oxindole-1-acetic acids were investigated against
aldose reductase enzyme, a key enzyme that causes diabetic
complications. The synthesized oxindole derivatives showed potent
in-vitro inhibitory activity against this enzyme, but poor in-vivo
efficacy. Later, new promising series of oxindole analogues have been
discovered as potent α-glucosidase (related with type II diabetes
enzyme) inhibitors. Among them, different inhibitors 65-69 (Figure
11) were synthesized, with an IC50 between 2.71 µM to 37.93 µM.
These biological activities are even greater than standard drug for
type II diabetes acarbose with IC50 = 38.25 µM.45

Figure 11. Anti-diabetic oxindole derivative structures.
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1.2.3. Human immuno deficiency virus (HIV)
The HIV is the leading cause of the deaths globally among the
infectious diseases. The World Health Organization (WHO) says that
over 35 million people worldwide were living with HIV in 2013.46 Of
these, 3.2 million being children (less than 15 years old). The
mortality rate is increasing mostly in developing countries, probably
due to high cost of the therapy for HIV, for side-effects and drug
resistance associated with the therapy. For these reasons, it is
necessary the development of new drugs that can be safer and more
economic.
In this field, also exist oxindole derivatives that are bioactive
against this disease.21 In the Figure 12 are described different of
these compounds. Is worth to note that lead compound 70
(IC50 = 0.066 µM) was further optimized to establish structureactivity relationship (SAR) more potent active molecule. For
describing an example of a common result of SAR in the field of
Medicinal Chemistry, when the Br atom of 70 was replaced with
larger 71, smaller 72, EDG and EWG, respectively, the inhibitory
activity was reduced. For this reason, they can conclude that the Br
atom was optimum for the inhibitory activity. Different modifications
of the moieties in the molecules were performed to obtain oxindole
derivatives 70-80 (Figure 12). Although, as is previously described,
not every change provide a more potent molecule, finally they could
synthesize a novel and potent anti-HIV compound 80 (EC50 = 8 nM).22
As is possible to see in the Figure 12, the cyclopropane ring at the 3
position is crucial for the biological activity against this disease.

General Introduction

Figure 12. Anti-HIV oxindole derivatives structures.
1.2.4. Anti-oxidant
Several researchers have been working in the development of
natural, synthetic and semi-synthetic antioxidants as therapeutics,
because it is known that oxidative stress is implicated in the
pathogenesis of several diseases such as cancer, neurodegenerative
diseases, mitochondrial disorders, diabetes and cardiovascular
diseases.
Again, oxindole derivatives can be included in this field. In 2010
it was explored the oxindole-3-acetic acid derivatives from corn
powder used in soups and snacks, and it was concluded that these
derivatives shown antioxidant activity against stable free-radical
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molecule as 2,2-diphenyl-1-picrylhydrazyl (DPPH) radical.47 For this
reason, in 2013 were synthesized 3-hydroxy oxindole derivatives 81
and 82 (Figure 13) and evaluated for lipid peroxidation inhibitory
activity, DPPH radical scavenging activity, intracellular oxidative
stress-suppressing effect and cytotoxicity.48 In this work, it was
compared the activity of oxindole 34 against compounds 81 and 82
and the 3-hydroxy oxindole derivative 81 showed stronger lipid
peroxidation inhibitory activity than 34, while compound 82 was
worse than 34. Is worth to note that all compounds 34, 81 and 82
have a lower cytotoxicity on human leukemia HL60 cells than the
widely used phenolic antioxidant 2,6-di-tert-butyl-4-methylphenol
(BHT), which is widely employed as an antioxidant food additive in
European Union and recognized as safe.49

Figure 13. Antioxidant 3-hydroxy oxindole derivatives.

1.2.5. Progesterone antagonists
Progesterone receptor is a member of steroid receptor
subfamily, which is involved in different physiological events like
ovulation and maintenance of pregnancy through a ligand
progesterone. Consequently, progesterone receptor antagonists are a
target to use them as a potential contraceptive50 and in the treatment
of other diseases as uterine myoma, endometriosis and hormonal
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dependent tumors. Nowadays, there is a need for the non-steroidal
and more specific progesterone receptor antagonists.
In 2002, the 3,3-disubstituted-5-aryl oxindoles were studied as
progesterone antagonists.51 In this case, the SAR was performed and
analyzed at the 3 and 5 position of the oxindole core. The valuable 3
position of the oxindole core was substituted with different groups as
alkyl, dialkyl or spirocyclic moieties and the 5 position with phenyl
ring bearing different substitutions. On the other hand, when 3,3dimethyl oxindole derivatives 83 were synthesized they had higher
biological activity (IC50 = 30.6 nM) than mono-methylated molecules
84 (IC50 = 102 nM). When the ethyl group was the substituent, monoethylated derivatives were more potent than diethyl derivatives. 3,3Spirocyclic compounds 85 and 86 were tested with good bioactivity
(IC50 value of 85 nM and 32 nM, respectively). The substitution at the
5 position of the aromatic ring of the oxindole was performed and
finally gave compound 87 with the highest potency observed, IC50 =
13.2 nM (Figure 14).

Figure 14. 3,3-Disubstituted oxindole progesterone
antagonists with different bioactivities.
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1.2.6. Stroke
The stroke, according to the WHO, causes 6.2 million deaths
each year. This represents the second cause of death worldwide in
2015, with an 11% of the 56.4 million deaths worldwide in this year.
Consequently, is a fact that there is a requirement to develop novel
neuroprotective therapies for this disease. In 2002 Myers Squibb
Pharmaceutical Research Institute recognized a novel fluorooxindole
88 (called as BMS-204352 or MaxipostTM) as a potent maxi-K channel
opener (Figure 15).52 In the SAR, they could demonstrate that
unsubstituted phenyl analogues, exchanging F3C group from the 6 to
5 position and replacing that group with EWG groups as nitrile and
iodine moieties, every molecule resulted in loss of bioactivity. This
drug showed satisfactory solid-state stability and excellent brain
penetration, so it can be a good starting point for the development of
new neuroprotective agents.

Figure 15. MaxipostTM a neuroprotective drug candidate.

1.2.7. Acetylcholinesterase inhibitors
Alzheimer’s disease is the most common cause of dementia in
the world. The most visible symptoms are the loss of memory and the
cognitive impairment. According some reports of experts in this
disease, 36 million of people were affected with Alzheimer’s disease,
and it has been estimated to increase up to 66 million in 2030.
Knowing the pathogenesis of it, the treatment can be approached
increasing the cholinergic transmission using cholinesterase
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inhibitors.53 There are not huge amounts of treatment options, so
there is a need in the development of new drugs.
It is worth to note that phenserine, the synthetic derivate of
natural product physostigmine (21), that can be obtained from an
oxindole derivative (see section 1.1) and was a potent
acetylcholinesterase (AChE) inhibitor showed, at least initially,
better drug properties than physostigmine.53,54 This drug candidate
reached the phase III of clinical trials but, unfortunately, at the 06
Phase III trial the development of this candidate drug was
abandoned. There are some investigations about the methodologies
and outcomes of these clinical trials of phenserine, and the
conclusions were that the clinical trial of phenserine was abandoned,
at least in part, due to the clinical trial was invalidated by
relationships among the employed methods and outcomes.55
In 2010 different oxindole derivatives as AChE inhibitors
were explored and, among others, compound 89 showed high
inhibitory bioactivity against AChE enzyme (IC50 = 0.10 µM). Other
derivatives such as 90 (IC50 = 0.11 µM) were obtained and the authors
justify that these compounds have same potency as AChE inhibitor
drug donepezil but the synthesis is easier and cheaper. 56,57 Posterior
investigations of other research groups were done and they
discovered a high bioactivity for the oxindole derivative 91 (Figure
16).58
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Figure 16. Oxindole derivatives as acetylcholinesterase inhibitors.

1.2.8. Kinase inhibitors
As it is well-known in biochemistry, a key step in almost all
cellular processes is the protein phosphorylation. The transference of
a phosphate group from ATP (called sometimes as “molecular unit of
currency” of intracellular energy transfer) to substrate proteins is
how kinases express their activity.59 When the expression of various
kinases does not work properly, it leads to a disease. Then, it is an
important target in drug development and different oxindole
derivatives have been synthesized and evaluated against a variety of
kinases. For example, against cRaf1 kinase which play an important
role of tumor formation. The compound 92 showed highest bioactivity
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among the others synthesized molecules.60 Later, a tyrosine kinase
inhibitor with a sulfonamide group 93 was found with high IC50 value
(5 nM) but moderate cellular activity. This is because the high polar
surface of the molecule. To solve this problem and improve the
cellular activity, the sulfonamido group was replaced by a
carboxamido group in 94, which gave better results.61 More oxindole
derivatives as 95, 96, 97, 98, 99 and 100 have been tested as kinase
inhibitors (Figure 17).62–64

Figure 17. Kinase inhibitors with an oxindole core.
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Figure 17. Kinase inhibitors with an oxindole core (cont.).
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1.2.9. Anti-bacterial
The infectious diseases are caused by microbes like bacteria
and fungi. The effects are ranging between minor skin infections to
dangerous bubonic plague and tuberculosis, which are relevant
causes of mortality. An enormous problem nowadays is the resistance
developed by these microorganisms and probably will be one of the
most important vital global problem in a not so far future. For this
reason, novel anti-bacterials with different and new mode of action
have received much attention for the treatment of bacterial infection.
Oxindole derivatives are one of the most recent synthetic molecules
of antibacterial studied for multiple resistant bacteria. Compound
101 showed excellent antibacterial activity against two bacterial
strains Escherichia coli and Staphylococcus aureus equivalent to
standard drug streptomycin.65 The oxindole derivative 102, among
others, was the most active against Gram-positive bacteria
Staphylococcus aureus and Bacillus Subtilis (Figure 18).66

Figure 18. Oxindole derivatives with anti-bacterial activity.
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1.2.10. Anti-leishmanial
The leishmaniasis is the ninth largest infectious disease that,
acording to WHO, it estimates that approximately 0.9 to 1.6 million
of different leishmaniasis cases occur each year.67 New oxindoles with
anti-proliferative activity against this disease were reported.
Molecules 103-106 presented leishmanicidal activity without any
cytotoxic effects (Figure 19). Specifically compound 104 showed two
times higher therapeutic index than commercial Amphotericin B.68

Figure 19. Anti-leishmanial oxindole bioactive derivatives.
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1.2.11. β3 Adrenergic receptor agonists
The β3 adrenoreceptors play an important role in processes as
lipolysis and thermogenesis in adipose tissues. It has been
investigated that these receptors are expressed mainly in adipose
tissues, brain, colon, urinary bladder small intestine and heart.69 The
β3 adrenoreceptors agonists have shown increased fat oxidation and
improved glucose uptake in obese and diabetic mice. Probably, it can
also be used in gastrointestinal and urinary disease. In 2007 found
an agonist of this receptor, replacing previous benzimidazole core for
oxindole core 107, although the last one was slightly less bioactive
(EC50 = 7.1 nM versus EC50 = 24.4 nM). This encouraged the authors
to optimize SAR with different substituents at the 3 position of the
oxindole moiety. Methyl substituent of compound 108 (EC50 = 12 nM)
and dimethyl substituted derivative 109 (EC50 = 5.2 nM) both at the
3 position, produced an increasing of the potency while a substituent
as benzyl 110 (EC50 = 268.1 nM) lead to decrease it (Figure 20).70

Figure 20. Oxindole derivatives β3 adrenergic agonists.
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1.2.12. Phosphatase inhibitors
A specific phosphatase, the tyrosine phosphatase-2, has been
involved in various cell signaling, as for example cell proliferation,
differentiation and migration. Also, it has been reported that it plays
an important role in a oncogenic protein of Helicobacter pylori that
causes gastric cancer.71 Accordingly, inhibitors of this protein can be
employed as a therapy for this cancer. In 2008, it was found that
oxindole derivative 111 showed moderate phosphatase inhibition
(IC50 = 47 µM). After theoretical calculations that revealed that the
introduction of carboxyl group at both terminal positions mimic a
phosphate group, leading to a phosphatase inhibitor 112 that was 40
fold more potent than 111 (Figure 21).72

Figure 21. Phosphatase inhibitor with an oxindole core.
1.2.13. N-Methyl-D-aspartate receptor blockers
The N-methyl-D-aspartate (NMDA) receptor is identified as a
critical neurotransmitter receptor in various important processes.
For example, in rhythms for locomotion and breathing and also with
processes that are associated with cognition and neuroplasticity.73
Consequently, anomalous regulation of this receptor leads in
numerous neurological disorders and diseases. The over-action of
NMDA receptor results in neurodegenerative disorders like
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Alzheimer’s disease, stroke, vascular dementia and Parkinson’s
disease. Thus, NMDA antagonists are considered as promising drugs
for the treatment of these neurodegenerative diseases. With the first
NMDA blocker drug (Ifenprodil) structure in mind, some
replacements were done to improve its activity. When oxindole core
was introduced, a potent NMDA antagonist 113 was synthesized.
After further modifications, compound 114 resulted in an
improvement as an antagonist together with an improvement of
selectivity (Figure 22).74,75

Figure 22. Oxindole derivatives NMDA receptor blockers.
1.2.14. Spermicidal
Additionally, oxindole structures have been investigated for
dual contraception protection for women. A synthetic 3,3diheteroaromatic oxindole derivatives were evaluated as spermicidal
agents in-vitro. The structure 115 showed efficacy as a drug (Figure
23).76

Figure 23. Spermicidal with an oxindole structure.
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1.2.15. Vasopressin antagonists
The vasopressin is a nine amino acid member neuropeptide
which is involved in various emotional processes and regulation of
the stress. The compound 116 has been identified as an orally active,
selective and potent V 1b receptor antagonists showing anti-anxiety
and anti-depressant effects. Although it has good efficacy, poor
pharmacokinetic profile was observed. Posterior modifications lead
to compound 117, that was equipotent anti-depressant compared
with 116 but with an improvement of metabolic stability, oral
bioavailability, brain penetration and half-life (Figure 24).77

Figure 24. Oxindole derivatives as vasopressin antagonists.
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1.2.16. Analgesic
A target for the treatment of chronic pain are voltage gated
sodium channels, and in particular Nav 1.7 channels. In 2011, 3hydroxy and spirooxindoles were investigated as a Nav 1.7 channel
blockers in order to treat the chronic pain. After a wide screening, 3hydroxy-2-oxindoles derivatives were identified as promising drug
candidates. Specifically, 3-hydroxy-2-oxindole 118 (IC50 = 0.3 µM)
was an interesting compound. After the replacement of the N
substituent from p-chlorobenzyl to pentyl group and the moiety of the
3 position, they arrived to compound 119 with an IC50 = 0.03 µM.
Finally, spiro compound 120 was synthesized increasing 10 fold the
potency to IC50 = 0.003 µM (Figure 25).78

Figure 25. Analgesic oxindole derivatives that block Nav 1.7
channel.
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2. Synthesis of 3,3-disubstituted 2-oxindoles
Due to the enormous amount of pharmaceutical and natural
products (see section 1.1 and 1.2), several research groups have been
investigating diverse synthesis of the 3,3-disubstituted 2-oxindole
framework. The development of new synthetic methodologies enables
the synthesis of the target natural or pharmaceutical products for
biological assays and SAR studies. Therefore, this topic can
contribute to a benefit for the society: new therapeutic agents that
could save lives.
It is worth to note that as most of the natural products shown
above are chiral, the asymmetric synthesis of the 3,3-disubstituted 2oxindoles is one of the most common research field. Despite that
enantioselective synthesis of complex natural and pharmaceutical
compounds is highly demanded, the formation of fully substituted
stereocenters is one of the most challenges in organic synthesis,
where are remarkable the catalytic processes.16,79 As it was described
above, 3,3-disubsituted 2-oxindole unit include all kind of
tetrasubstituted carbon stereocenters: all-carbon or containing an
heteroatom, spirocyclic or not. Several metal catalyzed and
organocatalyzed methods have been reported and in this part of the
general introduction will be discussed the background about this
topic.
Although many of synthesis for the formation of the
tetrasubstituted carbon at the 3 position have been described, it is
possible to classify them in the following seven main categories.
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2.1.

Nucleophilic addition to isatins

The nucleophilic addition to isatin 35 and derivatives as the
keto imine 121, is a useful method for the preparation of 3-amino or
3-hydroxy-2-oxindoles (Figure 26) due to the easy availability of them
as starting materials.

Figure 26. Isatin and its imino derivative.
In 2006, Hayashi and co-workers reported the first example of
enantioselective reaction of isatins with alkenylboronic and
arylboronic acids achieving up to 93% enantiomeric excess (ee) giving,
in high yields, bioactive relevant 3-aryl-3-hydroxy-2-oxindoles.80
They obtained these results using a rhodium-phosphine complex, a
substoichiometric amounts of potassium hydroxide in a 20:1 mixture
of THF:H2O heating at 50 °C (Scheme 1). It is worth to note that the
nitrogen substituent of isatins did not have high effects on the
selectivity of the reaction. They could achieve high ee even with free
N-H groups.

Scheme 1. Hayashi’s arylation of isatins.
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In the same year, it was found that chiral phosphoramidite 126rhodium complex catalyst (Figure 27) gave excellent yields but with
a decrease of the enantiomeric excess, achieving only a 55% ee.81

Figure 27. Chiral phosphoramidite ligand 126.
In 2009 it was also reported the alkenylation and arylation of
isatins using the copper(I)/129 chiral complex. In this example, the
nitrogen of the isatin had to be protected with a bulky protecting
group (PG) as di(p-methoxyphenyl)phenylmethyl to afford the
product with excellent ee. Using this methodology they could
synthesize the above commented growth hormone secretagogue SM130686 (32) (see section 1.2) (Scheme 2).82

Scheme 2. Copper(I) mediated arylation of isatins.
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Krische and co-workers, also in 2009, developed the first
enantioselective allylation, prenylations and crotylations of isatins
via iPrOH-mediated transfer hydrogenation. This reaction was
catalyzed by Ir that is forming a complex with (R)-(+)-2,2’,6,6’tetramethoxy-4,4’-bis(diphenylphosphino)-3,3’-bipyridine).
These
reactions also were the first examples of catalytic enantioselective
ketone allylation without stoichiometric amounts of allylmetal
reagents (Scheme 3).83

Scheme 3. Krische’s allylation of isatin derivatives.
Besides, organocatalysis has been established as an efficient
methodology for the synthesis of 3-hydroxy-2-oxindoles derivatives.
In 2005 Tomasini and co-workers were the pioneers in the cross-aldol
reaction of isatins and carbonyl compounds through an enamine
catalysis.84,85 They found that, using a prolinamide 138 as catalyst,
acetone and isatin reacted and obtaining up to 77% ee of the product,
but with a reduced scope. Subsequent improvements of this method
have been achieved by Xiao,86 using 139 (up to 90% ee) and Toru with
140 (up to 97% ee) (Scheme 4).87 These intermediates were suitable
for the synthesis of the previously discussed natural alkaloid
convolutamydine A (14) (see section 1.1).
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Scheme 4. Aldol reactions between isatins and acetone.
For the synthesis of convolutamydine E (18), Hara and coworkers reported in 2009 the aldol reaction between different
aldehydes with 4,6-dibromoisatin 141 using the organocatalyst 140.
The results were satisfactory because the products were obtained in
moderate to excellent diastereomeric ratios (dr) but with excellent ee.
Specifically, the reaction between 141 and acetaldehyde and after
reduction in situ with NaBH3CN/AcOH afforded convolutamydine E
(18) in 94% yield and 92% ee. This product could be transformed into
convolutamydine B (15) after treatment with p-toluenesulfonyl
chloride in pyridine at 75 °C furnishing the natural alkaloid 15 in
good yield without any loss of enantiomeric excess (Scheme 5). It is
worth to note that when most simple isatin 35 was allowed to react
with acetaldehyde, the yield decrease to 60% and the product was
almost racemic (2% ee).88
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Scheme 5. Aldol reaction between isatin and acetaldehyde.
The reaction was also possible with α-branched aldehydes
giving high enantiomeric excesses in products containing two
contiguous quaternary stereocenters. This was reported by Wang and
co-workers using chiral pyrrolidine 144 with a tetrazole moiety as
organocatalyst. This procedure afforded good yield and good to
excellent ee and dr (Scheme 6).89

Scheme 6. Aldol reaction between isatin and α-branched
aldehydes.
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In the field of organocatalysis, the use of Brønsted acids as
activators is a current practice. Isatin 35 and the nucleophile 2aminobenzamide 146 reacted giving the spirocyclic product 148 in
84% ee and 85% of yield (Scheme 7).90 The acid used (S)-3,3′-bis(2,4,6triisopropylphenyl)-1,1′-binaphthyl-2,2′-diylhydrogenphosphate 147
is a very effective common chiral phosphoric acid in the field of
organocatalysis, usually called as (S)-TRIP.

Scheme 7. Brønsted acid activation of isatin.
The research group of Franz developed a chiral complex formed
by Sc(OTf)3 and a PyBox type bisoxazoline 149 which catalyze the
addition of diverse type of nucleophile 151-155 (indoles, silane
ethers, electron rich aryls and allyltributylstannane) to isatin
derivatives (Scheme 8). Both ee and yield were excellent.91
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Scheme 8. Chiral Sc(III)/PyBox-catalyzed reaction of isatins
with different nucleophiles.
Also, an organocatalyzed Pictet-Spengler type reaction has
been reported by Bencivenni and co-workers using tryptamine
derivatives reacting with isatins obtaining up to 97% yield and up to
95% ee. These reactions were catalyzed by, again, phosphoric acid
147 and performed at 40 °C for 20 h in dimethylformamide (DMF)
(Scheme 9).92

Scheme 9. Pictet-Spengler type reaction between tryptamine
and isatin.
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Many other methodologies based in nucleophilic addition to
isatins have been widely reported.93–100

2.2. Intramolecular coupling reactions
In this area, we can find different types of intramolecular
cyclizations of anilides based, for example, on Heck reactions,
arylation reactions or cyanoamidation reactions. For the first type,
namely Heck reactions, Overman’s research group in 1993 performed
the Pd-catalyzed intramolecular reaction of the anilide 158 in an
enantioselective manner. With this methodology they could prepare
the natural alkaloid (–)-physostigmine (21) (see section 1.1) with a
95% ee in the key step where an intramolecular cyclization took place
(Scheme 10).101

Scheme 10. Oxindole synthesis through an acetanilide
cyclization.
Later, in 2003 the same strategy for the synthesis of 3-alkyl3-aryl-2-oxindoles was applied. Now, the optimal palladium source
was Pd(OAc)2 and (R)-BINAP was the source of chirality. In this case,
a pseudohalide as triflate was used to perform the oxidative addition
instead of iodine. Different aryl and heteroaryl groups at the 3
position of the oxindole were introduced (Scheme 11).102
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Scheme 11. 3-Aryl 2-oxindole synthesis through an
acetanilide cyclization.
In the same year, Busacca and co-workers performed an
intramolecular Heck reaction using again a pseudohalide and a new
chiral phosphino-imidazoline ligand 163 with Pd2(dba)3 giving a
spirocyclic oxindole derivative 164 (Scheme 12).103

Scheme 12. Spirocyclic oxindole synthesis through an
intramolecular Heck reaction.
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After few years, the research group of Zhu found a methodology
involving a domino Heck-cyanation reaction in which they
synthesized the intermediate 167, that can be further transformed in
physostigmine (21) natural alkaloid. This method provided moderate
yield (54%) and ee (61%) (Scheme 13).104

Scheme 13. Synthesis of 167, an important precursor of
natural product physostigmine
It is worth to note that the lowest temperature that was used
with these methods was 80 °C. It means that heating conditions are
probably needed in the most of cases to set up these experiments.
Thus, higher economic resources must be invested to synthesize
these prominent scaffolds.
On the other hand, there are some examples of intramolecular
arylation reactions. For example, in the research group of Hartwig,
the chiral derivative 169 was a good option as a ligand for the
synthesis of 3,3-disubstituted oxindoles through amide α-arylation
because it enhanced the reactivity of palladium catalyst. Compound
169 allowed to carry out the reaction at room temperature using less
electrophilic aryl halides, as for example aryl bromides (Scheme
14).105
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Scheme 14. Intramolecular arylation for the synthesis of
3,3-disubstituted 2-oxindoles.
It is important to note that, although the enantiomeric excess
was not excellent, this was a starting point for the development of
more efficient chiral carbenes as, for example, 172 developed by
Kündig and co-workers (Scheme 15).106

Scheme 15. Improvement of previously reported
intramolecular cyclization.

57

58

General Introduction
Also, intramolecular arylation reactions have emerged using
copper(I) as catalyst in combination with the chiral diphosphine
ligand 175 to carry out the same type of reaction. With this
methodology, they could obtain up to 90% yield and up to 87% ee.
With a specific substrate, they synthesized the compound 178
(Scheme 16) which is an intermediate of the growth hormone
secretagogue SM-130686 (32) (see section 1.2).82

Scheme 16. Copper(I) catalyzed intramolecular arylation and
synthesis of SM-130686 (32).
Finally, an example of an intramolecular cyanoamidation
reaction was also reported by Takemoto’s research group. They could
perform the enantioselective version catalyzed by Pd and in this case
a phosphoramidite 180 provided the chiral information. It is worth to
note that this reaction occurred under neutral conditions and
tolerated several moieties on the aromatic ring with different nature
using 1,3-dimethyl-3,4,5,6-tetrahydro-2(1H)-pyrimidinone (DMPU)
as an additive and decalin as a solvent at 100 °C. In this interesting
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reaction, up to quantitative yields and up to 86% ee were obtained
(Scheme 17).107

Scheme 17. Enantioselective cyanoamidation as example of
intramolecular arylation.

2.3. Methyleneindolinones as substrates
The methyleneindolinones are important substrates to
synthesize different spirocyclic oxindole derivatives. For example, a
[3+2]-cycloaddition of 3-alkylidene-2-oxindole and allyl acetate
derivative, catalyzed by palladium complex, was reported by Trost
and co-workers in 2007. In this methodology, the phosphoramidite
184 was employed as chiral ligand. Using the optimal conditions,
they achieve excellent enantiomeric excess and yields. The
diastereomeric ratio depends on the aryl substituents of the chiral
ligand (Scheme 18).108
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Scheme 18. [3+2]-Cycloaddition of alkylidene 2-oxindoles
Also, the research group of Melchiorre reported a method for
the synthesis of spirocyclic oxindoles catalyzed by different primary
amine organocatalysts. When the catalyst 188 was used, a double
Michael/Michael domino reaction was performed giving the
spirocyclic oxindoles in moderate to good yields and excellent ee. On
the other hand, using 193 a multicomponent cascade reaction
between an α,β-unsaturated aldehyde and the methyleneindolinone
proceed affording the final products with good yields and, again,
excellent enantioselectivity through a Michael/Michael/aldol
condensation procedure (Scheme 19).109
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Scheme 19. Organocatalyzed synthesis of spirocyclic 2oxindoles.
Finally, Gong and co-workers developed a three-component 1,3dipolar cycloaddition (1,3-DC) using different methyleneindolinones,
aldehydes and amino esters catalyzed by, again, a chiral phosphoric
acid organocatalysts 198 in dichloromethane at room temperature.
This methodology afforded the spiro[pyrrolidine-3,3-oxindole]
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derivatives in excellent enantiomeric excesses and yields (Scheme
20).110

Scheme 20. Organocatalyzed 1,3-DC affording spiro
derivatives.
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2.4. Oxindoles as electrophiles
A less common methodology is the employment of oxindoles as
electrophiles. In 2009 Stoltz reported an example where the oxindole
structure was used as electrophile and using 1,3-dicarbonyl
compounds as nucleophiles. In this case, a halooxindole reacted in
presence of a base with activated malonate esters by chiral
copper(II)-BOX complex to form a quaternary stereocenter. Good
yields and excellent ee were achieved (Scheme 21).111

Scheme 21. Example of the use of oxindoles as electrophiles.

2.5. Reactions based on O-substituted oxindoles
The O-substituted 2-oxindole derivatives are important and
versatile structures and have been used in many constructions of
quaternary stereocenters at the 3 position. Indolyl acetates,
carbonates and esters are adequate substrates for different
intramolecular catalytic rearrangements. Also, indolyl silyl ethers
have been used in the same way. This methodology has provided
excellent results in yields and enantioselectivities. For example, Fu
and co-workers reported in 2003 the first example of a catalytic
enantioselective intramolecular reaction of O-acylated oxindole
derivatives with yields between 72 to 94% and excellent enantiomeric
excess ranging between 93 and 99% using a chiral 4(pyrrolidino)pyridine derivative 205 as catalyst (Scheme 22).112

63

64

General Introduction

Scheme 22. O-Acylated oxindole intramolecular catalytic
rearrangement.
Vedejs and co-workers applied this methodology with 4(dimethylamino)pyridine (DMAP) derivatives as catalysts. They
found that excellent yields and ee could be achieved with specific Oindoyl acetates and carbonates. They carried out the reactions with
O-acyl substrates in EtOAc at 0 °C using 208 as catalyst, and the
reaction with carbonates were performed in CHCl3 at -20 °C with
catalyst 211 (Scheme 23).113
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Scheme 23. O-Acylated and O-carbonated oxindole
rearrangements.
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In 2006, Trost et al. developed the asymmetric synthesis of an
oxindole derivative through a palladium-catalyzed asymmetric
allylic alkylation (AAA). With this methodology they synthesized the
natural alkaloid (–)-horsfiline (5) (see, section 1.1) through an
enantiomerically enriched intermediate 216 using only 0.25 mol% of
[Pd(C3H5)Cl]2 and 1 mol% of Trost’s ligand 215. The overall yield of
the total synthesis was 11.1% starting from the available p-anisidine
(Scheme 24).114

Scheme 24. Indoyl silane as precursor of a natural alkaloid.

2.6. Palladium-catalyzed decarboxylative allylation
This recently-emerged methodology is also useful for the
formation of quaternary stereocenters in the oxindole framework. In
2011 Taylor and co-workers developed an asymmetric
decarboxylative allylation of alkyl- and aryl-substituted oxindoles
catalyzed by Pd. In this contribution, excellent yields and good to
excellent enantioselectivities were achieved. It is worth to note that
for different oxindole substrates, different optimal conditions were
needed. These reaction conditions involved solvents as
tetrahydrofurane (THF), dimethoxyethane (DME), toluene and also
reaction times between 24 to 48 h. They could obtain different
allylated products in yields up to >99% and ee up to 95% using the
chiral ligand 218 (Scheme 25).115
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Scheme 25. Taylor’s decarboxylative allylation methodology.

2.7. Direct functionalization of 3-substituted 2oxindoles
The direct functionalization of 3-substituted 2-oxindoles is the
most versatile and useful methodology for the formation of
quaternary stereocenter in the oxindole core. This method is based
on the nucleophilic reactivity of the prochiral 3 position of the
oxindole. For the synthesis of starting materials (the 3 substituted 2oxindole derivatives), exist some methods as condensation of 2oxindole 1 or its derivatives with an aldehyde and posterior
reduction, through a Wittig reaction from isatin and
triphenylphosphorane and reduction and also from Grignard
reagents and isatins and posterior reductive deoxygenation. It is
remarkable that these methodologies, although efficient, require
different steps (posterior reduction, reductive deoxygenation) and
could be that it is not possible to access to a specific ylide or require
multiple steps. In the next chapter will be discussed an alternative
synthesis for these important 3-substituted 2-oxindole derivatives.

67

68

General Introduction
As a general information about the chemistry of 3-substituted
2-oxindoles, it has been studied that pKa value of hydrogens at the 3
position of the oxindole 1 is 18.2 and this value is altered by the
substituents bonded to nitrogen atom. For example, the pKa of Nmethyloxindole 220 is slightly less acidic, but when nitrogen is
substituted with an acetyl group, these hydrogens are 100000 more
acidic (pKa = 13.0) in the oxindole structure 221 (Figure 28).116

Figure 28. pKa Values of oxindole derivatives.
Consequently, many methodologies utilize N-Boc-3-substituted
oxindoles as starting materials because the acidity of the hydrogen is
higher and softer bases can be used to deprotonate and form the
enolate. Unfortunately, the direct synthesis of N-Boc substituted
oxindoles from unprotected 3-substituted 2-oxindoles is a challenging
task, due to the concomitant parallel reactions at O and N atom.
Furthermore, the enantioselective functionalization at the 3 position
of unprotected 3-subsituted 2-oxindole is still a challenge.
As a background concerning what have been reported in the
literature, some methodologies of direct functionalization of 3subtituted 2-oxindoles will be discussed. There are a lot of examples
but some representative examples of alkylation, fluorination,
hydroxylation, Mannich, Michael, amination, arylation and aldol
reactions will be presented.
Wong and co-workers, in 1991, reported one of the first
examples of catalytic asymmetric alkylation using 3-prochiral
oxindoles under chiral phase-transfer catalysis (PTC).117 Using a
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chiral ammonium bromide salt 224 as phase-transfer catalyst, 5methoxy-1,3-dimethylindolin-2-one 222 and chloroacetonitrile as
alkylating agent in a mixture of toluene and 50% NaOH water
solution they achieved compound 225 in a 83% yield and 77% of ee
(Scheme 26). This compound 225 is the key precursor of (–)physostigmine 21 (see section 1.1).

Scheme 26. One of the first examples of catalytic asymmetric
alkylation of oxindole.
In 2005, Trost developed a very efficient enantioselective
synthesis of 3-allyl-3-aryloxindoles through an asymmetric allylic
alkylation (AAA) reaction catalyzed by Pd. This methodology allowed
to allylate 3-aryl-1-methyloxindole derivatives with high
enantioselectivity (70 to 97% ee) and high yields (72 to 96%). In this
case, also chiral ligand 218 was used and π-allylpalladium(II)
chloride dimer as palladium source, using allyl acetate as allylating
agent.118 It is worth to note that, for these type of reactions, allylating
reagents must be previously activated as a carbonates or acetates,
among others, because the direct use of allyl alcohol is not enough
reactive due to the poor ability of hydroxy moiety as a leaving group.
One year later, again Trost and co-workers provided a similar
methodology for the asymmetric synthesis of 3-alkyloxindoles, but in
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this situation molybdenum catalyst and tuned chiral ligand 230 were
used for achieving excellent results (up to 93% ee and 99% yield). In
this last work, also an allyl carbonate was used instead of allyl
acetate (Scheme 27).119

Scheme 27. Allylation of 3-substituted 2-oxindole derivatives
catalyzed by metals.
The molybdenum methodology was also applied by Trost and
co-workers for posterior alkylations using different allyl carbonates
derivatives for the synthesis of vicinal tertiary and quaternary
stereocenters.120
Next, Chen developed in 2008 an asymmetric allylic
alkylation catalyzed by a Lewis base (DHQD)2AQN 234 Cinchona
alkaloid derivative. In this method, N-Boc-3-substituted oxindole
derivatives must be used providing the corresponding products in up
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to 98% yield, 96% ee and 92:8 of dr through a Morita-Baylis-Hillman
reaction (Scheme 28).121

Scheme 28. Morita-Baylis-Hillman reaction for alkylated 3substituted 2-oxindoles.
Fluorination at the 3 position is an important strategy for
developing (see section 1.2.6) synthetic fluorinated drugs and
important structures for the synthesis of bioactive oxindole
derivatives. Some methodologies have been published in this field.
For example, Sodeoka et al. in 2005 reported a very efficient
asymmetric method for the fluorination at the 3 position of oxindole
core. Using a modified BINAP chiral ligand, the (S)-DM-BINAP 241
and the palladium source, palladium complexes 238 and 239 were
generated. Using these catalysts, different 3-substituted N-Boc-2oxindoles were fluorinated obtaining up to 96% ee and 97% yield. It
is important to note that the N-Boc group is required for obtaining
high enantioselectivities in the process, because when free nitrogen
atom derivative was used, 5% ee was obtained. The fluorinating agent
employed was N-fluorobenzenesulfonimide (NFSI) (Scheme 29).122
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Scheme 29. Methodology for the fluorination of oxindole
derivatives.
In the same year, Shibata and Toru developed a fluorination of
N-Boc-3-methyl and 3-aryl oxindoles using Ni(II) salts and chiral
ligand 243. With this method, they could synthesize the bioactive
fluorinated synthetic drug MaxipostTM (88) (see section 1.2.6) through
the intermediate 244 (71% yield, 93% ee) (Scheme 30).123
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Scheme 30. Synthesis of an intermediate of MaxipostTM
synthetic drug.
Three years later, the same research group, reported that
(DHQD)2AQN 234 was able to promote the fluorination reaction of,
again, N-Boc protected 3-aryl oxindoles giving up to 87% ee with 6
equiv. of cesium hydroxide monohydrate (Scheme 31).124

Scheme 31. Fluorination reaction of N-Boc-2-oxindole
derivatives.
Other important reactions are the hydroxylation of 2-oxindoles
at the 3 position. The simplest methodology is the nucleophilic attack
to isatins, but starting from 3-substituted 2-oxindole is an alternative
with multiple possibilities. Again, Shibata and Toru reported the
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first example of catalytic hydroxylation of 3-alkyl and 3-aryl N-Boc
protected 2-oxindoles. In this reaction conditions, they used the
chiral ligand 243 but now using Zn(II) as a metal for form the
complex. They achieved up to 97% yield and 97% ee using the racemic
oxaziridine 248 as oxygen source (Scheme 32).

Scheme 32. Hydroxylation of 2-oxindole derivatives catalyzed by
Zn(II) chiral complex.
Other type of chemistry ready to perform with 3-prochiral 2oxindoles is the aldol reaction. Toru and Shibata developed an
organocatalyzed reaction in which two adjacent stereocenters were
formed. Now, (DHQD)2PHAL 252 promoted the reaction of
trifluoropyruvate derivate 251 and unprotected 3-alkyloxindole to
afford the aldol product up to 99% yield, 94:6 dr and 99% ee (Scheme
33).125
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Scheme 33. Aldol reaction from 3-substituted unprotected 2oxindoles.
Mannich reactions are also possible to be performed using 3substituted 2-oxindole derivatives. Also in this case, two contiguous
stereocenters are formed and these intermediates could be useful for
the total synthesis of natural alkaloids as (–)-horsfiline (5),
coerulescine (6) and elacomine (9) (see section 1.1). Some years ago,
in 2008, Chen reported the first example of enantioselective Mannich
reaction of 3-alkyl and 3-aryl N-Boc substituted 2-oxindoles. The
electrophiles were N-Boc imines and the reaction was catalyzed by
the thiourea 256, obtaining the corresponding products in good yields
(40 – 95%), low to excellent enantioselectivities (5 – 93%) and dr up
to 19:1 (Scheme 34).126 Again, the N-Boc was very important for the
reactivity and selectivity.
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Scheme 34. Mannich reaction of N-Boc 3-substituted 2oxindoles.
In 2009, Maruoka et al. developed a method for the asymmetric
Mannich reaction of 3-aryl-2-oxindoles under PTC using quaternary
tetraalkylphosphonium salt 260. In this work, yields and
diastereomeric ratios were excellent 95 – 99% and 96:4 – >99:1,
respectively. The ee were good in a range of 56 to 88%. In this method,
also N-Boc-2-oxindoles and N-Boc imines were used as starting
materials (Scheme 35).127
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Scheme 35. Efficient method for the asymmetric Mannich
reaction of 3-aryl-2-oxindoles.
Also, the Maruoka’s research group, reported the application of
the same methodology127 in Michael additions. Here, the phasetransfer catalyst 260 at -60 °C provided excellent yields (91 – 99%)
and excellent enantioselectivities (96 – >99% ee) for a scope of 20
oxindole derivatives. With these products, they could synthesize
compounds 264 and 265, which are synthetic derivatives of natural
alkaloids (see section 1.1.) (–)-pseudophrynaminol (23), flustramine
B and C (22 and 26, respectively), flustraminol (24), physostigmine
(21) and CPC-1 (25) (Scheme 36). Such as it was described in section
1.2, these synthetic methodologies are very important for medicinal
chemistry.
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Scheme 36. Maruoka’s methodology for asymmetric Michel
addition of 3-aryl-2-oxindoles.
Melchiorre developed a Michael addition of unprotected
oxindoles to α,β-unsaturated aldehydes using an organocatalyst
based in a bifunctional primary amine-thiourea 267 affording the
desired products in a range of 47 to 85% yield, 5:1 to 19:1 dr and ee
from 73 to 93% (Scheme 37).128
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Scheme 37. Organocatalytic Michael addition of unprotected
3-substituted 2-oxindoles.
Barbas III et al. also reported the catalytic enantioselective
Michael addition of N-Boc oxindole derivatives to nitroalkenes. The
resultant products allowed to synthesize esermethole, an
intermediate for the synthesis of (+)-physostigmine, the enantiomer
of alkaloid 21. The method consisted in the use of organocatalyst 270
(10 mol%) affording the Michael products in up to 97% yield, >20:1
dr and up to 99% ee (Scheme 38).129

Scheme 38. Organocatalytic nitroalkane Michael addition of
2-oxindoles.
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Finally, for Michael additions, Maruoka and coworkers
reported a singular enantioselective base-free phase transfer
reaction. Although, it was believed that quaternary ammonium salts
as PTC needed bases and additives, they demonstrated that without
them, enantioselective phase-transfer Michael addition of 3aryloxindole to nitroalkenes was promoted using catalyst 273 (only 1
mol%) in a water-rich solvent. The reaction proceeded almost
quantitatively (90 to 98% of yield), from 55:45 to 93:7 dr and 80 to
95% of ee in 8 examples (Scheme 39).130 Only when the oxindole core
has a methyl group at 3 position the reaction with β-nitrostyrene
produced a decrease of both the yield and the ee, 34% yield and 25%
ee, respectively, maintaining a 70:30 dr. Probably, this disappointed
result is due to the less reactivity exhibited by the methyl derivative
in comparison with the aryl substituted.

Scheme 39. Enantioselective base-free PTC Michael reaction.

One of the last reaction types are the amination reaction at
the 3 position of the oxindole derivative being possible to synthesize,
for example, the synthetic drug AG-041R (33) (see section 1.2). In this
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field, Barbas III et al. reported a method for the amination of Nbenzyl 3-alkyloxndoles using (DHQD)2PHAL 252 as catalyst and
diethyl azodicarboxylate DEAD as aminating agent (Scheme 40).
They obtained excellent yields and enantioselectivities (up to 98%
yield and 99% ee, respectively).

Scheme 40. Asymmetric α-amination of 3-substituted 2oxindoles.
Finally, an enantioselective arylation reaction of 1,3dimethyloxindole derivatives was developed by Buchwald et al. in
2009. The process was catalyzed by palladium complex formed by
dimethyl(N,N,N',N'-tetramethylethylenediamine)palladium(II)
TMEDA·PdMe2 and an axially chiral P-stereogenic ligand 280
affording the arylated products in a range from 62 – 87% yield and
54 – 99% enantiomeric excess in cyclohexane as a solvent at room
temperature or heating at 50 °C. Also vinylations were suitable
under these reaction conditions (Scheme 41).131
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Scheme 41. Enantioselective arylation or vinylation of 1,3dimethyl-2-oxindoles.

3. Deacylative alkylation as a synthetic
methodology
As it was demonstrated above, several synthetic strategies for
the synthesis of 3,3-disubstituted 2-oxindoles have been carried out
recently. Our research group envisaged that a non-developed
strategy for the unsymmetrical synthesis of oxindoles derivatives
could be carried out using a Deacylative Alkylation (DaA)
methodology. In this last part of general introduction, this procedure
will be explained in order to know how it works.
The most common alkylation at the α-position of a carbonyl
derivative is carried out by the deprotonation and then the alkylation
with an electrophilic compound. This methodology must be
performed under strict reaction conditions: the use of strong bases,
low temperature and anhydrous media are usually employed
(Scheme 42).
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Scheme 42. Classical alkylation of enolates.
Furthermore, other methodologies as acetyl acetic and malonic
ester synthesis exist as possibilities for the alkylation process but two
steps are needed (Scheme 43).

Scheme 43. Acetyl acetic and malonic ester methodologies.
On the other hand, DaA methodology, based on carbon-carbon
cleavage, can be performed under mild reactions conditions and the
formed byproducts are usually innocuous and easy to treat. This
methodology performs an in situ retro-Claisen/alkylation, generating
a quaternary stereocenter using a carbonyl traceless directing group
(Scheme 44).

Scheme 44. Deacylative alkylation.
Besides, an advantage of this methodology, is that itt is possible
to carry out under metal-catalysis where new C-C bonds are formed,
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as for example the palladium-catalyzed allylation reaction. This DaA
also provides the generation of quaternary stereocenters at the αposition of diverse carbonyl compounds in a regioselective manner
forming, in situ, the reactive enolate species. This is possible because
the retro-Claisen process activates the nucleophile and the
electrophile at the same time (Scheme 45).

Scheme 45. Palladium-catalyzed DaA.
Pd-catalyzed deacylative allylations of carbonyl derivatives
with allylic alcohols is a useful methodology. Greening and Tunge
described firstly this methodology in 2011 and it occurs through a
retro-Claisen condensation. They performed the catalytic allylation
through the in-situ generation of the nucleophile specie and allyl
acetate from the allylic alcohol, which is not active in palladium
catalytic cycle. It is an efficient method for allylation of nitroalkanes
at the α-position giving products 295 in a range yields for primary
alcohols from 79 to 92% heating at 80 °C for 12 h (Scheme 46).132

Scheme 46. First example of palladium-catalyzed
deacylative allylation.
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The same researchers developed this DaA using 1,3-dicarbonyl
derivatives. In this case, sodium hydride was used as base and the
optimal solvent was THF heating at 60 °C. They could perform the
reaction also using α- or β-tetralones, phenyl-1,3-butadiones,
acetylacetone and alkyl acetoacetates (Scheme 47). Other carbon
nucleophiles as cyanoacetone derivatives were allowed to react under
these conditions.133

Scheme 47. Tunge’s DaA of 1,3-dicarbonyl derivatives.
The authors conclude that using the deacylative alkylation
method by allylic alkoxides (pKa ≈ 30) leads to a retro-Claisen
activation producing nitronates (pKa ≈ 17), enolates (pKa ≈ 18 – 25)
and nitrile stabilized anions (pKa ≈ 23).
Also, for the asymmetric DaA studies were set up obtaining
good to excellent enantiomeric excesses. In this work published in
2013, α-tetralones were used as pronucleophiles and allylic alcohols
as electrophilic species. PHOX type chiral ligands 300 and 301 were
used as chirality inductors forming a complex with Pd2(dba)3. The
authors, applied this methodology for the synthesis of natural
products such as the biologically active natural product (+)hamigeran B, an antiviral compound (Scheme 48).134
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Scheme 48. Asymmetric version of DaA of tetralones.
Recently, a palladium-catalyzed C-H activation of allyl
compounds has been emerged as a new methodology for the DaA. In
2017, Wang and co-workers reported the formation of a quaternary
stereocenter using this strategy. Prop-1-ene derivatives forms the πallylpalladium intermediate using 2,5-di-tert-butylbenzoquinone
(2,5-DTBQ) as oxidant under basic conditions (Scheme 49).135

Scheme 49. Pd-catalyzed deacylative allylic C-H alkylation.
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Deacylative benzylation was also reported, again, by Tunge et
al. In this procedure, benzylic alcohols and cyanoacetates gave the
benzylated β-arylpropionitriles 308 through a η3-benzylpalladium
intermediate. In this procedure, similar conditions were used but
higher temperatures were required for optimal results. The solvent,
palladium and ligands choices were critical for avoid the protonated
byproducts 309 (Scheme 50).136

Scheme 50. DaA benzylation of cyanoacetates.
It can be concluded that DaA is a useful synthetic methodology
for the generation of quaternary stereocenters under mild reaction
conditions avoiding the classical employment of very low
temperatures and very strong bases. The high tolerance of functional
groups and the high chemo and regioselectivity increase its
usefulness.
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SYNTHESIS OF
3,3-DISUBSTITUTED
2-OXINDOLES BY
DEACYLATIVE ALKYLATION
OF 3-ACETYL-2-OXINDOLES

Chapter 1: Introduction

CHAPTER 1
Introduction
Knowing the big interest of academy and industry for the
oxindole derivatives, our research group thought about new
methodologies that could allow the synthesis of diverse structural
3,3-disubstituted 2-oxindoles in an efficient manner. The first
information found was the synthesis of starting materials. Such as it
was described in the literature,119 the preparation of 3,3-disubsituted
2-oxindoles started from the synthesis of 3-alkyl 2-oxindoles, which
were generated in two main ways (Scheme 51):

Scheme 51. Synthesis of 3-substituted oxindoles as starting
materials.
The first method, consisted in the cryogenic deprotonation of
N-alkylated 2-oxindole 310. The reaction was carried out in a 5:1
THF:hexamethylphosphoramide (HMPA) at -78 °C under inert
atmosphere. As deprotonating agent, very strong base as lithium
bis(trimethylsilyl)amide (LiHMDS) was used. After column
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chromatography, the corresponding 3-substituted 2-oxindoles 311
were isolated in a 50 – 65% yield. Sometimes, the starting material
N-alkylated 2-oxindole is commercially available but, in many
occasions, they have to be prepared. It is worth to note that HMPA is
considerate as hazardous solvent because is reasonably anticipated
to be a human carcinogen based on studies in animals.137 In the
second method, starting from commercially available indole
derivatives 312, first a N-alkylation using potassium hydroxide in
DMSO (Heaney’s method) gave 313 and then, in a second step, it was
oxidized to the corresponding oxindole 314 using DMSO and
concentrated HCl.
These methods, although effective, were not very efficient and
could not be used in general, depending on that the starting materials
were available and which alkyl groups were desired to be coupled.
Also, as it was described above, numerous methodologies for direct
functionalization of 3,3-disubstituted 2-oxindoles from 3-substituted
2-oxindoles were described (see section 2.7 of General Introduction).

Chapter 1: Objectives

Objectives
➢ The study in search of an easier methodology for the synthesis
of 3-substituted 3-acetyl-2-oxindoles under the mildest
possible conditions. After a retro-claisen methodology,
synthesize the monoalkylated 3-substituted 2-oxindoles.
➢ Develop the DaA of 3-substituted 3-acetyl-2-oxindoles for the
synthesis of different 3,3-disubsituted 2-oxindoles and
prepare the important intermediates for the synthesis of
natural and/or pharmaceutical synthetic derivatives.
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Results and discussion
Initial studies were focused on the attempt of the simplest
synthesis of 3-substituted 2-oxindole starting from 3 unsubstituted
N-methyl-2-oxindole 220. This compound is commercially available
and it was used as starting model for the monoalkylation. After the
treatment of 220 with 1.1 equiv. of allyl bromide 315 as electrophile,
and 1 equiv. of the base benzyltrimethylammonium hydroxide 316
(40% weight in methanol solution), also called Triton B, gas
chromatography (GC) analysis revealed: 17% of desired
monoalkylated product 317, 51% of diallylated product 318 and a
32% of the unreacted starting material 220 (Scheme 52).

Scheme 52. Attempt for the synthesis of 3-substituted 2-oxindole.
Surprisingly, using no excess of base the product 318 was
considerably more abundant in the reaction mixture. Trying to take
advantage of this results, even not being the targeting compound,
3,3-diallyl-2-oxindole 318 was attempted to synthesize using 2 equiv.
of both 315 and 316. GC conversions were excellent, but when was
purified by flash chromatography, a moderate 59% yield was
obtained.
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With these results in hand, it can be concluded that the
simplest monoalkylation of 2-oxindoles was no possible in these
conditions. These results support that the target 3-monosubstituted
2-oxindoles are not easy to synthesize and need specific conditions to
achieve them.
At this point, and after a deep literature revision, our research
group envisaged that first monoalkylation step and posterior
deacylative alkylation of compounds 3-acetyl-2-oxindole derivatives
319 (Figure 29) would be an excellent strategy for the synthesis of
target unsymmetrical 3,3-disubstituted 2-oxindole derivatives and
also for the 3-monoalkylated 2-oxindole.

Figure 29. 3-Acetyl-1-methyl-2-oxindoles.
To perform the study, starting material 319a was prepared
from 220 by reaction with acetic anhydride in the presence of
catalytic amounts of 4-(N,N-dimethylamino)pyridine (DMAP) at 140
°C for 5 h.138 Afterwards, a hydrolysis with KOH in MeOH and
posterior acidification with concentrated HCl were required to
prepare 319a, due to the concomitant acylation at oxygen atom in
addition to the 3 position of the oxindole, which gave product 320
(Scheme 53). After purification by flash chromatography, the target
product was obtained in an 88% yield.
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Scheme 53. Synthesis of N-methyl-3-acetyl-2-oxindole 319a.
Due to some synthetic intermediates and/or natural products,
such as physostigmine and horsfiline, have a methoxy moiety at the
5 position of the oxindole core, it was decided that it would be
interesting the same synthesis for 319b and 319c derivatives, which
include this functional group in the structure. The starting material
was 5-methoxyisatin 321, because 5-methoxy-1-methyl-2-oxindole
323 was not commercially available. Starting from isatin 321, it was
methylated at the 1 position using sodium hydride as base and
iodomethane as alkylating agent in dimethylformamide (DMF) at 0
ºC for 30 min, giving intermediate 322 (Scheme 54).

Scheme 54. Synthesis of N-methyl-3-acetyl-2-oxindole 319b.
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At this point, a Wolff-Kishner reduction was performed in
order to obtain the 2-oxindole 323 heating at 130 ºC for 3 hours.139
Now, the same hydrolysis procedure for 319a was carried out, giving
the desired product 319b in 68% overall yield.
A similar synthetic pathway was accomplished for the 1benzyl-5-methoxy derivative 319c. In this case, N-alkylation of the
isatin was the only difference according to the procedure employed
to obtain 319b. Now, compound 321 was benzylated using benzyl
bromide as electrophile and potassium carbonate as a base in
DMF.140 After the same Wolff-Kishner reduction, 1-benzyl-5methoxy-2-oxindole 325 was obtained in 63% yield after these
previous two steps.141 Using the standard acetylation conditions,
target product 319c was obtained in overall yield of 24% (Scheme 55).
The decrease in the overall yield was originated by the use of a
weaker base (K2CO3) in the alkylation step.

Scheme 55. Synthesis of N-methyl-3-acetyl-2-oxindole 319c.

With the starting materials 319a-c in hand, the proposed
retrosynthetic pathway for the synthesis of 3,3-disubstituted target
oxindoles 327 is shown in Scheme 56.
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Scheme 56. Retrosynthetic analysis for 3,3-disubstituted-2oxindoles by DaA.
For the first monoalkylation, the optimal condition found was
the use of 1 equiv. of 319a, 1 equiv. of commercial available Triton B
316 as base, 1 equiv. of the electrophile allyl bromide 315, in THF at
room temperature overnight. The 3-acetylated 3-allylated product
326a was obtained with >99% of GC conversion and in 84% of isolated
yield (Scheme 57):

Scheme 57. Allylation of 319a.
There are some important considerations to set up
successfully these experiments. One of them is that the base must be
added dropwise. When the addition of the base was assayed in one
portion, different amounts of deacylated product, dialkylated product
and unreacted starting materials were identified from the reaction
crude. These results encouraged us to continue with this research
line, because understanding properly them it will be possible to
exploit the chemistry of these 3-acetyl-2-oxindoles.
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The reaction scope of the alkylation of 3-acetyl-2-oxindoles
was performed using different alkyl halides and different 3-acetyl-3alkyl-2-oxindoles (Table 1). Entries 1, 3, 4, 5 and 7 of Table 1 were
carried out in a 1.2 mmol scale but entries 6, 8 and 9 of Table 1 were
carried out in 0.3, 4.6 and 0.6 mmol scale, respectively. The entry 2
of Table 1 could be scaled up to 7.2 mmol (1.4 g) obtaining 1.3 g of
final product in an 88% yield after flash chromatography. It is
important to note that only entries 2, 8 and 9 of Table 1, in which the
starting materials 319 were methylated, good to excellent yields
(between 85 – 92%) were obtained. In addition, the deacylated
byproduct was not observed after the flash chromatography.
Moderate to good yields (between 50 – 84%) were achieved in entries
1, 3, 4, 5, 6 and 7 of Table 1, despite the inevitable presence of
deacylated byproduct (between 4 – 10% amount) during the flash
chromatography. Different alkyl halides were suitable as
electrophiles at room temperature. Only when pentyl bromide was
employed (Table 1, entry 6) reflux was needed due to its lower
electrophilicity.
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Table 1. Synthesis of 3-acetyl-3-alkyl 2-oxindoles.

_______________________________________________________________
Entry
1
2

319
319a
319ac

R1
Me
Me

R2
H
H

R3Hal

3

319a

Me

H

326c

54%d

4

319a

Me

H

326d

68%d

5

319a

Me

H

326e

84%e

6

319af

Me

H

326f

50%b

7

319a

Me

H

326g

69%g

8
9

319bh
319ci

Me
Bn

OMe
OMe

326h
326i

85%
92%

MeI

MeI
MeI

326 Yielda
326a 84%b
326b
88%

Isolated yield after flash chromatography.
6% deacylated product was also obtained.
c 2 equiv. of MeI was used on a 7.2 mmol scale.
d 4% deacylated product was also obtained.
e 5% deacylated product was also obtained on a 1.8 mmol scale.
f Under reflux on a 0.3 mmol scale.
g 10% deacylated product was also obtained.
h 2 equiv. of MeI was used on a 4.6 mmol scale.
i 2 equiv. of MeI was used on a 0.6 mmol scale.
a
b
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Analyzing the deacetylation byproducts, it was concluded that
these products have not a high stability. This reactivity will be
advantageous in the synthesis of target 3-substituted 2-oxindole and
3,3-disubstituted 2-oxindole through a Deacylative Alkylation (DaA)
process and under mild conditions.
Monosubstituted 2-oxindole derivative 278, was important
starting compound for alkaloid preparations (see section 2.7 of
General Introduction). This compound was synthesized fastly and
under mild conditions treating compound 326b with 1 equiv. of
Triton B in THF at room temperature for 5 minutes. After quenching
the reaction with acetic acid and purify by flash chromatography, 278
was obtained in 67% yield (Scheme 58).

Scheme 58. Synthesis of 1,3-dimethyl-2-oxindole.
To accomplish the next goal, DaA process was carried out for
the preparation of unsymmetrically 3,3-disubstituted 2-oxindoles
using alkyl halides. Starting from compound 326e and allyl bromide
to form 327a, it was compared Triton B (316) and lithium ethoxide
328 as deacylative agents to find the optimal deacylative agent
(Scheme 59):
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Scheme 59. Different conditions for DaA of 326e.
After flash chromatography of both reactions, the isolated
yield was higher when lithium ethoxide 328 was used as deacylative
agent compared with Triton B 316.
At this point, different alkyl halides were used in the scope of
the reaction using a solution of LiOEt 328 1M in THF. Good to
excellent yields were achieved in all cases (Table 2). Compound 326b
was used as a model compound and was allowed to react with allyl
bromide, propargyl bromide, benzyl bromide, cinnamyl bromide and
bromoacetonitrile (Table 2, entries 1, 2, 3, 4 and 5, respectively) to
give products 327b-f. In all cases, good isolated yields were achieved
(69 – 88%) and the products were completely stable after purification.
Also, an interesting electrophile, ethyl chloroformate was used for
synthesizing the corresponding ethyl ester derivative 327g. Finally,
5-methoxy derivatives 327h-k were synthesized using the same
procedure. Compound 327h was isolated in 75% yield. This is the key
intermediate of racemic natural product esermethole,119 which is
precursor of natural alkaloid physostigmine 21 and the
pharmaceutical derivative phenserine an acetylcholinesterase
inhibitor (see sections 1.1, 1.2 and 2.7 of General Introduction).
Besides, the derivative 327i was synthesized in excellent yield in a 2
mmol scale, is also precursor of racemic esermethole and
physostigmine, but through a shorter synthetic pathway than
327h.104 5-Methoxy compounds 327j and 327k are derivatives that
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can be deprotected at the N- position giving the corresponding Nunprotected compounds.

Table 2. Synthesis of 3,3-disubstituted 2-oxindoles by DaA.

_______________________________________________________________
326

R4Hal

Product

327

Yielda

1

326b

327b

72

2

326b

327c

69

3

326b

327d

87

4

326bb

327e

75
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5

326b

327f

88

6

326b

327g

65

7

326h

327h

75

8

326hc

327i

93

9

326i

327j

70

10

326i

327k

74

Isolated yield after flash chromatography.
1.5 equiv. of cinnamyl bromide were used.
c 2 mmol scale.
a
b
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Conclusions
The acetylation of 2-oxindoles allows their monoalkylation
under mild conditions using Triton B as base. By subsequent
deacetylation it is possible to prepare the corresponding 3-alkylated
2-oxindoles. The 3-substituted 3-acetyl-2-oxindoles can undergo
deacylative alkylation with alkyl halides in the presence of LiOEt,
affording the corresponding 3,3-disubstituted 2-oxindoles under very
mild conditions. This methodology is suitable for the preparation of
unsymmetrical 3,3-disubstituted oxindoles, which cannot be easily
prepared by other strategies.
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Experimental Section
1. General methods
Melting points were determined with a Marienfeld melting point
meter (MPM-H2) apparatus and are uncorrected. For flash
chromatography, silica gel 60 (40-60 µm) was employed. 1H NMR
(300, 400 MHz or 500 MHz) and 13C NMR (75, 101 or 126 MHz)
spectra were recorded using Bruker AV300, Bruker AV400 and
Bruker ADVANCE DRX500, respectively, with CDCl3 as solvent and
TMS as internal standard and chemical shifts are given in ppm. Lowresolution electron impact (GC-EI) mass spectra were obtained at 70
eV using an Agilent 6890N Network GC system and Agilent 5973
Network Mass Selective Detector. High-resolution mass spectra (GCEI) were recorded using a QTOF Agilent 7200 instrument for the
exact mass and Agilent 7890B for the GC. Analytical TLC was
performed using ALUGRAM® Xtra SIL G/UV254 silica gel plates, and
the spots were determined under UV light (λ=254 nm).

2. Experimental procedures
2.1. Synthesis of 1-(2-hydroxy-1-methyl-1H-indol-3-yl)ethanone
(319a)
To a round-bottom flask containing a solution of N-methyl-2-oxindole
(4.85 g, 33 mmol) in acetic anhydride (36 mL, 381 mmol), DMAP (118
mg, 0.96 mmol) was added. The mixture was heated at 140 °C for 5
h. The mixture was evaporated under reduced pressure, the crude
residue was dissolved in MeOH (80 mL) and a solution of KOH (18 g,
321 mmol) in MeOH (120 mL) at 0 °C was added. The solution was
stirred at r.t. for 22 h then cooled in an ice-bath at 0 °C and 12 M
aqueous HCl was added until pH 3. At this point, H2O (140 mL) was
added and the solution was extracted with EtOAc (3 × 140 mL). The
organic phases were dried over MgSO4, filtered, and concentrated.
The residue was purified by flash chromatography (hexane/EtOAc)
to give pure 319a.
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Yield: 5.5 g (88%); purple solid; mp 109–110 °C (hexane/EtOAc)
(Lit.138110–111 °C).
The spectral data are consistent with reported data.138
2.2. Synthesis of 1-(2-hydroxy-1-methyl-5-methoxy-1H-indol-3yl)ethanone (319b)
A round-bottom flask containing a solution of 5-methoxyisatin (3.54
g, 20 mmol) in anhydrous DMF (40 mL) was cooled to 0 °C, then
sodium hydride (606 mg, 24 mmol) was added in one portion and the
mixture was stirred for 5 min. Iodomethane was added (1.84 mL, 30
mmol) and the mixture was stirred at 0 °C for 30 min. The mixture
was poured in saturated aqueous NH4Cl (20 mL) and extracted with
dichloromethane (3 × 40 mL). The organic phase was washed with
H2O (3 × 15 mL) and brine (20 mL), dried over MgSO4, and
evaporated under vacuum. The dark-red solid was dissolved in
hydrazine monohydrate (12 mL, 247 mmol) and heated at 130 °C for
3 h. After cooling the solution to r.t., H2O (50 mL) was added and the
mixture was extracted with EtOAc (3 × 50 mL). The organic phase
was washed with saturated aqueous NaHCO3 (50 mL), brine (50 mL),
and dried over MgSO4, filtered and concentrated.13 To the resulting
residue, acetic anhydride (22.5 mL, 238 mmol) was added. Then,
DMAP (73.3 mg, 0.6 mmol) was added and the mixture was heated
at reflux (140 °C) for 5 h and then evaporated under reduced
pressure. The residue was dissolved in MeOH (50 mL), then a
solution of KOH (11 g, 196 mmol) in MeOH (70 mL) at 0 °C was
added. The solution was stirred at r.t. for 22 h and then cooled in an
ice-bath at 0 °C. A solution of 12 M aqueous HCl was added until pH
3. The organic solvent was evaporated and the residue was extracted
with EtOAc (3 × 100 mL), washed with H2O (100 mL), dried over
MgSO4, filtered and concentrated. The residue was purified by flash
chromatography (hexane/EtOAc) to give pure 319b.
Overall yield: 2.97 g (68%); purple solid; mp 83–84 °C
(hexane/EtOAc) (Lit.14283 °C).
The spectral data are consistent with reported data.142
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2.3. Synthesis of 1-(1-benzyl-2-hydroxy-5-methoxy-1H-indol-3yl)ethanone (319c)
A mixture of 5-methoxyisatin (2.84 g, 16 mmol) and K2CO3 (5.53 g,
40 mmol) was dissolved in anhydrous DMF (12 mL) under Ar. Benzyl
bromide (5.71 mL, 48 mmol) was added dropwise and the mixture
was stirred at r.t. for 19 h. The mixture was extracted with
dichloromethane (3 × 20 mL) and the organic phase was washed with
H2O (20 mL) and brine (20 mL), dried with MgSO4, filtered, and
concentrated to obtain a red solid.140 The crude material was
dissolved in DMSO (12 mL), hydrazine hydrate (1.81 mL, 32 mmol)
was added dropwise and the mixture was heated at 150 °C for 5 h.
The mixture was cooled to r.t., extracted with EtOAc (2 × 100 mL),
and the organic phase was washed with H2O (100 mL) and brine (50
mL), dried over MgSO4, filtered, and concentrated. The residue was
purified by flash chromatography (hexane/EtOAc) to give pure 1benzyl-5-methoxy-2-oxindole (2.55 g, 63%) as a brown oil.141
The above product was dissolved in acetic anhydride (11.5 mL, 121
mmol) and DMAP (37 mg, 0.3 mmol) was added. The mixture was
heated at reflux (140 °C) for 6 h and then cooled to r.t. and evaporated
under reduced pressure. The residue was dissolved in MeOH (40 mL)
cooled at 0 °C and then a solution of KOH (8.5 g, 151 mmol) in MeOH
(60 mL) was added. The solution was stirred at r.t. for 18 h then the
solution was cooled in an ice-bath at 0 °C and 12 M aqueous HCl was
added until pH 3. The organic solvent was evaporated under reduced
pressure, H2O (50 mL) was added and the mixture was extracted with
EtOAc (3 × 50 mL). The organic phase was dried over MgSO4, filtered,
and concentrated. The residue was purified by flash chromatography
(hexane/EtOAc) to give pure 319c.
Overall yield: 1.15 g (24%); brown solid; mp 145–146 °C
(hexane/EtOAc) (Lit.143 150–151 °C).
The spectral data are consistent with reported data.143
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2.4. General procedure for monoalkylation of 3-acetyl-2-oxindoles
319
To a solution of 3-acetyl-2-oxindole 319 (227 mg, 1.2 mmol) and alkyl
halide
(1.2
mmol)
in
THF
(7
mL)
was
added
benzyltrimethylammonium hydroxide (Triton B) in MeOH (40wt%,
0.545 mL, 1.2 mmol). The reaction was stirred at r.t. overnight, H2O
(20 mL) was added, the mixture was extracted with EtOAc (3 × 20
mL) and the combined organic layers were dried over MgSO4, filtered
and evaporated. The correspondent residue was purified by flash
chromatography (EtOAc/hexane) to afford the corresponding product
326 (see, Table 1).
2.5. General procedure for deacylative alkylation of 3monoalkylated 3-acetyl-2-oxindoles 326 with alkyl halides.
Oxindole 326 (0.15 mmol) and alkyl halide (0.165 mmol) were
dissolved under an argon atmosphere in anhydrous THF (1.5 mL). A
1 M solution of LiOEt (0.15 mL, 0.15 mmol) was added dropwise and
the reaction mixture was stirred at r.t. overnight. Afterwards, 10 mL
of H2O were added and the mixture was extracted with EtOAc (3 ×
10 mL). The combined organic phases were dried over MgSO4,
filtered and concentrated. After flash chromatography, pure 3,3dialkylated 2-oxindole 327 was obtained (see, Table 2).
2.6. General procedure for deacylative alkylation of
monoalkylated 3-acetyl-2-oxindoles 326 with alkenes.

3-

Oxindole 326b (30.5 mg, 0.15 mmol) and electrophilic alkene (0.21
mmol) were dissolved in THF (1.5 mL). After three cycles of freezingpump-thaw and filling the flask with Ar, benzyltrimethylammonium
hydroxide (Triton B) in MeOH (40wt%, 0.068 mL, 0.15 mmol) was
added. The mixture was stirred overnight at r.t. and extractive
workup was performed with EtOAc (3 × 10 mL) and H 2O (10 mL).
The organic phases were dried with MgSO4, filtered and
concentrated, and the resulting crude product was purified by flash
chromatography (EtOAc/hexane) to give 329.
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3. Experimental data
Compounds 326b, 326f, 326h,326i, 327a, 327b, 327d, 327e,
327f, 327g, 327h, 327i, and 327k are known compounds and
experimental data are consistent with reported data:
326b: 3-Acetyl-1,3-dimethylindolin-2-one (1.36 g, 88% yield)144
326f: 3-Acetyl-3-benzyl-1-methylindolin-2-one (341 mg, 84% yield)144
326h: 3-Acetyl-5-methoxy-1,3-dimethylindolin-2-one (899 mg, 85%
yield)145
326i: 3-Acetyl-1-benzyl-5-methoxy-3-methylindolin-2-one (171 mg,
92% yield)144
327a: 3-Allyl-3-benzyl-1-methylindolin-2-one (28 mg, 67% yield)146
327b: 3-Allyl-1,3-dimethylindolin-2-one (22mg, 72% yield)147
327d: 3-Benzyl-1,3-dimethylindolin-2-one (33 mg, 87% yield)148
327e: 3-Cinnamyl-1,3-dimethylindolin-2-one (31 mg, 75% yield)148
327f: 2-(1,3-Dimethyl-2-oxoindolin-3-yl)acetonitrile (27 mg, 88%)104
327g: Ethyl 1,3-dimethyl-2-oxoindoline-3-carboxylate (23 mg, 65%
yield)144
327h: 3-Allyl-5-methoxy-1,3-dimethylindolin-2-one (26 mg, 75%)146
327i: 2-(5-Methoxy-1,3-dimethyl-2-oxoindolin-3-yl)acetonitrile (429
mg, 93%)104
327k: 2-(1-Benzyl-5-methoxy-3-methyl-2-oxoindolin-3-yl)acetonitrile
(34 mg, 74%)107
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Following, characterization data of new compounds 326a, 326c,
326d, 326f, 326g, 327c, 327j, 329c, 329f, 329g and 329h will be
displayed:
3-Acetyl-3-allyl-1-methylindolin-2-one (326a)
Yield: 192 mg (84%); pale-yellow oil.
1H NMR (300 MHz): δ = 7.36 (td, J = 7.7, 1.4 Hz, 1 H), 7.18 (dd, J =
7.4, 1.0 Hz, 1 H), 7.10 (td, J = 7.5, 1.0 Hz, 1 H), 6.90 (d, J = 7.8 Hz, 1
H), 5.30 (dddd, J = 16.8, 10.0, 7.8, 6.7 Hz, 1 H), 5.00 (m, 1 H), 4.88 (m,
1 H), 3.28 (s, 3 H), 2.91 (m, 2 H), 1.99 (s, 3 H).
13C

NMR (101 MHz): δ = 200.7, 174.5, 144.3, 131.5, 129.3, 127.0,
124.2, 123.3, 119.5, 108.6, 66.4, 37.5, 26.6.
LRMS (EI): m/z(%) = 229 (9) [M]+, 188 (13), 187 (100), 186 (22), 172
(12), 160 (22), 158 (14), 144 (10), 143 (10).
HRMS (EI): m/z calcd. for C14H15NO2: 229.1103; found: 229.1107.
(E)-3-Acetyl-3-(3,7-dimethylocta-2,6-dien-1-yl)-1methylindolin2-one (326c)
Yield: 210 mg (54%); brown oil.
1H

NMR (300 MHz): δ = 7.34 (td, J = 7.7, 1.3 Hz, 1 H), 7.19 (dd, J =
7.5, 1.2 Hz, 1 H), 7.07 (td, J = 7.5, 1.0 Hz, 1 H), 6.88 (d, J = 7.8 Hz, 1
H), 4.89 (m, 1 H), 4.73–4.60 (m, 1 H), 3.26 (s, 3 H), 2.89 (m, 2 H), 2.01
(s, 3 H), 1.80 (m, 4 H), 1.62 (s, 3 H), 1.51 (s, 3 H), 1.49 (s, 3 H).
13C

NMR (101 MHz): δ = 201.4, 175.0, 144.3, 139.9, 131.4, 129.2,
127.6, 124.3, 124.1, 123.1, 116.7, 108.3, 66.6, 39.9, 32.2, 26.8, 26.8,
26.6, 25.8, 17.7, 16.5.
LRMS (EI): m/z = 325 (8) [M]+, 214 (14), 198 (12), 190 (15), 189 (100),
171 (10), 160 (36), 159 (35), 69 (24).
HRMS (EI): m/z calcd. for C21H27NO2: 325.2042; found: 325.2044.
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3-Acetyl-1-methyl-3-(prop-2-yn-1-yl)indolin-2-one (326d)
Yield: 186 mg (68%); brown solid; mp 84–86 °C (hexane/EtOAc).
1H

NMR (300 MHz): δ = 7.41 (td, J = 7.7, 1.3 Hz, 1 H), 7.24 (dd, J =
7.4, 0.9 Hz, 1 H), 7.13 (td, J = 7.5, 0.9 Hz, 1 H), 6.95 (d, J = 7.8 Hz, 1
H), 3.32 (s, 3 H), 3.13 (dd, J = 16.8, 2.7 Hz, 1 H), 2.93 (dd, J = 16.9,
2.6 Hz, 1 H), 1.97 (s, 3 H), 1.76 (t, J = 2.6 Hz, 1 H).
13C

NMR (101 MHz): δ = 199.5, 173.6, 144.7, 129.8, 126.7, 124.0,
123.5, 108.7, 78.6, 70.5, 65.1, 26.8, 26.3, 23.0.
LRMS (EI): m/z = 227 (8) [M]+, 186 (13), 185 (100), 184 (60), 157 (12),
156 (14), 128 (13).
HRMS (EI): m/z calcd. for C14H13NO2: 225.0946; found: 227.0945.
3-Acetyl-1-methyl-3-pentylindolin-2-one (326f)
Yield: 39 mg (50%); colorless oil.
1H NMR (300 MHz): δ = 7.35 (td, J = 7.6, 1.5 Hz, 1 H), 7.22–7.04 (m,
2 H), 6.91 (d, J = 7.8 Hz, 1 H), 3.29 (s, 3 H), 2.27–2.04 (m, 2 H), 2.00
(s, 3 H), 1.23–1.14 (m, 5 H), 0.83–072 (m, 4 H).
13C

NMR (101 MHz): δ = 201.5, 175.3, 144.3, 129.1, 127.7, 124.0,
123.3, 108.5, 66.9, 33.4, 31.9, 26.6, 26.6, 23.4, 22.4, 14.0
LRMS (EI): m/z = 259 (7) [M]+, 218 (10), 217 (64), 161 (12), 160 (100),
147 (10).
HRMS (EI): m/z calcd. for C16H21NO2: 259.1572; found: 259.1576.
Methyl 2-(3-Acetyl-1-methyl-2-oxoindolin-3-yl)acetate (326g)
Yield: 215 mg (69%); purple oil.
1H

NMR (300 MHz): δ = 7.38 (td, J = 7.7, 1.3 Hz, 1 H), 7.20 (d, J = 7.3
Hz, 1 H), 7.08 (td, J = 7.5, 1.0 Hz, 1 H), 6.95 (d, J = 7.8 Hz, 1 H), 3.50
(s, 3 H), 3.34 (s, 3 H), 3.40–3.19 (m, 2 H), 1.93 (s, 3 H).
13C

NMR (101 MHz): δ = 199.2, 174.3, 170.3, 145.0, 129.7, 126.9,
123.8, 123.3, 108.8, 63.5, 51.9, 37.2, 27.0, 25.7.
LRMS (EI): m/z = 261 (2) [M]+, 219 (50), 160 (31), 159 (100), 130 (21).
HRMS (EI): m/z calcd. for C14H15NO4: 261.1001; found: 261.1005.

115

116

Chapter 1: Experimental section
1,3-Dimethyl-3-(prop-2-yn-1-yl)indolin-2-one (327c)
Yield: 21 mg (69%); yellow oil.
1H NMR (400 MHz): δ = 7.46–7.43 (m, 1 H), 7.30 (td, J = 7.7, 1.2 Hz,
1 H), 7.09 (td, J = 7.6, 1.0 Hz, 1 H), 6.86 (d, J = 7.8 Hz, 1 H), 3.23 (s,
3 H), 2.70 (dd, J = 16.5, 2.7 Hz, 1 H), 2.49 (dd, J = 16.6, 2.7 Hz, 1 H),
1.96 (t, J = 2.7 Hz, 1 H), 1.46 (s, 3 H).
13C

NMR (101 MHz): δ = 179.5, 143.1, 133.1, 128.3, 123.3, 122.7,
108.1, 79.8, 70.8, 46.7, 27.8, 26.4, 21.9.
LRMS (EI): m/z = 199 (28) [M]+, 161 (11), 160 (100), 132 (9), 130 (8),
117 (10).
HRMS (EI): m/z calcd. for C13H13NO: 199.0997; found: 199.0996.
3-Allyl-1-benzyl-5-methoxy-3-methylindolin-2-one
(327j)
Yield: 32 mg (70%); pale-yellow solid; mp 74–76
°C(hexane/EtOAc).
1H NMR (300 MHz): δ7.33–7.20 (m, 5H), 6.82 (d, J = 2.5 Hz, 1H), 6.65
(dd, J = 8.5, 2.5 Hz, 1H), 6.57 (d, J = 8.4 Hz, 1H), 5.48 (dddd, J = 16.9,
10.0, 7.9, 6.7 Hz, 1H), 5.08–4.93 (m, 3H), 4.77 (d, J = 15.7 Hz, 1H),
3.75 (s, 3H), 2.62 (dd, J = 13.5, 7.9 Hz, 1H), 2.54 (dd, J = 13.5, 6.7 Hz,
1H), 1.42 (s, 3H).
13C

NMR (75 MHz): δ = 180.0, 156.0, 136.2, 135.8, 135.1, 132.8, 128.8,
127.6, 127.4, 119.0, 111.7, 110.8, 109.4, 55.9, 48.9, 43.8, 42.6, 23.4.
LRMS (EI): m/z = 308 (13), 307 (58) [M]+, 267 (20), 266 (100), 91 (67).
HRMS (EI): m/z calcd. for C20H21NO2: 307.1572; found: 307.1570.
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Chapter 1: Annex 1
The corresponding paper of this research can be found with
the following reference:
A. Ortega-Martínez, C. Molina, C. Moreno-Cabrerizo, J. M.
Sansano and C. Nájera, Synthesis, 2017, 49, 5203–5210.
DOI: 10.1055/s-0036-1590880
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CHAPTER 2:
PALLADIUM-CATALYZED
ALLYLATION AND
DEACYLATIVE ALLYLATION
OF 3-ACETYL-2-OXINDOLES
WITH ALLYLIC ALCOHOLS

Chapter 2: Introduction

CHAPTER 2
Introduction
As it has shown in General Introduction (see sections 2.6, 2.7
and 3), palladium has an important role for the C–C bond formation
at 3 position of 2-oxindoles. Specifically, for the allylation, the most
common species for the formation of π-allyl Pd electrophilic
intermediates are the acetates, carbonates and phosphates derived
from allylic alcohols. They are used due to the poor leaving group
ability of the OH group. However, the direct use of commercially
available allyl alcohols is desirable because avoids the preparation of
their derivatives saving costs and synthetic steps.
For the synthesis of 3-allyl-2-oxindoles catalyzed by
palladium, different methodologies have been reported (Scheme 60).
The methodology (a) was reported by Kozlowski et al. and it is an
intramolecular process mediated on the Meerwein–Eschenmoser
Claisen rearrangement of 2-allyloxindoles.149 The methodology (b) is
a direct allylic alkylation of oxindoles using non-activated allylic
alcohols catalyzed by Pd and co-catalyzed by PhCO2H.150 When we
were studying the Pd-catalyzed DaA of 3-acetyl-2-oxindoles, Bisai
and co-workers published a palladium catalyzed allylation DaA of 3acyl-2-oxindoles with allylic alcohols using the ester and the ketone
derivatives (c).151
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Scheme 60. Reported synthesis of 3-allyl-2-oxindoles.

Chapter 2: Objectives

Objectives
➢ To study the Pd-catalyzed direct allylation and deacylative
allylation of oxindole derivatives obtained in Chapter 1 to
synthesize 3,3-disubstituted 2-oxindoles.
➢ To study the synthesis of 3-substituted 3-hydroxy-2-oxindoles
due to the formation of these derivatives as byproducts after
a deacylative oxidation process.
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Results and discussion
Initially, studies for the direct allylation of compounds 319
were performed using non-activated allyl alcohol 291 as electrophile,
employing different Pd sources, ligands and additives for the
synthesis of 3-acetyl-3-allyl-2-oxindoles 326 (Table 3). First, using
the reaction conditions of Tamaru et al. for the allylation of active
methylene compounds,152 60 mol% of triethylborane and 3 mol% of
both Pd(OAc)2 and 1,3-bis(diphenylphosphino)propane (dppp) the
corresponding 3-acetyl-3-allyl-1-methyl-2-oxindole 326a was formed
in 99% isolated crude yield (Table 3, entry 1). In order to decrease the
amount of the additive, instead of 60 mol% of Et3B, 3 mol% of ptoluenesulfonic acid (TsOH) was employed affording only 3% of 326a
(Table 3, entry 2). Afterwards, Pd(dba)2 was used instead of Pd(OAc)2
but the reaction failed (Table 3, entry 3). However, when rac-BINAP
was used as ligand, product 326a was formed in 66% isolated crude
yield (Table 3, entry 4). At this point, rac-BINOL phosphoric acid was
used instead of TsOH and the allylated product 326a was formed in
96% isolated yield (Table 3, entry 5). Using the optimal reaction
conditions of entry 5 of Table 3, allylated 5-methoxy derivatives 326j
and 326k were obtained in 61% and 89% isolated yield, respectively,
after chromatographic purification (Table 3, entries 6 and 7). To the
best of our knowledge, this is the first palladium-catalyzed allylation
of 3-acetyl-1-methyl-2-oxindoles with allyl alcohol.
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Table 3. Pd catalyzed allylation of 3-acetyl-2-oxindoles with allyl
alcohol.

_______________________________________________________________
319

[Pd]
(3 mol%)

Ligand
(3 mol%)

Additive
(mol%)

1
2
3
4

319a
319a
319a
319a

Pd(OAc)2
Pd(OAc)2
Pd(dba)2
Pd(dba)2

dppp
dppp
dppp
rac-BINAP

5

319a

Pd(dba)2

rac-BINAP

6 319b

Pd(dba)2

rac-BINAP

7

Pd(dba)2

rac-BINAP

Et3B (60)
TsOH (3)
TsOH (3)
TsOH (3)
(BINOL)PO2H
(3)b
(BINOL)PO2H
(3)b
(BINOL)PO2H
(3)b

319c

326

326a
326a
326a
326a
326a
326j
326k

Yield
(%)a

99%
3%
–
66%
98
(96)
91
(61)
99
(89)

Isolated crude yield. In parenthesis, yield after flash
chromatography.
b Racemic (BINOL)PO2H was employed.
a

Again, we demonstrated that this is an interesting
methodology for the synthesis of 3-subsituted 2-oxindoles, under very
mild conditions, because when 3-allyl-1-methyl-2-oxindole 326 was
treated in situ with Triton B once allylation process was finished and
after final addition of acetic acid, compound 329 was isolated in 61%
yield. This process avoids the use of cryogenic conditions (-78 ºC) and
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strong bases necessary for the allylation of N-methyl-2-oxindole
(Scheme 61).

Scheme 61. Synthesis of 3-allyl-1-methyl-2-oxindole.
Then, the Pd-catalyzed deacylative allylation of 3-acetyl-1,3dimethyl-2-oxindole 326b was tried. In order to find the optimal
reaction conditions, the study was carried out using trans-hex-2-en1-ol as electrophile with different catalysts and bases (Table 4). When
Pd(OAc)2 and dppp (3 mol%) as catalyst and potassium tert-butoxide
as base in THF under Ar atmosphere at r.t. were used after 15 hours,
a 3:1 mixture of desired compound 330a and the oxidized 3-hydroxy1,3-dimethyl-2-oxindole 331a were obtained. After flash
chromatography, 330a was isolated in 54% yield (Table 4, entry 1).
Because no added oxidizing agent was present in the media, it was
thought that oxygen should has to be the reason of the obtained
byproduct. In order to perform the reaction in absence of oxygen a
freezing-pump-thaw was performed to the reaction mixture before
the addition of the base. In the presence of LiOtBu as base not only a
95:5 mixture of 330a:331a was obtained, but also a 17% of deacylated
product 278 were observed. After flash chromatography a 66%
isolated yield was obtained (Table 4, entry 2). When the amount of
phosphine ligand was increased to 6 mol%, worse results were
obtained because a 61:39 mixture of 330a:278 was observed (Table 4,
entry 3). In the attempt for improving the conversion of the desired
product, Pd2(dba)3 was used instead of Pd(OAc)2 but higher amounts
of deacylated product 278 were formed (Table 4, entry 4). Finally,
when the amount of the base was increased to 1.5 equiv. best results
were achieved obtaining 86% of 330a and only 10% and 3% of 278
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and 331a, respectively. When 330a was isolated by flash
chromatography a 70% yield was obtained (Table 4, entry 5).
Table 4. Pd-catalyzed DaA of 3-acetyl-2-oxindoles.

_______________________________________________________________
[Pd]/dppp
(3 mol%)

Base (equiv.)

Products ratio (%)a

1c

Pd(OAc)2

KOtBu
(1.1 equiv.)

2d

Pd(OAc)2

LiOtBu
(1.1 equiv.)

3d

Pd(OAc)2e

4d

Pd2(dba)3f

5d

Pd(OAc)2

330a (76)
331a (24)
330a (79)
278 (17)
331a (4)
330a (61)
278 (39)
330a (49)
278 (51)
330a (86)
278 (10)
331a (3)

LiOtBu
(1.1 equiv.)
LiOtBu
(1.1 equiv.)
LiOtBu
(1.5 equiv.)

Yield
331a (%)b

Determined by 300 MHz 1H NMR on the crude product.
Isolated yield after flash chromatography.
c Without using freezing-pump-thaw.
d Using freezing-pump-thaw.
e 6 mol% of dppp was used.
f 1.5 mol% of Pd2(dba)3 was used.
a
b

54
66
–
–
70
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For studies about the scope of the reaction, different assays
were performed with a variety of substituted allylic alcohols and
oxindoles 326 using the optimal conditions found (Table 5).
Generally, in these examples 17 h instead of 15 h were used as
reaction time depending on the nature of the allylic alcohol. The
reaction of 3-acetyl-1,3-dimethyl-2-oxindole 326a with primary
allylic alcohols such as allyl alcohol and methallyl alcohol gave the
corresponding products 327b and 330b in good yields (Table 5,
entries 2 and 3). When geraniol was used as electrophile, despite
being also a primary alcohol, moderate 45% yield of product 330e was
obtained (Table 5, entry 6). However, a ca. 2:1 inseparable mixture of
products 330c and 330c’ were obtained when 1-methylallyl alcohol
was used as electrophile, due to the γ– and α–allylation processes
affording a moderate 45% overall yield (Table 5, entry 4). Comparable
results were obtained using prenyl alcohol which afforded, in this
case, a separable mixture of α– and γ–isomers 330d and 330d’ in 51%
and 16% yields, respectively (Table 5, entry 5).
In the case of secondary pent-1,4-dien-3-ol, a 8:1 mixture of
inseparable γ– and α–products 330f and 330f’ was obtained in 62%
overall yield (Table 5, entry 7). When cyclohexen-2-ol was used to
continue the scope, 330g was obtained in good yield (75%) as a ca. 1:1
mixture of diastereoisomers (Table 5, entry 8). Other primary
alcohols as (–)-myrtenol and cinnamyl alcohol provided the
corresponding products 330h and 330i in moderate 56% and 51%
yield, respectively (Table 5, entries 9 and 10). It is worth to note that
both diastereoisomers of 330h were not separable and the reaction
involving cinnamyl alcohol needed longer reaction times (24 h) to be
completed.
Different oxindole derivatives 326g and 326i were coupled
with allyl alcohol providing the expected allylated products 327h,
which is an intermediate of racemic natural product esermethole (see
Chapter 1), and 327j in 72% and 74% yield, respectively (Table 5,
entries 11 and 12). In all cases depicted in Table 6 that included the
possibility of obtaining mixtures of (E)- and (Z)-stereoisomers
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(products 330a, 330c, 330e, 330f and 330i), no (Z)-derivatives were
observed in any case after the analysis of 1H NMR of the crude
mixture. The coupling constants of the double bond protons always
corresponded to the (E)-stereoisomer.
Table 5. Pd catalyzed DaA of 3-acetyl-2-oxindoles.

_______________________________________________________________
326

Allylic alcohol

Product

330

Yield
(%)a

1

326a

330a

70

2

326a

327b

80

3

326a

330b

74
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330c

4

45b

326a
330c’

5

6

330d

51

330d’

16

330e

45

326a

326a
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7

330f

55c

330f’

7

326a

8

326a

330gd

75

9

326a

330h

56e

10

326a

330if

51
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11

326h

327h

72

12

326i

327jg

77

Isolated yield after flash chromatography.
An inseparable mixture of compounds 331c(68%) and 331c’ (32%)
was obtained.
c A 8:1 mixture of compounds 331fand 331f’ was obtained.
d A ca. 1:1 mixture of diastereoisomers was obtained.
e A 5.5:1 mixture of diastereoisomers was obtained.
f 24 h reaction time.
g 0.22 mmol scale
a
b

The proposed mechanism for the Pd-catalyzed DaA reaction,
based in Tsuji-Trost reaction, is shown in Scheme 62. At the
beginning, an acid-base equilibrium between allyl alcohol 291 and
lithium tert-butoxide occurred. When the allyl alkoxide is formed, the
attack as a nucleophile to the 3-acetyl oxindole derivative 326
afforded the activated allyl acetate 214 and the corresponding
stabilized anion 332. At this point, the palladium catalytic cycle
starts by the oxidative addition of Pd(0) with allyl acetate giving the
π-allylpalladium intermediate 333. Now, a nucleophilic substitution
occurs to afford lithium acetate and the intermediate 334 that is
ready to regenerate the active Pd(0) specie affording the final product
327b.
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Scheme 62. Proposed mechanism for Pd-catalyzed DaA of
3-acetyl-1,3-dimethyl-2-oxindole with allylic alcohol.
In order to apply both mentioned methodologies in Chapter
2, a combined double allylation for the synthesis of unsymmetrically
disubstituted 3,3-diallylated oxindole derivative 335 was carried out.
First allylation of 319a gave after flash chromatography the
intermediate 326a in 94% yield. The following step was the Pdcatalyzed deacylative allylation using methallyl alcohol affording the
corresponding product 335 in 72% overall yield after flash
chromatography (Scheme 63).
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Scheme 63. Synthesis of unsymmetrically 3,3-diallylated oxindole.
The evitable formation of 3-hydroxy-1,3-dimethyl-2-oxindole
byproducts using freezing-pump-thaw procedure prompt us to be
interested in the optimal reaction conditions for the synthesis of
these oxidized derivatives. 3-Substituted 3-hydroxy-2-oxindoles are
important structures for pharmaceutical derivatives and natural
alkaloids (see sections 1.1. and 1.2. of General Introduction).
Although different methodologies have been described for their
syntheses,151,153 we performed the deacylative hydroxylation of 3acetyl-3-alkyl-2-oxindoles 326 under mild conditions using 1 equiv.
of LiOEt in THF at r.t. under air atmosphere giving the
corresponding 3-alkyl-3-hydroxy-2-oxindoles 331 in good yields
(Table 6). When 3-acetyl-1,3-dimethyl-2-oxindole is assayed in air
atmosphere using LiOEt, corresponding 331a product is obtained in
70% isolated yield (Table 6, entry 1). When different 3-substituted 3acyl-2-oxindoles, such as benzylated, allylated and propargylated
derivatives were used, 68%, 68% and 70% yields of 331b, 331c and
331d were respectively obtained (Table 6, entries 2, 3 and 4). 5Methoxy oxindole derivatives 326h and 326i were also assayed and
57% and 58% yields were obtained for 331e and 331f, respectively
(Table 6, entries 5 and 6).
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Table 6. Synthesis of 3-alkyl-3-hydroxy-2-oxindoles.

_______________________________________________________________

1
2
3
4
5
6

326

R1

R2

R3

332

Yield
(%)a

326a
326a
326a
326a
326h
326i

Me
Me
Me
Me
Me
Be

H
H
H
H
OMe
OMe

Me
Bn
Allyl
Propargyl
Me
Me

332a
331b
331c
331db
331e
331f

70
68
68
70
57
58

a
b

Isolated yield after flash chromatography.
0.13 mmol scale
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Conclusions
The Pd-catalyzed allylation of 3-acetyl-2-oxindoles with allyl
alcohol can be performed under BINOL-derived phosphoric acid as
co-catalyst in THF at r.t. in good yields. This methodology allows the
synthesis of monoallylated 2-oxindoles by in situ deacetylation with
Triton B. For the deacylative allylation of 3-acetyl-3-methyl-2oxindoles with allylic alcohols, Pd(OAc)2/dppp and LiOtBu as base
gave the best results affording the corresponding 3,3-disubstituted 2oxindoles in moderate to good yields. The mildness of both
transformations
allows
to
prepare
no-easily
accessible
unsymmetrical 3,3-diallylated-1-methyl-2-oxindoles. By treatment of
3-alkyl-3-acetyl-2-oxindoles with LiOEt under air the corresponding
3-alkyl-3-hydroxy-2-oxindoles can be easily prepared. These reaction
conditions are very mild, the selective substitution and the high
tolerance of the reagents to many functional groups convert this
precess in an a priori useful tool for the synthesis of natural products.
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Experimental Section
1. Experimental procedures
1.1. General procedure for the Pd-catalyzed synthesis of 3-acetyl3-allyl-2-oxindoles 326.
To a round-bottom flask was added Pd(dba)2 (5.2 mg, 0.009 mmol),
rac-BINAP (5.6 mg, 0.009 mmol), and dry THF (1.5 mL) and the
mixture stirred for 30 min. Then, the oxindole 319 (0.3 mmol), the
BINOL derived phosphoric acid (3.1 mg, 0.009 mmol) and allyl
alcohol 291 (31 µL, 0.45 mmol) were added. The resulting mixture
was stirred at rt for 60 h, and afterwards, 10 mL of H2O were added
and the mixture was extracted with EtOAc (3 × 10 mL). The
combined organic phases were dried over MgSO4, filtered and
concentrated. The residue was purified by flash chromatography
(EtOAc/hexane) affording pure products 326.
1.2. Typical procedure for
methylindolin-2-one 329.

the

synthesis

of

3-allyl-1-

After performing the Pd-catalyzed allylation of compound 319a (see,
Section 2.1), a solution of benzyltrimethylammonium hydroxide
(Triton B) in MeOH (40 wt%, 136 µL, 0.3 mmol) was added and,
immediately, acetic acid (0.85 mL, 15 mmol). Afterwards, the
extractive work-up was performed with EtOAc (3 × 10 mL), the
organic phases were washed with H2O (10 mL), dried with MgSO4,
filtered and concentrated. The resulting crude was purified by flash
chromatography (hexane/EtOAc) to afford pure compound 329 in
61% yield.
1.3. General procedure for the Pd-catalyzed deacylative allylation
of compounds 326. Synthesis of 3-allylated 3-methyl-2oxindoles 330.
To a mixture of Pd(OAc)2 (2.0 mg, 0.009 mmol) and 1,3bis(diphenylphosphino)propane (3.7 mg, 0.009 mmol), was added dry
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THF (1 mL) under Ar and stirring continued for 30 min. This mixture
was added to a solution of oxindole 326 (0.3 mmol) in dry THF (0.5
mL). Finally, the allylic alcohol (0.45 mmol) was added and the
mixture was degassed by three cycles of freeze-pump-thaw and filled
with Ar before the addition of LiOtBu (36 mg, 0.45 mmol). The
solution was stirred at r.t. for 14 h and then extracted with EtOAc (3
× 10 mL). The organic phases were washed with water (10 mL), dried
over MgSO4, and evaporated under vacuum. The pure compounds
330 were obtained after flash chromatography (hexane/EtOAc).
1.4. General procedure for the deacylative oxidation of
compounds 326. Synthesis of 3-alkyl-3-hydroxy-2-oxindoles
331.
To a solution of oxindole 326 (0.15 mmol) in dry THF (1.5 mL) was
added dropwise a solution of LiOEt (0.1 M in THF, 150 µL, 0.15
mmol) and the mixture was stirred at rt for 12 h. Afterwards, the
extractive work-up was performed with EtOAc (3 × 10 mL), the
organic phases were washed with H2O (10 mL), dried with MgSO4,
filtered and concentrated. The pure compounds 331 were obtained
after flash chromatography (hexane/EtOAc).
1.5. General procedure for the combined double allylation of
319a. Synthesis of 3-allyl-3-methallyl-1-methyl-2-oxindole
335.
The first step was carried out following the description of section 2.1.
for the synthesis of intermediate 326a. The second step was run
according to section 2.3. and, after purification, product 335 was
isolated in 72% yield.
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2. Experimental data
Compounds 329, 330b, 330d, 330d’, 330h, 330i, 331a, 331b,
331c, 331d, 331e and 335 are known compounds and experimental
data are consistent with reported data:
329: 3-Allyl-1-methylindolin-2-one (36 mg, 61% yield)154
330b: 1,3-Dimethyl-3-(2-methylallyl)indolin-2-one (48 mg, 74%
yield)151
330d: 1,3-Dimethyl-3-(3-methylbut-2-en-1-yl)indolin-2-one (35 mg,
51% yield)148
330d’: 1,3-Dimethyl-3-(2-methylbut-3-en-2-yl)indolin-2-one (11 mg,
16% yield)148
330h: 3-(((1S,5R)-6,6-Dimethylbicyclo[3.1.1]hept-2-en-2-yl)methyl)1,3-dimethylindolin-2-one (49 mg, 56% yield)151
330i: 3-Cinnamyl-1,3-dimethylindolin-2-one (42 mg, 51% yield)147
331a: 3-Hydroxy-1,3-dimethylindolin-2-one (19 mg, 70% yield)155
331b: 3-Benzyl-3-hydroxy-1-methylindolin-2-one
yield)156

(26

mg,

68%

331c: 3-Allyl-3-hydroxy-1-methylindolin-2-one (21 mg, 68% yield)157
331d: 3-Hydroxy-1-methyl-3-(prop-2-yn-1-yl)indolin-2-one (19 mg,
70% yield)158
331e: 3-Hydroxy-5-methoxy-1,3-dimethylindolin-2-one (18 mg, 57%
yield)159
335: 3-Allyl-1-methyl-3-(2-methylallyl)indolin-2-one (52 mg, 77%
overall yield)160

149

150

Chapter 2: Experimental section
Following, characterization data of new compounds 326j,
326k, 331a, 331c, 331e, 331f, 331f’, 331g and 332f will be displayed:
3-Acetyl-3-allyl-5-methoxy-1-methylindolin-2-one (326j)
Yield: 47 mg (61%); Orange oil.
1H

NMR (400 MHz):δ = 6.88 (dd, J = 8.5, 2.5 Hz, 1H), 6.82–6.79 (m,
2H), 5.31 (dddd, J = 16.9, 10.1, 7.8, 6.7 Hz, 1H), 5.04–4.99 (m, 1H),
4.91–4.88 (m, 1H), 3.79 (s, 3H), 3.25 (s, 3H), 2.96–2.83 (m, 2H), 2.00
(s, 3H).
13C

NMR (101 MHz): δ = 200.8, 174.2, 156.4, 137.8, 131.5, 128.2,
119.5, 113.8, 111.2, 108.9, 66.8, 55.9, 37.6, 26.7, 26.6.
LRMS (EI) m/z (%) = 259 (28) [M]+, 218 (15), 217 (100), 216 (21), 202
(37), 190 (12), 188 (16), 176 (10), 174 (29), 173 (11), 144 (18), 115 (21),
77 (11).
HRMS (ESI): calcd. for C15H17NO3 259.1208; found 259.1206.
3-Acetyl-3-allyl-1-benzyl-5-methoxyindolin-2-one (326k)
Yield: 89 mg (89%); Pale orange oil.
1H

NMR (300 MHz): δ = 7.33–7.27 (m, 5H), 6.78–6.74 (m, 2H), 6.69
(dd, J = 8.3, 0.6 Hz, 1H), 5.33 (dddd, J = 16.6, 10.0, 8.0, 6.5 Hz, 1H),
5.07 (ddd, J = 17.0, 3.1, 1.2 Hz, 1H), 5.01–4.86 (m, 3H), 3.75 (s, 3H),
3.03–2.88 (m, 2H), 2.01 (s, 3H).
13C

NMR (75 MHz): δ =200.7, 174.3, 156.4, 136.9, 135.7, 131.6, 128.9,
128.2, 127.9, 127.6, 119.8, 113.8, 111.1, 110.1, 66.8, 55.9, 44.3, 37.6,
26.7.
LRMS (EI) m/z (%): 335 (10) [M]+, 294 (11), 293 (47), 91 (100).
HRMS (ESI): calcd. for C21H21NO3 335.1521; found 335.1521.
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(E)-3-(Hex-2-en-1-yl)-1,3-dimethylindolin-2-one (330a)
Yield: 51 mg (70%); Yellow oil.
1H

NMR (400 MHz): δ = 7.27–7.23 (m, 1H), 7.19–7.16 (m, 1H), 7.05
(td, J = 7.5, 0.9 Hz, 1H), 6.81 (d, J = 7.7 Hz, 1H), 5.40–5.32 (m, 1H),
5.08–4.99 (m, 1H), 3.18 (s, 3H), 2.50–2.39 (m, 2H), 1.81 (q, J = 7.0 Hz,
2H), 1.35 (s, 3H), 1.20 (q, J = 7.3 Hz, 2H), 0.73 (t, J = 7.4 Hz, 3H).
13C

NMR (101 MHz): δ =180.5, 143.3, 134.9, 134.0, 127.7, 123.9,
123.0, 122.3, 107.9, 48.7, 41.5, 34.5, 26.1, 22.6, 22.5, 13.5.
LRMS (EI) m/z (%): 243 (8) [M]+, 162 (9), 161 (80), 160 (100), 130 (8),
117 (9).
HRMS (ESI): calcd. for C16H21NO 243.1623; found 243.1621.
(E)-3-(But-2-en-1-yl)-1,3-dimethylindolin-2-one
isomers:

(330c)

and

Yield: 33 mg (45%); Brown oil.
1H

NMR (400 MHz): δ = 7.29–7.24 (m, 1.7H), 7.21 (d, J = 7.3 Hz,
0.3H), 7.17 (d, J = 7.3 Hz, 1H), 7.05 (t, J = 7.5 Hz, 1.5H), 6.83 (d, J =
7.7 Hz, 1.4H), 5.87 (dt, J = 17.3, 9.4 Hz, 0.2H), 5.67–5.54 (m, 0.3H),
5.42 (dq, J = 12.8, 6.3 Hz, 1H), 5.16–4.99 (m, 1.4H), 4.90 (d, J = 10.1
Hz, 0.1H), 3.24 (s, 0.4H), 3.22 (s, 0.7H), 3.20 (s, 3H), 3.18 (s, 0.3H),
2.70–2.47 (m, 0.7H), 2.43 (d, J = 7.2 Hz, 1.6H), 1.66 (d, J = 6.7 Hz,
0.3H), 1.52 (d, J = 6.3 Hz, 3H), 1.45 (s, 0.3H), 1.39 (s, 0.6H), 1.35 (s,
3H), 0.99 (d, J = 6.9 Hz, 0.3H), 0.68 (d, J = 6.7 Hz, 0.5H).
13C

NMR (101 MHz): δ =180.6, 143.3, 143.2, 139.2, 138.6, 134.0,
134.0, 129.4, 127.9, 127.8, 127.8, 127.7, 127.4, 124.9, 124.2, 123.9,
123.2, 123.2, 123.0, 122.9, 122.4, 122.3, 122.3, 121.1, 117.0, 115.8,
108.1, 107.9, 107.9, 107.8, 51.3, 51.2, 48.6, 48.4, 45.9, 44.9, 41.4, 35.5,
26.2, 22.8, 22.6, 22.2, 21.6, 18.0, 15.3, 15.0, 13.1.
LRMS (EI) m/z (%): 215 (10) [M]+, 161 (32), 161 (100), 160 (100), 132
(11), 130 (14), 117 (16) 77 (11), 55 (13).
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HRMS (ESI): calcd. for C14H17NO 215.1310; found 215.1309.
(E)-3-(3,7-Dimethylocta-2,6-dien-1-yl)-1,3-dimethylindolin-2one (330e):
Yield: 61 mg (45%); Pale yellow oil.
1H

NMR (400 MHz): δ = 7.27–7.22 (m, 1H), 7.21–7.17 (m, 1H), 7.03
(td, J = 7.5, 0.9 Hz, 1H), 6.81 (d, J = 7.7 Hz, 1H), 5.00–4.93 (m, 1H),
4.89–4.82 (m, 1H), 3.19 (s, 3H), 2.47 (d, J = 7.6 Hz, 2H), 1.95–1.82 (m,
4H), 1.64 (s, 3H), 1.54 (s, 3H), 1.50 (s, 3H), 1.37 (s, 3H)
13C

NMR (101 MHz): δ = 180.8, 143.3, 138.9, 134.2, 131.5, 127.7,
124.3, 123.1, 122.3, 118.3, 107.8, 48.7, 39.9, 36.8, 26.8, 26.2, 25.8,
22.4, 17.8, 16.4.
LRMS (EI) m/z (%): 297 (1) [M]+, 162 (11), 161 (100), 160 (30), 130 (8),
117 (8), 69 (27).
HRMS (ESI): calcd. for C20H27NO 297.2093; found 297.2093.
(E)-1,3-Dimethyl-3-(penta-2,4-dien-1-yl)indolin-2-one
Mixture of isomers (major trans isomer);

(330f):

Yield: 38 mg (55%); Pale yellow wax.
1H

NMR (300 MHz): δ =7.26 (td, J = 7.9, 1.3 Hz, 1H), 7.21–7.16 (m,
1H), 7.06 (td, J = 7.5, 1.0 Hz, 1H), 6.83 (d, J = 7.8 Hz, 1H), 6.21–5.96
(m, 2H), 5.36 (dt, J = 15.0, 7.7 Hz, 1H), 5.09–5.02 (m, 1H), 4.96–4.92
(m, 1H), 3.19 (s, 3H), 2.53 (d, J = 7.7 Hz, 2H), 1.37 (s, 3H).
13C

NMR (75 MHz): δ = 180.2, 143.2, 136.7, 134.8, 133.7, 128.3, 127.9,
123.0, 122.5, 116.3, 108.0, 48.5, 41.3, 26.2, 22.7.
LRMS (EI) m/z (%): 227 (5) [M]+, 174 (9), 161 (13), 160 (100), 132 (11),
130 (13), 117 (15), 77 (10), 67 (10).
HRMS (ESI): calcd. for C15H17NO 227.1310; found 227.1305.
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1,3-Dimethyl-3-(penta-1,4-dien-3-yl)indolin-2-one (330f’):
Yield: 5 mg (7%); Colorless oil.
1H

NMR (300 MHz): δ = 7.31–7.25 (m, 1H), 7.22–7.20 (m, 1H), 7.05
(td, J = 7.5, 1.0 Hz, 1H), 6.82 (d, J = 7.8 Hz, 1H), 5.86 (ddd, J = 17.0,
10.4, 8.3 Hz, 1H), 5.39 (ddd, J = 17.1, 10.2, 8.7 Hz, 1H), 5.19–5.01 (m,
3H), 4.93 (dd, J = 10.1, 1.9 Hz, 1H), 3.22–3.14 (m, 4H), 1.36 (s, 3H).
13C

NMR (75 MHz): δ = 179.9, 143.7, 135.7, 135.6, 132.4, 128.0, 123.7,
122.3, 118.2, 117.4, 107.9, 55.6, 51.2, 26.2, 21.8.
LRMS (EI) m/z (%): 227 (5) [M]+, 161 (11), 160 (100), 132 (10), 130
(11), 117 (13), 77 (7), 67 (5), 65 (5).
HRMS (ESI): calcd. for C15H17NO 227.1310; found 227.1309.
3-(Cyclohex-2-en-1-yl)-1,3-dimethylindolin-2-one
Mixture of diastereoisomers.

(330g):

Yield: 55 mg (75%); Pale yellow oil.
1H

NMR (major diastereoisomer, 300 MHz): δ = 7.29–7.23 (m, 1H),
7.21–7.18 (m, 1H), 7.02 (td, J = 7.5, 1.0 Hz, 1H), 6.82 (d, J = 7.8 Hz,
1H), 5.88–5.74 (m, 2H), 3.21 (s, 3H), 2.72–2.63 (m, 1H), 1.95–1.72 (m,
2H), 1.64–1.33 (m, 6H), 0.95–0.83 (m, 1H).
13C

NMR (major diastereoisomer, 75 MHz): δ = 180.5, 143.7, 133.1,
130.8, 127.7, 126.0, 123.8, 122.3, 107.7, 51.0, 43.0, 26.2, 25.1, 24.5,
21.8, 21.5.
LRMS (EI) m/z (%): 241 (8) [M]+, 162 (20), 161 (100), 160 (73), 130
(11), 117 (11), 81 (22).
HRMS (ESI): calcd. for C16H19NO 241.1467; found 241.1464.
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1-Benzyl-3-hydroxy-5-methoxy-3-methylindolin-2-one (331f):
Yield: 25 mg (58%); Orange solid; m.p. 135–137 °C (hexane/EtOAc).
1H

NMR (400 MHz): δ = 7.32–7.23 (m, 5H), 7.04 (d, J = 2.6 Hz, 1H),
6.70 (dd, J = 8.5, 2.6 Hz, 1H), 6.60 (d, J = 8.5 Hz, 1H), 4.93 (d, J = 15.7
Hz, 1H), 4.78 (d, J = 15.7 Hz, 1H), 3.75 (s, 3H), 3.17 (br s, 1H), 1.67
(s, 3H).
13C

NMR (101 MHz): δ = 178.8, 156.6, 135.6, 135.1, 132.9, 128.9,
127.8, 127.3, 114.2, 110.6, 110.3, 74.3, 55.9, 43.9, 25.3.
LRMS (EI) m/z (%): 283 (39) [M]+, 267 (8), 192 (7), 174 (5), 146 (8),
106 (7), 92 (10), 91 (100), 89 (6), 77 (7), 65 (19) 63 (5), 51 (5).
HRMS (ESI): calcd. for C17H17NO3 283.1208; found 283.1203.
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Chapter 2: Annex 2
The corresponding paper of this research can be found with
the following reference:
A. Ortega-Martínez, R. de Lorenzo, J. M. Sansano and C.
Nájera, Tetrahedron, 2018, 74, 253–259.
DOI: 10.1016/j.tet.2017.11.041
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CHAPTER 3:
SYNTHESIS OF
3-SUBSTITUTED
3-FLUORO-2-OXINDOLES BY
DEACYLATIVE ALKYLATION

Chapter 3: Introduction

CHAPTER 3
Introduction
Such as it was described in the General Introduction,
fluorinated oxindole derivatives became also important scaffolds in
organic synthesis. Many research groups have been investigating in
the field for introducing fluorine atoms in a more efficient way. As it
is possible to see in the literature, some fluorinations at the 3 position
of oxindole (Scheme 29, 30, 31) have been developed. Recently, a
detrifluoroacylative alkylation has been reported by Soloshonok and
co-workers where a SN2’ of 3-fluorinated 2-oxindole derivatives was
carried out with Morita-Baylis-Hillman carbonates using LiBr,
tetramethylguanidine in THF at r.t. The E/Z ratio of the products is
between 85/15 and 96/4 and the yields up to 95% (Scheme 64).161

Scheme 64. Detrifluoroacylative SN2’ allylation of 2-oxindole
derivatives.
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Most of the previously commented reactions are catalyzed by
metals as Pd(II) and Ni(II) salts (Scheme 29, 30, 64) and few
examples are organocatalyzed, in this case under basic conditions
(Scheme 31).

Chapter 3: Objectives

Objectives
➢ To study the fluorination at the 3 position of 3-acetyl-2oxindole derivative using an electrophilic fluorine source.
➢ The preparation of 3-alkyl 3-fluoro-2-oxindoles by deacylative
alkylation of 3-acetyl-3-fluoro-2-oxindoles using alkyl halides.
➢ The synthesis of 3-allylated 3-fluoro-2-oxindole through Pdcatalyzed deacylative allylation of 3-acetil-3-fluoro-2oxindole.
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Results and discussion
Initially, studies for the fluorination at the 3 position of 319a
were assayed using N-fluorobenzenesulfonimide (NFSI) 237 used as
source of electrophilic fluorine under different reaction conditions
(Table 7). When 1 equiv. of Triton B was used (Table 7, entry 1), a
complex crude mixture was obtained. Target compound 339,
deacylated product 340, difluorinated derivative 341 and starting
material 319a were observed at the end of the process. Also, it was
difficult to analyze the mixture of compounds 342, because
benzenesulfonimide and N-methylbenzenesulfonimide were obtained
as byproducts of NFSI. Probably the last one proceeded from the
nucleophilic attack of sulfonimide to the ammonium cation of Triton
B, also giving benzyldimethylamine (Scheme 65):

Scheme 65. Formation of N-methylbenzenesulfonimide
byproduct through a SN2 attack.

The amount of NFSI 237 was increased in order to improve the
conversion of the final product 339 (Table 7, entry 2). With these
reaction conditions in hands, the amount of difluorinated product
was higher than the previous one but starting material 319a was not
observed. Anyway, the crude was attempted to purify by flash
chromatography to characterize the final compound. Using hexane
and ethyl acetate as eluents, only product 341 was cleanly separated
but, unfortunately, benzenesulfonimide derivatives 341 did not. So,
the desired 3-acetyl-3-fluoro-2-oxindole 339 could not be isolated as
pure compound. Also, it was observed that 339 was not very stable
under this purification conditions, giving also a 16% of deacylated
product 340 after flash chromatography. At this point, it was decided
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that Triton B was not the best option for fluorination of 319a due to
the side reactions detected, providing undesirable byproducts 341
and 342.
The fluorination reaction of 319a using rac-BINOL phosphoric
acid as organocatalyst at room temperature for 18 h was not complete
giving moderate conversion of 339 (62%) (Table 7, entry 3). But in
this example, the reaction crude was completely clean, neither the
deacylated nor the difluorinated product were observed and only
benzenesulfonimide was obtained as byproduct without suffering any
N-alkylation itself. Finally, p-toluenesulfonic acid was found to be the
best catalyst to carry out the reaction (Table 7, entry 4). After 48
hours of reaction time with the possibility of scaling the reaction up
to 2 mmol, the conversion was complete (>99 %) and, again, no
oxindole byproducts were obtained. After testing different
purifications conditions, it was found that the use of a 9.5:0.5
(PhMe:AcOEt) mixture as eluent and a fast elution of 339 were the
most appropriate conditions, allowing the separation of
benzenesulfonimide and the final product, providing 339 in a good
85% yield. In this reaction, only 15 mol% of catalyst was necessary,
avoiding the use of stoichiometric amounts of base.
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Table 7. Synthesis of 3-acetyl-3-fluoro-2-oxindole

_______________________________________________________________
eq
237

Base
(1 eq)

Cat.

t
(h)

Cnv (%)

Yield (%)a

–

1

1

Triton
B

–

18

339+341
(59)
340 (19)
319a (18)

2

1.4

Triton
B

–

18

339 (60)
341 (40)

340 (61)
341 (16)
343 (23)

3

1.1

–

18

339 (62)
319a (38)

–

4b

1.1

–

48

339 (>99)

340 (85)

a
b

(BINOL)PO2H
(15 mol%)
TsOH
(15 mol%)

Isolated yield after flash chromatography.
2 mmol scale

At this point, deacylative alkylation process of 339 was performed
for the synthesis of 3-substituted 3-fluoro-2-oxindoles 343 with
different alkyl halides (Table 8). Using the optimal conditions for the
DaA with alkyl halides described on Chapter 1, lithium ethoxide was
chosen as deacylative agent and allyl bromide as electrophile (Table
8, entry 1). However, no significant amount of desired product 343a
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was observed. At this point, we tried to switch the base to Triton B.
Employing a benzyltrimethylammonium hydroxide methanolic
solution as deacylative agent the reaction afforded product 343a with
an excellent conversion and 91% yield (Table 8, entry 2). When benzyl
bromide was used as electrophile, 343b was obtained in 92 % yield
(Table 8, entry 3). Iodomethane (2.4 equiv.) and propargyl bromide
afforded products 343c and 343d in 71% and 59% yield, respectively
(Table 8, entries 4 and 5). Instead, when bromoacetonitrile was used
as electrophile the reaction failed and the corresponding product
343e was not observed (Table 8, entry 6). Decreasing the reaction
temperature to 0 ºC no improvement of the results was observed
(Table 8, entry 7). Finally, cinnamyl bromide afforded product 343f
in 85 % yield (Table 8, entry 8).
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Table 8. Synthesis of 3-substituted 3-fluoro-2-oxindole derivatives
through DaA.

_______________________________________________________________
Base

Product

Conv
(%)

Yield (%)a

1

LiOEt

343a

<5

–

2

Triton B

343a

>99

91

3
4b
5

Triton B
Triton B
Triton B

343b
343c
343d

>99
>99
>99

92
71
59

6

Triton B

343e

<5

–

7c

Triton B

343e

<5

–

Triton B

343f

>99

85

RHal

MeI

8

Isolated yield after flash chromatography.
b 2.8 equiv. of MeI was used.
c The addition of the base was performed at 0 ºC.
a

Regarding to the palladium-catalyzed deacylative alkylation (see
Chapter 2), 3-acetyl-3-fluoro-2-oxindole 339 was submitted to this
process using allyl alcohol (Scheme 66):
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Scheme 66. Pd-catalyzed DaA of 3-acetyl-3-fluoro-2-oxindole
with allylic alcohol.
On the one hand, when allyl alcohol 291 (1.5 equiv.),
palladium (II) acetate/diphenylphosphinopropane complex (3 mol%)
and lithium tert-butoxide (1.5 equiv.) were stirred with 339 in THF
at room temperature for 17 h, the expected 3-allyl-3-fluoro-1-methyl2-oxindole 343a was formed in >99% of conversion and in 70% yield.
The study of the scope of this process is ongoing in our research
group.
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Conclusions
A efficient organocatalyzed methodology for the synthesis of
3-acetyl-3-fluoro-1-methyl-2-oxindole has been developed under very
mild conditions avoiding the formation of byproducts. The
deacylative alkylation methodologies that have been developed
previously in our research group could be applied to the synthesis of
3-alkyl 3-fluoro-1-methyl-2-oxindoles using Triton B and alkyl
halides. The Pd-catalyzed deacylative alkylation of 3-acetyl-3-fluoro1-methyl-2-oxindole could be achieved using standard reaction
conditions and allyl alcohol affording 3-allyl-3-fluoro-1-methyloxindole in good yield.
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Experimental Section
1. General methods
376 MHz 19F NMR spectra was recorded using Bruker AV300 with
CDCl3 as solvent and trifluoroacetic acid as internal standard.
Chemical shifts are given in ppm.

2. Experimental procedures
2.1. Synthesis of 3-acetyl-3-fluoro-1-methylindolin-2-one 339.
In a 100 mL round-bottom flask that contains the 1-(2-hydroxy-1methyl-1H-indol-3-yl)ethan-1-one 319a (278.5 mg, 2 mmol), NFSI
(693.5 mg, 2.2 mmol) and p-toluenesulfonic acid monohydrate (57 mg,
0.3 mmol), the THF (20 mL) was added and stirred at r.t. for 48 h.
Afterwards, the sample is diluted in 50 mL of H2O and extracted with
EtOAc (3 × 50 mL). The organic phases were dried with MgSO4,
filtered and concentrated. A brown solid was obtained (1.1 g). The
resultant crude was purified by flash chromatography with 9.5:0.5
(PhMe:EtOAc) mixture to afford 354 mg (85%) of a purple solid.
2.2. General procedure for deacylative alkylation of 3-acetyl-3fluoro-1-methylindolin-2-one 339 with alkyl halides.
Oxindole 339 (0.3 mmol) and alkyl halide (0.42 mmol) were dissolved
under an argon atmosphere in anhydrous THF (3 mL). A
benzyltrimethylammonium hydroxide solution (Triton B) in MeOH
(40wt%, 0.136 mL, 0.3 mmol) was added dropwise and the reaction
mixture was stirred at r.t. for 18 hours. Afterwards, 10 mL of H2O
were added and the mixture was extracted with EtOAc (3 × 10 mL).
The combined organic phases were dried over MgSO4, filtered and
concentrated. After flash chromatography (hexane/EtOAc), pure 3substituted 3-fluoro-1-methyl-2-oxindole derivatives 343 were
obtained.
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2.3. Pd-catalyzed synthesis of 3-allyl-3-fluoro-1-methylindolin-2one 343a through deacylative alkylation.
To a mixture of Pd(OAc)2 (2.0 mg, 0.009 mmol) and 1,3bis(diphenylphosphino)propane (3.7 mg, 0.009 mmol), was added dry
THF (1 mL) under Ar and stirring continued for 30 min. This mixture
was added to a solution of oxindole 339 (62.2 mg, 0.3 mmol) in dry
THF (0.5 mL). Finally, the allyl alcohol (0.031 mL, 0.45 mmol) was
added and the mixture was degassed by three cycles of freeze-pumpthaw and filled with Ar before the addition of LiOtBu (36 mg, 0.45
mmol). The solution was stirred at r.t. for 17 h and then 10 mL of
H2O were added and extracted with EtOAc (3 × 10 mL). The organic
phases were dried over MgSO4 and evaporated under vacuum. The
pure compound 343a was obtained after flash chromatography
(hexane/EtOAc).
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3. Experimental data
Compounds 339 and 343c are known compounds and experimental
data are consistent with reported data:
339: 3-Acetyl-3-fluoro-1-methylindolin-2-one (354 mg, 85% yield)162
343c: 3-Fluoro-1,3-dimethylindolin-2-one (38 mg, 71% yield)163
Following, characterization data of new compounds 343a, 343b,
343d and 343f will be displayed:
3-Allyl-3-fluoro-1-methylindolin-2-one (343a)
Yield: 56 mg (91%); Red oil.
1H NMR (400 MHz): δ = 7.44–7.35 (m, 2H), 7.10 (t, J = 7.6 Hz, 1H),
6.84 (d, J = 7.8 Hz, 1H), 5.60 (dddd, J = 16.6, 10.1, 8.2, 6.4 Hz, 1H),
5.15–5.10 (m, 2H), 3.18 (s, 3H), 3.02–2.94 (m, 1H), 2.79 (ddd, J = 18.7,
13.6, 8.2 Hz, 1H).
13C

NMR (101 MHz): δ = 172.6 (d, J = 21.2 Hz), 144.0 (d, J = 5.2 Hz),
131.2 (d, J = 2.8 Hz), 129.0 (d, J = 8.3 Hz), 125.6 (d, J = 18.7 Hz),
125.0, 123.2 (d, J = 2.3 Hz), 121.1, 108.7, 92.4 (d, J = 189.0 Hz), 39.5
(d, J = 28.0 Hz), 26.3.
19F

NMR (376 MHz): δ = -157.7 (dd, J = 18.6, 11.5 Hz).

LRMS (EI): m/z = 205 (25) [M]+, 165 (11), 164 (100), 146 (14).
HRMS (EI): m/z calcd. for C12H12FNO: 205.0903; found: 205.0885.
3-Benzyl-3-fluoro-1-methylindolin-2-one (343b)
Yield: 71 mg (92%); Pale red solid; mp 110–112 °C
(hexane/EtOAc).
1H NMR (400 MHz): δ = 7.32–7.27 (m, 1H), 7.19–7.15 (m, 3H), 7.06–
7.04 (m, 2H), 7.00–6.97 (m, 2H), 6.69 (d, J = 7.8 Hz, 1H), 3.57 (dd, J
= 13.4, 10.4 Hz, 1H), 3.20 (dd, J = 22.5, 13.4 Hz, 1H), 3.05 (s, 3H).
13C

NMR (101 MHz): δ = 172.8 (d, J = 21.2 Hz), 143.9 (d, J = 5.4 Hz),
132.8 (d, J = 7.0 Hz), 131.1 (d, J = 2.6 Hz), 130.6, 128.1, 127.3, 125.5,
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125.2 (d, J = 19.1 Hz), 122.9 (d, J = 2.7 Hz), 108.6, 93.3 (d, J = 190.7
Hz), 41.3 (d, J = 27.7 Hz), 26.2.
19F

NMR (376 MHz): δ = -157.1 (dd, J = 22.4, 10.4 Hz).

LRMS (EI): m/z = 255 (24) [M]+, 164 (27), 146 (13), 91 (100), 65 (10).
HRMS (EI): m/z calcd. for C16H14FNO: 255.1059; found: 255.1060.
3-Fluoro-1-methyl-3-(prop-2-yn-1-yl)indolin-2-one
(343d)
Yield: 36 mg (59%); Pale brown solid; mp 84–85 ºC
(hexane/EtOAc).
1H NMR (300 MHz): δ = 7.65 (dt, J = 7.4, 1.4 Hz, 1H), 7.43 (tt, J = 7.8,
1.5 Hz, 1H), 7.17 – 7.12 (m, 1H), 6.87 (d, J = 7.9 Hz, 1H), 3.23 – 3.14
(m, 4H), 2.87 (ddd, J = 20.5, 16.6, 2.7 Hz, 1H), 2.00 (t, J = 2.7 Hz, 1H).
13C

NMR (75 MHz): δ = 171.7 (d, J = 20.9 Hz), 144.3 (d, J = 5.1 Hz),
131.7 (d, J = 2.8 Hz), 125.2, 124.9 (d, J = 18.6 Hz), 123.5 (d, J = 2.4
Hz), 108.8, 90.5 (d, J = 191.7 Hz), 76.2 (d, J = 11.3 Hz), 71.9 (d, J =
1.1 Hz), 26.4, 25.8 (d, J = 33.7 Hz)
19F

NMR (376 MHz): δ = -157.9 (dd, J = 20.5, 8.2 Hz).

LRMS (EI): m/z = 204 (15), 203 (100) [M]+, 183 (11), 165 (23), 164
(100), 154 (11), 136 (20), 109 (19).
HRMS (EI): m/z calcd. for C12H10FNO: 203.0746; found: 203.0746.
3-Cinnamyl-3-fluoro-1-methylindolin-2-one (343f)
Yield: 71 mg (85%); pale orange wax.
1H NMR (300 MHz): δ = 7.44–7.33 (m, 2H), 7.29–7.18 (m, 3H), 7.09
(t, J = 7.6 Hz, 1H), 6.82 (d, J = 7.8 Hz, 1H), 6.46 (d, J = 15.8 Hz, 1H),
6.02 (ddd, J = 15.8, 8.6, 6.3 Hz, 1H), 3.22–3.09 (m, 4H), 2.95–2.79 (m,
1H).
13C

NMR (75 MHz): δ = 172.65 (d, J = 21.2 Hz), 144.04 (d, J = 5.3 Hz),
136.89, 135.77, 131.25 (d, J = 2.6 Hz), 128.61, 127.73, 126.38, 125.67
(d, J = 18.8 Hz), 125.16, 123.23 (d, J = 2.4 Hz), 120.34 (d, J = 7.9 Hz),
108.80, 92.61 (d, J = 189.3 Hz), 38.71 (d, J = 28.1 Hz), 26.34.
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19F

NMR (376 MHz): δ = -157.5 (dd, J = 20.7, 11.1 Hz).

LRMS (EI): m/z = 281 (18) [M]+, 261 (21), 260 (15), 118 (11), 117 (100),
115 (24).
HRMS (EI): m/z calcd. for C18H16FNO: 281.1216; found: 281.1205.
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PHOTOCATALYTIC
RADICAL ALKYLATION
OF ELECTROPHILIC
OLEFINS BY BENZYLIC AND
ALKYLIC ZINC-SULFINATES
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CHAPTER 4
Introduction
Catalysis is an important field in organic chemistry. The
central goal is the development of new methodologies for activation
of small molecules. In some cases, catalytic processes enable the
formation of new bonds that only can be achieved using specific
catalysts. Recently, one catalytic approach that have received much
attention in the last years is visible light photoredox catalysis. The
general fundaments of this approach are the photoexcitation under
visible light of metal complexes or organic dyes to carry out singleelectron-transfer (SET) processes with organic molecules, which are
readily to react with other substrates.
There are multiple visible light photocatalyst, but nowadays
the most commonly employed are the pyridyl complexes of iridium
and ruthenium as for example tris(2,2′-bipyridine)ruthenium(II) or
[Ru(bpy)3]2+ 344 and [4,4′-bis(1,1-dimethylethyl)-2,2′-bipyridineN1,N1′]bis[2-(2-pyridinyl-N)phenyl-C]iridium(III)
or
+
[Ir(dtbbpy)(ppy)2] 345 (Figure 30).

195

196

Chapter 4: Introduction

Figure 30. Commonly employed photocatalysts.
These metal complexes have the property that can absorb
light in the visible region of the spectrum to give stable and long-lived
photoexcited states. The lifetime of the excited species (τ) is enough
long to allow bimolecular electron-transfer processes in competition
with deactivation processes. For complex 344, τ = 1100 ns and for 345
decreases to τ = 560 ns.164
While these complexes are poor single-electron oxidants and
reductants when they are in the ground state, they are very potent
single-electron-transfer reagents upon irradiation with visible light
due to the excitation of one electron affording the excited species. The
tuning of the complexes using different ligands is an important tool
to change the photochemical properties of the complexes obtaining
more efficient photocatalysts (Table 9).164,165 Different ligands bonded
to the Ir(III) (complexes 345 and 347) provides significantly different
oxidizing properties (E (M*/M-) = 0.66 and 1.21 V, respectively) and
complex 347 is stronger oxidant than 345. The lifetime of excited
species of 347 is 4 times higher than the 345. Furthermore, a very
important property is the quantum yield (Φ). This parameter
indicates the number of times that a radiation-induced process occurs
per photon which is absorbed by the photocatalyst. Comparing 345
and 347, it is possible to see that only 9% of the absorbed photons
trigger a photochemical process while in 347 is the 68%. In terms of
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efficiency, 347 has better photochemical properties. Regarding the
absorption wavelength, there is not a big difference: both catalysts
can absorb the radiation in the visible light region.
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Table 9. Photochemical properties of different Iridium(III) and
Ruthenium(II) photocatalysts.

_______________________________________________________________
(M+/M*)

E
(V)
E (M*/M-) (V)
τ (ns)
λabs (nm)
λem (nm)
Φem

344

345

346

347

-0.81
+0.77
1100
452
652
0.095

-0.96
+0.66
560
410
581
0.094

-1.73
+0.31
1900
375
518
0.38

-0.89
+1.21
2300
380
470
0.68
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Using the same metal, they can be classified in two major
ways as homoleptic (all the ligands that form the complex are the
same) or heteroleptic (the ligands are different). The major
significant difference is the location of the HOMO and LUMO in the
excited state.
Regarding to the molecular orbitals processes of the photon
absorption by a photocatalyst and the generation of the excited state,
it can be simplified as depicted in the following Figure 31.

Figure 31. Simplified molecular orbital depiction of excitation of
complex 344.
Thus, at the beginning, when a photon with appropriate
wavelength hits the ground state singlet (S0) Ru(II) complex, an
electron of the HOMO can be promoted to the LUMO, in this case the
antibonding orbital of the bipyridine ligand. At this point, a singlet
specie of 344 is formed (S1) with a very short lifetime (between 100
and 300 femtoseconds).166 At this point, different situations can
occur. On the one hand, S1 excited specie can suffer an inter-system
crossing (ISC) to form the triplet T1 with a much higher lifetime (1100
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nanoseconds). This species is able to trigger the SET process by
interaction with small organic molecules and is called intermolecular
quenching (kq). The whole process commented above is necessary to
occur to afford T1 species because quantum mechanics forbid
transformations where the energy level and the spin change at the
same time. For this reason, direct excitation from S0 to T1 is not
allowed. On the other hand, multiple relaxation processes can also
occur to return from the excited species (S1 and T1) to ground state
singlet (S0). These deactivation processes, both from S1 or T1 can be
explained with the Jablonski diagram (Figure 32).167

Figure 32. Schematic Jablonski diagram representation.
The relaxation process which can take place from S1 excited
state are fluorescence (kf) which is the fast emission of photon with
the same wavelength as it was absorbed (452 nm for complex 344).
This process is allowed by quantum mechanics. Another deactivation
can be the internal conversion (kic) that consists in a nonradiative deexcitation through bond vibrations losing the corresponding energy
as heat. Finally, the photochemical interesting relaxation is the
intersystem crossing (kisc) to triplet state (T1). It is studied that this
process is fast in comparison with kic and kf because the ratio is kisc :
(kf + kic) = 100 : 1. Also there are different relaxations for triplet
excited state, as for example phosphorescence. This process also
involves the emission of a photon but in a different way that
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fluorescence. In this case, because is a not quantum allowed process,
is slower than phosphorescence. The wavelength of emission is
higher than the one it absorbed (less energetic). Also, an alternate
intersystem crossing can occur (kisc’), which involves a nonradiative
de-excitation through, again, bond vibrations and losing the
corresponding energy as heat with a spin inversion. Finally, the
interesting relaxation for the photocatalysis is the intermolecular
quenching (kq) which involves a relaxation through a transfer of
electron or energy to another molecule.
This intermolecular quenching can be depicted as follows with
the cycle for typical bipyridine Ru(II) complex 344 (Figure 33).

Figure 33. Intermolecular quenching through single electron
transfer processes.
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Using this procedure, a lot of methodologies that allows the
formation of new bonds have been described. For example, it can be
performed net reductive reactions as reduction of electron-poor
olefins, reductive dehalogenation, reductive cleavage of sulfonium
and sulfonyl groups, radical cyclizations, reductive epoxide and
aziridine opening, among others. Also, net reductive oxidations as:
oxidative removal of the PMB group, biaryl coupling, generation of
iminium ions or azomethine ylide for [3 + 2] cycloadditions. Also,
other extensive kind of photochemistry is the redox neutral reactions
where can be included, for example, atom transfer radical addition,
the very interesting photoredox organocatalysis, radical addition to
arenes and other π nucleophiles, reactions of enamine radical cations,
radical conjugate addition reactions, α–arylation of amines among
others. As is possible to see above, a wide range of chemistry can be
performed with this interesting procedure. Some examples will be
displayed for demonstrating the power of this methodology.
In 1984, Tanaka et al. performed the reductive dimerization
of benzyl bromide using bipyridine ruthenium(II) complex and 348
for regenerate the catalyst affording 1,2-diphenylethane (Scheme
67).168
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Scheme 66. Photocatalytic dimerization of benzyl bromide.
Also, a radical cyclization of alkyl, alkenyl and aryl iodides
was done by Stephenson and co-workers promoted by strongly
reductant Ir(ppy)3 346. It is worth to note that alkyl iodides are less
activated substrates but by means of photocatalysis is possible to
carry out this cyclization (Scheme 67).169
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Scheme 66. Photoinduced radical cyclization of iodides.
The reductive opening of α–ketoaziridines 358 provides the β–
aminoketones 359 by the research group of Ollivier. In this case the
Ru(II) 350 complex and stoichiometric amount of Hantzsch ester 360
as reductant were used to promote the reaction (Scheme 67).170

Scheme 67. Reductive opening of aziridines.
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Again, Stephenson et al. developed an oxidative removal of
para-methoxybenzyl group which can be performed using the 347
hexafluorophosphate salt, 361. This methodology is interesting for
deprotection of 362 derivatives recovering the corresponding alcohols
363 (Scheme 68).171

Scheme 68. Oxidative deprotection of para-methoxybenzyl
ethers.
Furthermore, the same research group achieved a photoredox
aza-Henry reaction through the addition of nitromethane to an
iminium intermediate catalytically generated by 364. The catalyst is
able to oxidize 365 to a radical ion. The authors propose that the Ir(II)
intermediate reduces the dioxygen giving a superoxide which
complete the catalytic cycle. This superoxide may abstract a
hydrogen at the α–position of the amine to generate the iminium
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intermediate. After the addition of nitromethane, compound 366 was
formed in 92% yield (Scheme 69).172

Scheme 69. Photocatalyzed aza-Henry reaction through an
iminium intermediate.
A photocatalyzed azomethine ylide [3 + 2] cycloaddition was
also reported by Xiao et al. also generating iminium ions. The
tetrahydroisoquinoline 367 and the Michael acceptor Nphenylmaleimide 368 afforded, after an oxidative aromatization step
with NBS, polycyclic derivative as 369 in a 94% yield. Nitroalkenes,
acrylates and alkynes were used as dipolarophiles to synthesize 370,
371 and 372 in 64%, 52% and 65% yields, respectively. In this case,
the photocatalyst used was Ru(II) chloride 350 (Scheme 70).173
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Scheme 70. Photocatalyzed [3 + 2] cycloaddition of
azomethine ylides.
A different approach of photocatalysis is the enantioselective
version. In 2008, MacMillan and co-workers reported the fusion of
photoredox catalysis with enamine organocatalysis to carry out the
enantioselective α–alkylation of aldehydes. A dual catalyst system
that consists in a bipyridine Ru(II) complex 350 as photocatalyst and
imidazolidinone 373 as chiral organocatalysts were developed to
carry out the alkylation of aldehydes 374 with different electrondeficient alkyl bromides 375 to afford products 376 in good yields and
high enantiomeric excesses (Scheme 71).174
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Scheme 71. Enantioselective α–alkylation of aldehydes
through photoredox organocatalysis.
Conjugate additions with Michael acceptors have been
developed with different photocatalysts. For example, conjugate
additions of α–amino radicals formed from α–silylamines 377
through a α–desilylation. These radical intermediates react with α,β–
unsaturated compounds as cyclohexenone 378 affording products
380. In this case, Ir(III) 379 is used as photocatalyst (Scheme 72).175
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Scheme 72. Photoredox conjugate addition of α–silylamines
to cyclohexenone.

Another established radical but non-photocatalytic approach
for the alkylation of different substrates is the use of sulfinates.
These compounds can be synthesized easily in kilogram scale and
some of them are stable under ambient conditions.176 Under oxidative
conditions, sulfinates can be used as source of radical species,
because the oxidation potentials (versus saturated calomel electrode
or SCE) of them are suitable using some oxidizing reagents. In fact,
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oxidation potentials of sulfinates are lower than other common
radical sources as carboxylates [Ered1/2(hexanoate) = + 1.16 V vs
SCE;177 Ered1/2(Na+ alkyl sulfinates) = + 0.45 V],178 so they are more
ready to suffer an oxidation. Generating the non-photocatalytic
extrusion of sulfur dioxide SO2 on sulfinates reagents produced the
corresponding aryl or alkyl radical. Baran and co-workers have
developed a method for alkylation of different derivatives as
heterocyclic compounds 381, 384 and 386 using sodium and zinc
bis(alkylsulfinate) reagents 382 (Scheme 73).179

Scheme 73. Zinc sulfinates in radical alkylations.
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Regarding photoredox catalysis, the sulfonylation of alkenes
with aryl180 and alkyl178 sulfinates has been developed by König and
coworkers through the generation of radical species by oxidation
mediated by a photocatalyst. Although these procedures are
described, the use of benzyl sulfinates have not yet investigated to
perform the photocatalytic radical alkylation of electron-poor olefins
through
conjugate
addition
(Giese
reaction).
Different
investigations181 suggest that the use of benzyl radicals to carry out
conjugate addition is difficult to accomplish, probably due the large
resonance stabilization of these radicals which results in the
formation of bibenzyl radicals as 351. Recently, conjugate addition of
benzylic radicals was reported182 generating benzylic radical cations
using photocatalyst mesityl-10-methylacridinium perchlorate that
has a strong oxidizing power (E1/2red* = +2.06 V vs SCE in MeCN).
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Objectives
According to the precedent results and with the experience of
the research group of Prof. Cozzi in the photoredox catalytic
reactions, we decided to focus on:
➢ To study of the photoredox alkylation and difficult benzylation
of electrophilic alkenes using benzylic and alkylic sulfinates
and commercially available photocatalysts under visible light
irradiation.
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Results and discussion
Initially, sodium and zinc sulfinates derivatives were
synthesized starting from readily available benzyl bromides (Scheme
74).

Scheme 74. Synthesis of benzylic sodium and zinc
sulfinates.
The procedure to prepare 390 and 391 started from a two-step
protocol. The sulfonyl chlorides 389 were obtained by reaction with
Na2SO3 and later by treatment with POCl3 or SOCl2 as chlorine
source. Posterior reduction of derivatives 389 afforded the desired
products. For zinc derivatives 390, the reduction was performed
using previously activated Zn(0). On the other hand, sodium
sulfinates were prepared by reduction with sodium sulfite.

215

216

Chapter 4: Results and discussion
With the starting sulfinates in hand, the electron-poor alkene
392 was chosen as model alkene and the reaction with benzyl sodium
sulfinate 391a was assayed in the presence of different catalysts
(Table 10). When organic photocatalysts BodipyI2 394 (Table 10,
entry 1) and 9-mesityl-10-methylacridinium tetrafluoroborate 395
(Table 10, entry 2) were assayed under 24 W blue led light
irradiation, no product was observed. Using eosin Y 396 (Table 10,
entry 3) with green LED irradiation, only traces of product could be
detected even photoactive molecules 395183 and 396178 have
appropriate oxidative potential for oxidize the sulfinate. Switching to
Ir(III) complex photocatalysts 364 and 397 (Table 10, entries 4 and
5, respectively), again under blue light, 0% and traces of product were
observed. On the other hand, when MacMillan photocatalyst 361 was
used (Table 10, entry 6), an excellent 96% conversion of 393a was
achieved. This catalyst that have an excellent photochemical
properties
when
absorbs
visible
light
forming
III/II
*Ir[dF(CF3)ppy]2(dtbbpy)PF6 (E1/2*
= +1.21 V vs SCE), is suitable
for oxidize the sodium sulfinates (Ered[RSO2·/RSO2-] ≈ +0.45 V vs
SCE). Later, the generated reduced specie Ir[dF(CF3)ppy]2(dtbbpy)
by the oxidative quenching is also a strong reductant (E1/2III/II = -1.37
V vs SCE), and after its reaction with the product of the conjugate
addition, the photocatalyst is regenerated. Finally, common
bipyridine Ru(II) complex 350 was also tested and no product was
observed (Table 10, entry 7).

Chapter 4: Results and discussion
Table 10. Photocatalyst optimization for the conjugate addition of
the benzyl radical.
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Entry
1
2
3c
4
5
6
7

Photocatalysta

Conversionb

394
395
396
364
397
361
350

0%
0%
Traces
0
Traces
96%
0%

All the reactions were carried out under argon. The reaction mixtures
were degassed by three cycles of freeze-pump-thaw. The reactions were
performed using (391a) (0.2 mmol), (392a) (0.1 mmol) in 1 mL of solvent
mixture, in the presence of 1 mol% of the catalyst.
b Determined by 1H NMR analysis of the crude mixture.
c Green LEDs were used.
a

Furthermore, different solvent and equivalents of the
sulfinate 391a were modified to see if there was an improvement of
the results (Table 11). When the ethanol proportion of the solvent
mixture was increased to 1:4 H2O:EtOH (Table 11, entry 1), worse
conversion was obtained. In contrast, when water proportion was the
major one in the mixture, there was not significant change in the
conversion (Table 11, entry 2). Using DMSO as organic solvent in 1:1
mixture with water, 92% conversion was obtained (Table 11, entry
3). Next, trifluoroethanol and water mixture was tested and no
formation of product was observed (Table 11, entry 4). The same
happened when water and iso-propanol mixture was used (Table 11,
entry 5). Finally, when the amount of sodium sulfinate 391a was
increased to 3 equiv., the conversion was complete and after flash
chromatography the product 393a was isolated in 89% yield.
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Table 11. Solvent and equivalents of 391a optimization.

_______________________________________________________________
Entrya
1
2
3
4
5
6

Solvent

391a (equiv.)

Conversionb

1:4 H2O:EtOH
4:1 H2O:EtOH
1:1 H2O:DMSO
1:1 H2O:TFE
1:1 H2O:iPrOH
4:1 H2O:EtOH

2
2
2
2
2
3

69%
94%
92%
0%
0%
>99% (89%)

All the reactions were carried out under argon. The reaction mixtures were
degassed by three cycles of freeze-pump-thaw. The reactions were
performed using (392a) (0.1 mmol) in 1 mL of solvent mixture, in the
presence
of
1
mol%
of
the
catalyst.
b Determined by 1H NMR analysis of the crude mixture. In parenthesis the
isolated yield after flash chromatography purification.
a

Unfortunately, although the optimal conditions were found,
the reaction was quite difficult to be reproduced. After the
investigation of this lack of reproducibility, it was found that benzylic
sodium sulfinates were unstable even when they were stored at low
temperature (–20 ºC) and under argon atmosphere. For instance,
benzyl sodium sulfinate 391a was prepared and stored in these
conditions. Afterwards, 1H NMR spectra was collected after different
times of preparation. We observed the decomposition of sulfinate to
the sulfonate with some undetermined impurities (Figure 34).
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Figure 34. Benzyl sodium sulfinate decomposition at different time
of preparation.
In Figure 34 is possible to see, at 0 h, 20 h, 40 h and 4 d of
preparation of 391a how the amount of the product (diamond blue
spot) decreases while the oxidized product (circular orange spot)
increases. At this point, it was thought that more stable and less
reactive zinc sulfinates should be used. Despite zinc derivatives are
more difficult to be oxidized178 (Ered[RSO2·/RSO2-] ≈ +0.9 V vs SCE) it
was proved that they were suitable for the photochemical reaction
(Table 12).
In these cases, water was necessary in order to solubilize the
zinc sulfinate. Accordingly, water miscible cosolvents such as MeCN
(Table 12, entry 1), DMF (Table 12, entry 2), TFE (Table 12, entry 3)
and DME (Table 12, entry 4) were tested, but low conversions were
obtained. Instead, DMSO (Table 12, entry 5) showed good 74%
conversion but lower compared when was used with sodium
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sulfinate. Different proportions of water and ethanol mixture were
tested and was demonstrated that 1:4 H2O:EtOH mixture (Table 12,
entry 6) gave low conversion (27%) but 4:1 H2O:EtOH gave 72%
(Table 12, entry 7) and 1:1 H2O:EtOH mixture afforded the best
result, a 77% (Table 12, entry 8). After flash chromatography
purification, the product was isolated in 57% yield. Trying to improve
the zinc sulfinate solubility, coordinating species able to bind zinc
were investigated.184 Unfortunately, using 2,6-lutidine (Table 12,
entry 9), 2,2’-bipyridine (Table 12, entry 10) and 1-methyl-imidazole
(Table 12, entry 11) no improvement of conversion was achieved even
zinc sulfinate seemed more soluble using all these additives. Finally,
the best conversion was achieved (88%) increasing the amount of zinc
sulfinate to 3 equiv. and irradiating the solution with blue light for
40 h (Table 12, entry 12). After flash chromatography purification,
product 393a was isolated in 69% yield.

221

222

Chapter 4: Results and discussion
Table 12. Optimization of benzylation of 392a with zinc sulfinate
390a.

_______________________________________________________________
Entrya
1
2
3
4
5
6
7
8

Solvent

Additive

Conversionb

1:1 H2O:MeCN
1:1 H2O:DMF
1:1 H2O:TFE
1:1 H2O:DME
1:4 H2O:DMSO
1:4 H2O:EtOH
4:1 H2O:EtOH
1:1 H2O:EtOH

25%
58%
31%
43%
74%
27%
72%
77% (57%)

9

1:1 H2O:EtOH

10

1:1 H2O:EtOH

11

1:1 H2O:EtOH

12c

1:1 H2O:EtOH

2,6-lutidine
(4 equiv.)
2,2’-bipyridine
(2 equiv.)
1-Me-imidazole
(4 equiv.)
-

52%
72%
78%
88% (69%)

All the reactions were carried out under argon. The reaction mixtures were
degassed by three cycles of freeze-pump-thaw. The reactions were
performed using (390a) (0.2 mmol), (392a) (0.1 mmol) in 1 mL of solvent
mixture,
in
the
presence
of
1
mol%
of
the
catalyst.
b Determined by 1H NMR analysis of the crude mixture. In parenthesis the
isolated
yield
after
flash
chromatography
purification.
c 0.3 mmol of 390a was used and irradiated for 40 h.
a

With the optimal conditions in hand, the scope of the reaction
was investigated using different Michael acceptors (392b-k)
affording the corresponding benzylated derivatives (393b-k) (Scheme
75).
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Scheme 75. Scope of benzylation of different Michael acceptors.
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One of the most interesting results that were observed was
the outcome of the reaction. The product formed was dependent from
the alkene derivative that was formed. Sulfones 393m-q were
isolated instead of derivatives 393a-k in the reaction with alkenes
392m-q. Later, the possible formation mechanism of this sulfone
products will be discussed. Regarding the benzylated products 393bk, moderate to good yields were achieved using ten different electronpoor alkenes affording the expected products. Also, the introduction
of different moieties on the aryl group of the benzylic sulfinate was
explored using dimethyl fumarate 392d. In this part of the scope,
commercially available zinc sulfinates and other synthesized by us
390b-f were used (Scheme 76). Regarding the reaction with zinc
sulfinates 390b-f, good yields were achieved in general. The isolated
yields of 398b-f range between 51 to 68%.

Scheme 76. Scope of reaction with different benzylic zinc
sulfinates.
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Furthermore, alkyl zinc sulfinates were tested to study their
suitability to perform the alkylation of Michael acceptors (Scheme
77). In this part of the scope, although the formation of the products
400 was observed, in general the yields were lower (range between
30% and 53%) than when benzylic zinc sulfinates were used.
Probably, it can be explained by the lower stability of the generated
alkyl radicals. Again, the nature of the alkene that was used
determined if the product obtained was the sulfone derivative
(products 400a,b) or alkylated product 400c.

Scheme 77. Scope of reaction with different alkylic zinc
sulfinates.
Finally, control experiments were done to prove that
mechanism involves the formation of free radicals and if both
photocatalyst and light are necessary (Scheme 78). Accordingly, the
model reaction was tested using 1.2 equiv. of radical scavenger
2,2,6,6-tetramethylpiperidin-1-yl-oxyl (TEMPO), in absence of light
and without adding the iridium(III) photocatalyst (Scheme 78, a, b
and c, respectively). In all situations, no product 393d was observed.
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These results prove that a radical mechanism is involved in the
process and both photocatalyst and light are necessary.

Scheme 78. Control experiments with radical scavenger, in
absence of light or photocatalyst.

In order to investigate the formation of the sulfone derivatives
393m-q and 396a,b, different investigations were carried out
(Scheme 79). In the reactions of Scheme 79 it was found that
sulfonylation reactions also occurs (conversions measured from 1H
NMR spectra) even when radical scavenger TEMPO is present and
in the absence of photocatalyst and light. With these results it could
be conclude that the formation of the sulfones occurs by non-radical
pathway. In fact, zinc sulfinates are nucleophilic reagents that are
able to open epoxides in water185 affording the corresponding β–
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hydroxysulfones. In our case, the presence of zinc cation enhances
the electrophilicity of the Michael acceptors. Analyzing all this
information, the sulfones derivatives are generated from the
nucleophilic attack of the zinc sulfinates to the electron-poor alkenes.
It is worth to note that control experiments done with less
electrophilic alkene 392d of Scheme 78, did not afford the
corresponding sulfone.

Scheme 79. Formation of sulfones derivatives under different
reaction conditions.
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After electrochemical and photochemical studies performed in
collaboration with Monti’s research group in order to get a deeper
insight into the mechanism of the reaction, could be conclude that the
excited state of Ir(III) photocatalyst oxidize the zinc sulfinate forming
the radical intermediate 401. This intermediate, after C–S bond
dissociation and sulfur dioxide SO2 evolution, the benzylic radical
402 is released. This radical reacts with the Michael acceptor
generating the radical intermediate 403 that will be reduced by Ir(II)
regenerating the catalyst and forming the anionic species 404.
Finally, after protonation of 404 the final product 405 is formed
(Scheme 80).

Scheme 80. Proposed mechanism for the photocatalytic reaction of
zinc sulfinate with Michael acceptors.
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Conclusions
The results obtained have shown that zinc sulfinates can be
used in photoredox catalysis affording alkylic and benzylic radicals
which can be intercepted by suitable Michael acceptors through a
conjugate addition using Ir as photocatalyst. Using strong Michael
acceptors, zinc sulfinates can act as nucleophiles affording the
corresponding sulfone through a non-radical process.
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Experimental Section
1. General methods
1H

NMR spectra were recorded on Varian Mercury 400 spectrometer.
Chemical shifts are reported in ppm from TMS with the solvent
resonance as the internal standard (deuterochloroform: δ = 7.27
ppm). Data are reported as follows: chemical shift, multiplicity (s =
singlet, d = duplet, t = triplet, q = quartet, dd = double duplet, dt =
double triplet, bs = broad signal, m = multiplet), coupling constants
(Hz). 13C NMR spectra were recorded on Varian MR400 spectrometer.
Chemical shifts are reported in ppm from TMS with the solvent as
the internal standard (deuterochloroform: δ = 77.0 ppm). LCelectrospray ionization mass spectra (ESI-MS) were obtained with
Agilent
Technologies
MSD1100
single-quadrupole
mass
spectrometer. Chromatographic purification was done with 240-400
mesh silica gel. Purification on preparative thin layer
chromatography was done on Merck TLC silica gel 60 F254. All
reactions were set up under an argon atmosphere in oven-dried
glassware using standard Schlenk techniques. Synthesis grade
solvents were used as purchased and the reaction mixtures were
degassed by three cycles of freeze-pump-thaw.
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Figure 35. Emission profile of the 24W Blue LED strip used to
irradiate the solutions.
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2. Experimental procedures and data
2.1. Synthesis of benzyl sulfinates.

(389a): In a Schlenk tube under N2, were added
Na2SO3 (6.35 g, 50.4 mmol, 1.2 equiv.), H2O (34 mL) and benzyl
bromide (5 mL, 42 mmol) in this order. The reaction mixture was
heated and kept at reflux until TLC analysis confirmed complete
conversion. The crude reaction mixture was washed with Et2O (2 x
10 mL) and water phase was evaporated under reduced pressure. The
crude was used in the next step without any purification.
Spectroscopic data were according to the literature.186 In a Schlenk
tube under N2, were added sodium benzyl sulfonate (8.148 g, 42
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mmol) and POCl3 (15 mL, 160 mmol, 3.8 equiv.). The reaction
mixture was stirred at room temperature for 5 hours. POCl3 was
removed under reduced pressure, the residue was dissolved in DCM
(50 mL) and washed with H2O (2 x 10 mL) and brine (2 x 10 mL). The
organic phase was dried over Na2SO4 and the solvent was evaporated
under reduced pressure. The desired product was obtained in 73%
yield (5.87 g, 30.8 mmol) and used in the next step without any
purification. Spectroscopic data were according to the literature.187

(389b): In a Schlenk tube under N2, were added
Na2SO3 (756 mg, 6 mmol, 1.2 equiv.), H2O (5 mL) and 4-fluorobenzyl
bromide (615 µL, 5 mmol) in this order. The reaction mixture was
heated and kept at reflux until TLC analysis confirmed complete
conversion. The crude reaction mixture was washed with Et2O (2 x
10 mL) and water phase was evaporated under reduced pressure to
give the corresponding sodium sulfonate. The crude was used in the
next step without any purification. In a Schlenk tube, dried by
heating under reduced pressure and kept under N2, were added
sodium 4-fluorobenzyl sulfonate (5 mmol) and SOCl2 (1.45 mL, 20
mmol, 4 equiv.). The reaction mixture was heated at 70°C for 1.5
hours. SOCl2 was removed under reduced pressure. The product was
dissolved in DCM and washed with H2O (2 x 10 mL) and brine (2 x
10 mL). The organic phase was dried over Na2SO4, and the solvent
was evaporated under reduced pressure. The desired product was
obtained in 98% yield (1.02 g, 4.9 mmol). Spectroscopic data were
according to the literature.188

(391a): In a Schlenk tube, were added sulfonyl
chloride (5.86 g, 30.8 mmol), Na2SO3, (7.76 g, 61.6 mmol, 2 equiv) and
NaHCO3 (5.17 g, 61.6 mmol, 2 equiv) to H2O (30 mL). The reaction
mixture was heated and kept at 80°C for 4 hours and 30 minutes.
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The crude reaction mixture was cooled at room temperature and
washed with EtOAc (3 x 10mL). The water phase was concentrated
to dryness under reduced pressure. The obtained solid was washed
with ethanol (3 x 10 mL) and dried under vacuum. The desired
product was obtained in 47% yield (3.08 g, 14.5 mmol). Spectroscopic
data were according to the literature.189

(390a): To a suspension of zinc powder (373 mg,
5.7 mmol, 1.1 equiv.) in THF (0.4 mL), dibromoethane (15.5 μL, 0.18
mmol, 0.03 equiv.) was added under N2. The mixture was heated to
reflux and returned to room temperature for three times. TMSCl
(12.7 μL, 0.1 mmol, 0.02 equiv.) was added at room temperature and
the mixture was stirred for 10 minutes. The solvent was removed
under reduced pressure and EtOH (7 mL) was added. After degassing
by bubbling N2 for 5 minutes, sulfonyl chloride (1.00 g, 5.24 mmol)
was added. The mixture was refluxed for 45 minutes, cooled at room
temperature and stirred for other 45 minutes. The solid was collected
by filtration and washed with a 1:1 mixture of DCM/EtOAc (3 x 10
mL). The solid was then dissolved in 15 mL of H2O, the remaining
zinc was filtered off and the water solution was concentrated to
dryness under reduced pressure. The desired product was obtained
in 71% yield (0.70 g, 1.87 mmol) and used in the next step without
any further purification. Spectroscopic data were according to the
literature.190

(390e): 21% yield (210 mg, 0.41 mmol).
Compound was prepared according to the procedure reported for
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390a using: zinc powder (139 mg, 2.13 mmol, 1.1 equiv), THF (0.2
mL), dibromoethane (5.7 μL, 0.06 mmol, 0.03 equiv), TMSCl (4.7 μL,
0.04 mmol, 0.02 equiv.); EtOH (2.6 mL); 4-trifluoromethylbenzyl
sulfonyl
chloride
(500
mg,
1.93
mmol).
1H NMR (400 MHz, D O): δ = 3.71 (s, 2H), 7.47-7.71 (m, 4H).
2
19F NMR (400 MHz, D O): δ = 58.6.
2

(390f): 58% yield (171 mg, 0.42 mmol) as
mixture of corresponding sulfonate in 1.0:2.7 (sufonate:390f);
Compound was prepared according to the procedure reported for
390a using: zinc powder (106 mg, 1.61 mmol, 1.1 equiv), THF (0.2
mL), dibromoethane (4.5 μL, 0.05 mmol, 0.03 equiv), TMSCl (3.4 μL,
0.03 mmol, 0.02 equiv); EtOH (2.3 mL); 4-methylbenzyl sulfonyl
chloride (301 mg, 1.47 mmol).
1H NMR (400 MHz, D2O): δ = 2.35 (s, 3H), 3.62 (s, 2H), 7.21-7.37
(m, 4H).

(390b): 34% yield (688 mg, 1.67 mmol) as
mixture of corresponding sulfonate in 1.0:3.6 (sufonate:390b);
Compound was prepared according to the procedure reported for
390a using: zinc powder (353 mg, 5.4 mmol, 1.1 equiv), THF (0.5 mL),
dibromoethane (12.6 μL, 0.17 mmol, 0.03 equiv), TMSCl (11.5 μL,
0.09 mmol, 0.02 equiv); EtOH (6 mL) 4-fluorobenzyl sulfonyl chloride
(1.02 g, 4.91 mmol).
1H-NMR (400 MHz, D2O): δ = 3.62 (s, 2H), 7.10-7.20 (m, 2H) 7.267.33 (m, 2H).
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(390c): 23% yield (245 mg, 46% wt, 0.25 mmol)
as mixture of corresponding sulfonate in 1.1:1.0 (sufonate:390c);
Compound was prepared according to the procedure reported for
390a using: zinc powder (160 mg, 2.44 mmol, 1.1 equiv.), THF (0.3
mL), dibromoethane (6.7 μL, 0.08 mmol, 0.03 equiv.), TMSCl (5.2 μL,
0.04 mmol, 0.017 equiv.); EtOH (3.8 mL), 4-chlorobenzyl sulfonyl
chloride (500 mg, 2.22 mmol, 1 equiv.).
1H NMR (400 MHz, D O): δ = 3.63 (s, 2H), 7.23-7.30 (m, 1H), 7.362
7.48 (m, 3H).

(390d): 70% yield (431 mg, 80% wt, 0.80 mmol)
as mixture of corresponding sulfonate in 1.0:4.4 (sufonate:390d);
Compound was prepared according to the procedure reported for
390a using: zinc powder (160 mg, 2.44 mmol, 1.1 equiv), THF (0.3
mL), dibromoethane (6.7 μL, 0.08 mmol, 0.03 eq), TMSCl (5.2 μL,
0.04 mmol, 0.02 eq); EtOH (3.8 mL) 2-chlorobenzyl sulfonyl chloride
(500 mg, 2.22 mmol).
1H NMR (400 MHz, D2O): δ = 3.84 (s, 2H), 7.27-7.44 (m, 3H) 7.467.57 (m, 1H).

(395b): 88% yield (173 mg, 0.48 mmol); Compound
was prepared according to the procedure reported for 390a using:
zinc powder (78 mg, 1.2 mmol, 1.1 equiv), THF (0.1 mL),
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dibromoethane (3.3 μL, 0.04 mmol, 0.03 equiv), TMSCl (2.5 μL, 0.02
mmol, 0.02 equiv); EtOH (1.5 mL), cyclohexyl sulfonyl chloride (158.9
μL, 1.1 mmol).
1H NMR (400 MHz, D2O): δ = 1.16-1.34 (m, 5H), 1.63-1.67 (m, 1H),
1.81-1.95 (m, 4H), 1.95-2.03 (m, 1H).
2.2. General procedure for photocatalytic reactions.

All photocatalytic reactions were conducted under inert argon
atmosphere using Schlenk techniques. Sulfinate salts, iridium
complex, substrates and solvents were introduced in the Schlenk
flask in this order. The reaction mixture was then subjected to a
freeze-pump-thaw procedure (three cycles). The reaction was
irradiated with blue LED (approx. 10 cm distance) and stirred for 40
hours. After that the reaction mixture was diluted with H2O (5 mL)
extracted with EtOAc (3 x 10 mL). The combined organic layers were
washed with brine (10 mL), dried over Na2SO4, and the solvent was
removed under reduced pressure. The desired product was isolated
by flash chromatography or by preparative TLC.
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2.3. Experimental data of Michael adducts.
Compounds 393d, 393e, 393f, 393k, 393n, 398b, 398c, 398d,
398e and 398f are known compounds and experimental data are
consistent with reported data:

393d: Dimethyl 2-benzylsuccinate (14 mg, 60% yield)191
393e: Dimethyl 2-phenethylsuccinate (10 mg, 40% yield)192
393f: Methyl 2,4-diphenylbutanoate (20 mg, 53% yield)193
393k: 3-Benzylcyclohexan-1-one (16 mg, 85% yield)194
393n: 3-(Benzylsulfonyl)-1-phenylpyrrolidine-2,5-dione (20 mg, 61%
yield)195
398b: Dimethyl 2-(4-fluorobenzyl)succinate (13.2 mg, 51% yield)191
398c: Dimethyl 2-(4-(trifluoromethyl)benzyl)succinate (19.2 mg,
63% yield)196
398d: Dimethyl 2-(4-methylbenzyl)succinate (17.1 mg, 68% yield)191
398e: Dimethyl 2-(4-chlorobenzyl)succinate (17.3 mg, 64% yield)191
398f: Dimethyl 2-(2-chlorobenzyl)succinate (16.5 mg, 61% yield)191
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(393a): The general procedure was applied using
sodium benzyl sulfinate (53.4 mg, 0.3 mmol, 3 equiv.), 392a (20.0 mg,
0.1 mmol), 361 (1.1 mg, 1 μmol, 1 mol%), EtOH (0.25 mL) and H2O
(0.25 mL).
Otherwise, the general procedure was applied using: zinc benzyl
sulfinate (112.7 mg, 0.3 mmol, 3 equiv.), 392a (20.0 mg, 0.1 mmol, 1
equiv), 361 (1.1 mg, 1 μmol, 1 mol%), EtOH (0.5 mL) and H2O (0.5
mL). The product was isolated by flash chromatography (SiO 2;
cyclohexane:EtOAc 95:5 mixture) in 57% yield (33.2 mg, 0.057 mmol)
as yellowish oil.
1H

NMR (400 MHz, CDCl3): δ = 0.82 (d, J = 11.3 Hz, 3H), 0.88 (d, J =
13.4 Hz, 3H), 1.25-1.28 (m, 2H), 1.57-1.65 (m, 1H), 2.43-2.49 (m, 1H),
2.69 (d, J = 7.1 Hz, 2H), 3.41 (d, J = 5.1 Hz, 1H), 3.66 (s, 3H), 3.71 (s,
3H), 7.16-7.19 (m, 3H), 7.23-7.28 (m, 2H).
13C

NMR (100 MHz, CDCl3): δ = 22.1, 22.9, 25.5, 38.0, 38.4, 40.5, 52.1
(2C), 53.9, 126.1, 128.3 (2C), 129.3 (2C), 140.0, 169.4 (2C).
ESI-MS (m/z): 293.0 [M+H]+, 310.2 [M+H2O]+.

(393b): The general procedure was applied
using zinc benzyl sulfinate (112.7 mg, 0.3 mmol, 3 equiv.), 392b (24.8
mg, 0.1 mmol), 361 (1.1 mg, 1 μmol, 1 mol%), EtOH (0.5 mL) and H2O
(0.5 mL). The product was purified by flash chromatography (SiO2;
cyclohexane/Et2O 95:5 mixture) in 62% yield (21.1 mg, 0.062 mmol).
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1H

NMR (400 MHz, CDCl3): δ = 1.65-1.83 (m, 2H), 2.47-2.55 (m, 1H),
2.58-2.70 (m, 2H), 2.76 (d, J = 7.3 Hz, 2H), 3.51 (d, J = 6.6 Hz, 1H),
3.70 (s, 3H), 3.75 (s, 3H), 7.10-7.32 (m, 10H).
13C

NMR (100 MHz, CDCl3): δ = 32.8, 33.2, 37.7, 40.1, 52.3 (2C), 54.0,
125.8, 126.3, 128.3 (4C), 128.4 (2C), 129.2 (2C), 139.7, 141.8, 169.2,
169.3.
ESI-MS (m/z): 341.0 [M+H]+, 358.2 [M+H2O]+.

(393c): The general procedure was applied using zinc
benzyl sulfinate (112.7 mg, 0.3 mmol, 3 equiv.), 392c (16.2 mg, 0.1
mmol), 361 (1.1 mg, 1 μmol, 1 mol%), EtOH (0.5 mL) and H2O (0.5
mL). The product was purified by preparative TLC (stationary phase:
SiO2; cyclohexane:Et2O 95:5 mixture) and obtained as an inseparable
mixture with 392c (15 mg, 392c:393c, 1.4:1.0): yield estimated by 1H
NMR 11% yield.
1H

NMR (400 MHz, CDCl3): δ = 0.91 (t, J = 7.2, 3H), 1.29 (t, J = 7.2
Hz, 3H), 2.81 (dd, J = 13.3, J = 10.2, 1H), 3.08 (dd, J = 13.3, J = 4.0,
1H), 3.65 (td, J = 10.4, J = 4.0, 1H), 3.77 (d, J = 10.7, 1H), 3.86 (q, J =
7.1, 2H), 4.23 (q, J = 7.1, 2H), 6.88-6.93 (m, 2H), 6.99-7.20 (m, 8H).
13C

NMR (100 MHz, CDCl3): δ = 13.6, 14.1, 40.7, 47.6, 57.9, 61.2, 61.6,
126.0, 126.8, 127.9 (2C), 128.0 (2C), 128.5 (2C), 129.2 (2C), 138.9,
140.0, 167.7, 168.4.
ESI-MS (m/z): 341.1 [M+H]+, 363.0 [M+Na]+.
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(393g): The general procedure was applied using zinc
benzyl sulfinate (112.7 mg, 0.3 mmol, 3 equiv.), 392g (23.6 mg, 0.1
mmol), 361 (1.1 mg, 1 μmol, 1 mol%), EtOH (0.5 mL) and H2O (0.5
mL). The product was purified by flash chromatography (SiO2;
cyclohexane:EtOAc 95:5 mixture) in 40% yield (13 mg, 0.04 mmol).
1H

NMR (400 MHz, CDCl3): δ = 1.19 (t, J = 7.1 Hz, 3H), 1.92-2.09 (m,
1H), 2.22-2.42 (m, 1H), 2.48-2.68 (m, 2H), 3.74 (s, 3H), 3.75 (s, 3H),
3.98 (t, J = 7.5 Hz, 1H), 4.07-4.16 (m, 2H), 6.74 (dd, J = 8.9 Hz, J =
2.9 Hz, 1H), 6.79 (d, J = 8.9 Hz, 1H), 6.85 (d, J = 2.9 Hz, 1H), 7.147.18 (m, 3H), 7.22-7.28 (m, 2H).
13C

NMR (100 MHz, CDCl3): δ = 14.2, 33.7, 34.1, 44.0, 55.7, 56.2, 60.5,
112.0, 112.4, 114.6, 125.8, 128.2 (2C), 128.4 (2C), 129.1, 141.7, 151.2,
153.7, 174.0.
ESI-MS (m/z): 329.2 [M+H]+.

(393h): The general procedure was applied
using zinc benzyl sulfinate (112.7 mg, 0.3 mmol, 3 equiv.), 392h (22.6
mg, 0.1 mmol), 361 (1.1 mg, 1 μmol, 1 mol%), EtOH (0.5 mL) and H2O
(0.5 mL). The product was purified by flash chromatography (SiO2;
cyclohexane:EtOAc 95:5 mixture) in 49% yield (15.7 mg, 0.049 mmol).
1H

NMR (400 MHz, CDCl3): δ = 1.19 (t, J = 7.1 Hz, 3H), 2.18-2.25 (m,
1H), 2.48-2.58 (m, 1H), 2.59 (t, J = 7.7 Hz, 2H), 3.70 (t, J = 7.7 Hz,
1H), 4.02–4.21 (m, 2H), 7.17 (dd, J = 16.9, J = 7.4 Hz, 3H), 7.22–7.32
(m, 2H), 7.40–7.50 (m, 3H), 7.73 (s, 1H), 7.76 – 7.85 (m, 3H).
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13C

NMR (100 MHz, CDCl3): δ = 14.1, 33.6, 34.8, 51.1, 60.8, 125.8,
125.9, 126.0, 126.1, 126.9, 127.6, 127.8, 128.3, 128.4 (2C), 128.5 (2C),
132.6, 133.4, 136.4, 141.3, 173.8.
ESI-MS (m/z): 319.2 [M+H]+, 336.0 [M+H2O]+.

(393i): The general procedure was applied using zinc
benzyl sulfinate (112.7 mg, 0.3 mmol, 3 equiv.), 392i (26.5 mg, 0.1
mmol), 361(1.1 mg, 1 μmol, 1 mol%), EtOH (0.5 mL) and H2O (0.5
mL). The product was purified by flash chromatography (SiO2;
cyclohexane:AcOEt 90:10 mixture) in 27% yield (9.6 mg, 0.027 mmol).
1H

NMR (400 MHz, CDCl3): δ = 0.96 (d, J = 6.0 Hz, 3H), 2.20-2.26 (m,
1H), 2.38-2.48 (m, 3H), 2.64-2.70 (m, 1H), 4.36 (s, 2H), 4.52 (d, J =
14.8 Hz, 1H), 4.64 (d, J = 14.8 Hz, 1H), 7.07-7.36 (m, 15H).
13C

NMR (100 MHz, CDCl3): δ = 19.8, 32.4, 39.7, 43.2, 48.1, 49.8,
125.9, 126.4 (2C), 127.3, 127.5, 128.2, 128.3 (2C), 128.5 (2C), 128.9
(2C), 129.2 (2C), 136.6, 137.5, 140.5, 172.8.
ESI-MS (m/z): 358.2 [M+H]+, 380.2 [M+Na]+.

(393j): The general procedure was applied using
zinc benzyl sulfinate (112.7 mg, 0.3 mmol, 3 equiv.), 392j (11.6 μL,
0.1 mmol), 361 (1.1 mg, 1 μmol, 1 mol%), EtOH (0.5 mL) and H2O (0.5
mL). The product was purified by flash chromatography (SiO2;
cyclohexane:EtOAc 96:4 mixture) in 39% yield (7.5 mg, 0.039 mmol).
1H

NMR (400 MHz, CDCl3): δ = 0.88 (t, J = 6.8 Hz, 3H), 1.17-1.41
(m, 4H), 2.23-2.36 (m, 3H), 2.47 (dd, J = 13.6 Hz, J = 7.6 Hz, 1H),
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2.72 (dd, J = 13.2 Hz, J = 5.6 Hz, 1H), 7.11-7.29 (m, 5H), 9.64 (t, J =
1.6 Hz, 1H).
13C

NMR (100 MHz, CDCl3): δ = 14.2, 19.9, 35.1, 36.4, 40.6, 47.9,
126.2, 128.4 (2C), 129.2 (2C), 140.1, 202.8.
ESI-MS (m/z): 191.1 [M+H]+, 214.1 [M+Na]+.

(393m): The general procedure was applied
using zinc benzyl sulfinate (112.7 mg, 0.3 mmol, 3 equiv.), 392m (15.5
mg, 0.1 mmol), 361 (1.1 mg, 1 μmol, 1 mol%), EtOH (0.5 mL) and H2O
(0.5 mL). The product was purified by flash chromatography (SiO2;
cyclohexane:EtOAc 1:1 mixture) in 57% yield (17.7 mg, 0.057 mmol).
1H

NMR (400 MHz, CDCl3): δ = 1.39 (d, J = 6.8 Hz, 3H), 3.06 (dd, J =
19.2 Hz, J = 8.8 Hz, 1H), 3.63-3.70 (m, 2H), 3.97-4.02 (m, 2H), 4.25
(d, J= 13.6 Hz, 1H), 4.29 (d, J = 13.6 Hz, 1H), 4.41 (t, J = 8.0 Hz, 2H),
7.36-7.42 (m, 5H).
13C

NMR (100 MHz, CDCl3): δ = 14.7, 35.5, 42.5, 52.7, 57.0, 62.2,
127.2, 128.9 (2C), 129.0, 130.8 (2C), 153.3, 169.6.
ESI-MS (m/z): 312.0 [M+H]+, 329.0 [M+H2O]+, 334.0 [M+Na]+.

(393o): The general procedure was applied using zinc
benzyl sulfinate (112.7 mg, 0.3 mmol, 3 equiv.), 392o (28.8 mg, 0.1
mmol), 361 (1.1 mg, 1 μmol, 1 mol%), EtOH (0.5 mL) and H2O (0.5
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mL). The product was purified by preparative TLC (SiO2;
cyclohexane:EtOAc 95:5 mixture) in 44% yield (31.8 mg, 0.044 mmol).
1H

NMR (400 MHz, CDCl3): δ = 3.10 (dd, J = 14.6 Hz, J = 5.0 Hz, 1H),
3.93 (d, J = 13.9 Hz, 1H), 3.98-4.07 (m, 2H), 5.12 (dd, J = 8.3 Hz, J =
5.0 Hz, 1H), 7.10-7-25 (m, 6H), 7.25-7.34 (m, 6H), 7.36-7.42 (m, 1H),
7.81-7.86 (m, 2H).
13C

NMR (100 MHz, CDCl3): δ = 48.1, 54.9, 60.9, 127.6, 128.2, 128.3
(2C), 128.6 (2C), 128.9 (2C), 129.0 (2C), 129.0, 129.5 (2C), 130.8 (2C),
133.5, 135.3, 136.2, 190.7.
ESI-MS (m/z): 365.0 [M+H]+, 382.0 [M+H2O]+.

(393p): The general procedure was applied using
zinc benzyl sulfinate (112.7 mg, 0.3 mmol, 3 equiv.), 392p (14.6 mg,
0.1 mmol), 361 (1.1 mg, 1 μmol, 1 mol%), EtOH (0.5 mL) and H2O (0.5
mL). The product was purified by flash chromatography (stationary
phase: SiO2; cyclohexane:AcOEt 75:25 mixture) in 63% yield (19.1
mg, 0.063 mmol).
1H

NMR (400 MHz, CDCl3): δ 1.44 (d, J = 6.8 Hz, 3H), 3.12 (dd, J =
18.0 Hz, J = 9.4 Hz, 1H), 3.63 (dd, J = 18.0 Hz, J = 3.2 Hz, 1H), 3.693.82 (m, 1H), 4.28 (s, 2H), 7.38-7.47 (m, 7H), 7.55-7.59 (m, 1H), 7.897.91 (m, 2H).
13C

NMR (100 MHz, CDCl3): δ 14.6, 37.5, 52.0, 57.3, 127.5, 128.1 (2C),
128.8 (2C), 129.1 (3C), 130.7 (2C), 133.7, 136.1, 195.6.
ESI-MS (m/z): 303.2 [M+H]+.
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(393q): The general procedure was applied using
zinc benzyl sulfinate (112.7 mg, 0.3 mmol, 3 equiv.), 392q (16.8 mg,
0.1 mmol), 361 (1.1 mg, 1 μmol, 1 mol%), EtOH (0.5 mL) and H2O (0.5
mL). The product was purified by flash chromatography (SiO2;
cyclohexane:EtOAc 70:30 mixture) in 91% yield (29.7 mg, 0.091
mmol).
1H

NMR (400 MHz, CD3CN): δ = 3.23-3.27 (m, 2H), 3.47-3.53 (m, 2H),
4.34 (s, 2H), 7.33-7.42 (m, 5H), 7.61-7.69 (m, 2H), 7.75-7.81 (m, 1H),
7.86-7.92 (m, 2H).
13C

NMR (100 MHz, CD3CN): δ = 46.0, 49.3, 59.7, 128.7, 129.1 (2C),
129.8 (2C), 129.9, 130.6 (2C), 131.8 (2C), 135.4, 139.0.
ESI-MS (m/z): 325.0 [M+H]+, 342.0 [M+H2O]+, 347.0 [M+Na]+.

(400a): The general procedure was applied using
399a (83.9 mg, 0.3 mmol, 3 equiv.), 392f (24.8 mg, 0.1 mmol), 361 (1.1
mg, 1 μmol, 1 mol%), EtOH (0.5 mL) and H2O (0.5 mL). The product
was purified by flash chromatography (SiO2; cyclohexane/AcOEt
85:15 mixture) in 30% yield (8.0 mg, 0.030 mmol).
1H

NMR (400 MHz, CDCl3): δ = 0.98 (t, J = 7.2 Hz, 3H), 1.71-1.87 (m,
2H), 2.67-2.81 (m, 2H), 3.26 (dd, J = 14.4 Hz, J = 8.4 Hz, 1H), 3.70 (s,
3H), 3.91 (dd, J = 14.0 Hz, J = 8.4 Hz, 1H), 4.25 (dd, J = 8.8 Hz, J =
5.1 Hz, 1H), 7.28-7.34 (m, 5H).
13C

NMR (100 MHz, CDCl3): δ = 13.0, 15.8, 45.5, 52.8, 55.6, 55.8,
127.8 (2C), 128.4, 129.2 (2C), 136.1, 172.1.
ESI-MS (m/z): 271.1 [M+H]+, 288.2 [M+H2O]+, 293.2 [M+Na]+.
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(400b): The general procedure was applied
using 399b (107.9 mg, 0.3 mmol, 3 equiv.), 392f (24.8 mg, 0.1 mmol),
361 (1.1 mg, 1 μmol, 1 mol%), EtOH (0.5 mL) and H2O (0.5 mL). The
product was purified by flash chromatography (SiO2;
cyclohexane:AcOEt 95:15 mixture) in 53% yield (13 mg, 0.053 mmol).
1H

NMR (400 MHz, CDCl3): δ = 1.07-1.30 (m, 3H), 1.40-1.54 (m, 2H),
1.62-1.70 (m, 1H), 1.81-1.92 (m, 2H), 2.02-2.15 (m, 2H), 2.55 (tt, J =
12.0 Hz, J = 3.6 Hz, 1H), 3.21 (dd, J =14.0 Hz, J = 4.8 Hz, 1H), 3.69
(s, 3H), 3.89 (dd, J =13.8 Hz, J = 9.0 Hz, 1H), 4.25 (dd, J = 8.3 Hz, J
= 4.8 Hz, 1H), 7.28-7.36 (m, 5H).
13C

NMR (100 MHz, CDCl3): δ = 24.8, 25.0, 25.0, 25.0, 44.9, 52.4, 52.8,
61.9, 127.8 (2C), 128.3, 129.2 (2C), 136.4, 172.1.
ESI-MS (m/z): 311.2 [M+H]+, 328.2 [M+H2O]+.

(400c): The general procedure was applied
using 399a (83.9 mg, 0.3 mmol, 3 equiv.), 392b (24.8 mg, 0.1 mmol),
361 (1.1 mg, 1 μmol, 1 mol%), EtOH (0.5 mL) and H2O (0.5 mL). The
product was purified by flash chromatography (SiO2;
cyclohexane:EtOAc 90:10 mixture) in 53% yield (15.5 mg, 0.053
mmol).
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1H

NMR (400 MHz, CDCl3): δ = 0.89 (t, J= 6.8 Hz, 3H), 1.22-1.42 (m,
4H), 1.59-1.76 (m, 2H), 2.17-2.25 (m, 1H), 2.53-2.65 (m, 2H), 3.49 (d,
J= 7.2 Hz, 1H), 3.71 (s, 6H), 7.13-7.17 (m, 3H), 7.24-7.27 (m, 2H).
13C

NMR (100 MHz, CDCl3): δ = 14.2, 19.8, 33.0, 33.1, 33.3, 37.8, 52.2,
55.0, 125.8, 128.3 (2C), 128.3 (2C), 142.1, 169.3, 169.4.
ESI-MS (m/z): 293.0 [M+H]+, 310.0 [M+H2O]+.
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2.4. NMR spectra of new compounds
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Chapter 4: Annex 3
The corresponding paper of this research can be found with the
following reference:
A. Gualandi, D. Mazzarella, A. Ortega-Martínez, L. Mengozzi,
F. Calcinelli, E. Matteucci, F. Monti, N. Armaroli, L. Sambri and P.
G. Cozzi, ACS Catal., 2017, 7, 5357–5362.
DOI: 10.1021/acscatal.7b01669
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List of abbreviations
1,3-DC: 1,3-dipolar cycloaddition
2,5-DTBQ: 2,5-di-tert-butylbenzoquinone
AAA: asymmetric allylic alkylation
AChE: acetylcholinesterase
BINAP: 2,2′-Bis(diphenylphosphino)-1,1′-binaphthalene
BINOL: 1,1′-Bi(2-naphthol)
Bodipy: boron-dipyrromethene
DaA: deacylative alkylation
DCM: dichloromethane
DEAD: diethyl azodicarboxylate
DMAP: 4-(N,N-dimethylamino)pyridine
DME: dimethoxyethane
DMF: dimethylformamide
DMSO: dimethyl sulfoxide
DPPH: 2,2-diphenyl-1-picrylhydrazyl
dppp: 1,3-bis(diphenylphosphino)propane
dr: diastereomeric ratio
EC50: half maximal effective concentration
EDG: electron donating group
ee: enantiomeric excess
EtOAc: ethyl acetate
EWG: electron withdrawing group
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GC: gas chromatography
HMDS: hexamethyldisilazane
HMPA: hexamethylphosphoramide
HOMO: highest occupied molecular orbital
IC50: half maximal inhibitory concentration
ISC: inter-system crossing
LUMO: lowest unoccupied molecular orbital
NBS: N-bromosuccinimide
NFSI: N-fluorobenzenesulfonimide
NMDA: N-methyl-D-aspartate
NMR: Nuclear magnetic resonance
PG: protecting group
PHOX: phosphinooxazolines
PMB: p-methoxybenzyl
PTC: phase-transfer catalysis
SAR: structure-activity relationship
SCE: saturated calomel electrode
SET: single-electron-transfer
TEMPO: 2,2,6,6-tetramethylpiperidin-1-yl-oxyl
TFE: 2,2,2-trifluoroethanol
THF: tetrahydrofuran
TMEDA: N,N,N',N'-tetramethylethylenediamine

Abbreviations
TRIP: 3,3′-bis(2,4,6-triisopropylphenyl)-1,1′-binaphthyl-2,2′diylhydrogenphosphate
TsOH: p-toluenesulfonic acid
TMS: tetramethylsilane
TMSCl: chlorotrimethylsilane
WHO: World Health Organization
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Resumen en castellano

Introducción
En esta tesis doctoral, se describen las investigaciones
desarrolladas durante mi doctorado sobre la síntesis de 2-oxindoles
3,3-disustituidos a través de alquilación desacetilativa y la
alquilación de alquenos fotocatalizada. Los proyectos acerca de los
derivados de oxindoles han sido desarrollados bajo la supervisión de
la Profesora Carmen Nájera Domingo y el Profesor José Miguel
Sansano Gil y se han desarrollado en el Departamento de Química
Orgánica y en el Instituto de Síntesis Orgánica de la Universidad de
Alicante (España). En relación a la parte sobre fotocatálisis descrita
en la tesis doctoral, ha sido desarrollada durante mi estancia de tres
meses en la Universidad de Bolonia (Italia) bajo la supervisión del
Profesor Pier Giorgio Cozzi.
La tesis doctoral se divide en una introducción general y
cuatro capítulos. En la introducción general, se describen una
variedad de productos naturales y compuestos sintéticos que
contienen un núcleo de oxindol en su estructura junto a comentarios
acerca de sus actividades biológicas. También se incluyen diversas
metodologías de síntesis de los susodichos derivados de oxindol. En
la última parte de la introducción general, se describe en qué se basa
el proceso de alquilación desacetilativa. Respecto a los capítulos,
estos se han desarrollado con una breve introducción, la propuesta de
objetivos, los comentarios y discusión de los resultados obtenidos y
finalmente las conclusiones. El Capítulo 1 describe la síntesis de 2oxindoles 3,3-disustituidos a través de alquilación desacetilativa
utilizando halogenuros de alquilo. El Capítulo 2 describe la alilación
y la alilación desacetilativa catalizada por paladio de los 2-oxindoles
utilizando alcoholes alílicos no activados. En el Capítulo 3 se describe
la síntesis de 3-fluoro-2-oxindoles combinando las metodologías
descritas en los dos capítulos anteriores. Finalmente, en el Capítulo
4, se describe la alquilación fotocatalítica de olefinas electrofílicas a
través de sulfinatos de zinc bencílicos y alquílicos.
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Estos proyectos de investigación han sido financiados por el
Ministerio de Economía y Competitividad (proyectos CTQ201343446-P y CTQ2014-51912-REDC), el Ministerio de Economía,
Industria y Competitividad, la Agencia estatal de Investigación (AEI)
y el Fondo Europeo de Desarrollo Regional (FEDER, EU) (proyectos
CTQ2016-76782-P y CTQ2016-81797-REDC), la Generalitat
Valenciana (PROMETEO2009/039 y PROMETEOII/2014/017) y por
la Universidad de Alicante. Además, agradezco al Ministerio de
Economía y Competitividad (MINECO) por la concesión de una
ayuda para la contratación predoctoral para la formación de doctores
(BES-2014-069695).
La mayoría de los resultados descritos en esta tesis doctoral
han sido publicados en las siguientes revistas internacionales
revisadas por pares:
“Synthesis of 3,3-Disubstituted 2-Oxindoles by Deacylative Alkylation
of 3-Acetyl-2-oxindoles” A. Ortega-Martínez, C. Molina, C. MorenoCabrerizo, J. M. Sansano and C. Nájera, Synthesis, 2017, 49, 5203–
5210.
“Palladium-catalyzed allylation and deacylative allylation of 3acetyl-2-oxindoles with allylic alcohols” A. Ortega-Martínez, R. de
Lorenzo, J. M. Sansano and C. Nájera, Tetrahedron, 2018, 74, 253–
259.
“Photocatalytic Radical Alkylation of Electrophilic Olefins by
Benzylic and Alkylic Zinc-Sulfinates” A. Gualandi, D. Mazzarella, A.
Ortega-Martínez, L. Mengozzi, F. Calcinelli, E. Matteucci, F. Monti,
N. Armaroli, L. Sambri and P. G. Cozzi, ACS Catal., 2017, 7, 5357–
5362.

Resumen en castellano
En la introducción general se muestran diferentes productos
naturales como la alstonisina, la horsfilina, la elacomina, diversas
convolutamidinas, la fisostigmina, el flustraminol, entre otros. Todos
estos productos naturales contienen un núcleo de oxindol en su
estructura y presentan diversas actividades biológicas. Además, una
gran variedad de productos sintéticos tienen en amplio espectro de
aplicaciones terapéuticas y pueden actuar en campos como por
ejemplo en el tratamiento del cáncer, la diabetes, contra el virus de
la inmunodeficiencia humana (VIH), como antagonistas de la
progesterona, en los accidentes cerebrovasculares, como inhibidores
de la acetilcolinesterasa, inhibidores de la quinasa, como antibióticos,
para el tratamiento de la leishmaniosis, como agonistas de los
receptores β3 adrenérgicos, inhibidores de enzimas que actúan como
fosfatasas, bloqueadores de los receptores de N-Metil-D-aspartato,
como antagonistas de la vasopresina, como analgésicos, entre otros.
En la presente memoria también se han descrito numerosos
procedimientos encontrados en la bibliografía para la síntesis de
diversos derivados de oxindoles. En dichos procedimientos se pueden
encontrar la adición a isatinas, reacciones de acoplamiento
intramolecular, el uso de sustratos como las metilenindolinonas,
reacciones basadas en oxindoles sustitutidos en el átomo de oxígeno,
alilaciones
descarboxilativas
catalizadas
por
paladio,
funcionalización directa de 2-oxindoles 3-sustituidos y por último
también se explica de manera general cómo funciona el proceso de
alquilación desacetilativa. Nuestro grupo de investigación previó que
con el uso de esta técnica podría ser posible la obtención de ciertos
derivados de oxindol no simétricos. Esta técnica se basa en la ruptura
y en la formación de nuevos enlaces carbono-carbono. Este proceso,
puede ser llevado a cabo en condiciones suaves de temperatura,
generando subproductos en la mayoría de los casos inocuos. Además,
permite la formación de carbonos cuaternarios sin emplear las
condiciones clásicas de temperaturas muy bajas o bases muy fuertes
en ciertos casos. Esta técnica también es muy útil ya que tiene una
alta tolerancia a diversos grupos funcionales y una alta quimio y
regioselectivadad.
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Capítulo 1
Los estudios iniciales se centraron en la síntesis del 2-oxindol
3-sustituido empezando desde el sustrato comercial N-metil-2oxindol. Cuando se hacía reaccionar el compuesto 220 con 1.1
equivalentes de bromuro de alilo 315 como electrófilo y 1 equivalente
de la base Triton B 316, se observó mediante cromatografía de gases
un 17% del producto monoalquilado deseado, un 51% del producto
dialilado 318 y un 32% de compuesto de partida 220 sin reaccionar
(Esquema I).

Esquema I. Metodología de síntesis de 2-oxindol 3-sustitutido.

Sorprendentemente, sin utilizar exceso de base la proporción
del producto 318 era considerablemente mayor en la mezcla de
reacción. Aunque no era el resultado esperado, se buscó una manera
eficiente de sintetizar 318 utilizando 2 equivalentes de 315 y 316.
Las conversiones en cromatografía de gases fueron excelentes. Tras
el purificado del compuesto, se obtuvo un 59% de rendimiento.

Resumen en castellano
Conociendo estos resultados, se concluyó que la simple
monoalquilación del 2-oxindol no era posible en estas condiciones.
Estos resultados respaldan que los compuestos 2-oxindoles 3monosustitutidos no son fáciles de sintetizar y necesitan condiciones
de reacción específicas para conseguirlos.
Con estos resultados en mano y tras una profunda revisión
bibliográfica, nuestro grupo de investigación previó que un primer
paso de monoalquilación y una subsecuente alquilación
desacetilativa de los derivados de 3-acetil-2-oxindoles 319 (Figura I)
podría ser una excelente estrategia para la síntesis de los compuestos
deseados: los 2-oxindoles 3,3-disustitutidos. También se podría
utilizar para sintetizar 2-oxindoles 3-monoalquilados.

Figura I. 3-Acetil-1-metil-2-oxindoles
Utilizando diferentes procedimientos de síntesis, el compuesto
319a se preparó utilizando anhídrido acético en presencia de DMAP
en cantidades catalíticas calentando a 140 ºC durante 5 horas. Tras
una posterior hidrólisis con KOH en MeOH y acidificación con HCl,
se obtuvo el producto deseado 319a. Finalmente, se purificó en
columna cromatográfica obteniendo un rendimiento del 88%.
También, debido a que ciertos intermedios sintéticos y/o
productos naturales, como la fisostigmina y horsfilina, tienen un
grupo metoxi incorporado en la posición 5 del anillo aromático, se
decidió proceder a la síntesis de estos derivados utilizando
procedimientos sintéticos con los que finalmente se pudieron
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sintetizar los compuestos 319b y 319c con un rendimiento del 68% y
del 24% respectivamente.
Una vez sintetizados dichos productos de partida, se propuso
el siguiente análisis retrosintético mostrado en el Esquema II:

Esquema II. Análisis retrosintético a través de alquilación
desacetilativa para los derivados 2-oxindoles 3,3-disustitutidos.
Para la primera monoalquilación, las condiciones óptimas
fueron el uso de 1 equivalente de 319a, un equivalente de la base
Triton B 316 y un equivalente de bromuro de alilo 315 como
electrófilo. El producto deseado 326a se obtuvo en un 99% de
conversión analizada por cromatografía de gases y tras purificación
en columna cromatográfica se obtuvo un 87% de rendimiento
(Esquema III).

Esquema III. Alilación de 319a.
El alcance de la alquilación de los derivados de 3-acetil-2oxindoles se realizó utilizando diferentes halogenuros de alquilo y
diferentes derivados de 2-oxindol. (Tabla I).

Resumen en castellano
Las entradas 1, 3, 4, 6 y 7 de la Tabla I se llevaron a cabo en
escala de 1.2 mmoles y las entradas 6, 8 y 9 de la Tabla I fueron a
escala de 0.3, 4.6 y 0.6 mmoles, respectivamente. La entrada 2 de la
Tabla I pudo ser escalada 7.2 mmoles (1.4 g) obtieniendo 1.3 g de
producto final en un 88% de rendimiento tras purificación en
columna cromatográfica. Es importante resaltar que en las entradas
2, 8 y 9 de la Tabla I, en las cuales los productos de partida 319
estaban metilados, se consiguieron de buenos a excelentes
rendimientos (entre 85% a 92%). Además, no se observó producto de
desacetilación después de la purificación. Rendimientos de
moderados a buenos (entre 50% y 84%) se consiguieron en las
entradas 1, 3, 4, 5, 6 y 7 de la Tabla I, a pesar de la inevitable
formación de producto desacetilado (entre un 4% y un 10%) durante
la purificación en columna cromatográfica. Diferentes halogenuros de
alquilo fueron aptos para usarse como electrófilos en reacciones a
temperatura ambiente. Únicamente cuando se utilizó bromuro de
pentilo (Tabla I, entrada 6) se necesitó calentar a reflujo debido a su
menor reactividad.
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Tabla I. Síntesis de 3-acetil-3-alquil-2-oxindoles.

_______________________________________________________________
Entrada
1
2

319
319a
319ac

R1
Me
Me

R2
H
H

R3Hal

3

319a

Me

H

326c

54%d

4

319a

Me

H

326d

68%d

5

319a

Me

H

326e

84%e

6

319af

Me

H

326f

50%b

7

319a

Me

H

326g

69%g

8
9

319bh Me OMe
319ci Bn OMe

326h
326i

85%
92%

MeI

MeI
MeI

326 Rto.a
326a 84%b
326b 88%

Rendimiento aislado después de columna cromatográfica.
6% de producto desacetilado fue obtenido.
c 2 equiv. de MeI se utilizaron en una escala de 7.2 mmoles.
d 4% de producto desacetilado fue obtenido.
e 5% de product desacetilado fue obtenido en una esla de 1.8
mmoles.
f A reflujo en una escala de 0.3 mmoles.
g 10% de producto desacetilado fue obtenido.
h 2 equiv. of MeI fueron utilizados en una escala de 4.6 mmoles.
i 2 equiv. of MeI fueron utilizados en una escala de 0.6 mmoles.
a
b

Resumen en castellano
El derivado de 2-oxindol 278, importante para la preparación
de alcaloides, se puede sintetizar rápidamente bajo condiciones
suaves tratando el compuesto 326b con 1 equiv. de Triton B en THF
a temperatura ambiente durante 5 minutos. Tras purificación por
columna cromatográfica, el compuesto 278 se obtiene en un 67% de
rendimiento (Esquema IV).

Esquema IV. Síntesis de 1,3-dimetil-2-oxindol.
Para llevar a cabo el siguiente objetivo, se realizó un proceso
de alquilación desacetilativa para la preparación de 2-oxindoles 3,3disustituidos no simétricos utilizando halogenuros de alquilo. En este
caso, utilizando como producto de partida 326e y bromuro de alilo, se
compararon dos bases para producir esta reacción: Triton B y etóxido
de litio como agentes desacetilantes para encontrar las condiciones
óptimas de reacción (Esquema V):

Esquema V. Diferentes condiciones de reacción para
sintetizar el compuesto 327a.
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Después de la purificación de ambas reacciones, el
rendimiento obtenido fue mayor cuando fue utilizado etóxido de litio
como agente desacetilante en comparación con Tritón B.
Conociendo esta información, se llevó a cabo el alcance de la
reacción utilizando una disolución 1M en THF de etóxido de litio con
diferentes halogenuros de alquilo. En todos los casos, de buenos a
excelentes rendimientos fueron conseguidos (Tabla II).
El compuesto 326b, el más interesante para la posterior
transformación en los precursores de productos naturales, fue el que
se utilizó como compuesto modelo y se hizo reaccionar con bromuro
de alilo, bromuro de propargilo, bromuro de bencilo, bromuro de
cinamilo y bromoacetonitrilo (Tabla II, Entradas 1, 2, 3, 4 y 5,
respectivamente) para dar los productos 327b-f. En todos los casos,
se obtuvieron buenos rendimientos (entre 69% y 88%) y todos los
compuestos fueron estables en el proceso de purificación. Otro
interesante electrófilo, como el cloroformiato de etilo, fue utilizado
para sintetizar el correspondiente éster 327g. Finalmente, derivados
de oxindol que contienen un grupo metoxi en la posición 5 del anillo
aromático, fueron sintetizados utilizando el mismo procedimiento
descrito. Tras aislar por columna cromatográfica el compuesto 327h,
se obtuvo un 75% de rendimiento. Este compuesto es un intermedio
del producto racémico esermetol, el cual es precursor del producto
natural fisostigmina 21 y el derivado farmacéutico fenserina, el cual
es un inhibidor de la acetilcolinesterasa. Además, el compuesto 327i,
el cual ha sido sintetizado en un excelente rendimiento, también es
precursor racémico del esermethole y la fisostigmina, pero en una
ruta sintética más corta que 327h. Finalmente, los derivados 327j y
327k que contienen también en la posición 5 el grupo metoxi, pueden
desprotegerse en el átomo de N dando los correspondientes derivados
de 2-oxindol desprotegidos.

Resumen en castellano
Tabla II. Síntesis de 2-oxindoles 3,3-disustitutidos.

_______________________________________________________________
326

R4Hal

Producto

327

Rto.a

1

326b

327b

72

2

326b

327c

69

3

326b

327d

87

4

326bb

327e

75

5

326b

327f

88
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6

326b

327g

65

7

326h

327h

75

8

326hc

327i

93

9

326i

327j

70

10

326i

327k

74

Rendimiento aislado después de columna cromatográfica.
Se utilizó 1.5 equiv. de bromuro de cinamilo.
c A escala de 2 mmoles.
a
b

Como conclusiones se puede extraer que la acetilación de los
2-oxindoles permite la monoalquilación en condiciones suaves. Con
estos compuestos, tras la subsecuente desacetilación es posible
preparar los correspondientes 2-oxindoles 3-alquilados en
condiciones suaves. Utilizando la estrategia de alquilación
desacetilativa en los 3-acetil-2-oxindoles 3-sustitutidos es posible
preparar los correspondientes 2-oxindoles 3,3-disustitudios no
simétricos también en condiciones suaves, los cuales no pueden ser
fácilmente preparados utilizando otras estrategias. Con la
metodología descrita, es posible preparar importantes intermedios

Resumen en castellano
para la síntesis de diversos productos naturales racémicos. Todos los
resultados obtenidos en este capítulo han sido publicados en la
revista internacional Synthesis.

Capítulo 2
En este capítulo se realizaron estudios para la alilación
directa de los productos 319 utilizando como electrófilos alcoholes
alílicos no activados como 291. Para llevarlos a cabo, diferentes
catalizadores de paladio, ligandos y aditivos fueron utilizados para
sintetizar el compuesto 3-acetil-3-alil-2-oxindol 326 (Tabla III).
En la entrada 1 de la Tabla III, utilizando las condiciones de
reacción descritas por Tamaru et al. para la alilación de compuestos
1,3-dicarbonílicos, se utilizó un 60% en mol de trietilborano, un 3%
en mol tanto de acetato de paladio(II) como de dppp dando el
correspondiente producto 326a en un 99% de conversión. Tratando
de disminuir la cantidad de aditivo, en vez de un 60% en mol de
trietilborano se utilizó un 3% en mol de ácido p-toluensulfónico
(TsOH). Con estas condiciones se obtuvo sólo un 3% de conversión del
producto 326a (Tabla III, entrada 2). Al utilizar como fuente de
paladio Pd(dba)2, no se observó formación del producto deseado
(Tabla III, Entrada 3). En cambio, cuando se utilizó rac-BINAP como
ligando, 326a se formó en un 66% de conversión (Tabla III, Entrada
4). Al cambiar el TsOH por ácido fosfórico derivado del rac-BINOL, el
producto deseado se formó en un 96% de rendimiento tras
purificación en columna cromatográfica (Tabla III, Entrada 5).
Utilizando estas condiciones óptimas, los 5-metoxi derivados 326j y
326k se sintetizaron en un 61% y un 89% de rendimiento,
respectivamente (Tabla III, Entradas 6 y 7).
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Tabla III. Alilación de 3-acetil-2-oxindoles con alcohol alílico
catalizada por paladio.

_______________________________________________________________
319

[Pd]
(3 mol%)

Ligando
(3 mol%)

Additivo
(mol%)

1
2
3
4

319a
319a
319a
319a

Pd(OAc)2
Pd(OAc)2
Pd(dba)2
Pd(dba)2

dppp
dppp
dppp
rac-BINAP

5

319a

Pd(dba)2

rac-BINAP

6 319b

Pd(dba)2

rac-BINAP

7

Pd(dba)2

rac-BINAP

Et3B (60)
TsOH (3)
TsOH (3)
TsOH (3)
(BINOL)PO2H
(3)b
(BINOL)PO2H
(3)b
(BINOL)PO2H
(3)b

319c

326

326a
326a
326a
326a
326a
326j
326k

Conversión del crudo. En paréntesis, rendimiento tras
purificación en columna cromatográfica.
b Fue empleado (BINOL)PO2H racémico.
a

Rto
(%)a

99%
3%
–
66%
98
(96)
91
(61)
99
(89)
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De nuevo, se ha demostrado que este proceso es una
metodología interesante para la síntesis de 2-oxindoles 3monosustituidos bajo condiciones muy suaves ya que, tratando el
compuesto 326 con Triton B in situ cuando el proceso de alilación ha
acabado, se obtiene el compuesto 329 en 61% tras purificación en
columna cromatográfica (Esquema VI).

Esquema VI. Síntesis de 3-alil-1-metil-2-oxindol.

Posteriormente, se estudió la alquilación desacetilativa (DaA)
catalizada por paladio. Para encontrar las condiciones óptimas de
reacción, el estudio fue llevado a cabo utilizando trans-hex-2-en-1-ol
como electrófilo con diferentes catalizadores y bases (Tabla IV).
Finalmente se concluyó que las condiciones óptimas son las que
corresponden a la Entrada 5 de la Tabla IV.
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Tabla IV. DaA de 3-acetil-2-oxindoles catalizada por Pd.

_______________________________________________________________
[Pd]/dppp
(3 mol%)

Base (equiv.)

Productos (%)a

1c

Pd(OAc)2

KOtBu
(1.1 equiv.)

2d

Pd(OAc)2

LiOtBu
(1.1 equiv.)

3d

Pd(OAc)2e

4d

Pd2(dba)3f

5d

Pd(OAc)2

330a (76)
331a (24)
330a (79)
278 (17)
331a (4)
330a (61)
278 (39)
330a (49)
278 (51)
330a (86)
278 (10)
331a (3)

LiOtBu
(1.1 equiv.)
LiOtBu
(1.1 equiv.)
LiOtBu
(1.5 equiv.)

Determinado por 1H RMN del crudo.
Aislado tras purificación en columna cromatográfica.
c Sin “freezing-pump-thaw”.
d Con “freezing-pump-thaw”.
e Se utilizó un 6 mol% de dppp.
f Se utilizó un 1.5 mol% de Pd2(dba)3.
a
b

Rto
331a (%)b

54
66
–
–
70
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Para llevar a cabo el alcance de la reacción, se realizaron
diferentes ensayos con distintos alcoholes alílicos y 2-oxindoles
utilizando las condiciones óptimas previamente encontradas (Tabla
V).
De manera general en estos ejemplos, se necesitó 17 h de
reacción en vez de 15 h dependiendo de la naturaleza de los alcoholes
alílicos. Cuando 326a se hizo reaccionar con alcoholes primarios como
alcohol alílico o alcohol metalílico, se obtuvieron los correspondientes
productos 327b y 330b en buenos rendimientos (Tabla V, Entradas 2
y 3, respectivamente). Al utilizar geraniol (Tabla V, Entrada 6) como
sustrato, a pesar de ser también un alcohol primario, se obtuvo un
moderado 45% de rendimiento. También, al utilizar alcohol 1metilalílico (Tabla V, Entrada 4), se obtuvieron los productos
esperados 330c y 330c’ como una mezcla inseparable. Se obtuvieron
resultados parecidos cuando se utilizó alcohol prenílico (Tabla V,
Entrada 5), ya que tras aislamiento por columna cromatográfica se
obtuvo un 51% del isómero α– y un 16% del γ–, que en este caso sí
fueron separables. Cuando se utilizaron alcoholes secundarios, como
el pent-1,4-dien-3-ol (Tabla V, entrada 7), se obtuvo una mezcla 8:1
de los productos γ– y α– con un rendimiento global del 62%.
Completando el alcance de la reacción, se utilizó ciclohexen-2-ol como
electrófilo y consiguiendo buenos rendimientos (75%) de una mezcla
1:1 de los correspondientes diastereoisómeros. Otros alcoholes
primarios dieron resultados moderados del 56% y el 51% como el (–)myrtenol y alcohol cinámico (Tabla V, entradas 9 y 10,
respectivamente). Finalmente, se variaron los productos de partida
correspondiente al oxindol, utilizando 326g y 326i haciéndolos
reaccionar con alcohol alílico, los cuales proporcionaron buenos
rendimientos 72% y 74%, respetivamente (Tabla V, Entradas 11 y
12).
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Tabla V. Alcance de la DaA de 3-acetil-2-oxindoles catalizada por
Pd.

_______________________________________________________________
326

Alcohol alílico

Producto

330

Rto
(%)a

1

326a

330a

70

2

326a

327b

80

3

326a

330b

74
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330c

4

45b

326a
330c’

5

6

330d

51

330d’

16

330e

45

326a

326a

313

314
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7

330f

55c

330f’

7

326a

8

326a

330gd

75

9

326a

330h

56e

10

326a

330if

51
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11

326h

327h

72

12

326i

327jg

77

Rendimiento asilado tras columna cromatográfica.
Se obtuvo una mezcla inseparable de los compuetos 331c (68%) y 331c’
(32%).
c Se obtuvo una mezcla 8:1 de los compuestos 331f y 331f’.
d Se obtuvo una mezcla de diastereoisómeros de aprox. 1:1.
e Se obtuvo una mezcla de diastereoisómeros de aprox. 5.5:1.
f 24 h de tiempo de reacción
g Escala de 0.22 mmoles.
a
b
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Utilizando los conocimientos adquiridos en la alquilación
desacetilativa catalizada por Pd, se consiguió sintetizar los derivados
oxidados de 2-oxindol hidroxilados en la posición 3. En esta sección,
cuando 3-acetil-1,3-dimetil-2-oxindol se hace reaccionar con etóxido
de litio en una atmósfera de aire, se obtiene en un 70% de
rendimiento el correspondiente derivado hidroxilado 331a (Tabla VI,
Entrada 1). Cuando se ensayan diferentes 3-acetil-2-oxindoles 3sustituidos, tales como los derivados bencilados, alilados y
propargilados, se obtienen rendimientos del 68%, 68% y 70%
respectivamente (Tabla VI, Entradas 2, 3, y 4). Cuando se utilizan
los derivados de oxindol que contienen el 5-metoxi en el anillo
aromático y un metilo en la posición 3, se obtienen también buenos
rendimientos, concretamente del 57% y 58% para 331e y 331f,
respectivamente (Tabla VI, Entradas 5 y 6, respectivamente).
Tabla VI. Síntesis de 3-alquil-3-hidroxi-2-oxindoles.
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1
2
3
4
5
6

326

R1

R2

R3

332

Rto
(%)a

326a
326a
326a
326a
326h
326i

Me
Me
Me
Me
Me
Be

H
H
H
H
OMe
OMe

Me
Bn
Allyl
Propargyl
Me
Me

332a
331b
331c
331db
331e
331f

70
68
68
70
57
58

a
b

Aislado tras purificación en columna cromatográfica.
Escala de 0.13 mmoles.
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Como conclusión se puede decir que la alilación catalizada por
paladio de los 3-acetil-2-oxindoles utilizando alcohol alílico se puede
llevar a cabo utilizando el ácido fosfórico derivado del BINOL
utilizando condiciones suaves. Este procedimiento genera los
correspondientes 3-acetil-3-alil-2-oxindoles. Esta metodología
también permite la síntesis in situ de 3-alil-1-metil-2-oxindol a través
de un proceso de alquilación desacetilativa. Utilizando el proceso de
alquilación desacetilativa catalizada por paladio, se sintetizaron los
correspondientes derivados de 2-oxindoles 3,3-disustituidos con
rendimientos entre moderados a buenos a través del uso de alcoholes
alílicos en condiciones suaves. Ambas metodologías pudieron ser
combinadas para preparar el derivado 3,3-dialilado no simétrico el
cual no es fácilmente accesible a través de otras estrategias.
Finalmente, se sintetizaron derivados importantes como los 3-alquil
3-hidroxi-2-oxindoles utilizando etóxido de litio en una atmósfera de
aire. Todos los resultados expuestos en este capítulo han sido
publicados en la revista internacional Tetrahedron.
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Capítulo 3
En este capítulo de la Tesis Doctoral, se realizaron estudios
para la fluoración en la posición 3 del derivado 319a utilizando NFSI
237 como fuente de flúor electrofílico utilizando diferentes
condiciones de reacción (Tabla VII).
Después de todos los ensayos, se pudo demostrar que las
condiciones óptimas para introducir el átomo de flúor en la posición
3 fueron utilizando ácido p-toluensulfónico como organocatalizador,
en una cantidad del 15% en mol y en 48 h de reacción. Este método
se pudo escalar hasta 2 mmoles con una conversión >99% y sin la
obtención de subproductos derivados de la NFSI (Tabla VII, entrada
4).
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Tabla VII. Síntesis del 3-acetil-3-fluoro-2-oxindol.

_______________________________________________________________
eq
237

Base
(1 eq)

Cat.

t
(h)

Cnv (%)

Yield (%)a

–

1

1

Triton
B

–

18

339+341
(59)
340 (19)
319a (18)

2

1.4

Triton
B

–

18

339 (60)
341 (40)

340 (61)
341 (16)
343 (23)

3

1.1

–

18

339 (62)
319a (38)

–

4b

1.1

–

48

339 (>99)

340 (85)

a
b

(BINOL)PO2H
(15 mol%)
TsOH
(15 mol%)

Rendimiento aislado tras columna cromatográfica.
Escala de 2 mmoles.
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Una vez encontradas las condiciones de reacción, se procedió
a realizar la alquilación desacetilativa del producto 339 con
diferentes
halogenuros
de
alquilo
para
sintetizar
los
correspondientes 3-fluoro-2-oxindoles 3-substitutidos.
Tras diferentes pruebas sobre los agentes desacetilantes, se
concluyó que para estos sustratos el Triton B era el óptimo para
realizar el proceso (Tabla VIII, Entrada 2), obteniendo el
correspondiente 3-alil-3-fluoro-1-metil-2-oxindol en un 91% de
rendimiento tras columna cromatográfica. Al utilizarse bromuro de
bencilo, yodometano, bromuro de propargilo y bromuro de cinamilo,
los correspondientes rendimientos fueron del 92%, 71%, 59% y 85%,
respectivamente (Tabla VIII, Entradas 3, 4, 5 y 8, respectivamente).
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Tabla VIII. Síntesis de 3-fluoro-2-oxindoles 3-sustituidos a través
de alquilación desacetilativa.

_______________________________________________________________
Base

Producto

Conv
(%)

Rto (%)a

1

LiOEt

343a

<5

–

2

Triton B

343a

>99

91

3
4b
5

Triton B
Triton B
Triton B

343b
343c
343d

>99
>99
>99

92
71
59

6

Triton B

343e

<5

–

7c

Triton B

343e

<5

–

Triton B

343f

>99

85

RHal

MeI

8

Rendimiento aislado tras columna cromatográfica.
b Se utilizaron 2.8 equiv. de MeI.
c La base fue adicionada a 0 ºC.
a

Respecto a la alquilación desacetilativa catalizada por paladio, el
compuesto 339 fue sometido a las correspondientes pruebas
utilizando alcohol alílico (Esquema VII):
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Esquema VII. Alquilación desacetilativa de 3-acetil-3-fluoro-2oxindol catalizada por Pd.
Por un lado, cuando se utilizó 291 (1.5 equiv.), el complejo
Pd(OAc)2/dppp en un 3% en mol, y terc-butóxido de litio (1.5 equiv.) y
se agitó a temperatura ambiente en THF durante 17 h, el producto
esperado 343a se formó con una conversión >99% y tras purificación
en columna cromatográfica se obtuvo en un 70% de rendimiento.
Como conclusión se puede extraer que se ha desarrollado una
metodología eficiente para la síntesis del 3-acetil-3-fluoro-1-metil-2oxindol utilizando condiciones suaves y evitando la formación de
subproductos no deseados. Las metodologías de alquilación
desacetilativa que han sido desarrolladas previamente en nuestro
grupo de investigación pudieron ser aplicadas para la síntesis de 3fluro-1-metil-2-oxindoles 3-alquilados utilizando Triton B y
halogenuros de alquilo. La alquilación desacetilativa catalizada por
paladio del producto de partida 3-acetil-3-fluoro-1-metil-2-oxindol
pudo ser llevada a cabo utilizando las condiciones de reacción
estándar previamente descritas utilizando alcohol alílico dando lugar
al correspondiente 3-alil-3-fluro-1-metil-2-oxindol con buen
rendimiento. Finalmente, se puede concluir que las dos metodologías
de alquilación desacetilativa desarrolladas previamente son lo
suficientemente robustas para la síntesis de 3-fluoro-1-metil-2oxindoles 3-alquilados.
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Capítulo 4
Finalmente, y tras la estancia en el grupo de investigación del
Prof. Cozzi en Bolonia, Italia, se hizo una investigación en el campo
de la fotoquímica. En este caso, se propuso investigar sobre la
alquilación y bencilación fotoredox de alquenos utilizando sulfinatos
de zinc bencílicos y alquílicos utilizando fotocatalizadores e
irradiando con luz visible.
Para ello, se realizaron las síntesis de los susodichos
sulfinatos, tanto de zinc como de sodio, utilizando diferentes
procedimientos. Una vez obtenidos los productos de partida, se
procedió a la optimización de la reacción de adición conjugada de
radicales bencílicos (Tabla IX). Para ello, se utilizaron diferentes
fotocatalizadores como BodipyI2 394 y un derivado de acridino 395,
pero tras irradiar la mezcla con luz visible azul durante 16 h, no se
observó formación de producto (Tabla IX, Entradas 1 y 2). Utilizando
eosina Y como fotocatalizador (Tabla IX, Entrada 3) e irradiando, en
este caso, con luz verde, sólo se pudieron observar trazas del producto
deseado. Cuando se utilizaron complejos fotoactivos de Ir(III) como
364 y 394 y el complejo de Ru(II) 350, tampoco se observó formación
del producto 393a (Tabla IX, Entradas 4, 5 y 7, respectivamente).
Finalmente, se encontró el fotocatalizador óptimo al utilizarse el
complejo de iridio 361 (Tabla IX, Entrada 6), el cual produjo una
conversión del 96% del producto 393a.
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Tabla IX. Optimización del fotocatalizador para la adición
conjugada del radical bencílico.
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Entrada
1
2
3c
4
5
6
7

Fotocatalizadora

Conversiónb

394
395
396
364
397
361
350

0%
0%
Trazas
0
Trazas
96%
0%

Todas las reacciones se llevaron a cabo bajo atmósfera de Argón. Las
mezclas se desgasificaron a través de 3 ciclos de “freeze-pump-thaw”. Se
utilizaron 0.2 mmoles de 391a, 0.1 mmoles de 392a en 1 mL de disolvente,
en presencia de 1% en mol del catalizador.
b Determinado por análisis de 1H RMN de la mezcla del crudo.
c Se utilizaron LEDs verdes.
a

Tras la obtención de estos resultados, se comprobó que los
correspondientes sulfinatos de sodio, no eran estables con el paso del
tiempo incluso almacenándolos a –20 ºC y bajo atmósfera inerte. Por
ello, a partir de ese momento se utilizaron las correspondientes sales
de zinc que eran más estables, aunque menos reactivas.
Conociendo estos datos, se procedió a la optimización de la
reacción fotoredox utilizando los sulfinatos de zinc. Tras diferentes
pruebas de optimización, se llegó a la conclusión que para obtener los
mejores resultados se debía utilizar como disolvente una mezcla 1:1
de EtOH:H2O, utilizar 3 equiv. del sulfinato de zinc e irradiar con luz
azul durante 40 h (Tabla X).
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Tabla X. Optimización de la bencilación de 392a con el sulfinato de
zinc 390a.

_______________________________________________________________
Disolvente

Aditivo

-

6
7
8

1:1
H2O:MeCN
1:1 H2O:DMF
1:1 H2O:TFE
1:1 H2O:DME
1:4
H2O:DMSO
1:4 H2O:EtOH
4:1 H2O:EtOH
1:1 H2O:EtOH

9

1:1 H2O:EtOH

10

1:1 H2O:EtOH

11

1:1 H2O:EtOH

12c

1:1 H2O:EtOH

Entradaa

1
2
3
4
5

Conversionb

25%

-

58%
31%
43%

2,6-lutidina
(4 equiv.)
2,2’-bipiridina
(2 equiv.)
1-Me-imidazol
(4 equiv.)
-

27%
72%
77% (57%)

74%

52%
72%
78%
88% (69%)

Todas las reacciones se llevaron a cabo bajo atmósfera de Argón. Las
mezclas se desgasificaron a través de 3 ciclos de “freeze-pump-thaw”. Se
utilizaron 0.2 mmoles de 390a, 0.1 mmoles de 392a en 1 mL de disolvente,
en
presencia
de
1%
en
mol
del
catalizador.
b Determinado por análisis de 1H RMN de la mezcla del crudo. En
paréntesis, el rendimiento tras purificación en columna cromatográfica.
c Se utilizó 0.3 mmoles de 390a y se irradió durante 40 h.
a

Una vez encontradas las condiciones óptimas, se procedió a
estudiar el alcance de la reacción utilizando diferentes aceptores
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Michael (392b-k) proporcionando los correspondientes derivados
bencilados (393b-k) (Esquema VIII).

Esquema VIII. Alcance de la bencilación de diferentes aceptores
Michael.
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Respecto a los resultados de los productos 393b-k, se
obtuvieron de moderados a buenos rendimientos utilizando diez
alquenos pobres en electrones. Uno de los resultados más
interesantes fue que el producto formado era dependiente del alqueno
utilizado. En ciertos casos, se aislaron las sulfonas 393m-q en vez de
los correspondientes productos de alquilación.
Siguiendo con el alcance de la reacción, se utilizaron
diferentes sulfinatos bencílicos de zinc los cuales dieron los productos
398b-f en un rango de rendimientos entre el 51% y el 68% (Esquema
IX).

Esquema IX. Alcance de la reacción con diferentes sulfinatos
bencílicos de zinc.
Además, también se utilizaron sulfinatos alquílicos de zinc
para estudiar su reactividad con los aceptores Michael (Esquema X).
De manera general, los rendimientos fueron menores (entre un 30%
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y un 53%) comparándolos con los bencílicos utilizados anteriormente.
Probablemente, este resultado se puede explicar por la baja
estabilidad de los radicales alquílicos generados. En este caso, la
formación de la sulfona también es dependiente del tipo de alqueno
utilizado.

Esquema X. Alcance de la reacción utilizando diferentes
sulfinatos alquílicos de zinc.
Como conclusión se ha demostrado que los sulfinatos de zinc
tanto bencílicos como alílicos pueden ser utilizados en catálisis
fotoredox dando lugar a radicales alquílicos y bencílicos los cuales
pueden ser interceptados por aceptores Michael a través de un
proceso de adición conjugada catalizado por Ir. Cuando se utilizan
aceptores Michael altamente electrofílicos, los sulfinatos de zinc
pueden actuar como nucleófilos dando lugar a las correspondientes
sulfonas a través de un proceso no radicalario. Todos los resultados
expuestos en este capítulo han sido publicados en la revista
internacional ACS Catalysis.
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