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Abstract
This thesis describes synthetic efforts towards inducamide C (125) and breitfussin B
(107), two alkaloids containing a rare 4-oxy-6-haloindole (highlighted in red).

Our studies were focused on developing a new route to this unusual indole substitution
pattern that could be incorporated into a synthesis of both natural products. Beginning
with synthetic studies towards inducamide C (125), 6-chloroindole (290) was subjected
to an iridium-catalysed triborylation-diprotodeboronation sequence to give 4-borylindole
292. Oxidative-hydrolysis and O-alkylation gave 4-isopropoxy-6-chloroindole (308),
which subsequently converted to the key tryptophan 352 using β-C(sp3)-H arylation
methodology in good enantiomeric excess. Coupling of 352 with the chlorosalicylic acid
372 provided 377 that upon Lewis acid-mediated dealkylation followed by ester
hydrolysis gave the lactonisation precursor 379. Interestingly, EDC-mediated
lactonization gave the oxepinoindole 380, resulting from C4-OH (red arrow)
participating in the cyclisation, instead of the desired benzoxazepine 125 resulting from
C15-OH (blue arrow) engaging. The NMR spectroscopic data for 380 did not align well
with that of inducamide C (125).
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Subsequent efforts focused on masking the C4-OH to prevent the undesired lactonization
pathway. The alternative lactonisation precursor 382 was readily accessed from 377 by
selective demethylation followed by ester hydrolysis. EDC-mediated lactonisation gave
O-isopropyl inducamide C (383) bearing the desired benzoxazepine. However,
deisopropylation gave the previously observed oxepinoindole 380, as resulted in
dealkylation followed by rearrangement. Attempts to suppress this rearrangement were
unsuccessful.
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Due to the stability issues associated with the benzoxazepine ring, it was concluded that
the natural product might have been misassigned, and focus turned to reassign the
chlorosalicylic acid component (highlighted in red). We proposed that the alternative
chlorosalicylic acid 387 could possibly arise biosynthetically from an ortho-chlorination
(with respect to phenol) of the naturally occurring 6-methylsalicylic acid (131) as
opposed to the para-chlorination proposed in the isolation paper. This led us to postulate
that the regioisomer 388 could be the true structure of inducamide C.
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The tryptophanamide 392 was assembled by analogy to chemistry developed previously.
Lewis acid-mediated dealkylation followed by ester hydrolysis delivered the
lactonisation precursor 393. However, upon subjecting 393 to EDC-mediated cyclisation,
only the undesired oxepinoindole 400 was observed, the same outcome as observed in
our work towards the initially proposed structure. To date, the correct structure of
inducamide C (125) remains unsolved.

The net C4-alkoxylation of indole methodology that developed during synthetic studies
towards inducamide C (125) was incorporated into a formal synthesis of breitfussin B
(107). The iridium-catalysed C-H triborylation of 6-bromoindole (417) gave 2,4,7triboryl-6-bromoindole (418) that upon bismuth-catalysed diprotodeboronation followed
by Chan-Evan-Lam coupling with methanol gave 4-methoxy-6-bromoindole (108). The
indole 108 was readily converted to amide 120, thus completing a formal synthesis of
breitfussin B.
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Chapter One
Introduction

1.1 General Indole Introduction
Indole (1) is an aromatic bicyclic compound where a benzene ring is fused with a pyrrole
ring.1 It contains 10 π-electrons (8 from double bonds and 2 from lone pair of electrons
from nitrogen). Due to π-electron delocalisation, indole (1) readily undergoes
electrophilic substitution reactions.2 The C3 position of indole (1) has the highest
electron density based on the molecular orbital calculation and is the most reactive
position for electrophilic substitution reactions.1 The structure identification of indole (1)
was first proposed in 1869 by Baeyer while studying the structure of indigo.3 The
configuration and accepted numbering convention of indole (1) is shown in Figure 1.

Figure 1: Indole (1) with numbering convention.

1.2 Clinically Used Indole Alkaloids
A large number of natural products containing the indole moiety (1) have been isolated
from a variety sources such as plants, animals, and microbes.4 These indole alkaloids
have been extensively studied for their biological activities and shown a broad range of
biological activities such as; antioxidant, antidiabetic, antiproliferation, antituberculosis,
anticancer, antiviral, antibacterial, anti-inflammatory, and antifungal.2 For example,
vincristine (2) is a member of Vinca alkaloids, first isolated from the leaves of
Catharanthus roseus in Madagascar in 1958 (Figure 2).2 Vincristine (2) was approved as
an anticancer chemotherapy medication by the United States Food and Drug
Administration (FDA) in 1963 for several types of cancer treatment, including;
Hodgkin’s

and

non-Hodgkin’s

lymphoma,

acute

lymphoblastic

leukemia,

nephroblastoma, large B-cell lymphoma, retinoblastoma, rhabdomyosarcoma and
follicular lymphoma.2 Ajmalicine (3) (also known as raubasine) is a monoterpenoid
indole alkaloid found naturally in several Rauwolfia and Catharanthus species.5 This
alkaloid is an antihypertensive drug used in the treatment of high blood pressure.
Physostigmine (4) isolated from the seeds of the African vine Physostigma venenosum
(Calabar bean), is a reversible anticholinesterase inhibitor used today to treat
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hypotension, glaucoma, myasthenia gravis, delayed gastric emptying and Alzheimer
disease.6

Figure 2: Examples of indole-containing natural products are used as drugs.

1.3 Synthetic Drugs Containing Indole Nucleus
Indole derivatives are very important heterocyclic compounds in the drug development
process since countless biologically active alkaloids contain the indole nucleus. The FDA
has approved several molecules with the indole core and more undergoing clinical trials.2
Indomethacin (5) is a non-steroid anti-inflammatory drug (NSAID) commonly is used to
reduce fever, pain, stiffness, and inflammation (Figure 3).7 This compound is a
cyclooxygenase (COX) inhibitor which is responsible for reducing pain and
inflammation. Arbidol (6) is a broad-spectrum antiviral indole based drug which is used
for the treatment of influenza infections in Russia and China.8 Pindolol (7) is a nonselective β-blocker was launched in 1969 for the treatment of hypertension, angina, and
arrhythmias.9 Sumatriptan (8) belongs to a group of medicines called “triptans” that are
used for the treatment of migraine. Like all triptans, this drug releases serotonin, which
causes the selective vasoconstriction of cranial blood vessels to control the symptoms of
migraines.10 Fluvastatin (9) belongs to a group of drugs known as “statins” and is used
to control hypercholestrolomia and prevent cardiovascular disease.11 It works by
inhibiting hydroxymethylglutaryl-coenzyme A (HMG-CoA) reductase that catalyses an
important step in cholesterol synthesis. It is also known to exhibit antiviral activity
against hepatitis C. Ondansetron (10) is an antiemetic drug and that was approved by the
FDA in 1991 for treating nausea associated with cancer chemotherapy as well as postradiation and post-surgery induced nausea and vomiting, and is also indicated for
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morning sickness.12 Finally, atevirdine (11) is a new non-nucleoside reverse transcriptase
inhibitor that was approved for the treatment of HIV.13

Figure 3: Examples of indole-containing synthetic drugs.
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1.4 Biosynthesis of Indole via L-Tryptophan
The essential amino acid L-tryptophan (12) is required by animals for the synthesis of
proteins and for the production of other important compounds, including
neurotransmitters, vitamins, and hormones.14 This essential amino acid is also necessary
for bacteria and fungi for the synthesis of proteins. The biosynthesis of L-tryptophan (12)
only occurs in plants and microbes, so animals and some bacteria must obtain Ltryptophan (12) from plants or some microbial sources due to their lack of ability to
synthesis it.15 However, the biosynthesis of L-tryptophan (12) in plants plays a direct role
in pathogen defense, plant-insect interaction, and regulating development.14 In addition,
this biosynthesis is used to provide precursors for the synthesis of the vast majority of
the indole containing natural products. In the first step of L-tryptophan (12) biosynthesis,
chorismate (13), a compound generated via the shikimate pathway, is converted into
anthranilate (14) by anthranilate synthase (AS) (Scheme 1). This transformation involves
the transfer of ammonia from the donor glutamine to chorismate (13) to produce
anthranilate (14).15 Subsequent reaction of 14 with 5-phosphoribosyl-1-pyrophosphate
(PRPP) through an enzymatic-mediated condensation gives 5-phosphoribosyl
anthranilate (15). The ring-opening of 15 via phosphoribosyl anthranilate isomerase
(PRAI) gives intermediate 16 that subsequently undergoes reductive decarboxylation to
generate indole-3-glycerol phosphate (17) via azole ring formation to make the indole
core. Then, a molecule of glyceraldehyde 3-phosphate (G3P) is eliminated from 17 to
afford indole (1). In the final step, tryptophan synthase catalyses the coupling of indole
(1) with the amino acid L-serine (18) to generate L-tryptophan (12).
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Scheme 1: Biosynthesis of L-tryptophan (12) from chorismate (13).14-15

1.5 Halogenated Indole Alkaloids
Indole alkaloids are one of the largest classes of nitrogen-containing secondary
metabolites, and most are biosynthetically derived from the essential amino acid Ltryptophan (12).16 A myriad of halogenated indole alkaloids have been isolated, and
many of them display interesting pharmacological properties.17 Brominated alkaloids are
predominantly marine-derived, while chlorinated natural products are found in both
terrestrial and marine organisms.18 However, iodinated and fluorinated indole alkaloids
are comparatively rare in Nature.19
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1.5.1 Biosynthesis of Halogenated Tryptophans
Studies have shown the halogenation of the most tryptophan-derived alkaloids occurs in
the first step in biosynthesis.20 Dihydroflavin-adenine dinucleotide (FADH2)-dependent
halogenase, and a nonheme iron/α-ketoglutarate O2-dependent halogenase are the
halogenating enzymes shown to be involved with halogenation. The regioselectivity of
the halogenation event is dependent on which FADH2-dependent tryptophan halogenase
is present. The regioselectivity of tryptophan halogenation by an FADH2-dependent
tryptophan halogenase is not governed by the electronic effects of the substrate but is
dictated by the orientation of the substrate tryptophan into the active site of the enzyme.2122

In 2005, van Pẽe and co-workers showed the biosynthesis of 7-halotryptophan 19
proceeded through an electrophilic aromatic substitution (Scheme 2).23 Selective C7
halogenation of tryptophan (12) is catalysed by FADH2-dependent tryptophan 7halogenase PrnA to give 7-halotryptophan 19, which is the precursor for the 7-haloindole
alkaloids.20 The PrnA enzyme consists of two major sites, a FAD and substrate-binding
sites, which are separated by an approximately 10Å long tunnel.24 The halogenation
begins with the production of FADH2 (20) from flavin-adenine dinucleotide (FAD) (21)
by flavin reductase and binds into the FAD-binding site of PrnA enzyme. FADH2 (20)
then reacts with oxygen to generate a highly reactive flavin hydroperoxide 22, which is
then attacked by a halide ion, resulting in formation of hydroxyflavin 23 and freely
diffusible hypohalous acid (HOX) 24.20, 23 The resulting hypohalous acid 24 then travels
through the tunnel to the substrate-binding site and interacts with a lysine 25 and
glutamate 26 residues within PrnA enzyme.25 Electrophilic aromatic halogenation of
tryptophan 12 proceeds through Wheland intermediate 27 to provide 7-halotryptophan
19. Studies have also found that RebH and KtzO FADH2-dependent tryptophan
halogenases are also capable of effecting the regioselective C7 halogenation of
tryptophan (12).26-27
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Scheme 2: Biosynthesis of 7-halotryptophans 19.23-25
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Continuing their studies on the biosynthesis of tryptophan halogenation, van Pẽe and coworkers also studied the biosynthesis of 6-halotryptophan 28.21 Tryptophan (12) is
selectively halogenated at C6 position by FADH2-dependent tryptophan 6-halogenase
ThaI to provide 6-halotryptophan 28 (Scheme 3). Protein residues 29 and 30 in the active
site of the ThaI enzyme that binds to the tryptophan (12) are different from the protein
residues 25 and 26 of tryptophan C7-halogenase PrnA.28 These two residues change the
orientation of tryptophan binding and result in halogenation occurring at the C6 instead
of the C7. The authors proposed that the halogenation is catalysed by ThaI in a
mechanism that is essentially identical to that of PrnA for C7 halogenation.21 The freely
diffusible hypohalous acid 24 is generated in the same way as described previously,
travels to the substrate-binding site through the ≈ 10 Å long tunnel, and then interacts
with lysine 29 and glutamine 30 residues within the ThaI enzyme. The Wheland
intermediate 31 is generated when the correct position of the benzenoid ring of
tryptophan (12) attacks the halide species, and subsequent deprotonation of 31 finally
leads to 6-halotryptophan 28. Studies have also shown that SatH, BroH, SttH, and KtzR
FADH2-dependent tryptophan halogenases are also capable of the regioselective C6
halogenation of tryptophan (12).27-30

Scheme 3: Biosynthesis of 6-halotryptophans 28.21
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van Pẽe and co-workers also discovered that an FADH2-dependent tryptophan 5halogenase PyrH could regioselectivity halogenate tryptophan (12) at C5 position to
afford 5-halotryptophans 32 (Scheme 4).31 The exact reaction mechanism of C5
halogenation of tryptophan catalysed by the PyrH enzyme has not been elucidated, but it
is assumed it will be essentially similar to the PrnA associated with the C7-halogenase.
Studies also showed that MbiH, ClaH, and SpmH FADH2-dependent tryptophan
halogenases are also capable of the regioselective C5 halogenation of tryptophan (12).3234

Scheme 4: Biosynthesis of 5-halotryptophans 32.

To the best of our knowledge, there have been no reports regarding the biosynthesis of
4-halotryptophans 33 (Figure 4).

Figure 4: 4-halotryptophans 33.
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1.5.2 Chlorinated Indole Alkaloids
Notably, in terrestrial environments, chlorinated metabolites occur more frequently than
their corresponding brominated or iodinated counterpart.22 However, not many
chlorinated indole alkaloids have been isolated from terrestrial plants.35 An example of
chlorinated tryptophan alkaloid from plant life includes the simple chlorinated
tryptophans 34 and 35, isolated from immature seeds of Pisum satiuum (Figure 5).36
Chlorinated tryptophan alkaloids are commonly found in algae, bacteria, and fungi.
Bauerine C (36) is a chlorinated β-carboline alkaloid isolated from the terrestrial bluegreen algae Dichothrix baueriana GO-25-2, collected from Hanakoa Valley on the Na
Pali coast of Kauai, Hawaii.37 The alkaloid 36 exhibited antiviral activity against the
herpes simplex virus type 2 (HSV-2). Nostocarboline (37) is a chlorinated quaternary βcarboline alkaloid, was isolated from the freshwater cyanobacterium Nostoc 78-12A.38
This natural product displayed potent inhibitory activity against butyrylcholinesterase
(BChE) with IC50 = 13.2 µM in vitro. Malbrancheamide B (38) is a chlorinated indole
alkaloid possessing an unusual bicyclo [2.2.2] diazaoctane ring, isolated from the fungus
Malbranchea aurantiaca.39 Dichlororugulovasine B (39), is an antibacterial chlorinated
ergot alkaloid, was isolated from the fungus Talaromyces wortmannii.40 Cladoniamide
G (40) is a cytotoxic chlorinated indole alkaloid, isolated from cultures of Streptomyces
uncialis.41 Chlorinated tryptophan alkaloids are also found in marine sources.
Thienodolin (41) is a chlorinated indole alkaloid containing a unique thienoindole
skeleton, isolated from a Streptomyces sp. CNY-325, derived from Chilean marine
sediment.42 This natural product displayed inhibitory activity against nitric oxide
production. Lynamicin D (42) is a chlorinated bisindole alkaloid isolated from a novel
marine actinomycete, NPS12745, collected from the coast of San Diego, California.43
The natural product 42 exhibits broad-spectrum antimicrobial activity. Spiroindimicin C
(43) is a chlorinated spiro-bisindole alkaloid, produced by Streptomyces sp. SCSIO
03032, isolated from a deep-sea sediment sample, collected at a depth of 3412 m at the
Bay of Bengal in the Indian Ocean.44 This spiro alkaloid 43 exhibited cytotoxic activity
against human hepatocellular liver HepG2 and human lung H460 cancer cell lines.
Indimicin E (44) is a cytotoxic chlorinated indole alkaloid isolated from marine-derived
Streptomyces sp. SCSIO 03032.45
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Figure 5: Examples of chlorinated indole alkaloids.
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1.5.3 Brominated Indole Alkaloids
Around 4000 known halogenated natural products have been isolated from marine
organisms.18 Nearly 2100 of these are brominated secondary metabolites, despite the fact
that bromide is much less abundant in seawater than chloride (bromine 65 mg/L, chlorine
19,000 mg/L). These brominated alkaloids are widely distributed in marine secondary
metabolites due to the ease of bromide oxidation by marine organisms and subsequent
incorporation into organic compounds. A myriad of simple brominated tryptophan
alkaloids exists in Nature, with some selected examples shown in Figure 6. 5-Bromo-Ltryptophan (45), 5,6-dibromoabrine (46), and 5,6-dibromotryptamine (47) were isolated
from a Philippine marine sponge Smenospongia sp..46 Igzamide (48), is a 6-brominated
tryptamine derivative containing an oxalic diamide residue isolated from the marine
sponge Plocamissa igzo, collected from Anthony Island, British Columbia.47
Eudistomins A (49) and C (50) are brominated β-carboline alkaloids, isolated from
marine tunicate Eudistoma olivaceum, collected in the Caribbean Sea, Mexico.48 These
brominated alkaloids exhibited antiviral and antimicrobial activities.49 Eudistomidins B
(51) and C (52) are brominated β-carbolines, isolated from tunicate Eudistoma glaucus,
collected from Ie Island, Okinawa, Japan in 1990.50-51 These natural products exhibited
cytotoxicity against murine leukemia cell lines and calmodulin antagonistic activity.52
Plakortamine D (53) is a cytotoxic β-carboline alkaloid, isolated from the marine sponge
Plakortis nigra, in Palau 2002.53 Rhopaladin C (54) a brominated bisindole alkaloid
linked with an imidazolinone ring, was isolated from a marine tunicate Rhopalaea sp.,
collected off Nakijin, Okinawa, Japan.54 Rhopaladin C (54) displayed antibacterial
activity against Corynebacterium xerosis and Sarcina lutea. Barettin (55) is a brominated
dehydrodiketoperazine alkaloid, was first isolated from the marine sponge Geodia
barrette at a depth 390 m of the northern Swedish west coast in 1986; the structure was
revised in 2002 by Sӧlter and co-workers through total synthesis.55 Barettin (55) exhibits
anti-inflammatory and antioxidant properties. Hamacanthin B (56) is an antifungal
brominated alkaloid, isolated from marine sponge Hamacantha sp., collected at a depth
540 m off the southeast coast of Madeira, Portugal.56 Bromochelonin B (57) is an
antibacterial brominated indole alkaloid, isolated from marine sponge Chelonaplysilla
sp., collected from Kaibaku Island, Iwayama Bay, Palau.57
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Figure 6: Some brominated tryptophan alkaloids.
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1.5.4 Iodinated Indole Alkaloids
Iodine-containing alkaloids is comparatively rare in Nature due to the low abundance of
iodine in seawater compared to bromine (one thousand times less).19 To date, only a few
iodinated indole alkaloids have been reported.58 Plakohypaphorines A-F (58-63) were
the first iodinated indole alkaloids reported, isolated from Caribbean marine sponge
Plakortis simplex, collected from Berry Island, Bahamas (Figure 7).19,

58

Only

diiodinated plakohypaphorines exhibited antihistamine activity. Hicksoanes A-C (64-66)
are highly unusual iodinated indole alkaloids, bearing iodine in the 4-position or 4- and
6-positions.59 Hicksoanes A-C (64-66) are tryptophan-based alkaloids containing a novel
eight-membered triazocane, isolated from the gorgonian Subergorgia hicksoni, collected
from the Red Sea, Gulf of Aqaba, Eilat, Israel. These natural products exhibited
antifouling activity against goldfish at a concentration ≈ 10 µg/mL.

Figure 7: Examples of iodinated tryptophan alkaloids.
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1.6 Natural Products Containing 4-Oxy-6-haloindole Nucleus
The indole nucleus is a privileged scaffold in drug discovery.1 Structural-activity
relationship (SAR) has shown that the incorporation of substitutes on the indole nucleus
impacts on the biological activity and pharmacokinetics.24 To the best of our knowledge,
only a few natural products have been isolated that possess the distinct 4-oxy-6haloindole moiety 67 (Figure 8). This highly modified indole motif is unusual from a
biosynthetic viewpoint, and it is remarkably rare in Nature. The isolation, biological
activities, and total synthesis of natural products containing this rare indole core will be
discussed henceforth.

Figure 8: 4-Oxy-6-haloindole (67).

1.6.1 Non-Ribosomal Peptides (JBIR-34, JBIR-35, Tambromycin/JBIR-126, JBIR148, and JBIR-149)
1.6.1.1 Isolation and Biological Activity
JBIR-34 (68) and JBIR-35 (69) are chlorinated non-ribosomal peptides produced by
Streptomyces sp. Sp080513GE-23 strain, isolated from a marine sponge Haliclona Sp.,
collected from Tateyama city, Chiba Prefecture, Japan by Shin-ya and co-workers
(Figure 9).60 The absolute configuration of the amino acid residues in 68 and 69 were
determined by Marfey’s method. These natural products exhibited weak radical
scavenging activity, but no cytotoxicity against cancer cell lines or antibacterial activities
were observed.
JBIR-126 (70), JBIR-148 (71), and JBIR-149 (72) are non-ribosomal peptides that are
comprised of a highly modified indole moiety and a unique pyrrolidine amino acid
(Figure 9).61 The natural products 70-72 are produced by Streptomyces sp. NBRC 111228
strain, isolated from soil pineapple culture, was collected from Iriomote Island, Okinawa
Prefecture, Japan, in 2015. Compounds 70-72 are structurally related to the previously
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reported natural products, JBIR-34 (68) and JBIR-35 (69). The natural products 70-72
demonstrated weak cytotoxicity against T-cell acute lymphocytic leukemia (Jurkat), but
no cytotoxic activity was observed against SKOV-3 human ovarian adenocar-cinoma
cells and malignant pleural mesothelioma Meso-1 cells. In addition, the antiviral
properties of compounds 70-72 were also examined, but no significant activities were
observed at 50 µM. In 2016, Kelleher and co-workers reported the isolation of a natural
product with the same structure as JBIR-126 (70) from the fermentation broth of
Streptomyces F-4474 strain using a metabologenomics technique, named it
tambromycin.62 Tambromycin (70) exhibits potent inhibitory activity against five
different cancerous lines, including Jurkat cell, B-cell acute lymphocytic leukemia
(RCH-ACV), chronic lymphocytic leukemia (Hg-3), Burkitt lymphoma (Ramos) and
mantle cell lymphoma (Maver-1).

Figure 9: Structures of JBIR-34 (68), JBIR-35 (69), tambromycin/JBIR-126 (70), JBIR148 (71) and JBIR-149 (72).60-62
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1.6.1.2 Renata’s Synthesis of Tambromycin
The first total synthesis of tambromycin (70) was accomplished by Renata and coworkers in 2018 (Scheme 5).63 The synthesis began with a stereoselective C3
hydroxylation of unprotected L-lysine (73) to 74 catalysed by an iron/α-ketoglutaratedependent dioxygenase (Fe/αKG) and lysine hydroxylase (KDO1) (Scheme 5, A). Boc
protection, followed by benzylation, afforded benzyl ester 75, which upon Ru(III)catalysed sulfamidation, gave 76. Heating of 76 in N,N-dimethylacetamide (DMA)
initiated intramolecular cyclisation to afford tambroline fragment 77. Debenzylation of
77 and HATU-mediated coupling with methyl serine 78 gave the first key intermediate
79.
Synthesis the second key fragment began with an iridium-catalysed regioselective C6-H
borylation of the 4-methoxyindole 80, followed by chlorodeboronation that gave
trisubstituted indole 81, that had also undergone TIPS removal (Scheme 5, B). NMethylation of the indole 81 and subsequent ester hydrolysis gave the indole-3carboxylate 82. Amide coupling between 82 and methyl serine 78 provided dipeptide 83,
which upon cyclodehydration by using diethylaminosulfur trifluoride (DAST) to gave
methyl oxazoline 84. Demethylation of 84, along with ester hydrolysis, gave a key
oxazoline fragment 85. The total synthesis was completed via coupling the two key
building blocks 85 and 86. The first key fragment Boc-protected tambroline 79 was
treated with TFA to provide the free amine 86, which upon a HATU-mediated coupling
with 85, gave the tambromycin framework 87. Finally, ester hydrolysis of 87 gave the
natural product tambromycin (70).
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Scheme 5: Renata’s total synthesis of tambromycin (70).63
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1.6.1.3 Thomson’s Synthesis of Tambromycin
The second total synthesis of tambromycin (70) was reported by Thomson’s research
group in 2018 (Scheme 6).64 The natural product framework was completed via coupling
the two key fragments 85 and 88 in a similar fashion to that reported by Renata’s research
group. The total synthesis began with acetylation of a commercially available Boc
protected D-homoproline 89 with oxazolidinone 90 to afford the Evans auxiliary
intermediate 91 (Scheme 6, A). Azidation of 91 with 2,4,6-triisopropylbenzenesulfonyl
azide (trisyl azide) gave azide 92 as a single diastereomer, which upon auxiliary removal,
gave the α-azido carboxylic acid 93. A HATU-mediated coupling with methyl serine 78
provided dipeptide 94. Subsequent azide reduction gave the tambroline subunit 88. The
fully substituted oxazoline subunit 85 was accessed form the trisubstituted indole 80 in
seven steps using the same synthetic sequences used by Renata’s group (Scheme 6, B).
The complete framework of tambromycin 95 was achieved via HATU-mediated
coupling of tambroline subunit 88 with the oxazoline 85. Boc deprotection of 95,
followed by ester hydrolysis, delivered tambromycin (70).
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Scheme 6: Thomson’s total synthesis of tambromycin (70).64
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1.6.2 Meridianin B
1.6.2.1 Isolation and Biological Activity
Meridianin B (97) is a brominated indole alkaloid that possesses a unique 2aminopyrimidine moiety (Figure 10).65 It was first isolated alongside with four other
natural products meridianins A-E (96-100) from ascidian Aplidium meridianum,
collected at a depth 100 m in South Georgia Islands, South Atlantic in 1998. Later,
meridianins F (101) and G (102) were found by the same group in 2007 from the same
source by using tandem mass spectrometry.66 Recently, meridianin B (97) was also
isolated from the Antarctic tunicate Synoicum sp..67 It has been demonstrated that
meridianin B (97) exhibits potent inhibition of several protein kinases and tyrosine
activities.68 It showed significant inhibition activity against Clks and Dyrk-1A kinase,
which are both involved in cancer and Alzheimer’s diseases, respectively. In addition,
meridianin B (97) also displayed cytotoxic activity against murine mamarian
adenocarcinoma cell lines (LMM3) (IC50 11 µM).65 Furthermore, meridianin B (97)
showed antiproliferation on human teratocarcinoma NT2 cell lines and induced apoptosis
activities.69-70 To date, the total synthesis of meridianin B (97) has not been reported.

Figure 10: Structures of meridianins A-G (96-102).65-66
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1.6.3 Psammopemmin C
1.6.3.1 Isolation and Biological Activity
In 1992, Capon and co-workers isolated the psammopemmins A-C (103-105) from a
marine sponge Psammopemma sp., collected from a depth of 266 m in Prydz Bay,
Antarctica (Figure 11).71 These natural products are assigned as 4-oxygenated indole
alkaloids, which are linked to a unique 4-amino-2-bromopyrimidine moiety (highlighted
in red) via C3. Psammopemmins A-C (103-105) are structurally related to meridianins
A-G (96-102), sharing a common pyrimidine moiety.

Figure 11: Structures of psammopemmins A-C (103-105).71

1.6.4 Breitfussins A and B
1.6.4.1 Isolation and Biological Activity
Breitfussins A (106) and B (107) were isolated from Arctic hydrozoan Thuiaria
breitfussi, collected from Bjørnøya (Bear Island), Norway (Figure 12).72 Due to the high
degree of unsaturation in 106 and 107 and their extensive substitution, elucidation of the
structure based on NMR spectroscopy alone was challenging. As a result, by combining
atomic-force microscopy (AFM), computer-aided structure elucidation (CASE), and 13C
NMR shifts using density functional theory (DFT), the authors were able to complete the
structural assignment. These natural products are assigned as brominated indole
alkaloids, which contain oxazole and 2-bromopyrrole subunits. To date, the biological
activity has not been reported.
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Figure 12: Structures of breitfussins A (106) and B (107).

1.6.4.2 Bayer’s Synthesis of Breitfussins A and B
The first total synthesis of breitfussins A (106) and B (107) was reported by Bayer and
co-workers in 2015 (Scheme 7).73 The total synthesis commenced with the synthesis of
indole 108 from commercially available phenol 109 in four steps that featured a
Leimgruber−Batcho reaction. C3 iodination of 108 and subsequent silyl protection
afforded TIPS-protected 3-iodoindole 110. Palladium-catalysed cross coupling of
oxazole 111 with indole 110, followed by selective desilylation, gave indolyl oxazole
112 in a good yield. Iodination of 112 gave the 2,4-diiododerivative 113, albeit in low
yield. A second palladium-catalysed cross coupling between 113 and pyrrole 114 gave
the breitfussin precursor 115, which upon deprotection delivered breitfussin A (106).
Breitfussin B (107) was also accessed by bromination of 115 to give 116, which upon
deiodination, and deprotections gave breitfussin B (107).
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Scheme 7: Bayer’s synthesis of breitfussins A (106) and B (107).73
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1.6.4.3 Chen’s Synthesis of Breitfussin B
In 2015, Khan and Chen completed the total synthesis of breitfussin B (107) (Scheme
8).74 The total synthesis began by the synthesis of indole 108 from a commercially
available benzaldehyde 117 over five steps that featured a Hemetsberger reaction. A
Vilsmeier-Haack formylation of indole 108, followed by a Henry reaction with
nitromethane and subsequent reduction, gave tryptamine 118 in excellent yield. Coupling
of the resultant tryptamine 118 to a commercially available pyrrole 119 provided amide
120, which upon 2,3-dichloro-5,6-dicyanobenzoquinone (DDQ) oxidation gave
ketoamide 121. The oxazole ring 122 was constructed from 121 via Robinson-Gabriel
cyclisation and followed by a selective bromination on the pyrrole ring to afford
breitfussin B (107).

Scheme 8: Chen’s synthesis of breitfussin B (107).74
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1.6.5 Inducamides A-C
1.6.5.1 Isolation and Biological Activity
Inducamides A-C (123-125) are chlorinated alkaloids isolated from marine-derived
Streptomyces sp. SNC-109-M3 had a chemically induced mutation of the β subunit of
RNA polymerase (RNAP) (Figure 13).75 These natural products are comprised of a
tryptophan moiety coupled to a modified salicylic acid unit. Inducamides A (123) and B
(124) were isolated as carboxylic acids, while inducamide C (125) contains an unusual
7-membered ring system. The biological activity of 123-125 was examined, but no
significant antibacterial activities were observed. However, inducamide C (125) showed
moderate cytotoxicity against NSCLC cell line HCC44.

Figure 13: Structures of inducamides A-C (123-125).75

1.6.5.2 Proposed Biosynthesis of Inducamides A-C
A plausible biosynthetic pathway for the production of inducamides A-C (123-125) was
proposed by MacMillan in the isolation report (Scheme 9).75 The formation of the 6hydroxy-3-chloro-2-methylbenzoic acid fragment (126) is believed to originate from
polyketide substrates. The biosynthesis of 126 was adapted from the proposed
biosynthesis of the salicylic acid component of chlorothricin (127).76 The linear
tetraketide 128 is assembled from one acetyl-CoA (129) and three malonyl-CoAs (130)
followed by C5 keto reduction. The resultant intermediate 128 undergoes an
intramolecular aldol condensation to deliver 2-hydroxy-6-methylbenzoic acid (131),
which upon chlorination to gives 126.75 Acylation of 126 with L-tryptophan (12), would
yield inducamide B (124). It is envisaged that inducamides A (123) and C (125) undergo
a further modification of the indole nucleus, post-acylation. Selective C6 chlorination of
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the indole nucleus of 124 would deliver inducamide A (123). Subsequent C4
hydroxylation of 123 and an intramolecular lactonisation would generate inducamide C
(125). However, the order in which these events occur requires further investigation.

Scheme 9: Proposed biosynthesis of inducamides A-C (123-125).75
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1.6.5.3 Total Synthesis of Inducamides A and B
The only total synthesis of inducamides A (123) and B (124) were reported by Sperry
and Scott in 2015 (Scheme 10).77 The total synthesis commenced by selective
chlorination of known arene 132 to afford methyl 3-chloro-6-methoxy methylbenzoate
(133), which upon demethylation and ester hydrolysis to give chlorosalicylic acid 126 in
excellent yield (Scheme 10, A). A HATU-mediated coupling of 126 with L-tryptophan
methyl ester (134) provided the tryptophanamide 135, which upon ester hydrolysis,
delivered inducamide B (124). The total synthesis of inducamide A (123) required
enantiopure 6-chloro-L-tryptophan methyl ester (136), the synthesis of which began with
C6 nitration of L-tryptophan (12) to afford 6-nitro tryptophan (137) (Scheme 10, B).
Esterification of 137 and subsequent Boc protection gave intermediate 138, which upon
reduction, followed by chlorination under Sandmeyer conditions, gave Boc-protected 6chlorotryptophan 139. The deprotection of 139 gave 6-chloro-L-tryptophan methyl ester
(136). Finally, an EDC-mediated coupling of 136 with chlorosalicylic acid 126, followed
by ester hydrolysis, gave inducamide A (123). The spectroscopic data and optical rotation
of the synthetics sample of both inducamides A (123) and B (124) were in excellent
agreement with the authentic natural product.
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Scheme 10: Total synthesis of inducamides A (123) and B (124).77
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1.7 C4-H Functionalisation of Indole
Indole (1) is an electron-rich heteroaromatic.78 The pyrrole ring of indole is inherently
more reactive than the benzenoid ring, whereby functionalisation at C2 and C3 can be
readily achieved (Scheme 11).79 However, C-H functionalisation of the less reactive C4,
C5, C6, and C7 positions remains a challenge. In addition, C4 is the least reactive site on
the indole heterocycle.80 Methodologies for the functionalisation of the C4-position on
indole (1) will be discussed henceforth.

Scheme 11: Electrophilic substitution of indole (1) at C3 (red arrow) and C2 (blue
arrow).

1.7.1 Electrophilic C4-Thallation of Indoles
In 1979, Hollins and Colnago reported the regioselective C4-thallation of 3carbonylindoles 140, whereby the carbonyl group at C3 acts as a directing group (Scheme
12).81 The conversion was performed using thallium tris-trifluoroacetate Tl(TFA)3 in
trifluoroacetic acid (TFA) to afford the isolable C4-thallated intermediates 141.
Subsequent halogenation gave 4-halo-3-carbonylindoles 142.82

Scheme 12: Electrophilic C4-thallation of 3-carbonylindoles 140.
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The organothallium intermediates 141 are useful key intermediates that can be converted
into a variety of different functional groups (Scheme 13). Upon treating 141 with cuprous
cyanide (CuCN) in N,N-dimethylformamide (DMF) gave 4-cyanoindole 143 in a
moderate yield.83 Palladium-catalyst carbonylation of 141 in methanol afforded methyl
4-indolecarboxylate 144.83 Nucleophilic aromatic substitution with a variety of different
alkoxide gave 145.84 Upon coupling 141 via palladium-catalysis with organostannanes85
and phenylboronic acid [PhB(OH)2]86 gave 146 and 147 respectively. The azidation and
nitration of 141 were performed in the presence of copper salt, 4-azidoindole 148, and 4nitroindole 149 would result respectively.87 Finally, 4-hydroxyindole 150 was accessed
from 141 in the presence of cupric sulfate in aqueous DMF.88

Scheme 13: Further manipulation of C4-thallation indole 141.
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1.7.2 Electrophilic C4-Lithiation of Indoles
In 1988, Widdowson and co-workers showed that upon treating the N-isopropylsilyl
indole 151 with hexacarbonylchromium (Cr(CO)6), the resulting chromium complex 152
could selectively undergo lithiation at C4 to give 153 (Scheme 14).89 Treating 153 with
a variety of different electrophiles followed by decomplexation and desilylation gave C4substituted indoles 154.

Scheme 14: Electrophilic C4-lithiation of N-silylindole 151.

In 1993, Iwao reported the regioselective C4-lithiation of N-isopropylsilylgramine 155.90
In this example, the dimethylaminoethyl group at C3 promotes the lithiation, and the
bulky silyl group prevents lithiation at C2 (Scheme 15). Treating organolithium 156 with
a variety of electrophiles gave C4-substituted N-silylgramine 157.

Scheme 15: Electrophilic C4-lithiation of N-silylgramine 155.
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1.7.3 Electrophilic C4-Mercuriation of Indoles
In 2001, Kerr and co-workers described a regioselective C4-chloromercuriation of Ntosylindole 158 (Scheme 16).91 This procedure does not require a directing group but
does need a substituent at C3 and an electron-withdrawing tosyl group on the indole
nitrogen to deactivate C2 and directing mercuriation to C4 proceeds through sixmembered transition state 159 to generate 4-acetoxymercurio species 160, which upon
an exchange reaction give C4-chloromercurioindole 161. Subsequent iodination gave 4iodoindole 162. Derivatising the organomercury intermediate 161 would be possible with
a variety of different electrophiles to provide 4-substituent indoles.

Scheme 16: Electrophilic C4-mercuration of N-tosylindole 158.

1.7.4 Palladium-Catalysed C4-H Alkenylation of Tryptophan
In 2013, Jia and co-workers reported a palladium-catalysed regioselective C4-H
alkenylation of tryptophan 163 to give the 4-alkenyltryptophan 164, and its subsequent
application to the biomimetic synthesis of clavicipitic acid (165) (Scheme 17).92 This
procedure employs a trifluoromethylsulfonyl directing group on the amine nitrogen,
which leads to exclusive alkenylation at C4. The indole nitrogen is protected with a
triisopropylsilyl (TIPS) group to prevent any reaction at C2 from occurring.
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Scheme 17: Palladium-catalysed C4-H alkenylation of tryptophan 163.

1.7.5 Ruthenium-Catalysed C4-H Alkenylation of Indole
In 2013, Prabhu and co-workers utilised a directing group strategy to enable a rutheniumcatalysed regioselective C4-H alkenylation of N-benzylindole 166 to give 4alkenylindoles 167, whereby the aldehyde at C3 served as the directing group (Scheme
18).93

The

reaction

was

performed

using

[RuCl2(p-cymene)]2/silver

hexafluoroantimonate (AgSbF6) as the catalyst system.

Scheme 18: Ruthenium-catalysed C4-H alkenylation of N-benzylindole 166.
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As part of their ongoing studies on C4-H alkenylation, Prabhu and co-workers observed
that the electronic properties of the directing group influence the site-selectivity (Scheme
19).94 Indoles 168 bearing a methyl ketone (-COMe), as a directing group leads to C2alkenylindoles 169. In contrast, a trifluoromethyl ketone (-COCF3) directing group leads
to 4-alkenylindole 170. This phenomenon was explained as follows, the electrondeficient group (-COCF3) unable to a pre-coordination to the metal center but instead
stabilise the six-membered metal-arene complex 171 after C4-H insertion. However, the
strong co-ordination by methyl ketone group (-COMe) directing the alkenylation at C2
site via a five-membered metal-arene complex 172.

Scheme 19: The effect of electronic properties of the directing groups on the rutheniumcatalysed C-H alkenylation of indole 168.

1.7.6 Palladium-Catalysed C4-H Acetoxylation of Indole
In their studies on palladium-catalysed ortho-C(sp2)-H acetoxylation, Yu and co-workers
described a single example of a Weinreb amide serving as the directing group for the
selective C4-H acetoxylation of N-tosylindole 173 (Scheme 20).95 The transformation
was accomplished using palladium acetate as a catalyst and diacetoxyiodobenzene (174)
as a source of acetoxyl in hexafluoro-2-propanol (HFIP) to provide 4-acetoxy indole 175.
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Scheme 20: Palladium-catalysed C4-H acetoxylation of N-tosylindole 173.

1.7.7 Metal-Free C4-Cycloalkylation
In 2016, Yi and Xiu reported a directing group free C4-cycloalkylation of 5-substituted
indoles 176 to give 4-cycloalkylindoles 177 (Scheme 21, A).96 This crossdehydrogenative coupling begins with the thermal decomposition of di-tert-butyl
peroxide (DTBP) to give the corresponding tert-butoxyl radical, that upon hydrogen
abstraction from cycloalkane 178 generates radical species 179 (Scheme 21, B). The
reaction of 179 with indole 176 gives the stable radical intermediate 180, which upon
hydrogen abstraction and aromatisation affords the 4-cycloalkylindoles 177.
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Scheme 21: C4-Cycloalkylation of 5-substituted indoles 176.

1.7.8 Iridium-Catalysed C4-H Borylation
In 2016, Maleczka and co-workers described that indoles could undergo multiple C-H
borylations followed by selective protodeboronation strategy to afford C4borylindoles.97 For example, the iridium catalysed C-H borylation of 6-fluoroindole
(181) with an excess amount of B2Pin2 gave 2,4,7-triborylindole 182, which upon to a
sequential diprotodeboronation at C2 and C7 using bismuth acetate gave 4-borylindole
183 (Scheme 22, A). The iridium-catalysed C-H borylation of 2-substituted indoles 184
with two equivalents of B2Pin2 led to the 4,7-diborylindole 185, that underwent selective
protodeboronation at C7 using [Ir(OMe)COD]2 in methanol to afford C4-borylindole
186, along with a small amount of completely protodeboronated product 184 (Scheme
22, B).
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Scheme 22: Iridium-catalysed C-H borylations-protodeboronation sequence affords 4borylindoles.

1.7.9 Palladium-Catalysed C4-H Arylation of Indoles
In 2017, Shi and co-workers reported a palladium-catalysed regioselective C4-H
arylation of N-benzylindole 187, whereby a pivaloyl group (Piv) at the C3 position
successfully directed the C-H arylation to C4 to give the 4-arylindoles 188 (Scheme
23).98 In this instance, the directing group could be removed in the presence of p-TSA to
give the 4-arylindoles 189 bearing a vacant C3 site.

Scheme 23: Palladium-catalysed C4-H arylation of 3-pivaloylindole 187.
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In their studies on palladium-catalysed ortho-C(sp2)-H functionalisation, Yu and Zhang
described a single example of a C4-H arylation on the N-tosylindole 190 using a transient
directing group strategy (Scheme 24).99 The aldehyde at C3 combines with αmethylalanine (191) to generate 192 bearing a transient imine directing group, which
subsequently directs the arylation to the C4 site, affording 4-arylindole 193.

Scheme 24: Palladium-catalysed C4-H arylation of indole-3-carbaldehyde 190 using a
transient directing group.

1.7.10 Palladium-Catalysed C4-H Fluoroalkylation
In 2017, Shi and Borah described a palladium-catalysed regioselective C4-H
fluoroalkylation of N-methyl indoles 194, whereby the acetyl group at C3 acts as a
directing group (Scheme 25).100 The transformation was performed using palladium
acetate as a catalyst and 2,2,2-trifuoroethyl(mesityl)iodonium triflate salt 195 as an
alkylating agent, affording 196. Finally, directing group removal gives the 4trifluoroethylindoles 197.
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Scheme 25: C4-H Fluoroalkylation using a removable acetyl directing group.

1.7.11 Iridium-Catalysed C4-H Amidation of Indoles
In their recent studies on iridium-catalysed C-H functionalisation, Prabhu and coworkers described the regioselective C4-H amidation of 3-carbaldehydes 198, whereby
the formyl group at C3 acts as a directing group (Scheme 26).101 The transformation was
performed using [Cp*IrCl2]2/silver bis(trifluoromethanesulfonyl)imide (AgNTf2) as a
catalyst system, p-toleunesulfonyl azide (tosyl azide) 199 as an amidating agent to afford
4-sulfonamide indole-3-carbaldehyde 200. Detosylation gave 4-amino-indole-3carbaldehyde (201) in a moderate yield.

Scheme 26: Iridium-catalysed C4-H amidation of indole-3-carbaldehyde (198).
You and co-workers independently reported a very similar iridium-catalysed
regioselective C4-H amidation of indoles 202 bearing a variety of carbonyl groups at C3
to afford 4-sulfonamide indoles 203 (Scheme 27).102 Finally, sulfonyl deprotection gave
4-amino-indoles 204.
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Scheme 27: Iridium-catalysed C4-H amidation of 3-carboxyindoles 202.

1.7.12 Rhodium-Catalysed C4-H Alkenylation
In 2017, Jia and co-workers reported a rhodium-catalysed regioselective C4-H
alkenylation of unprotected indoles 205 to give the 4-alkenylindole 206, and its
subsequent application to the total synthesis of agroclavine (207) and elymoclavine (208)
(Scheme 28).103 The aldehyde at C3 served as a directing group to direct the C-H
alkenylation exclusively to C4.

Scheme 28: Rhodium-catalysed C4-H alkenylation of unprotected indole 205.

1.7.13 Rhodium-Catalysed C4-H Thiolation of Indoles
In 2017, Samanat and co-workers utilised the directing group strategy to enable the
rhodium-catalysed regioselective C4-H thiolation of N-benzylindoles 209 (Scheme
29).104 The ketoxime group at C3 directs the thiolation to the C4 site via the intermediate
six-membered rhodacycle 210 to give 211. Finally, ketoxime removal furnishes 4thioindoles 212.
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Scheme 29: Rhodium-catalysed C4-H thiolation using a removable ketoxime directing
group.

1.7.14 Rhodium-Catalysed C4-H Alkylation
In 2017, Li and co-workers described a rhodium-catalysed C4-H alkylation of Nmethylindoles 213 using a variety of ketones at C3 to direct the C-H alkylation (Scheme
30).105 The reaction was carried out using [Cp*RhCl2]2/AgSbF6 as a catalyst system and
diethyl 2-diazomalonate (214) as the alkylating agent, affording the C-4 products 215.
Finally, all directing groups could be removed in the presence of p-TSA to provide 4alkylindoles 216.

Scheme 30: Rhodium-catalysed C4-H alkylation using removable ketone directing
groups.
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A short time later, Samanta and co-workers independently reported a very similar
rhodium-catalysed regioselective C4-H alkylation of N-benzylindoles 217 (Scheme
31).106 The ketoxime group at C3 directs the C-H alkylation exclusively to C4 to yield
indoles 218, which upon ketoxime removal gives 4-alkylindoles 219.

Scheme 31: Rhodium-catalysed C4-H alkylation using a removable ketoxime directing
group.

In their ongoing studies on rhodium-catalysed ortho-C(sp2)-H alkylation, Ellman and coworkers showed that the tertiary amide group in indoles 220 could selectively direct
nitroalkylation at C4 using nitroalkene 221 to give products 222 (Scheme 32).107 Only
the two examples shown below were reported.

Scheme 32: Rhodium-catalysed C4-H nitroalkylation using a tertiary amide directing
group.
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1.7.15 Iridium-Catalysed C4-H Alkynylation
In 2019, Miura and co-workers reported an iridium-catalysed regioselective C4-H
alkynylation of N-methylindole 223 using a variety of thioethers at C3 as the directing
groups (Scheme 33).108 The transformation was accomplished using [Cp*IrCl2]2/AgOTf
as a catalyst system and 1-[(triisopropylsilyl)ethynyl]-1,2-benziodoxol-3(1H)-one
(TIPS-EBX) 224 as an alkynylating agent in 2,2,2-trifluoroethanol (TFE) to provide 4alkynylindoles 225. The directing group (SMe) can be removed to yield 4-alkylindoles
226 or oxidised into to the corresponding sulfoxides 227.

Scheme 33: Iridium-catalysed C4-H alkynylation using thioether directing groups.

1.8 Research Objectives
As can be seen in the introduction (Schemes 12–33), several different methods for the
direct functionalisation of the C4-site of the indole nucleus (1) have been reported.
However, none of these methods are particularly well suited to the introduction of an
alkoxy substituent at C4, and many require the use of directing groups (DGs) at C3 that
have to be appended before and removed after the functionalisation event (Scheme 34,
A). Indolisation routes are commonly employed to access 4-alkoxy- and 4hydroxyindoles, but this will always require harsh conditions and multiple steps. For
example, the synthesis of 4-methoxy-6-bromoindole (108) can be obtained from 2,646 | P a g e

dinitrotoluene (228) in six steps that feature several unfavourable reagents (Scheme 34,
B).73

Scheme 34: A) C4-Alkoxylation of indole (1) via directing groups; B) Synthesis of 4methoxy-6-bromoindole (108) via a Leimgruber-Batcho indolisation.

The main objectives of this doctoral research are to develop an efficient method for the
C4-alkoxylation of indole, specifically the 4-oxy-6-haloindole component (highlighted
in red) of the alkaloids inducamide C (125) and breitfussin B (107), which would
subsequently enable their total synthesis (Scheme 35). This investigation was focused
primarily on the C4-H borylation of an indole or tryptamine/tryptophan derivative 229,
that upon oxidative-hydrolysis and Chan-Evans-Lam coupling would give the required
4-hydroxy- and 4-methoxyindoles 230 and 231, respectively. These would then been
incorporated into the total synthesis of the natural products bearing this motif.
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Scheme 35: General overview of the proposed research.
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Chapter Two Synthetic
Studies Towards
Inducamide C

2.1 Proposed Synthesis of Inducamide C
Our first generation route to inducamide C (125) is shown in Scheme 36. The synthesis
begins from 6-chlorotryptophan methyl ester 232, which upon an iridium-catalysed C-H
borylation would afford C4-borylated tryptophan 233. The impetus behind this proposed
strategy was the steric hindrances provided by a large protecting group (PG) on the indole
nitrogen would prevent C-H borylation at C2 and C7 positions on the steric grounds,
while the 6-chloro-substituent would prevent C-H borylation at C5 for the same reason.
This compound would subsequently undergo oxidative-hydrolysis and deprotection to
provide the key 4-hydroxy-6-chlorotryptophan 234. Coupling of 234 with chlorosalicylic
acid 126 would give tryptophanamide 235. Finally, ester hydrolysis and subsequent
lactonisation would afford inducamide C (125).

Scheme 36: Proposed Synthesis of inducamide C (125).
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2.2 Natural Products Containing 1,4-Oxazepine-2,5-diones Ring
Natural products containing a 1,4-oxazepine-2,5-dione (highlighted in red) are
remarkably rare in Nature. Besides inducamide C (125), there are only three other natural
products reported to possess this unusual ring system (Scheme 37). Serratin (236) is a
bacterial metabolite isolated from the Gram-negative bacterium Serratia marcescens by
Trigos and co-workers.109 However, serratin (236) requires structural revision as a
synthesis of the proposed structure did not possess spectroscopic data in agreement with
the natural product (see Scheme 38). Callipeltin L (237) is an antifungal peptide natural
product isolated from the marine sponge Latrunculia sp. by Zampella and co-workers in
1996.110 The instability of the lactone ring was noted in the isolation report, even under
neutral conditions and low temperature. Although not strictly a natural product, the
immunosuppressive lactone analogue 238 was produced by methanolysis of microcolin
A (239) by Koehn and co-workers.111

Scheme 37: Natural products containing a 1,4-oxazapine-2,5-dione (highlighted in red).
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2.3 Total Synthesis of Putative Serratin
In 2017, the total synthesis of putative serratin (236) was reported by Mangelinckx and
co-workers,112 the only synthesis of a 1,4-oxazepine-2,5-dione natural product (Scheme
38). The synthesis began with the N-acylation of phenyloxazolidine 240 with βhydroxynonanoic acid (241) promoted by isobutyl chloroformate (242), followed by
ester hydrolysis to give 243. Subsequently, 243 underwent EDC-mediated intramolecular
lactonisation to give a 1:1 mixture of diastereomers (RSS)-244 and (RRS)-244. Finally,
the debenzylation of (RSS)-244 gave putative serratin (236).

Scheme 38: Total synthesis of putative serratin (236).63
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2.4 Synthesis of 6-Chlorotryptophan
In order to investigate the proposed route outlined in Scheme 36, the enantiopure of 6chlorotryptophan 232 was required. The synthesis of 6-chlorotryptophan 232 was
performed using the same synthetic sequences, as described previously by our research
group (see Scheme 10, B).77 L-tryptophan methyl ester hydrochloride salt (134) was first
protected as its Nα,N1-bistrifluoroacetamide 245 using an excess of trifluoroacetic
anhydride (TFAA) (Scheme 39).113 Nitration of 245 gave the desired 6-nitrotryptophan
246, which had also undergone the trifluoroacetyl cleavage on the indole nitrogen.

Scheme 39: C6-Nitration of tryptophan derivative 245.

2.4.1 Regioselectivity and Mechanism of Nitration
The regiochemical outcome for the nitration of tryptophan derivative 245 warrants
discussion. The nitration of Nα,N1-bis(trifluoroacetyl)-L-tryptophan methyl ester (245) in
trifluoroacetic acid (TFA) gave 6-nitrotryptophan 246 as a single regioisomer (Scheme
39).113 However, nitration at C2 was not observed, even though this position can be
considered the preferred site for the electrophilic substitution. The regioselective C6
nitration of tryptophan derivative 245 is not well understood. The likely reason is that
the presence of the trifluoroacetyl group on the indole nitrogen deactivates the C2
position and helps promote the reaction to occur at the C6 position. The reaction of nitric
acid with trifluoroacetic acid affords trifluoroacetyl nitrate that upon reaction with 245,
generates intermediate 247 (Scheme 40).114 Rearrangement and subsequent delivery of
the nitro group exclusively at C6 gives 248, followed by rearomtisation gives 6nitrotryptophan 246.
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Scheme 40: Possible mechanism for the regioselective nitration of tryptophan 245.

2.4.2 Reduction of 6-Nitrotryptophan 246
With ample quantities of 6-nitrotryptophan 246 in hand, it was protected with tertbutoxycarbonyl (Boc) to give 249, followed by reduction to obtain 6-aminotryptophan
250 (Scheme 41).115 This reduction required freshly activated zinc powder for acceptable
yields to be obtained.

Scheme 41: Boc Protection of 246, followed by nitro reduction to 6-aminotryptophan
250.
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2.4.3 Synthesis of 6-Chlorotryptophan 252
The 6-aminotryptophan 250 was then submitted to the diazotisation conditions77, giving
the diazonium salt 251 that subsequently underwent chlorination with cuprous chloride
(CuCl) to afford 6-chlorotryptophan derivative 252 along with a significant amount of
253 was formed, resulting from dechlorination (Scheme 42). Since hydrochloric acid was
likely to remove the Boc group, p-toluenesulfonic acid monohydrate (p-TSA.H2O) was
used in this process to prevent this undesired side-reaction.115

Scheme 42: Successful diazotisation and Sandmeyer Reaction.

2.2.4 Mechanism of Diazotisation and Sandmeyer Reactions
The reaction begins with the generation of the nitrosonium ion in situ from sodium nitrite
under acidic conditions with the elimination of water (Scheme 43).116 Attack of 6aminotryptophan 250 onto the nitrosonium ion generates intermediate 254, which upon
tautomerisation and loss of water to give the diazonium group 251. The diazonium ion
251 typically exists as a salt of the conjugate base of the acid used.
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Scheme 43: Mechanism for the diazotization of 6-aminotryptophan 250.

After generation of diazonium group 251, a single-electron transfer from copper (I)
chloride to the diazonium 251 generates a neutral diazo radical 255 and copper (II)
chloride (Scheme 44).117 The homolytic cleavage of 255 leads to loss of nitrogen,
generate the aryl radical 256, which subsequently reacts with chloride anion from copper
(II) chloride to regenerate copper (I) chloride and furnish 6-chlorotryptophan 252.
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Scheme 44: Mechanism for chloride displacement of the diazonium group.

2.5 Iridium-Catalysed C-H Borylation
With ample amounts of 6-chlorotryptphan 252 in hand, we then considered the proposed
iridium-catalysed C-H borylation at the C4 position to afford 4-boryl-6-chlorotryptophan
257 (Scheme 45). An overview of iridium-catalysed C-H borylation will be provided
henceforth.

Scheme 45: Proposed iridium-catalysed C4-H borylation of 6-chlorotryptophan 252.

2.5.1 Overview
Arylboronic esters, also known as arylboronates 258, are versatile synthetic handles that
can be converted into various useful functional groups (Scheme 46). Arylboronates 258
can undergo oxidative-hydrolysis upon treatment with alkaline hydrogen peroxide to
afford phenol (259).118 In a similar manner formation of aniline (260) is observed upon
exposure to the methoxyamine anion.119 Arylboronates 258 can also be converted into
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arylamines 261, arylethers 262, and thioether 263 under Chan-Evan-Lam coupling
conditions, details of which are discussed later.120-123 In addition, arylboronates 258 can
undergo ipso-nitration to afford nitroarenes 264.124 Moreover, arylhalides 265 can be
obtained upon exposing arylboronates 258 with copper halide salts.125 Finally, the
treatment of arylboronates 258 with copper cyanide in the presence of a base generates
arylnitriles 266.126

Scheme 46: Transformation of arylboronates into different functional groups.

Due to the versatility of arylboronates, several methods for their synthesis have been
developed. These methods include lithiation, magnesiation, and mercuriation of
arylhalides 265 followed by the addition of electrophilic boron sources, typically
trimethylborate to generate arylboronates 267 (Scheme 47, A).127-128 The synthesis of
arylboronates was transformed upon the development of a direct C-H borylation route
by Miyaura, Hartwig, and co-workers using [Ir(Cl)COD]2 as a precatalyst, (4,4′-di-tertbutyl-2,2-bipyridine (dtbpy) as a ligand, and bis(pinacolato)diboron (B2Pin2) as a boron
source (Scheme 47, B).129-131 This method provides a significant advance in chemical
synthesis since the steric effect predominately controls the regiochemical outcome of the
reaction.
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Scheme 47: A) Preparation of arylboronates 267 involving organometallic and
electrophilic boron sources; B) Iridium-catalysed C-H borylation.

2.5.2 Catalytic Cycle of The Iridium-Catalysed C-H Borylation
The catalytic cycle of the iridium-catalysed C-H borylation is presented in Scheme 48.132134

The reaction begins with the oxidative addition of bis(pinacolato)diboron (B2Pin2) to

the iridium (I) precatalyst 268 generating the iridium (III) complex 269, followed by the
second B2Pin2 addition to generating iridium (V) complex 270. The reductive elimination
of 270 that displaces cyclooctadiene (COD) and BPin group and generates the active
catalyst, sixteen-electron complex 271. The oxidative insertion of 271 into the C-H bond
of the substrate gives iridium (V) species 272. The borylated product is generated from
272 by reductive elimination and generates iridium-hydride intermediate 273. Oxidative
addition of HBPin or B2Pin2 gives intermediate 274, which upon the liberation of H2 or
HBPin to regenerate the active catalyst 271.
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Scheme 48: Catalytic cycle of the iridium-catalysed C-H borylation.

2.5.3 Regioselective Mono C-H Borylation of Indoles
Iridium-catalysed C-H borylation of indole (1) occurs at C2 to give 275. This
regiochemical outcome can be explained by co-ordination the active iridium species to
the indole nitrogen (Scheme 49, A).131, 135 If the C2 position is substituted, the C-H
borylation occurs at C7 in this instance to give 276, through the same co-ordination
mechanism described previously (Scheme 49, B).136 Protecting the indole nitrogen with
a bulky group prevents reaction at the C2 and C7 positions, leading to 3-borylindole
(277) (Scheme 49, C).131, 135 The C-H borylation of N-H protected 3-substituted indole
278 gives a regioisomeric mixture of 6-borylindole 279 (major) and 5-borylindole 280
(minor) (Scheme 49, D).137
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Scheme 49: Iridium-catalysed mono C-H borylation of Indoles.

2.5.4 Multi C-H Borylations of Indoles
The C-H triborylation of indole (1) can be achieved using

excess of

bis(pinacolato)diboron (B2Pin2) or pinacolborane (HBPin). Two consecutive N-H
directed borylations occurs at C2 and C7 positions, followed by a sterically governed
third C-H borylation that results in a mixture of 2,4,7-triborylindole 281 (major) and
2,5,7-triborylindole 282 (minor) (Scheme 50, A).97 If the C2 position is substituted, a
regioisomeric mixture of 4,7-diborylindole 283 (major) and the 5,7-diborylindole 284
(minor) result (Scheme 50, B).138 In contrast, the triborylation of 3-substituted indoles
285 gives 2,5,7-triborylindole 286 as a sole regioisomer (Scheme 50, C).139 Finally, 6floroindole (181) undergoes triborylation at C2, C7 (N-H directed), and C4 (sterically
governed) to afford 2,4,7-triboryl 6-fluoroindole (182)97 (Scheme 50, D).
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Scheme 50: Iridium-catalysed multi C-H borylation of indoles.

65 | P a g e

2.5.5 Attempted C4-H Borylation of 6-Chlorotryptophan 252
Our attempts to synthesise 4-boryl-6-chlorotryptophan 257 via iridium-catalysed C-H
borylation are presented in Table 1. In the first instance, 6-chlorotryptophan 252 was
subjected to standard C-H borylation conditions previously developed by our research
group; using [Ir(OMe)COD]2 precatalyst, 3,4,7,8-tetramethyl-1,10-phenanthroline
(Me4Phen) as the ligand, and B2Pin2 as the boron source in THF at various temperatures,
but no reaction was observed (entries 1-3). Increasing the amount of B2Pin2, catalyst, and
ligand loading also failed to give the desired product (entries 4-6). 1,10-phenanthroline
(1,10-Phen) and 4,4′-di-tert-butyl-2,2′-bipyridine (dtbpy) ligands were used, but no C4
borylation product 257 was observed, and the starting material was recovered under these
conditions (entries 7 and 8). Changing the solvent to n-hexane surprisingly led to a
reduction, giving an aldehyde 287 (entries 9-11). This indicates that the C-H borylation
conditions are reductive, likely due to the excess amount of B2Pin2. It has been previously
reported that carbonyl groups can be reduced under iridium-catalysed C-H borylation
conditions.140 Changing the solvent to dioxane led no reaction, with Boc-cleavage 288
observed at higher temperatures (entries 12-14). It has been reported that methyl tertbutyl ether (MTBE) is an effective solvent for the iridium-catalysed C-H borylation, as
it does not coordinate well with the iridium catalyst.141 However, using MTBE as the
solvent only led to the previously observed reduction (entries 15-17).
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Table 1: Attempted C4-H borylation of 6-chlorotryptophan 252.

Entry Catalyst

Ligand

B2Pin2

(mol%)

(mol%)

(eq)

1

3

Me4Phen (6)

1.5

2

3

Me4Phen (6)

3

3

4

Solvent

Temp.

Time

Outcome

(°C)

(hours)

(yield)

THF

80

48

No reaction

1.5

THF

100

48

No reaction

Me4Phen (6)

1.5

THF

120

48

No reaction

3

Me4Phen (6)

2.0

THF

120

48

No reaction

5

6

Me4Phen (6)

2.0

THF

120

48

No reaction

6

6

Me4Phen (12)

2.0

THF

120

48

No reaction

7

6

1,10-Phen (12)

2.0

THF

120

48

No reaction

8

6

dtbpy (12)

2.0

THF

120

48

No reaction

9

6

Me4Phen (12)

2.0

n-hexane

80

48

287 (14%)

10

6

1,10-Phen (12)

2.0

n-hexane

80

48

287 (trace)

11

6

dtbpy (12)

2.0

n-hexane

100

92

287 (trace)

12

6

Me4Phen (12)

2.0

dioxane

120

48

288 (16%)

13

6

1,10-Phen (12)

2.0

dioxane

120

48

288 (trace)

14

6

dtbpy (12)

2.0

dioxane

120

48

288 (trace)

15

6

Me4Phen (12)

2.0

MTBE

80

48

287 (6%)

16

6

1,10-Phen (12)

2.0

MTBE

80

48

287 (trace)

17

6

dtbpy (12)

2.0

MTBE

80

48

287 (trace)

All reactions carried out in sealed tubes in dry and degassed solvent
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Despite numerous attempts, the C4-H borylation of 252 was not successful. The likely
reason for the failure of this reaction is that the substituent at the C3 site inhibits the
formation of the intermediate 289 (Scheme 51). These outcomes indicate that 6chlorotryptophan 252 is not a suitable substrate for the iridium-catalysed C4-H
borylation, and an alternative strategy was sought.

Scheme 51: Substituent at C3 prevents the formation of 289.

2.5.6 Mechanistic Consideration of Formation 287
A plausible mechanism for the formation of aldehyde 287 is presented in Scheme 52.
Song and co-workers reported the reduction of carbonyl groups in the presence of B2Pin2
and water.142 They suggested that water initially chelates B2Pin2 and the oxygen inserts
into the B-B bond, pushing the hydrogen to remain as a hydride species that carry out the
reduction.

Scheme 52: A plausible mechanism for the formation of aldehyde 287.
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2.6 Second Generation Approach to Inducamide C
As we are unable to complete the synthesis of 4-hydroxy-6-chlorotryptophan 234 using
a late-stage C4-H borylation, we turned our consideration to a new strategy that involved
the functionalisation of the indole nucleus followed by the installation of the tryptophan
side chain (Scheme 53). Upon subjecting commercially available 6-chloroindole (290)
to an iridium-catalysed triborylation with an excess of B2Pin2, the 2,4,7-triboryl-6chloroindole (291) would result.97 Selective diprotodeboronation at C2 and C7 would
then give 4-boryl-6-chloroindole (292).97 A Chan-Evan-Lam (CEL)120-122 coupling then
provides 4-alkoxylindole 293 that upon C3-iodination and protection, gives 294.
Subjecting 294 to a palladium-catalysed β-C(sp3)-H arylation with L-alanine 295 bearing
an 8-aminoquinoline (AQ) directing group would afford L-tryptophan precursor 296.143
Removal of the protecting group and the AQ auxiliary then gives 4-hydroxy-6chlorotryptophan 234, which would be converted to inducamide C (125) as described in
the initial proposal.

Scheme 53: Revised route to 4-hydroxy-6-chlorotryptophan 234.
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2.7 Selective C-H Triborylation of 6-Chloroindole
The first step in our revised route to inducamide C (125) is the net C4-H borylation of 6chloroindole (290) through a sequence of triborylation-diprotondeboronation strategy to
afford 4-boryl-6-chloroindole (292). Following the same iridium-catalysed C-H
borylation conditions described by Maligres, Smith, Maleczka, and co-workers,97
commercially available 6-chloroindole (290) underwent triborylation to give 2,4,7triborylindole 291 in excellent yield (Scheme 54).

Scheme 54: Iridium-catalysed triborylation of 6-chloroindole (290).

2.7.1 Regioselectivity
The formation of 2,4,7-triborylindole 291 can be explained as follows. The indole
nitrogen in 290 coordinates with the active iridium catalyst and directs the C-H borylation
to the C2 and C7 sites to give 2,7-diborylindole 297 (Scheme 55).136 The third C-H
borylation is governed by steric effects, resulting in a selective third C-H borylation at
C4 to give 291.

Scheme 55: Regioselectivity of the iridium-catalysed C-H triborylation of 6chloroindole (290).
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2.8 Protodeboronation
2.8.1 Acid-Promoted Protodeboronation
With the desired triborylindole 291 in hand, we subsequently considered the
protodeboronation step. A number of options were available, which are described
henceforth. In 2014, Movassaghi and co-workers described a protocol for the selective
protodeborylation of 2,7-diborylindoles 298 to 7-borylindoles 299 using either
trifluoroacetic acid (TFA) or a catalytic amount of palladium acetate in acetic acid.
(Scheme 56).144

Scheme 56: Selective protodeborylation of 2,7-diborylindoles 298.

The mechanism for the acid-promoted C2-protodeboronation is shown in Scheme 57.
The reaction begins with coordination of the acid with the boron followed by ratelimiting protonation of the indole 298 to generate a resonance stabilised transition state
300.144-145 The selectivity of the C2-protodeboronation is due to the formation of the
highly stabilised carbocation 300. Finally, rearomatisation and C-B bond cleavage
rapidly eliminates borate to give 299.

71 | P a g e

Scheme 57: Mechanism for the acid-promoted C2-protodeboronation of 2,7diborylindole 298.

2.8.2 Iridium-Catalysed Protodeboronation
In a similar report, Maleczka, Smith, and co-workers reported a one-pot diborylationprotodeborylation where the protodeboronation step was mediated by iridium catalysis
(Scheme 58, A).146 This procedure involves an iridium-catalysed diborylation of indole
301 to give 2,7-diborylindole 302, which subsequently undergo selective C2protodeboronation upon heating in methanol and further addition of iridium catalyst to
afford 303. The mechanism for the iridium-catalysed C2-protodeboronation is suggested
to begin with the transmetalation of iridium alkoxide 304 with arylboronate 305,
generates the iridium-aryl intermediate 306, which upon subsequent protonolysis gives
arene 307 and regenerates the iridium catalyst 304 (Scheme 58, B).
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Scheme 58: A) Synthesis of 7-borylindole 303 via iridium-catalysed protodeboronation;
B) Proposed mechanism for the iridium-catalysed C2-protodeboronation of 2,7diborylindole 302.

2.8.3 Bismuth-Catalysed Protodeboronation
As part of ongoing studies on the iridium-catalysed borylation-protodeboronation
described above, Maligres, Smith, Maleczka, and co-workers described an effective
protocol to access 4-borylindole 183 (Scheme 59).97 This procedure involves an iridiumcatalysed triborylation followed by bismuth-catalysed protodeboronation. 2,4,7triborylindole 182 selectively underwent sequential diprotodeboronation at C2, then C7
to afford 4-borylindole 183, a protocol that appears attractive for the synthesis 4-boryl6-chloroindole (292). The authors performed an investigation in order to gain insight into
the mechanism of these protodeboronations at C2 and C7. Initially, the authors assumed
that the bismuth-catalysed protodeboronation proceeds through the transmetalation
pathway. However, the formation of BPin-OMe was not evident in the crude reaction
mixture. Thus, they suggested that AcOH present in the Bi(OAc)3 (or generated in situ)
prompted the protodeboronation. To this end, the protodeboronation of 182 was
conducted using AcOH in place of Bi(OAc)3; surprisingly, no protodeboronation was
observed. Interestingly, washing Bi(OAc)3 with CCl4 to remove residual AcOH led to a
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better yield for the protodeboronation step. Therefore, the acid-prompted pathway was
also ruled out, and the exact mechanism of the bismuth-catalysed protodeboronation
remains unsolved.

Scheme 59: Synthesis of 4-borylindole 183 via bismuth-catalysed protodeboronation.

2.8.4 Approach to C2 and C7 Diprotodeboronation
With the 2,4,7-triboryl-6-chloroindole (291) successfully in hand, the selective
diprotodeboronation at C2 and C7 sites was undertaken. The bismuth-catalysed
diprotodeboronation reported Maligres, Smith, Maleczka, and co-workers was
considered an excellent starting point.97 Upon subjecting 2,4,7-triboryl-6-chlorolindole
(291) to these conditions, the desired 4-boryl-6-chloroindole (292) was isolated in
excellent yield, along with a trace amount of 6-chloroindole (290) resulting from global
protodeborylate (Scheme 60). The structure of the 4-borylindole 292 was supported by
NOE analysis (Figure 14).

Scheme 60: Selective 2,7-diprotodeborylation of 2,4,7-triboryl-6-chloroindole (291).
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Figure 14: NOE Analysis of 292.

2.9 Chan-Evans-Lam Coupling
With the 4-boryl-6-chloroindole (292) in hand, we envisioned that the Chan-Evan-Lam
(C-E-L) coupling with isopropanol would install the desired isopropoxy group at C4 and
provide the desired indole 308 (Scheme 61). The isopropoxy group was chosen as
isopropyl ethers can be cleaved under milder conditions that methyl ethers.147 An
overview of Chan-Evan-Lam coupling will be detailed henceforth.

Scheme 61: Proposed Chan-Evan-Lam C4-etherification of 4-boryl-6-chloroindole
(292).
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2.9.1 Overview
The oxidative bond formation between aryl boronates with heteroatom nucleophiles is
called as the Chan-Evan-Lam reaction (C-E-L reaction), which was independently
reported by three different research groups in 1998.120-122 Chan and co-workers described
a copper-catalysed coupling reaction of aryl boron species 309 with a variety of different
amines and alcohols in the presence a tertiary amine to afford 310 (Scheme 62, A).120
Evan and co-workers reported very similar conditions to afford diaryl ethers 311 from
the coupling of aryl boron species 309 with phenols 312 (Scheme 62, B).121 Finally, Lam
and co-workers found that aryl boronic acids 309 could be coupled with various N-H
heterocycles 313 in the presence copper acetate and pyridine to yield the N-arylated
products 314 (Scheme 62, C).122 These reaction conditions are carried out in the presence
of 4 Å molecular sieves to eliminate water and hence prevent the formation of phenol
315 (Scheme 62, D).
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Scheme 62: Chan-Evans-Lam coupling published by A) Chan and co-workers;120 B)
Evans and co-workers;121 C) Lam and co-workers;122 D) Formation of phenols 315 in
the presence of water.148

2.9.2 Mechanism of The Chan-Evan-Lam Etherification
The catalytic cycle of the C-E-L etherification is presented in Scheme 63. The reaction
begins with transmetalation between arylboronate with the active Cu(II) species 316 to
generate Cu(II)-aryl intermediate 317, which upon oxidation forms the Cu(III) species
318.148-149 Reductive elimination gives the desired aryl ether, along with Cu(I) species
319, which undergoes oxidation with molecular oxygen to regenerate the Cu(II) species
316. The formation of the side product 320 is believed to be facilitated by the Cu(I)
species 319 due to the slow reoxidation to Cu(II) species 316.
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Scheme 63: Catalytic cycle of the Chan-Evans-Lam etherification.148-149

2.9.3 Synthesis of 4-Isopropoxy-6-chloroindole (308)
Our attempts toward the synthesis of 4-isopropoxy-6-chloroindole (308) via Chan-EvanLam (C-E-L) etherification are outlined in Table 2. In the first instance, 292 was
subjected to the Chan-Evan-Lam conditions previously used by our research group using
copper acetate monohydrate as a catalyst, 4-dimethylaminopyridine (4-DMAP) as a
base150 in isopropanol, resulted in the desired product 308, albeit in low yield. In this
instance, significant amounts of starting material were recovered (entry 1). The reaction
temperature was increased in an attempt to effect a complete conversion of 292, leading
to a slightly increased yield of 308, along with a small amount of 6-chloroindole (290)
arising from protodeboronation (entry 2). Using a stoichiometric amount of
Cu(OAc)2.H2O resulted in a reduced yield of 308, along with a significant amount of 290
(entry 3). Next, using boric acid instead of the base, as reported by Watson and coworkers to promote the C-E-L coupling148, led to none of the desired product being
formed (entry 4). Unfortunately, no reaction occurred when triethylamine was used
(entry 5). Changing the base to silver acetate and caesium carbonate,151 also failed to give
the desired product (entries 6 and 7). The pyridine-assisted C-E-L conditions gave the
desired product 308, albeit in low yield (entry 8). Increasing the temperature to 40 °C led
to a slightly better yield of 308, along with a significant amount of 290 (entry 9).
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Table 2: C-E-L Etherification of 4-boryl-6-chloroindole (292) with isopropanol.

Entry

Catalyst

Base/Acid

Time

Temp.

Outcome

(mol%)

(2 eq)

(hours)

(°C)

(yield)

1

60

4-DMAP

24

rt

308 (13%)

2

60

4-DMAP

48

40

308 (17%) + 290 (trace)

3

100

4-DMAP

48

40

308 (9%) + 290 (43%)

4

60

B(OH)3

48

rt

no reaction

5

60

Et3N

48

rt

no reaction

6

60

AgOAc

48

rt

no reaction

7

60

Cs2CO3

48

rt

no reaction

8

60

pyridine

48

rt

308 (18%)

9

60

pyridine

48

40

308 (21%) + 290 (32%)

All reactions were conducted in an open flask in the presence of 4 Å molecular sieves.

2.9.4 Alternative Approach to 4-Isopropoxy-6-chloroindole (308)
As the yield of the Chan-Evan-Lam C4-etherification of 292 could not be increased after
numerous attempts, 4-isopropoxy-6-chloroindole (308) could not be obtained in
sufficient quantity to continue the synthesis. A different strategy was planned, whereby
the oxidative-hydrolysis of 4-boryl-6-chloroindole (292) would provide 4-hydroxy-6chloroindole (321) that upon alkylation would give the 4-isopropoxyindole 308 (Scheme
64).

Scheme 64: Revised route to 308 via oxidative-hydrolysis.
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2.9.5 Oxidative-Hydrolysis
The oxidative-hydrolysis of organoboranes involves carbon-boron bond cleavage and
carbon-oxygen bond formation to generate alcohol in alkaline hydrogen peroxide.118, 152
In the presence of base, the hydrogen peroxide anion is generated as the active oxidant
(Scheme 65). The organoborane 258 is then attacked by the peroxide anion to give
intermediate 322, followed by rearrangement giving the phenoxyboron 323. Finally, the
hydrolysis of 323 provides phenol 259.

Scheme 65: Mechanism of the oxidative-hydrolysis of organoboranes 258.118, 152

Our research group had previously shown that 7-borylindoles 324 underwent oxidativehydrolysis to 7-hydroxyindoles 325 using aqueous hydrogen peroxide and 1 M NaOH in
THF (Scheme 66, A).153 Upon subjecting 4-boryl-6-chloroindole (292) to these
conditions, the desired 4-hydroxy-6-chloroindole (321) was isolated in excellent yield
(Scheme 66, B). The resulting 4-hydroxy-6-chloroindole (321) was then alkylated
according to the literature procedure147 using 2-bromopropane and potassium carbonate
in N,N-dimethylformamide (DMF), providing 308 in excellent yield. This high-yielding
route facilitated access to substantial amounts of 4-isopropoxy-6-chloroindole (308) that
could not be obtained via the Chan-Evan-Lam route.
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Scheme 66: A) Oxidative-hydrolysis of 7-borylindoles 324;153 B) Synthesis of 308 via
oxidative-hydrolysis.

2.10 β-C(sp3)-H Arylation
After a reliable route was established to access indole 308, we then turned our attention
to the installation of the tryptophan side chain. Our inspiration came from the work of
Chen and co-workers, who showed that L-tryptophan derivative 326 could be prepared
via a palladium-catalysed β-C(sp3)-H arylation of N-tosyl-3-iodoindole (327) with Nphthaloylalanine 295 bearing 8-aminoquinoline (AQ) as the directing group (Scheme
67).143 The reaction proceeded with excellent stereochemical retention and was chosen
as an excellent option to install the tryptophan side chain to our desired indole 308.

Scheme 67: Synthesis of tryptophan derivative 326 via palladium-catalysed β-C(sp3)-H
arylation.143
81 | P a g e

2.10.1 Catalytic Cycle of Palladium-Catalysed β-C(sp3)-H Arylation
The catalytic cycle of the palladium-catalysed β-C(sp3)-H arylation is shown in Scheme
68.154 The reaction begins by binding palladium(II)-catalyst to the 8-aminoquinolinyl
group (AQ) of 295 through a proton abstraction to generate intermediate 328. β-C(sp3)H activation via metal-insertion and deprotonation gives palladium(II) species 329,
which upon the oxidative addition of aryl iodide generates palladium(IV) intermediate
330. Reductive-elimination delivers β-C(sp3)-aryl intermediate 331, which subsequently
undergoes dissociative iodide replacement with trifluoroacetate to 332. Finally, the
protonolysis of 332 liberates the arylated product via two consecutive ligand exchange
reactions and regenerates the catalyst.
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Scheme 68: Proposed mechanism of the palladium-catalysed β-C(sp3)-H arylation.154
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2.10.2 Synthesis of N-Tosyl-3-iodoindole 333
To attempt the proposed palladium-catalysed β-C(sp3)-H arylation to install the
tryptophan side chain, the N-tosyl-3-iodoindole 333 coupling partner was required.
Following the literature procedure described by Müller and co-workers,155 treatment of
4-isopropoxy-6-chloroindole (308) with molecular iodine in the presence of potassium
hydroxide gave 3-iodoindole 334 that was immediately subjected to tosylation to give
the desired N-tosyl-3-iodoindole 333 in excellent yield (Scheme 69).

Scheme 69: Synthesis of N-tosyl-3-iodoindole 333.

2.10.3 Synthesis of Alanine Coupling Partner 295
With N-tosyl-3-iodoindole 333 in hand, we turned our attention to the synthesis of
alanine 295 bearing the 8-aminoquinoline directing group. The alanine was readily
prepared in three steps from commercially available L-alanine (335) according to the
literature procedure described by Chen and co-workers (Scheme 70).143 L-Alanine (335)
was first protected with phthalic acid (336) upon heating under Dean-Stark reflux
conditions in the presence of triethylamine to afford N-phthaloylalanine 337. The Nphthaloylalanine 337 was then converted to the acyl chloride 338 and subjected to 8aminoquinoline (AQ) (339) to afford 295 in a good overall yield. We were unable to
access the Chiral HPLC to measure the enantiomeric excess (ee) of the alanine 295.
However, the optical rotation ([𝛼]25
𝐷 +1.06 (c 1.7, CHCl3)) was consistent with that
reported in the literature that has high enantiopurity (99% ee).156-157 The integrity of this
stereocenter was also confirmed later in the synthesis.
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Scheme 70: Synthesis of the auxiliary alanine 295.

2.10.4 Synthesis of The Tryptophan 340 via Palladium-Catalysed β-C(sp3)-H Arylation
With the two required precursors 295 and 333 in hand, the proposed palladium-catalysed
β-C(sp3)-H arylation was investigated (Table 3). In the first instance, 295 and 333 were
subjected to the biphasic conditions reported by Chen and co-workers,143 which
pleasingly resulted in the desired tryptophan 340, albeit in somewhat low yield and with
substantial quantities of both starting materials remaining (entry 1). Increasing the
reaction time did not lead to the complete consumption of starting materials, but the yield
of 340 did increase slightly (entry 2). When the amount of the catalyst was doubled, no
significant differences in the yield of 340 was observed (entry 3). Increasing the amount
of silver trifluoroacetate (AgTFA) present resulted in a significantly reduced yield of 340
(entry 4). Interestingly, a better yield was obtained when the amount of AgTFA was
reduced (entries 5 and 6). This yield was increased further by increasing the amount of
water present (entry 7). The role of the water in this process is to assist the removal of
inhibitory ions such as I‾ and H+ from the organic phase, as well as facilitating the
protonolysis of the intermediate palladium(II) species 332 (see Scheme 68).143
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Table 3: Synthesis of the tryptophan 340 via palladium-catalysed β-C(sp3)-H arylation.

Entry

Pd(OAc)2

AgTFA

TCE-H2O

Time

Temp.

Outcome

(mol%)

(eq)

ratio

(hours)

(°C)

(yield)

1

10

2

1:1

24

45

340 (34%)

2

10

2

1:1

48

45

340 (44%)

3

20

2

1:1

48

45

340 (43%)

4

10

2.5

1:1

48

45

340 (28%)

5

10

1

1:1

48

45

340 (44%)

6

10

0.5

1:1

48

45

340 (53%)

7

10

0.5

1:2

48

45

340 (67%)

All reactions conducted in an open flask; TCE = 1,1,2,2-tetrachloroethane; AQ = 8
aminoquinoline

2.11 Protecting Group and Auxiliary Removal
With the tryptophan 340 in hand, attention turned to the removal of the tosyl, phthaloyl
group, and the 8-aminoquinoline auxiliary required for the synthesis of inducamide C
(125) to proceed, but also provide a platform for calculating the enantiomeric excess of
the resulting tryptophan.

2.11.1 Converting N-Quinolylcaroxamide Group to The Methyl ester
Upon subjecting 340 to the Lewis-acid mediated cleavage conditions reported by
Daugulis and co-workers,158 the desired tryptophan methyl ester 341 was isolated in a
good 87% yield (Scheme 71, A). The mechanism for this process begins with the
coordination of the Lewis-acid to the carbonyl group of 342, followed by the attack of
methanol generate 343 and proton transfer to 344 (Scheme 71, B).159 The C-N bond
cleavage liberates the methyl ester 345 along with 8-aminoquinoline (339).
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Scheme 71: A) Converting N-quinolylcarboxamide 340 to the methyl ester 341; B)
Mechanism of BF3-mediated methanolysis of N-quinolylcarboxamide.159

2.11.2 p-Tolunesulfonyl (tosyl) Deprotection
With the tryptophan 341 in hand, attention turned to the tosyl group removal (Table 4).
The tryptophan 341 was first subjected to reductive detosylation conditions using
magnesium-methanol in the presence of the catalytic amount of ammonium chloride160,
which unfortunately led to degradation (entry 1). Upon subjecting 341 to the conditions
reported by Blacklock and co-workers using cesium carbonate in a mixture of
methanol/THF161, after 48 hours only trace amounts of the desired product 346 were
obtained, with most starting material remaining (entry 2). Increasing the temperature to
50 °C resulted in degradation (entry 3). Upon refluxing 341 with sodium methoxide
(NaOMe) in methanol162, a trace amount of 346 was isolated (entry 4). Tryptophan 341
was exposed to thioglycolic acid and lithium hydroxide according to the procedure
described by Knight and co-workers163, but no reaction occurred (entry 5). Upon
exposing 341 with tert-butylammonium fluoride (TBAF) in THF164 led to degradation
(entry 6). Finally, treating 341 with sodium tert-butoxide (NaOtBu) in dioxane165
resulted in degradation (entry 7).
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Table 4: Attempted of the N-detosylation of 341.

Entry

Reagent

Solvent

Time

Temp.

Outcome

(eq)

(ratio)

(hours)

(°C)

(yield)

1

Mg (30)/NH4Cl (cat.)

methanol

0.5

30

degradation

2

Cs2CO3 (6)

methanol/THF

48

30

346 (trace)

2

50

degradation

(1:2)
3

Cs2CO3 (6)

methanol/THF
(1:2)

4

NaOMe (1.5)

methanol

1

70

346 (trace)

5

SH-CH-CO2H (1)/ LiOH (2)

DMF

24

35

no reaction

6

TBAF (2)

THF

1.5

80

degradation

7

NaOtBu (1.5)

dioxane

1

80

degradation

All reactions carried in dry solvents

2.11.3 N-Phthaloyl Deprotection of 341
As we were unable to remove the tosyl group of 341, we decided to change the
deprotection order of events and subsequently turned our attention to cleavage of the
phthaloyl group. Tryptophan 341 was submitted to the common N-phthaloyl removal
conditions hydrazine hydrate (NH2˗NH2.H2O),166 resulting in the desired product 347 in
excellent yield (Scheme 72, A). This process begins with the nucleophilic addition of the
hydrazine to the carbonyl group of phthalimide 348 generating 349, followed by an
intramolecular nucleophilic acyl substitution (SNAc) reaction give the amine 350 along
with phthalhydrazide 351 (Scheme 72, B).167
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Scheme 72: A) N-Phthaloyl deprotection of the tryptophan 341; B) Mechanism of Nphthaloyl deprotection using hydrazine.167

2.11.4 N-Detosylation of Tryptophan Derivative 347
Having successfully removed the phthaloyl group of 341, we then turn our attention back
to the N-tosyl removal. The tryptophan 347 was subjected to the magnesium-mediated
N-detosylation conditions160, gratifyingly the desired product 352 was obtained almost
in quantitative yield, which could be used directly in the next step without purification
(Scheme 73, A). This is indicated that the phthaloyl group of 341 was indeed hindering
the N-detosylation reactions. The mechanism of the reductive N-detosylation process is
not well understood but is believed to proceed through a single-electron transfer (SET)
process.168-170 The reaction begins with the SET to the N-tosyl compound 353 generates
the radical anion intermediate 354, which upon protonation forms the radical species 355.
The carbanion intermediate 356 is then generated through the second SET, which
subsequently fragments into free amine 357, toluene, and sulfur dioxide (Scheme 73, B).
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Scheme 73: A) The N-detosylation of the tryptophan 347; B) Proposed mechanism of
the magnesium-mediated N-detosylation.168-170

2.11.5 The Enantiomeric Excess of The N-Tosyl Tryptophan Methyl Ester 347
With the N-tosyl tryptophan (˗)-347 in hand, we calculated its enantiomeric excess by
coupling it with (R)-mandelic acid (358)171 to give the amide 359 (Scheme 74, A). The
1

H NMR of crude 359 was compared to that of the diastereomeric amides 360 prepared

from the racemic tryptophan (±)-347 using the same synthetic sequence employed for
enantioenriched material 359 (Scheme 74, B). A comparison of the crude 1H NMR
spectra of amides 359 and 360 showed that the enantioenriched material 359 had an
enantiomeric excess of 94% (Figure 15).
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Scheme 74: A) Synthesis of the enantioenriched amide 359; B) Synthesis of the amides
360 from racemic alanine (±)-295.
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Figure 15: 1H NMR Spectra of amides 359 (top) and 360 (bottom) prepared from
(˗)-347 and (±)-347, respectively.
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2.12 Synthesis of 3-Chloro-6-hydroxy-2-methylbenzoic acid
With a reliable route established to access the tryptophan 352 in good enantiomeric
excess, attention turned to the synthesis of the key chlorosalicylic acid fragment 126
using the same synthetic sequence previously reported by our research group.77
Methylation of commercially available 2,3-dimethyl phenol (361) using potassium
carbonate with a slight excess of iodomethane gave the desired anisole 362 in quantitative
yield (Scheme 75).172 The anisole 362 was then subjected to selective benzylic oxidation
conditions using copper sulfate pentahydrate (CuSO4.5H2O) and potassium
peroxydisulfate (K2S2O8), to form the desired benzaldehyde 363 in modest yield.173
Subsequently, treating 363 with tert-butyl hydroperoxide (tBuOOH) in the presence of
the catalytic amount of cuprous chloride (CuCl)174 led to the formation of the carboxylic
acid 364. Finally, the carboxylic acid 364 was submitted to the esterification conditions
reported by Xia and co-workers175, affording the methyl benzoate 132 in excellent yield.

Scheme 75: Synthesis of the methyl 2-methoxy-6-methylbenzoate (132).

The mechanism for the selective benzylic oxidation using peroxydisulfate-copper
conditions is shown in Scheme 76. The reaction begins with the formation of the radical
sulfate anion in situ from thermal decomposition of the peroxydisulfate anion, which
subsequently converts Cu(II) to Cu(III) species.176 The resulting Cu(III) species is
proposed to oxidise the aromatic substrate 362 to generate the radical cation 365, but this
is the subject of ongoing debate, with an alternative proposal suggesting that the radical
sulfate anion itself generates the radical cation 365.177 Deprotonation of 365 ultimately
gives radical intermediate 366, which is stabilised by a number of resonance
contributors.178 The resulting intermediate 366 subsequently undergoes the single93 | P a g e

electron oxidation to give the carbocation 367, which is trapped by water to give the
benzylic alcohol 368. The second oxidation converts the benzylic alcohol 368 to the
benzaldehyde 363.

Scheme 76: Proposed mechanism for the selective benzylic oxidation of 2,3-dimethyl
anisole (362).176-177

2.12.1 Selective para-Chlorination of Methyl 2-methoxy-6-methylbenzoate (132)
With ample quantities of methyl 2-methoxy-6-methylbenzoate (132) in hand, its
regioselective chlorination was considered. Upon subjecting 132 to N-chlorosuccinimide
(NCS) in DMF, the desired product 133 was isolated in excellent yield (Scheme 77).176
Demethylation using aluminum trichloride in refluxing dichloromethane gave 369 that
upon ester hydrolysis gave the desired chlorosalicylic acid 126 in excellent yield.
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Scheme 77: Synthesis of the chlorosalicylic acid fragment 126 via regioselective
chlorination.

2.12.2 Mechanistic Explanation of The Selective para-Chlorination of 132
The regioselective chlorination can be explained by a combination of electronic and
steric effects. The methoxy group of 132 activates the aromatic nucleus by donating
electron density and directing the chlorination exclusively to the para-position (with the
respect of the OMe group) (Scheme 78).179 The methyl group also enhances this
selectivity as it is a weak electron-donating group, directing the chlorination to its orthosite. Moreover, as NCS is large, substitution at the para-position to the OMe group is
also favoured on steric grounds. The electrophilic aromatic substitution begins with the
generation of an arenium ion 370, which involves transferring the chloronium ion (Cl+)
from NSC to the aromatic substrate 132.179 Proton abstraction triggers rearomtisation
give the chlorosalicylic methyl ester 133.
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Scheme 78: Mechanism for the selective para-chlorination of 132.

2.13 Synthesis of Amide 371
With the two key fragments 126 and 352 in hand, attention turned to their coupling to
assemble the natural product framework 371. In the first instance, 126 and 352 were
subjected to the HATU-mediated coupling conditions using diisopropylethylamine
(DIPEA) as a base in dichloromethane77, which resulted in the desired amide 371, albeit
in somewhat poor yield with the significant amount of the starting material 352 observed
by TLC (Scheme 79, conditions A). Stirring the carboxylic acid 126 and HATU for 30
minutes prior to the addition of amine 352 failed to increase the yield (conditions B).
When

the

coupling

reagent

1-ethyl-3-(3́-dimethylaminopropyl)-carbodiimide

hydrochloride salt (EDC.HCl) was used along with 1-hydroxy-7-azabenzotriazole
(HOAt) as an additive to enhance the reactivity180, this also failed to increase the yield
(conditions C). Unfortunately, no reaction occurred when carbonyldiimidazole (CDI)181
was used as a coupling reagent (conditions D).
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Scheme 79: Attempted synthesis of the amide 371.

Despite using different coupling reagents, we were unsuccessful in obtaining the
coupling product 371 in acceptable yield. The likely reason is that the strong
intramolecular hydrogen bonding of the ortho-hydroxy benzoate182 reduces its
nucleophilicity and severely hinders the first step in the coupling process (Scheme 80).
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Scheme 80: Plausible mechanistic explanation for the poor coupling yield (HATU
showed).

2.13.1 Synthesis of 3-Chloro-6-methoxy-2-methylbenzoic acid (372)
As we were unable to obtain the coupling product 371 in an acceptable yield due to the
limited reactivity of the chlorosalicylic acid 126, attention turned to masking the orthohydroxy group to remove the issue of intramolecular hydrogen bonding and hence assist
the subsequent HATU-mediated coupling step. The methoxy benzoic acid 372 was
considered an excellent option since it is accessible in quantitative yield from methyl
methoxy benzoate 133 by ester hydrolysis (Scheme 81).

Scheme 81: Synthesis of 3-chloro-6-methoxy-2-methylbenzoic acid (372).
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2.14 Model Studies Towards Inducamide C
2.14.1 HATU-Mediated Coupling of Methoxy benzoic acid 372 With L-Tryptophan
134
We initially performed a model study that would allow us to examine the viability of
methoxy benzoate 372 in this revised approach. Upon subjecting 134 and 372 to the
HATU-mediated coupling conditions77, the desired amide 373 was isolated in a
quantitative yield (Scheme 82). This is indicated that the free hydroxy group of 126 was
indeed limiting the HATU-mediated coupling reaction between 126 and 352.

Scheme 82: Synthesis of amide 373.

2.14.2 Lewis Acid-Mediated Demethylation of Tryptophanamide 373
With ample quantities of 373 in hand, its demethylation was then considered. In the first
instance, 373 was submitted to aluminum trichloride in refluxing dichloromethane183, but
no reaction occurred (Scheme 83, conditions A). Increasing the amount of aluminum
trichloride to six equivalents also gave no reaction (conditions B). Unfortunately, no
reaction occurred when the solvent changed to acetonitrile184 (conditions C). Finally,
changing the Lewis acid to boron tribromide at ˗78 °C in dichloromethane185 gave the
desired product 135 in excellent yield (conditions D).
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Scheme 83: Lewis acid-mediated demethylation of 373.

2.14.3 Lactonisation of 124
With a reliable route established to 135, attention then turned to the intramolecular
cyclisation to construct a 1,4-oxazepine-2,5-dione ring. Our research group had
previously completed the synthesis of the model inducamide C framework 374 from 375
using an EDC-mediated intramolecular cyclisation (Scheme 84, A). Upon treating 135
with aqueous sodium hydroxide in methanol, (˗)-inducamide B (124) was isolated in
quantitative yield (Scheme 84, B). Subsequently, 124 was submitted to the previously
developed EDC-mediated intramolecular lactonisation conditions, affording 376. We
were confident that the desired lactone 376 had formed, but the purification was
troublesome due to the instability of the product on silica gel. In an effort to solve this, we
used the same purification conditions described in the isolation paper, a C18 column and

eluting with 0.1% aqueous formic acid in a gradient of 20-100% acetonitrile.75 However,
the insolubility of 376 in water/solvent mixtures prevented adequate loading onto the
column. Finally, we were able to purify 376 by rapidly passing the reaction mixture through
a pipette column filled with silica gel to obtain 376 in modest yield (66%).
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Scheme 84: A) Synthesis of 1,4-oxazepine-2,5-dione 374; B) Synthesis of 1,4oxazepine-2,5-dione 376.

Interestingly, when focusing on the 1H and

13

C NMR data for the model system 376, the

chemical shift of certain peaks attributed to the 1,4-oxazepine-2,5-dione ring (highlighted in
red) did not align well with the same region in the natural product 125 (Tables 5 and 6).75 In
the 1H NMR spectrum, the peak for C16-H in the model system 376 was further upfield than
in the natural product 125 (Table 5). In the 13C NMR spectrum, peaks corresponding to C14, C-15, and C-16 were much further upfield in the model system 376, while C-19 was
significantly further downfield (Table 6). Although we were not too troubled by these
differences, it did lead us to think that inducamide C (125) may have been misassigned,
which further encouraged us to complete the total synthesis of the natural product.
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Table 5: 1H NMR Spectroscopic comparison between natural (˗)-inducamide C (125)75
and model 376.

(˗)-inducamide C (125)75

model 376

δH (DMSO-d6, 600 MHz)

δH (DMSO-d6, 400 MHz)

1

11.24

10.85

-0.39

2

7.26, s

7.22, d (2.3)

-0.04

4

-

7.55, d (7.9)

-

5

6.45, s

6.92, ddd (7.9, 7.0)

+0.47

7.03, ddd (8.1, 7.0)

-

H

6

δ∆

7

7.10, s

7.32, d (8.1)

+0.22

10

3.33, dd (13.8, 4.6)

3.25, dd (15, 4.9)

-0.08

2.90, dd (13.8, 8.8)

3.12, dd (15, 9.5)

+0.22

11

4.30, dd (8.8, 4.6)

4.27, dd (9.5, 4.9)

-0.03

12

8.01, s

9.03, d (7.1)

+1.02

16

7.54, d (7.1)

7.16, d (8.8)

-0.38

17

7.57, d (7.1)

7.63, d (8.8)

+0.06

21

2.19, s

2.33, s

+0.14
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Table 6: 13C NMR Spectroscopic comparison between natural (˗)-inducamide C (125)75
and model 376.

(˗)-inducamide C (125)75

model 376

δC (DMSO-d6, 100 MHz)

δC (DMSO-d6, 100 MHz)

2

126.3

124.3

-2.0

3

113.0

108.8

-4.2

4

152.4

118.3

-34.1

5

109.2

118.4

+9.2

6

125.2

121.0

-4.2

7

107.7

111.4

+3.7

8

139.5

136.3

-3.2

9

118.4

127.0

+8.6

10

32.7

23.6

-9.1

11

59.2

51.7

-7.5

13

164.1

165.8

+1.7

14

134.5

126.4

-8.1

15

154.7

148.5

-6.2

16

123.9

120

-3.9

17

130.4

132.1

-1.7

18

130.8

131.5

+0.7

19

130.0

135.9

+5.9

20

170.8

168.9

-1.9

21

16.9

17.6

-2.3

C

δ∆
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2.15 Synthetic Approach Towards Inducamide C
2.15.1 Synthesis of Tryptophanamide 377
Having established a successful route to the model inducamide C framework 376,
attention then turned to the synthesis of the natural product itself. Tryptophan 352 and
methoxy methyl benzoate 372 were submitted to the same HATU-mediated coupling
conditions that worked well for the model system, affording the desired amide 377 in
excellent yield (Scheme 85). This route facilitated access to a substantial amount of 377
that cannot be obtained by the coupling of the tryptophan 352 with chlorosalicylic acid
126 (see Scheme 79).

Scheme 85: Synthesis of tryptophanamide 377.

2.15.2 Lewis Acid-Mediated O-Dealkylation of 377
Attention then turned to remove both the isopropyl and methyl groups (Scheme 86). The
coupling product 377 was subjected to an excess amount of boron tribromide, resulting
in the formation of the desired diphenol 235, along with demethylated compound 371.
Although this was only a small side reaction, the selective demethylation was surprising
since a large excess amount of the Lewis acid was used, and aryl isopropyl ethers are
more labile under Lewis acid-mediated cleavage conditions than their corresponding
methyl ether.147 An explanation for this unexpected selectivity is that the demethylation
is facilitated by favourable formation of the six-membered intermediate 378.183
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Scheme 86: Boron tribromide-Mediated O-dealkylation of 377.

2.15.3 Attempted Lactonisation of 379
The key lactonisation of 235 to give inducamide C (125) was considered (Scheme 87).
In the first instance, 235 was converted to its carboxylic acid 379 upon treating with
aqueous sodium hydroxide in methanol. Upon exposure to EDC-HOAt, the
substrate 379 underwent complete conversion to a new product, as indicated by TLC
analysis. This product was highly unstable on silica gel and was not inducamide C (125),
but the oxepinoindole 380, as indicated by NOE analysis (Figure 16), resulting from C4OH participating in the lactonisation (red arrow) instead of the desired C15-OH (blue
arrow). The 1H NMR analysis of the crude reaction mixture indicated that the
oxepinoindole 380 was the only product present, and no evidence of inducamide C (125)
was apparent. Submitting the crude reaction mixture to the same reverse phase
purification conditions described in the isolation paper75 was not possible due to the
solubility issue. Attempts to quickly pass the crude reaction mixture through the pipette
glass filled with silica gel resulted in significant degradation, but a trace of the product
380 was isolated.
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Scheme 87: EDC-Mediated intramolecular cyclisation of 379.

Figure 16: NOE Analysis of 380.
106 | P a g e

A possible explanation for this result is that the intramolecular hydrogen bonding
between C15-OH with the adjacent carbonyl group of 381 makes less nucleophilic than
the C4-OH (Scheme 88). Therefore, preferential nucleophilic attack by the C4-OH in the
EDC-mediated cyclisation process delivered the undesired oxepinoindole 380, and not
inducamide C (125).

Scheme 88: Mechanistic explanation for the formation of oxepinoindole 380.

These results led to justifiable concerns that inducamide C (125) may have been
misassigned. As a result, we performed a detailed NMR comparison between the
oxepinoindole 380 and the natural product 125. However, the NMR spectroscopic data
for the oxepinoindole 380 did not align well with that of inducamide C (125), ruling out
that the natural product is oxepinoindole 125 (Tables 7 and 8). In the 1H NMR spectrum,
the peak assigned for C5-H was further downfield than in the natural product 125, while
peaks attributed to C16-H and C17-H were much further upfield (Table 7). In the

13

C

NMR spectrum, peaks corresponding to C4, C14, and C16 much further upfield than in
the natural product 125 (Table 8).
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Table 7: 1H NMR Spectroscopic comparison of natural (˗)-inducamide C (125)75 with
oxepinoindole 380.

(˗)-inducamide C (125)75

oxepinoindole 380

δH (DMSO-d6, 600 MHz)

δH (DMSO-d6, 400 MHz)

1

11.24, s

11.42, s

+0.18

2

7.26, s

7.37, d (2.3)

+0.11

5

6.45, s

6.87, d (1.6)

+0.42

7

7.10, s

7.29, d (1.6)

+0.19

10

3.33, dd (13.8, 4.6)

H

2.90, dd (13.8, 8.8)

δ∆

-0.14

3.19, dd (9.3, 4.4)

+0.29

11

4.30, dd (8.8, 4.6)

4.68, ddd (9.3, 6.1, 4.4)

-0.03

12

8.01, s

9.12, d (6.1)

+1.11

15

-

9.72, s (OH)

-

16

7.54, d (7.1)

6.71, d (8.7)

-0.83

17

7.57, d (7.1)

7.23, d (8.7)

-0.34

21

2.19, s

2.21, s

+0.02
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Table 8: 13C NMR Spectroscopic comparison of natural (˗)-inducamide C (125)75 with
oxepinoindole 380.

(˗)-inducamide C (125)75

oxepinoindole 380

δC (DMSO-d6, 100 MHz)

δC (DMSO-d6, 100 MHz)

2

126.3

123.6

-2.7

3

113.0

108.3

-4.7

4

152.4

123.0

-29.0

5

109.2

107.2

-2.0

6

125.2

126.9

+1.7

7

107.7

107.8

+0.1

8

139.5

137.9

-1.6

9

118.4

115.0

-3.4

10

32.7

26.9

-5.8

11

59.2

54.5

-4.7

13

164.1

166.4

+2.3

14

134.5

125.2

-9.3

15

154.7

152.9

-1.8

16

123.9

114.6

-9.3

17

130.4

129.4

-1.0

18

130.8

126.0

-4.8

19

130.0

133.4

+3.4

20

170.8

169.5

-1.3

21

16.9

16.5

-0.4

C

δ∆
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Given the undesired regiochemical outcome of the previously described lactonisation, it
was assumed that 379 may be a natural product and that it could undergo cyclisation
during the purification conditions described in the isolation paper.75 The compound 379
was stirred in the exact eluent in the isolation paper, but no reaction occurred at various
temperatures (Scheme 89, conditions A-C). Heating 379 to reflux in 1,4-dioxane in the
presence catalytic amount of p-toluenesulfonic acid monohydrate (p-TSA.H2O) resulted
in no reaction (conditions D). At this point, it was decided that 379 was not a viable
lactonisation precursor, and an alternative strategy was sought.

Scheme 89: Attempted lactonisation of 379.

2.15.4 Revisiting Lewis Acid-Mediated O-Dealkylation of 377
Attention turned to assembling a lactonisation precursor with the C4-OH protected,
which would stop the undesired cyclisation pathway. It was anticipated that selective
demethylation of 377 would be possible based on our previous observation described in
Scheme 86. Indeed, upon treating 377 with one equivalent of boron tribromide, selective
demethylation occurred to give 371 in excellent yield (Scheme 90).

Scheme 90: Boron tribromide-mediated selective demethylation of 377.
110 | P a g e

2.15.5 Lactonisation of 382
With ample quantities of 371 already in hand, attention then turned to the lactonisation
step. Initially, 371 was converted to the carboxylic acid 382 using aqueous sodium
hydroxide in methanol in quantitative yield, which subsequently submitted to the EDCmediated intramolecular lactonisation gave the desired benzoxazepine 383, albeit in
somewhat low yield (35%) (Scheme 91). The low yield was attributed to the instability
of the lactone ring on the silica gel, a recurring theme in our studies with this particular
ring system (see section 2.14.3). In addition, the lactone 383 underwent facile
methanolysis back to 371 in the presence of the silica gel. Interestingly, O-isopropyl
inducamide C (383) underwent complete hydrolysis back to the acid 382 by stirring in
the exact eluent that was described in the isolation paper,75 inferring this eluent could not
be used in our purification procedure.

Scheme 91: EDC-Mediated intramolecular lactonisation of 382.
Compound 383 is O-isopropyl inducamide C, so we assumed it is NMR spectroscopic
data would bear a close resemblance to the natural product 125, but this was not the case
(Tables 9 and 10). In the 1H NMR spectrum, the peak attributed to one of the
diastereotpoic protons at C10 in 383 was slightly downfield than the natural product 125,
while the peak assigned to C16-H much further upfield (δ 7.17 ppm), and the
corresponding peak in model system 376 is in similar proximity (δ 7.16 ppm) (Table 9).
This discrepancy associated with the chemical shift of C16-H has been a recurrent theme
throughout this study (see Tables 5 and 6). In the

13

C NMR spectrum, peaks

corresponding to C5, C10, C11, C14, C15, and C16 were significantly further upfield
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than inducamide C (125), while peak attributed to C19 much further downfield (Table
10). It should be noted that there was no NOE data in the natural product isolation paper,
which would certainly help confirm the proposed structure. Despite the fact we were now
confident that inducamide C (125) had been misassigned, we proceeded with the final
dealkylation step of 383 to complete the synthesis of the proposed structure of
inducamide C (125).

Table 9: 1H NMR Spectroscopic comparison of natural (˗)-inducamide C (125)75 with
O-isopropyl inducamide C (383).

(˗)-inducamide C (125)75

O-isopropyl inducamide C (383)

δH (DMSO-d6, 600 MHz)

δH (DMSO-d6, 400 MHz)

1

11.24, s

10.97, s

-0.27

2

7.26, s

7.09, d (2.3)

-0.17

5

6.45, s

6.37, d (1.6)

-0.08

7

7.10, s

6.92, d (1.6)

-0.18

10

3.33, dd (13.8, 4.6)

3.30, dd (14.3, 6.8)

-0.03

2.90, dd (13.8, 8.8)

3.12, dd (14.3, 7.1)

+0.22

11

4.30, dd (8.8, 4.6)

4.35, dd (7.6, 6.4)

+0.05

12

8.01, s

9.17, d (6.9)

+1.16

16

7.54, d (7.1)

7.17, d (8.8)

-0.37

17

7.57, d (7.1)

7.64, d (8.8)

+0.07

21

2.19, s

2.38, s

+0.19

22

-

4.58, hept (6.0)

-

23

-

1.00, d (6.0)

-

23́

-

0.98, d (6.0)

-

H

δ∆
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Table 10: 13C NMR Spectroscopic comparison of natural (˗)-inducamide C (125)75 with
O-isopropyl inducamide C (383).

(˗)-inducamide C (125)75

O-isopropyl inducamide C (383)

δC (DMSO-d6, 100 MHz)

δC (DMSO-d6, 100 MHz)

2

126.3

124.6

-1.7

3

113.0

108.7

-4.3

4

152.4

151.3

-1.1

5

109.2

101.5

-7.7

6

125.2

126.3

+1.1

7

107.7

104.3

-3.4

8

139.5

137.7

-1.8

9

118.4

115.8

-2.6

10

32.7

25.6

-7.1

11

59.2

52.4

-6.8

13

164.1

165.5

+1.4

14

134.5

126.2

-8.3

15

154.7

148.1

-6.6

16

123.9

119.7

-4.2

17

130.4

132.4

+2.0

18

130.8

132.0

+1.2

19

130.0

136.5

+6.5

20

170.8

168.2

-2.6

21

16.9

17.7

+0.8

22

-

68.7

-

23

-

21.3

-

23́

-

21.0

-

C

δ∆
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2.15.6 Deisopropylation of 383
With the entire framework of the proposed structure of inducamide C (125) assembled,
all that remained was to remove the isopropyl group (Scheme 92). In the first instance,
383 was treated with aluminum trichloride in dichloromethane at room temperature
(conditions A), but no reaction observed, and degradation occurred upon heating to reflux
(conditions B). Changing the Lewis acid to the boron tribromide gave no reaction when
only one equivalent was used (conditions C) while increasing the amount to three
equivalents led to the formation of the previously observed oxepinoindole 380
(conditions D). This surprising outcome occurs as a result of deisopropylation to give
inducamide C (125), then undergoes a rapid rearrangement to 380 under Lewis-acid
conditions or during acidic workup. Changing the workup procedure to eliminate acid
also led to 380, suggesting the rearrangement was occurring during the reaction itself. As
a result, we performed the deisopropylation in the presence of acid scavenger; Tian and
co-workers reported mild demethylation conditions using aluminum triiodide in the
presence of dicyclohexyl carbodiimide (DCC) as a hydrogen iodide (HI) scavenger to
prevent acid-labile groups from deterioration.186 Replicating these conditions on 383 led
to no reaction at room temperature (conditions E), while heating led to degradation
(conditions F). As a result of this study, an alternative strategy to inducamide C (125)
was sought.
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Scheme 92: Attempted O-deisopropylation of 383.

2.15.7 Computational Analysis of Oxepinoindole 380 and Putative Inducamide C (125)
Our detailed studies so far suggested that the inducamide C (125) was unstable,
undergoing rapid rearrangement to oxepinoindole 380. In order to rationalise the
preferential formation of 380 over the natural product 125, the expected thermodynamic
preference between inducamide C (125) and the oxepinoindole 380 was investigated by
computational methods (Scheme 93). Ab initio Hartree-Fock point energy (6-31+G*
basis set) calculations were conducted for each of the respective minimum energy
conformers 125 and 380. The result showed that the natural product 125 was significantly
higher in energy than the oxepinoindole 380 (+6.5 kcal/mol in toluene, or +4.6 kcal/mol
without solvent). These significant differences in energy support the preferential
formation of the undesired oxepinoindole 380 form the lactonisation precursor 379 as
well as the rearrangement of inducamide C (125) to 380 during the final dealkylation
step of the O-isopropyl inducamide C (383) (see Scheme 92). The results support the
notation that natural product 125 has been misassigned.
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Scheme 93: Ab initio Hartree-Fock point energies (6-31+G* basis set) calculation for
inducamide C (125) and oxepinoindole 380.

2.15.8 Attempted Lactonisation of 235
Despite the putative inducamide C structure (125) appearing to be unstable, we attempted
to form the delicate benzoxazpine ring under neutral and non-nucleophilic basic
conditions (Table 11). In the first attempt, 235 was heated at reflux in dichloromethane,
resulting in no reaction (entry 1). Next, upon refluxing of 235 in toluene or acetonitrile,
no reaction was observed (entries 2 and 3). When the solvent changed to DMF no
reaction occurred at 100 ºC, with degradation upon heating to reflux (entries 4 and 5).
Dimethyl sulfoxide (DMSO) was ineffective at 130 ºC, with degradation observed at a
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higher temperature (entries 6 and 7). Since the lactonisation of 235 by heating in various
solvents at different temperatures was unsuccessful, focus subsequently shifted to use
non-nucleophilic basic conditions. In the first instance, 235 was heated upon to reflux in
THF in the presence of caesium carbonate, resulting in no reaction (entries 8 and 9).
Finally, changing the base to DBU in THF at room temperature also led to no reaction
(entries 10 and 11). Brønsted acids were not trialled due to the instability of the
benoxazepine ring (highlighted in red) under these conditions. At this point, it was
decided that 235 was not a viable lactonisation precursor, and further investigation along
these lines were discontinued.

Table 11: Attempted cyclisation of 235.

Entry

Solvent

Base

Temp

Time

Outcome

(equiv)

(ºC)

(hour)

(Yield)

1

dichloromethane

-

45

24

No reaction

2

toluene

-

120

24

No reaction

3

acetonitrile

-

95

20

No reaction

4

DMF

-

100

18

No reaction

5

DMF

-

150

2

degradation

6

DMSO

-

130

24

No reaction

7

DMSO

-

180

1

degradation

8

THF

Cs2CO3 (1.0)

80

2

No reaction

9

THF

Cs2CO3 (2.0)

80

2

No reaction

10

THF

DBU (1.0)

r.t

18

No reaction

11

THF

DBU (3.0)

r.t

72

No reaction

All reactions carried out in a sealed vial in a dry solvent, DBU: 1,8-diazabicyclo[5.4.0]undec-7-ene
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2.16 Lactamisation Approach to Inducamide C
It was envisaged that performing a lactamisation could limit the undesired cyclisation
pathways encountered through the previous lactonisation route (Scheme 94). This new
synthetic route begins by coupling Boc-protected tryptophan 384 with hydroxybenzoate
369 to afford the ester 385. Subsequently, Lewis-acid mediated deisopropylation,
followed by Boc removal, provides the lactamisation precursor 386. Finally, ester
hydrolysis and lactamisation would give the proposed structure of inducamide C (125).

Scheme 94: A revised lactamisation approach to inducamide C (125)

2.16.1 Synthesis of Ester 385
In order to investigate the proposed lactamisation route outlined in Scheme 94, the Bocprotected tryptophan 384 was required. Tryptophan 352 underwent Boc-protection,
followed by ester hydrolysis to afford 384 in modest yield over two steps (Scheme 95).
Boc-protected tryptophan 384 and hydroxybenzoate 369 were submitted to EDCmediated esterification conditions, affording the desired ester 385.
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Scheme 95: Synthesis of ester 385.

2.16.2 Lewis Acid-Mediated Dealkylation and Boc Removal
With a substantial amount of ester 385 in hand, we then turned our attention to the
removal of the Boc group and deisopropylation to afford 386 (Scheme 96). In the first
instance, 385 was treated with aluminum trichloride in dichloromethane at room
temperature, but no reaction occurred (conditions A), with heating leading to degradation
(conditions B). Aluminum triiodide in acetonitrile was ineffective at room temperature
(conditions C) and led to degradation upon heating to 45 °C (conditions D). Finally, upon
treating 385 with boron tribromide, a complex mixture resulted from which no products
could be identified (conditions E). Brønsted acids were not trailed due to the instability
of the ester 385 under these conditions. Due to the failure of this route, this approach to
inducamide C (125) was subsequently abandoned.
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Scheme 96: Attempted O-deisopropylation and Boc removal of 385.

2.17 Proposed Structural Reassignment of Inducamide C
At this stage of the research, it was apparent that the benzoxazepine ring was unstable
and prone to ring-opening with nucleophiles. We subsequently pursued our earlier
concerns that the structure of the natural product may have been misassigned and sought
to propose a viable alternative. Based on the NMR discrepancy associated particularly
with C16-H, a recurrent theme throughout these studies (see Tables 5 and 9), it was
assumed that the chlorosalicylic acid component of the natural product might be
incorrect. In the 1H NMR spectrum of the natural product, the splitting pattern and
coupling constant for the two salicylic acid protons C16-H (d, J 7.1 Hz) and C17-H (d, J
7.1 Hz), are indicative of an ortho-coupling (Scheme 97). If we consider alternative
structures for the natural product, the chlorosalicylic acid 387 could feasibly arise
biosynthetically from an ortho-chlorination (with respect to phenol) of the naturally
occurring 6-methyl salicylic acid (131). As opposed to the para-chlorination proposed in
the isolation paper.75 Moreover, if the true salicylic acid precursor is indeed 387, the
revised inducamide C structure 388 possesses a large chlorine atom adjacent to the
benzoxazepine ring, which could potentially shield this unstable ring system from attack
by incoming nucleophiles. These factors prompted us to initiate the synthesis of the
revised structure inducamide C 388.

120 | P a g e

Scheme 97: Revised biosynthesis of inducamide C (125) and proposed structural
reassignment.

2.17.1 Proposed Synthesis of Revised Inducamide C Structure 388
For the synthesis of the revised inducamide C structure 388, a reliable source of 3-chloro-2methoxy-6-methylbenzoic acid (389) would be required (Scheme 98). It was envisaged that
389 could be accessed from methyl 2-hydroxy-6-methylbenzoate (390) via orthochlorination to provide the desired chlorobenzoate 391. Methylation of the phenol followed
by ester hydrolysis would furnish the desired chlorosalicylic acid 389, which would undergo
amide coupling with tryptophan 352 to deliver the amide 392. Subsequent dealkylation and
ester hydrolysis would afford 393 that upon lactonisation would give 388.

121 | P a g e

Scheme 98: Proposed synthesis of the revised inducamide C structure 388.

2.17.2 Selective ortho-Chlorination of 390
Snider and co-workers described a selective ortho-chlorination of phenols 394 using
sulfuryl chloride (SO2Cl2) in the presence of 2,2,6,6-tetramethylpiperdine (TMP) as a
catalyst to afford ortho-chlorophenols 395 (Scheme 99, A).187 We considered these
condition as a good starting point for the chlorination of hydroxybenzoate 390. Initially,
methoxy benzoate 132 was treated with aluminum trichloride in dichloromethane at
reflux, resulting in hydroxybenzoate 390 in quantitative yield (Scheme 99, B).
Subsequently, 390 was subjected to the TMP-catalysed chlorination conditions,
affording the desired chlorophenol 391 in a good yield, along with a small amount of the
separable dichlorinated product 396. The structure of 391 was supported by NOE
experiments (Figure 17).
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Scheme 99: A) TMP-Catalysed selective ortho-chlorination of phenols 394; B)
Synthesis of ortho-chlorophenol 391.
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Figure 17: NOE Analysis of 391.

A plausible mechanism of the TMP-catalysed chlorination of 390 using SO2Cl2 is shown
in Scheme 100. The reaction begins by reacting TMP with SO2Cl2 to form the active
chlorinating agent TMPCl along with TMP.HCl and sulfur dioxide. The TMPCl
hydrogen bonds with hydroxybenzoate 390, which help promotes selective delivery of
the chlorine to the ortho-position (with respect to phenol) to give intermediate 397 that
upon aromatisation provides 391. The TMP that is liberated during the chlorination is
converted back to TMPCl by the excess of SO2Cl2 that is present.
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Scheme 100: Mechanism for TMP-catalysed ortho-chlorination of 390.

2.17.3 Synthesis of 3-Chloro-2-methoxy-6-methylbenzoic acid (389)
With a successful route to ortho-chlorophenol 391 established, it was subsequently
converted to the desired coupling partner 389 (Scheme 101). Alkylation of 391 gave
methoxybenzoate 398, which upon ester hydrolysis, gave the desired chlorosalicylic acid
389 in quantitative yield.

Scheme 101: Synthesis of 3-chloro-2-methoxy-6-methylbenzoic acid (389).

125 | P a g e

2.17.4 Synthesis of Tryptophanamide 392
With a substantial amount of the key chlorosalicylic acid 389 already in hand, it was
coupled with tryptophan 352 (Scheme 102). Chlorosalicylic acid 389 and tryptophan 352
were submitted to the same HATU-mediated coupling conditions previously described
in this thesis, thus affording the desired amide 392 in good yield.

Scheme 102: Synthesis of tryptophanamide 392.

2.17.5 Lewis Acid-Mediated O-Dealkylation of 392
Attention then turned to remove both the isopropyl and methyl groups of the coupling
product 392 (Scheme 103). Following the procedure described previously in this thesis,
treating 392 with six equivalents of boron tribromide resulted in the formation of
diphenol 399 in quantitative yield.

Scheme 103: Lewis acid-mediated O-dealkylation of 392.

2.17.6 Attempted Lactonisation of 393
With ample quantities of the natural product framework 399 in hand, lactonisation was
then considered (Scheme 104). In the first instance, 399 was converted to the carboxylic
acid 393 upon treating with aqueous sodium hydroxide in methanol. At this stage, we
proposed that 393 may actually be a natural product and that it underwent cyclisation
during the purification conditions described in the isolation paper.75 Therefore, the
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carboxylic acid 393 was submitted to the same reversphase column chromatography
conditions, using a C18 column and eluting with 0.1% aqueous formic acid in a gradient
of 20-100% acetonitrile. However, the cyclised product 388 was not observed, and all
starting material was recovered. At this point, it was decided to submit the 393 to the
previously described EDC-mediated lactonisation conditions that were successful in
model studies (see Scheme 84).

Scheme 104: Attempted lactonisation of 393.

Subjecting 393 to the C18 reversed-phase column chromatography conditions to help
promote the final cyclisation step was ineffective. Therefore 393 was submitted to the EDCmediated lactonisation conditions described previously in this thesis (Scheme 105). A single
product was formed, but purification on the silica gel led to its degradation. Subjecting the

crude reaction mixture to the same reversed-phase purification conditions described in
the isolation paper75 was unsuccessful due to the solubility issue. The crude reaction
mixture was quickly passed through the short glass pipette filled with silica gel, which led to
significant degradation, but a small amount of the product was isolated. The product
appeared to be oxepinoindole 400, arising from C4-OH (red arrow) participating in the
cyclisation instead of the desired C15-OH (blue arrow). The structure of the undesired
oxepinoindole 400 was supported by HMBC analysis, whereby the phenol in the product is
clearly attached to the salicylic component (Figure 18).
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Scheme 105: EDC-Mediated cyclisation of 393.

128 | P a g e

Figure 18: HMBC Analysis of oxepinoindole 400.
Regardless of the fact that the lactonisation was forming the oxepinoindole 400 instead of
benzoxazepine 388, a detailed NMR comparison between the oxepinoindole 400 and the

natural product 125 was undertaken. The NMR spectroscopic data for the oxepinoindole
400 did not align well with that of inducamide C (125) (Tables 12 and 13); in the 1H
NMR spectrum, peaks assigned to C5-H and C11-H were further downfield than in the
natural product 125, while peaks attributed to C18-H which corresponding to C16-H in
the natural product 125 was much further upfield (Table 12). In the 13C NMR spectrum,
peaks corresponding to C3, C4, C10, C11, C14, C15, C16, C18 much further upfield than
in the natural product 125, while C19 was further downfield (Table 13).
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Table 12: 1H NMR Spectroscopic comparison of natural (˗)-inducamide C (125)75 with
oxepinoindole 400.

(˗)-inducamide C (125)75

oxepinoindole 400

δH (DMSO-d6, 600 MHz)

δH (DMSO-d6, 400 MHz)

1

11.24, s

11.43, s

+0.19

2

7.26, s

7.38, d (2.1)

+0.12

5

6.45, s

6.87, d (1.6)

+0.42

7

7.10, s

7.29, d (1.6)

+0.19

10

3.33, dd (13.8, 4.6)

3.23, dd (15.7, 3.1)

-0.1

2.90, dd (13.8, 8.8)

3.16, dd (15.7, 10.5)

+0.26

11

4.30, dd (8.8, 4.6)

4.73, ddd (10.5, 6.1, 3.1)

+0.43

12

8.01, s

9.19, d (6.1)

+1.18

15

-

9.41, s

16

7.54, d (7.1)

-

17

7.57, d (7.1)

7.26, d (8.1)

-0.31

18

-

6.72, d (8.1)

-0.82

21

2.19, s

2.19, s

0.00

H

δ∆
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Table 13: 13C NMR Spectroscopic comparison of natural (˗)-inducamide C (125)75 and
oxepinoindole 400.

(˗)-inducamide C (125)75

oxepinoindole 400

δC (DMSO-d6, 100 MHz)

δC (DMSO-d6, 100 MHz)

2

126.3

123.5

-2.8

3

113.0

108.3

-4.7

4

152.4

143.8

-8.6

5

109.2

107.3

-1.9

6

125.2

126.0

+0.2

7

107.7

107.8

+0.1

8

139.5

137.9

-1.6

9

118.4

115.0

-3.4

10

32.7

26.9

-5.8

11

59.2

54.5

-4.7

13

164.1

166.3

+2.2

14

134.5

127.2

-7.3

15

154.7

149.2

-5.5

16

123.9

118.1

-5.8

17

130.4

129.3

-1.1

18

130.8

121.8

-9.0

19

130.0

135.1

+5.1

20

170.8

169.5

+1.3

21

16.9

18.4

+1.5

C

δ∆
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2.17.7 Lewis Acid-Mediated Selective Demethylation of 392
As the oxepinoindole 400 formed during the lactonisation step, we attempted to protect C4OH to limit the undesired cyclisation pathway. It was envisaged that the selective

demethylation of the coupling product 392 would be possible to afford 401 (Scheme
106). In the first instance, the coupling product 392 was exposed with one equivalent of
boron tribromide, resulted in no reaction occurred (conditions A). Increasing the amount
of boron tribromide to three equivalents led to the formation of diphenol 399 along with
recovering starting materials, while selective demethylated product 401 was not observed
(conditions B). Disappointingly, the lactonisation of 401 was not attempted to afford 402
since we were unable to access the desired precursor 401 from 392 via selective
demethylation.

Scheme 106: Attempted for the selective demethylation of 392.
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2.17.8 Attempted Lactonisation of 399
Undeterred by the undesired regiochemical outcome of the previously described
lactonisation, we attempt lactonisation of hydroxyester 399 into 388 by heating under
neutral or non-nucleophilic basic conditions (Table 14). Numerous solvents were
screened in an effort to effect the desired cyclisation. Initially, hydroxyester 399 was
heated in dichloromethane (entry 1), THF (entry 2), and toluene (entry 3), resulting in no
reaction observed by TLC and 1H NMR in all instances. When the solvent changed to
DMSO, no reaction occurred at 150 °C but led to degradation upon to reflux (entries 4
and 5). Since attempts to cyclise 399 into 388 by heating in different solvents were
unsuccessful, with only no reaction or degradation observed in all instances, the focus
turned to non-nucleophilic basic conditions. In the first attempt, hydroxyester 399 was
treated with caesium carbonate in THF, resulted in no reaction occurred (entry 6).
Changing the base to DBU was also ineffective (entry 7). At this point, it was decided
that 399 was not a suitable lactonisation precursor, and further investigation was
discontinued due to time constraints.
Table 14: Attempted cyclisation of 399.

Entry

Solvent

Base

Temp

Time

Outcome

(equiv)

(ºC)

(hour)

(yield)

1

dichloromethane

-

45

24

No reaction

2

THF

-

80

24

No reaction

3

toluene

-

120

20

No reaction

4

DMSO

-

150

20

No reaction

5

DMSO

-

180

1

degradation

6

THF

Cs2CO3 (2.0)

80

24

No reaction

7

THF

DBU (3.0)

r.t

68

No reaction

All reactions carried out in a sealed vial in a dry solvent, DBU: 1,8-diazabicyclo[5.4.0]undec-7-ene
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2.18 Summary
This chapter describes our synthetic efforts towards the natural product (˗)-inducamide
C (125). Our preliminary synthetic investigations towards the key 4-hydroxy-6chlorotryptophan 234 involved late-stage iridium catalysed C4-H borylation of 6chlorotryptophan 252 (Scheme 107). Unfortunately, this was not successful due to the
tryptophan side chain at C3, preventing the reaction at the C4 site.

Scheme 107: Attempted C4-H borylation route to 4-hydroxy-6-chlorotryptophan 234.

Since we were unable to complete the synthesis of 4-hydroxy-6-chlorotryptophan 234
using a late-stage C4-H borylation, functionalisation of the indole nucleus following by
the installation of the tryptophan side chain was investigated (Scheme 108). The iridiumcatalysed C-H triborylation of commercially available 6-chloroindole (290) gave
triborylindole 291, which underwent a bismuth-catalysed 2,7-diprotodeborylation to
afford 4-boryl-6-chloroindole (292). Chan-Evan-Lam reaction gave the 4-isopropoxy-6chloroindole (308) but in poor yield. However, oxidative-hydrolysis of 292 gave 4hydroxy-6-chloroindole (321), followed by alkylation gave 308 in excellent yield.
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Scheme 108: Synthesis of 4-isopropoxy-6-chloroindole (308).

After a reliable route to indole 308 was established, attention then turned to the
installation of the tryptophan side chain via palladium-catalysed β-C(sp3)-H arylation
(Scheme 109). Initially, the indole 308 was converted to N-tosyl-3-iodoindole 333, which
subsequently underwent coupling with alanine 295 bearing the 8-aminoquinoline (AQ)
directing group, affording the desired tryptophan 340. The Lewis acid-mediated cleavage
of the AQ auxiliary gave tryptophan methyl ester 341, but subsequent detosylation gave
only a trace amount of 346. However, cleaving the phthaloyl group first worked well to
give 347, which subsequently underwent magnesium-mediated detosylation to give the
key tryptophan 352. The enantiomeric excess of 347 was calculated to be 94%.
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Scheme 109: Synthesis of the key tryptophan 352 via palladium-catalysed β-C(sp3)-H
arylation.

The chlorosalicylic acid component 126 was readily accessed from methyl 2-methoxy6-methyl benzoate (132) via regioselective para-chlorination followed by demethylation
and ester hydrolysis (Scheme 110). Unfortunately, coupling chlorosalicylic acid 126 with
tryptophan 352 gave the desired product 371 in a poor yield under using a variety of
coupling reagents due to the intramolecular hydrogen bonding of the ortho-hydroxy
benzoate hindering the coupling process.

136 | P a g e

Scheme 110: Attempted to synthesis the natural product framework 371.

To fix the coupling step, a different salicylic acid coupling partner was tested, first in a
model study (Scheme 111). Hydrolysis of 133 gave 372 that underwent coupling with
tryptophan methyl ester 134, affording the coupling product 373 in quantitative yield.
Subsequent Lewis acid-mediated demethylation followed by ester hydrolysis provided
the lactonisation precursor 124. Finally, EDC-mediated intramolecular cyclisation gave
the desired oxazepine framework of inducamide C 376. Interestingly, the NMR
spectroscopic for the oxazepine ring (highlighted in red) did not align well with the same
region in the natural product 125, and we began to suspect the natural product may have

been misassigned.
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Scheme 111: Completed the synthesis of the model inducamide C framework 376.

The synthesis of the natural product itself was then undertaken using the conditions
developed during the model study (Scheme 112). The methoxy benzoate 372 underwent
coupling with tryptophan 352 to give amide 377 that upon Lewis acid-mediated
dealkylation followed by ester hydrolysis gave the lactonisation precursor 379.
Surprisingly, the EDC-mediated lactonisation led to oxepinoindole 380, arising from C4OH (red arrow) participating in the cyclisation instead of the desired C15-OH (blue
arrow). The NMR spectroscopic data for 380 did not align well with that of inducamide
C (125). Moreover, subjecting 379 to the exact purification conditions described in the
isolation report did not induce lactonisation. Subsequent efforts focused on masking the
C4-OH to prevent the undesired lactonisation pathway; lactonisation precursor 382 was
readily accessed from 377 by selective demethylation followed by ester hydrolysis. EDCmediated intramolecular cyclisation gave O-isopropyl inducamide C (383), the NMR
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spectroscopic data for which was in poor agreement with the natural product 125.
Moreover, the final deisopropylation step led to the oxepinoindole 380, a result of
deisopropylation followed by rearrangement. At this stage, we concluded that the
structure reported for inducamide C 125 was likely incorrect. In order to gain further
insight into the preferential formation of 380 over the natural product 125, the expected
thermodynamic preference between 125 and 380 was investigated by computational
methods. Ab initio Hartree-Fock point energy (6-31+G* basis set) were calculated for
each of the respective minimum energy conformers. The result shows that the natural
product 125 was significantly higher in energy than the observed oxepinoindole 380
(+6.5 kcal/mol in toluene, or +4.6 kcal/mol without solvent). These significant
differences in energy are providing a rationale for the preferential formation of the
undesired oxepinoindole 380 form the lactonisation precursor 379 as well as the
rearrangement of inducamide C (125) to 380 during the final dealkylation step of the Oisopropyl inducamide C (383).
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Scheme 112: Synthetic studies towards (˗)-inducamide C (125).
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The stability of the benzoxazepine ring was investigated using O-isopropyl inducamide
C (383) (Scheme 113). Although 383 was stable as a solution in methanol, the addition
of silica gel led to the rapid methanolysis of the benzoxazepine ring, forming the
hydroxyester 371. Moreover, when 383 was stirred in the eluent used during the
purification of the natural product, the benzoxazepine ring underwent complete
hydrolysis within two hours to give O-isopropyl inducamide A (382). These results
confirm the instability of the benzoxazepine ring and lead us to question whether the
natural product 383 would have survived the purification conditions during the isolation
procedure.

Scheme 113: Acid-mediated methanolysis and hydrolysis of O-isopropyl inducamide C
(383).

The lactonisation of 235 to the natural product 125 under non-acidic conditions was
unsuccessful despite several attempts (Scheme 114).

Scheme 114: Unsuccessful attempted lactonisation of 235 towards (˗)-inducamide C
(125).
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We also attempted to form the benzoxazepine ring by lactamisation (Scheme 115).
Tryptophan methyl ester 352 underwent Boc-protection and followed by ester hydrolysis
to afford Boc-protected tryptophan 384. Subsequent coupling with hydroxybenzoate 369
afforded the desired ester 385. Disappointingly, the deisopropylation and Boc-removal
of 385 were not possible, with only degradation products observed despite several
attempts. Consequently, the lactamisation approach towards (˗)-inducamide C (125) was
abandoned.

Scheme 115: Unsuccessful lactamisation approach towards (˗)-inducamide C (125).

Suspecting that inducamide C (125) had been misassigned, we pursued a structural
reassignment. The splitting pattern in the 1H NMR spectrum for the two salicylic acid
protons C16-H (d, J 7.1 Hz) and C17-H (d, J 7.1 Hz) are indicative of an ortho-coupling.
We proposed an alternative biosynthetically plausible chlorosalicylic acid 387 that
possess ortho-coupled protons and proposed an alternative inducamide C structure 388
(Scheme 116).
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Scheme 116: Revised biosynthesis of inducamide C (125) and proposed structural
reassignment.

Synthetic studies towards 388 began by converting the methoxy benzoate 132 to the
hydroxybenzoate 390, which was subsequently subjected to the selective orthochlorination conditions using sulfuryl chloride (SO2Cl2) in the presence of 2,2,6,6tetramethylpiperdine (TMP) as a catalyst to afford ortho-chlorophenol 391 (Scheme
117). Alkylation of ortho-chlorophenol 391, followed by ester hydrolysis, gave the
desired chlorosalicylic acid 389.

Scheme 117: Synthesis of 3-chloro-2-methoxy-6-methylbenzoic acid (389).
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Chlorosalicylic acid 389 successfully underwent coupling with tryptophan 352, resulting
in the formation of the desired coupling product 392, which subsequently subjected to
the BBr3-mediated dealkylation conditions, followed by ester hydrolysis, affording the
lactonisation precursor 393 (Scheme 118). The carboxylic acid 393 was submitted to the
C18 reversed-phase column chromatography conditions reported in the isolation paper;
however, only starting material was recovered. Interestingly, upon exposing 393 to EDCHOAt conditions, only the undesired oxepinoindole 400 was observed, resulting from
C4-OH (red arrow) engaging in the cyclisation instead of the desired C15-OH (blue
arrow), the same outcome as observed in our work towards the initially proposed
structure. The NMR spectroscopic data for the oxepinoindole 400 did not align with that
of inducamide C (125). Disappointingly, heating 399 in different solvents under nonacidic conditions failed to facilitate the cyclisation to 388, and only recovered starting
material or degradation was observed by TLC and crude 1H NMR spectroscopy.
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Scheme 118: Synthetic studies towards the revised structure of inducamide C 388.

As we were unable to access the C4-OH protected precursor 401 from 392 via selective
demethylation, the cyclisation of 401 to the benzoxazepine 402 could not be attempted
(Scheme 119).
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Scheme 119: Unsuccessful attempt for the selective demethylation of 392.

Overall, we were unable to synthesis the proposed structure of inducamide C (125),
primarily due to the stability of the benzoxazepine ring. The structure of this natural
product remains a mystery at the time of writing, but Scheme 120 displays plausible
alternatives, each of these proposed structures would possess ortho-coupled protons in
the salicylic acid component.
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Scheme 120: Plausible structures of inducamide C 403-406, along with their putative
chlorosalicylic acid components 407-410.
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2.19 Future Work
We have been in extensive conversation with Professor John MacMillan, the lead
investigator that isolated the inducamide natural products. He has been unable to provide
us with an authentic sample of inducamide C, nor better quality 1H and 13C spectra than
those available in the supplementary information of the isolation report. Thus, the only
way to solve this conundrum is to complete a synthesis of the proposed structure for
inducamide C (125). Based on the experience we have gained with this natural product,
the best way to approach this is shown in Scheme 121. The benzoxazepine ring is clearly
unstable, particularly towards nucleophiles, so we feel that assembling the
benzoxazepine ring first, followed by the unmasking of the indole C4-OH under
conditions that would not attack the benzoxazepine ring would have a chance of
succeeding. We postulate that a candidate for protecting the C4-OH would be benzyltype groups (benzyl, para-methxoybenzyl, 2-naphthylmethyl), that can be readily
cleaved by hydrogenolysis.188 Thus, the dihydroxyester 235 would undergo selective
benzylation at C4-OH to give the benzyl ether 411; this should be possible as our studies
have shown that the C4-OH is more reactive than the C15-OH (Scheme 121, B).
Subsequent ester hydrolysis followed by EDC-mediated intramolecular lactonisation
would provide O-benzyl inducamide C (412). Finally, hydrogenolysis in a nonnucleophilic solvent (such as ethyl acetate)112 should help minimise any ring-opening
that would deliver the natural product 125. Moreover, as we would not need to perform
an aqueous workup procedure on the hydrogenolysis reaction, and this will also aid in
preserving the delicate benzoxazepine ring.
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Scheme 121: A) Lewis acid-mediated dealkylation of O-isopropyl inducamide C (383);
B) Proposed synthesis to inducamide C (125) by late-stage debenzylation.
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Chapter Three
Formal Synthesis of
Breitfussin B

3.1 Background
Alongside our synthetic studies towards inducamide C (125), we also wanted to apply
our indole net C4-alkoxylation methodology to the synthesis of breitfussin B (107). At
the outset of this project, two syntheses of breitfussin B (107) had already been
reported.73-74 In both these reports, two distinct routes to the key 4-methoxy-6bromoindole (108) unit were developed (Scheme 122). Chen and co-workers began with
commercially available aldehyde 117 that upon condensation with methyl azidoacetate
gave azidoester 413 (Scheme 122, A).74 A Hemetsberger indolisation gave 414 that upon
ester hydrolysis followed by thermal decarboxylation gave 4-methoxy-6-bromoindole
(108). In contrast, Hedberg, Bayer, and co-workers employed a Leimgruber−Batcho
indolisation to access 108 starting from 2,6-dinitrotoluene (228) (Scheme 122, B).73
Bromination of 228 using 1,3-dibromo-5,5-dimethylhydantoin (DBDMH) followed by
reduction using ammonium sulfide gave the aniline 109. Conversion of 109 to the phenol
followed by O-alkylation resulted in 2-methoxy-4-bromo-6-nitro toluene (416). Standard
Leimgruber−Batcho indolisation conditions were then deployed to access the indole 108.
We envisaged that our net C4-alkoxylation methodology could be used to access 108 is
a concise manner from the commercially available 6-bromoindole (417) (Scheme 122,
C). Iridium-catalysed triborylation of 417 with an excess of B2Pin2 would result in 2,4,7triborylindole 418 that upon selective protodeboronation at C2 and C7, would give 4boryl-6-bromoindole (419). A final Chan-Evan-Lam coupling with methanol would
provide the key 4-methoxy-6-bromoindole (108), which would be readily converted to
the natural product 107.
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Scheme 122: Synthesis the key 4-methoxy-6-bromoindole (108) for the synthesis
breitfussin B (107).
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3.2 Proposed Synthesis of Breitfussin B
With the route to indole 108 established, formal synthesis of breitfussin B (107) would
be possible, as outlined in Scheme 123. The installation of the tryptamine side chain onto
108 would be achieved by reductive alkylation with N-trifluoroacetyl dimethyl acetal
420 to afford 421.189 Removal of the protecting group followed by coupling with 2(chloroacetyl)pyrrole (119) would give the amide 120, an intermediate previously
described in the Chen synthesis of breitfussin B (107).74

Scheme 123: Proposed synthesis of breitfussin B (107).

3.3 Synthesis 4-Methoxy-6-bromoindole (108)
3.3.1 Selective C-H Triborylation of 6-Bromoindole (417)
The first step in our proposed route to breitfussin B (107) is the net C4-H borylation of
6-bromoindole (417) through the triborylation-diprotodeboronation sequence to give
419. Following the same iridium-catalysed C-H triborylation conditions described by
Maligres, Smith, Maleczka, and co-workers,97 the commercially available 6-bromoindole
(417) underwent smooth triborylation to afford 2,4,7-triboryl-6-bromoindole (418) in
good yield (Scheme 124). Although this had previously worked using 6-chloroindole
(290) during our synthetic studies towards the inducamide C (125), it was pleasing that
the larger bromine atom did not affect the efficiency of this reaction.
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Scheme 124: Iridium-catalysed triborylation of 6-bromoindole (417).

3.3.2 Approach C2 and C7 Diprotodeboronation
With 2,4,7-triboryl-6-bromoindole (418) in hand, we then considered the proposed 2,7diprotodeboronation

(Scheme

125).

The

bismuth-catalysed

protodeboronation

conditions used during inducamide C (125) studies were employed. Upon subjecting 418
to these conditions, the desired 4-boryl-6-bromoindole (419) was obtained in a moderate
yield along with a substantial amount 6-bromoindole (417) resulted from complete
protodeboronation (conditions A). To alleviate this issue, the amount of catalyst loading
was decreased, and as a result, the yield of the side product 417 was significantly
decreased (conditions B). Finally, upon reducing the reaction temperature and reaction
time, 419 was obtained in excellent yield, alongside a trace amount of 417 (conditions
C).

Scheme 125: Selective diprotodeboronation of 2,4,7-triboryl-6-bromoindole (418).
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3.3.3 Chan-Evan-Lam Coupling of 4-Boryl-6-bromoindole (419)
With a viable route to 4-boryl-6-bromoindole (419) established, we then considered the
proposed Chan-Evan-Lam (C-E-L) coupling with methanol to install the desired
methoxy group at C4 and hence provide 4-methoxy-6-bromoindole (108) (Scheme 126).
As the overview and mechanism for Chan-Evan-Lam coupling were previously outlined
in Sections 2.9.1 and 2.9.2, it will not be repeated here.

Scheme 126: Proposed Chan-Evan-Lam C4-etherification of 4-boryl-6-bromoindole
(419).

Our attempts to access 4-methoxy-6-bromoindole (108) via the Chan-Evan-Lam (C-EL) coupling are outlined in Table 15. In the first instance, 419 was subjected to the ChanEvan-Lam conditions previously used by our research group using copper acetate
monohydrate as a catalyst, 4-dimethylaminopyridine (4-DMAP) as a base in a 1:1 solvent
mixture of methanol-dichloromethane (entry 1).150 Pleasingly, the desired indole 108 was
obtained, albeit in poor yield, along with substantial amounts of 417 resulting from
protodeboronation. Upon changing the base to triethylamine, the yield of the desired
product 108 increased, but again substantial quantities of 417 were also observed (entry
2). When boric acid was used in the place of base, as reported by Watson and co-workers
to promote the C-E-L coupling,148 a slightly improved yield of 108 was obtained, but
much longer reaction time was necessary (entry 3). Using a stoichiometric amount of
copper acetate monohydrate in the presence of triethylamine in neat methanol resulted in
the formation of 108 in excellent yield, alongside trace amounts of 417. However, the
same result was obtained in much shorter reaction time upon changing the base to 4DMAP (entry 5).
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Table 15: Chan-Evan-Lam coupling between 4-boryl-6-bromoindole (419) and
methanol.

Entry Cu(OAc)2.H2O Base/Acid

1

(mol%)

(2 eq)

60

4-DMAP

Solvent

MeOH-

Time

Outcome

(hours)

(yield)

24

108 (30%) + 417 (45%)

72

108 (51%) + 417 (43%)

96

108 (59%) + 417 (36%)

CH2Cl2
2

60

Et3N

MeOHCH2Cl2

3

60

B(OH)3

MeOHCH2Cl2

4

100

Et3N

MeOH

24

108 (85%) + 417 (trace)

5

100

4-DMAP

MeOH

5

108 (83%) + 417 (trace)

All reactions were conducted at room temperature in an open flask in the presence of 4 Å
molecular sieves.

3.4 Synthesis of 4-Methoxy-6-bromotryptamine 421
With ample amounts of 4-methoxy-6-bromoindole (108) in hand, its conversion to the
corresponding tryptamine was then considered. Piersanti and co-workers have described
an efficient one-pot synthesis of tryptamines 422 via C3-reductive alkylation of indoles
423 (Scheme 127, A).189 This method was considered to be an excellent option to install
the tryptamine side chain on our indole 108. This procedure required N-protected acetal
420, which was readily prepared by facile trifluoroacetylation of commercially available
2,2-dimethoxyethylamine (424) in excellent yield (Scheme 127, B).189 Upon exposing
108 to the acetal 420 in the presence of trifluoroacetic acid and triethylsilane, the desired
tryptamine 421 was formed, albeit in poor yield along with substantial amounts of bisindolyl 425 (conditions A). To suppress the formation of the side-product 425, the
amount of trifluoroacetic acid and triethylsilane was increased,190 resulting in and slightly
improved yield of 421, but substantial quantities of 425 still formed (conditions B).
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Finally, upon further increasing the amount of triethylsilane (6 eq.), 421 was formed in
acceptable yield, alongside a small amount of 425 (conditions C).

Scheme 127: A) Synthesis of tryptamine derivatives 422 via C3-reductive alkylation;189
B) Synthesis of 4-methoxy-6-bromotryptamine 421.

3.4.1 Mechanistic Explanation of The Formation of Tryptamine 421 and Bis-indolyl 425
The mechanism of the reductive alkylation of indole 108 is shown in Scheme 128. The
reaction begins with the hydrolysis of 420 to aldehyde 426, which is subsequently
attacked by indole 108 via C3 to give alcohol 427.189-191 Loss of water gives alkene 428
that upon reduction by triethylsilane to afford the desired tryptamine 421 (pathway A).
In contrast, the bis-indolyl 425 is generated from attack onto the alkene 428 by the second
molecule of indole 108 (pathway B).
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Scheme 128: Mechanistic explanation of the formation of tryptamine 421 and bis-indolyl
425.

3.5 Synthesis of Amide 120
With a reliable route to 4-methoxy-6-bromotryptamine (421) established, appending the
pyrrole 119 was then considered (Scheme 129). In the first instance, 421 was subjected
to acetate-hydrolysis in refluxing aqueous methanol in the presence of potassium
carbonate to afford tryptamine 118, which was used for the next step without further
purification. Subsequent coupling with a commercially available 2-(chloroacetyl)pyrrole
(119), resulting in the amide 120, was isolated in a good yield in over two steps. This
amide 120 was used as a key intermediate in Chen’s total synthesis of breitfussin B
(107),74, and thus we had completed a formal synthesis of breitfussin B (107). We
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synthesised the key intermediate 120 in linear six steps. In comparison, the same
compound in Chen’s route required nine steps.74 The NMR spectroscopic data of our
compound 120 was found to be in excellent agreement with Chen’s compound (Tables
16 and 17).

Scheme 129: Formal synthesis of breitfussin B
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Table 16: 1H NMR Spectroscopic comparison of our amide 120 with Chen’s compound.

Our compound

Chen’s compound74

δH (DMSO-d6, 400 MHz)

δH (DMSO-d6, 600 MHz)

1

10.91, s

10.92, s

-0.01

2

7.11, d (1.5)

7.11, d (1.4)

0.00

5

6.57, d (1.5)

6.57, d (1.4)

0.00

7

7.01, d (2.3)

7.02, d (2.3)

-0.01

10

2.99, t (7.3)

2.99, t (7.3)

0.00

11

3.48, dd (13.2, 7.3)

3.48, q (6.9)

0.00

12

7.95, t (5.7)

7.97, t (5.7)

-0.02

15

6.05, dt (3.6, 2.4)

6.05, dt (3.5, 2.4)

0.00

16

6.72, ddd (3.6, 2.4, 1.5)

6.72, ddd (3.4, 2.5, 1.5)

0.00

17

6.82, td (2.4, 1.5)

6.82, td (2.6, 1.4)

0.00

18

11.36, s

11.37, s

-0.01

19

3.86, s

3.86, s

0.00

H

δ∆
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Table 17: 13C NMR Spectroscopic comparison of our amide 120 with Chen’s
compound

Our compound

Chen’s compound74

δC (DMSO-d6, 400 MHz)

δC (DMSO-d6, 600 MHz)

2

122.1

122.1

0.0

3

107.5

107.5

0.0

4

154.5

154.6

-0.1

5

102.4

102.5

-0.1

6

116.0

116.0

0.0

7

108.4

108.4

0.0

8

138.1

138.1

0.0

9

113.9

113.9

0.0

10

26.8

26.8

0.0

11

40.6

not reported

-

13

160.5

160.5

0.0

14

126.5

126.5

0.0

15

109.5

109.6

-0.1

16

112.6

112.6

0.0

17

120.9

121.0

-0.1

19

55.5

55.5

0.0

C

δ∆
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3.6 Summary
This chapter describes a successful formal synthesis of breitfussin B (107) enabled by
the net C4-indole alkoxylation methodology developed during synthetic studies towards
inducamide C (125). The synthesis commenced by subjecting a commercially available
6-bromoindole (417) to an iridium-catalysed C-H borylation with an excess of B2Pin2,
resulting in 2,4,7-triboryl-6-bromoindole (418) was obtained as a sole regioisomer.
Bismuth-catalysed 2,7-diprotodeboronation gave 4-boryl-6-bromoindole (419) in
excellent yield, which subsequently underwent a Chan-Evan-Lam coupling with
methanol to afford the desired 4-methoxy-6-bromoindole (108). The indole 108 was then
converted to the corresponding tryptamine 421 via C3-reductive alkylation upon
treatment with diacetal 420 in the presence of trifluoroacetic acid and triethylsilane,
which also gave a small amount of bis-indolyl 425. Subsequent acetate-hydrolysis of 421
provided the free tryptamine 118 that underwent coupling with a commercially available
2-(chloroacetyl)pyrrole (119) to give the amide 120, an intermediate reported in Chen’s
total synthesis of breitfussin B (107).74 This work was subsequently published in
Tetrahedron.192
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Scheme 130: Formal synthesis of breitfussin B (107).
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Chapter Four
Experimental
Procedures

4.1 General Details
All reactions were routinely carried out in oven-dried glassware under a nitrogen
atmosphere unless otherwise stated. Anhydrous solvents were used as supplied.
Tetrahydrofuran, acetonitrile, dichloromethane, methanol, diethyl ether, 1,4-dioxane,
toluene, and dimethylformamide were dried using an LC Technology Solutions Inc. SP1 solvent purification system (utilising columns packed with 4Å molecular sieves) under
an atmosphere of dry nitrogen. Commercially available reagents were used throughout
without purification unless otherwise stated. Analytical thin layer chromatography was
performed using F254 0.2 mm silica plates, and compounds were visualized under at 254
and/or 365 nm ultraviolet irradiation followed by staining with either ethanolic vanillin
or alkaline permanganate solution. Melting points were recorded on an electrothermal
melting point apparatus and are uncorrected. Flash column chromatography was
performed using 63−100 μm silica gel. Reverse-phase chromatography was performed
using Grace Maxi-Clean™ SPE C18 cartridges. Optical rotations were measured at λ = 589

nm and are given in degrees cm2 g-1. Infrared spectra were obtained using a Perkin Elmer
Spectrum One Fourier Transform Infrared spectrometer using a diamond ATR sampling
accessory. Absorption maxima are expressed in wavenumbers (cm-1). High resolution
mass spectra were obtained by electrospray ionisation in negative or positive ion mode
at a nominal accelerating voltage of 70 eV on a microTOF mass spectrometer. NMR
spectra were recorded as indicated on an NMR spectrometer operating at 500, 400, and
300 MHz for 1H nuclei and 125, 100, and 75 MHz for 13C nuclei. Chemical shifts are
reported in parts per million (ppm) relative to the tetramethylsilane peak recorded as δ
0.00 ppm in CDCl3/TMS solvent, or the residual acetone (δ 2.05 ppm), chloroform (δ
7.24 ppm), methanol (δ 3.31 ppm), or DMSO (δ 2.50 ppm) peaks. The 13C NMR values
were referenced to the residual acetone (δ 29.9 ppm), chloroform (δ 77.1 ppm), methanol
(δ 49.0 ppm) or DMSO (δ 39.5 ppm) peaks. 13C NMR values are reported as chemical
shift δ and assignment. 1H NMR shift values are reported as chemical shift δ, relative
integral, multiplicity (s, singlet; d, doublet; t, triplet; q, quartet; quint, quintet; m,
multiplet), coupling constant (J in Hz), and assignment. Assignments are made with the
aid of DEPT 90, DEPT 135, HSQC, edited HSQC, COSY, NOESY, and HMBC
experiments. All experiments were conducted at 298 K. Conventional NMR tubes (5 mm
diameter, Norell) using a sample volume of 400 μL were used.
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4.2 Experimental Procedures Pertaining to Chapter Two
Nα-N1-Bis(trifluoroacetyl)- L-tryptophan methyl ester (245)

The title compound was prepared according to the procedure reported by Phillips and coworkers.113 L-Tryptophan methyl ester hydrochloride salt (134) (1.2 g, 4.71 mmol) was
dissolved in the excess amount of trifluoroacetic anhydride (12 mL). The resulting
mixture was stirred at room temperature for 90 minutes before poured into petroleum
ether (50 mL). The resulting crystals were collected by filtration, washed with cold
petroleum ether (25 mL), and dried in vacuo to afford the title compound (1.1 g, 2.71
mmol, 58%) as a colorless solid. M.p. 144.1 – 148.7 °C (lit.113 m.p. not given); [𝛼]18
𝐷
+102.4° (c 0.5, CHCl3) (lit.113 optical rotation not given); δH (400 MHz, acetone-d6) 8.87
(1 H, d, J 6.5, NH), 8.37 (1 H, d, J 7.4, ArH), 7.76 (1 H, J 7.4, ArH), 7.66 (1 H, s, ArH),
7.49 (2 H, pd, J 7.4, 2 × ArH), 4.96 (1 H, ddd, J 9.3, 6.5, 5.1, CH), 3.75 (3 H, s, OMe),
3.51 (1 H, dd, J 15.0, 5.1, CH2), 3.35 (1 H, dd, J 15.0, 9.3, CH2); NMR data is consistent
with the literature.113

6-Nitro-Nα-trifluoroacetyl- L-tryptophan methyl ester (246)

The title compound was prepared according to the procedure reported by Phillips and coworkers.113 To a stirred solution of Nα-N1-bis(trifluoroacetyl)-L-tryptophan methyl ester
(245) (1.0 g, 2.44 mmol, 1 equiv.) in trifluoroacetic acid (5 mL) at –2 °C was added a
solution of 70% nitric acid (1.5 mL) in trifluoroacetic acid (5 mL) dropwise. The
resulting mixture was stirred at the same temperature for 45 minutes then poured onto an
ice-cold solution of saturated sodium bicarbonate. Additional sodium bicarbonate (sat.
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solution) was added until the pH was around 7.5. The resulting yellow precipitate was
collected by filtration, washed with cold water, and dried in vacuo. The dried precipitate
was dissolved in a minimal amount of ethyl acetate and crystallized by the addition of nhexane. After standing at 4 ºC overnight, the crystals were collected by filtration, washed
with a small volume of n-hexane, and dried in vacuo to afford the title compound (636
mg, 1.77 mmol, 73%) as a yellow-orange solid. M.p. 103.4 – 107.8 °C (lit.113 m.p. not
113
given); [𝛼]19
optical rotation not given); δH (400 MHz,
𝐷 +99.8° (c 0.5, CHCl3) (lit.

acetone-d6) 10.88 (1 H, s, NH), 8.74 (1 H, d, J 6.5, NH), 8.41 (1 H, d, J 2.1, ArH), 7.97
(1 H, dd, J 8.8, 2.0, ArH), 7.79 (1 H, d, J 8.8, ArH), 7.68 (1 H, d, J 1.8, ArH), 4.87 (1 H,
ddd, J 8.8, 6.5, 5.4, CH), 3.73 (3 H, s, OMe), 3.51 (1 H, dd, J 14.9, 5.4, CH2), 3.38 (1 H,
dd, J 14.9, 8.8, CH2); δC (100 MHz, acetone-d6) 171.4 (CO), 157.5 (CO), 144.0 (C), 136.0
(C), 133.1 (C), 131.4 (CH), 131.3 (C), 119.4 (CH), 115.1 (CH), 112.0 (C), 109.3 (CH),
54.6 (OMe), 53.0 (CH), 27.3 (CH2); NMR data is consistent with the literature.113

6-Nitro-Nα-trifluoroacetyl-N1-tert-butoxycarbonyl- L-tryptophan methyl ester (249)

The title compound was prepared according to the procedure reported by Scott and
Sperry.77 To a stirred solution of 6-nitro-Nα-trifluoroacetyl-L-tryptophan methyl ester
(246) (460 mg, 1.28 mmol, 1.0 equiv.) in acetonitrile (20 mL) at 0 °C was added
triethylamine (0.36 mL, 2.56 mmol, 2.0 equiv.), di-tert-butyl dicarbonate (419 mg, 1.92
mmol, 1.5 equiv.) and 4-dimethylaminopyridine (31 mg, 0.26 mmol, 0.2 equiv.). The
resulting mixture was warmed to room temperature and allowed to stir for 5 h before
being concentrated in vacuo. The resulting residue was purified by flash column
chromatography on silica gel eluting with ethyl acetate-petroleum ether (1:4) to afford
the title compound (439 mg, 0.956 mmol, 75%) as a yellow solid. M.p. 54.7 – 56.2 °C
77
24
(lit.77 m.p. 53 – 56 °C); [𝛼]20
𝐷 +85.7° (c 1.0, CHCl3) [lit. [𝛼]𝐷 +83.4° (c 1.0, CHCl3)];

δH (400 MHz, DMSO-d6) 9.98 (1 H, d, J 8.0, NH), 8.90 (1 H, d, J 2.1, ArH), 8.15 (1 H,
dd, J 8.7, 2.2, ArH), 7.89 (2 H, d, J 9.9, 2 × ArH), 4.73 (1 H, ddd, J 10.0, 8.0, 4.9, CH),
3.69 (3 H, s, OMe), 3.37 (1 H, dd, J 14.8, 4.9, CH2), 3.21 (1 H, dd, J 14.8, 10.0, CH2),
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1.65 (9 H, s, 3 × Me); δC (400 MHz, DMSO-d6) 170.0 (CO), 156.5 (CO), 156.2 (CO),
148.2 (C), 144.3 (CH), 134.9 (C), 133.3 (C), 129.8 (CH), 119.8 (CH), 117.6 (CH), 116.0
(C), 110.7 (C), 85.1 (C), 52.5 (CH), 52.4 (OMe), 27.5 (3 × Me), 24.9 (CH2); The NMR
data is consistent with the literature.77

6-Amino-Nα-trifluoroacetyl-N1-tert-butoxycarbonyl- L-tryptophan methyl ester (250)

The title compound was prepared according to the procedure reported by Scott and
Sperry.77 To a stirred solution of 6-nitro-Nα-trifluoroacetyl-N1-tert-butoxy carbonyl-Ltryptophan methyl ester (249) (282 mg, 0.61 mmol, 1.0 equiv.) in dichloromethane (10
mL) at 0 °C was added zinc powder (2.41 g, 36.83 mmol, 60 equiv.) and followed by
addition of glacial acetic acid (0.56 mL, 9.83 mmol, 16 equiv.) dropwise. The resulting
mixture was warmed to room temperature and allowed to stir for 2 h. The reaction
mixture was filtered through a pad of Celite and washed with dichloromethane (50 mL).
The filtrate was washed with sodium bicarbonate (sat. solution, 2 × 25 mL), brine (sat.
solution), dried (Na2SO4), filtered, and concentrated in vacuo. The resulting residue was
purified by flash column chromatography on silica gel eluting with ethyl acetatepetroleum ether (1:1) to afford the title compound (232 mg, 0.54 mmol, 88%) as a light
brown solid. M.p. 65.4 – 68.5 °C (lit.77 m.p. 66 – 69 °C); [𝛼]21
𝐷 +21.5° (c 0.3, CHCl3)
[lit.77 [𝛼]23
𝐷 +20.7° (c 0.3, CHCl3)]; δH (400 MHz, CDCl3) 7.50 (1 H, s, NH), 7.15 (1 H,
d, J 8.4, ArH), 7.10 (1 H, s, ArH), 6.87 (1 H, d, J 6.6, ArH), 6.62 (1 H, dd, J 8.4, 2.1,
ArH), 4.88 (1 H, dt, J 7.8, 5.1, CH), 3.72 (3 H, s, OMe), 3.25 (2 H, ddd, J 5.0, 1.9, 0.9,
CH2), 1.62 (9 H, s, 3 × Me), NH2 not observed; NMR data is consistent with the
literature.77
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6-Chloro-Nα-trifluoroacetyl-N1-tert-butoxycarbonyl- L-tryptophan methyl ester (252)

The title compound was prepared according to the procedure reported by Scott and
Sperry.77 To a stirred solution of 6-amino-Nα-trifluoroacetyl-N1-tert-butoxycarbonyl-Ltryptophan methyl ester (250) (327 gm, 0.76 mmol, 1.0 equiv.) in dichloromethane (10
mL) at 10 °C was added p-toluenesulfonic acid monohydrate (435 mg, 2.29 mmol, 3.0
equiv.). After stirring at the same temperature for 10 min, a solution of sodium nitrate
(131 mg, 1.90 mmol, 2.5 equiv.) in water (1 mL) was added dropwise, followed by the
addition of cuprous chloride (151 mg, 1.52 mmol, 2.0 equiv.) in one portion. The
resulting mixture was warmed to room temperature and allowed to stir for 2 h before a
further portion of cuprous chloride (151 mg, 1.52 mmol, 2.0 equiv.) was added. The
reaction mixture was stirred at room temperature for a further 18 h before poured into ice
water. The aqueous phase was extracted with ethyl acetate (3 × 20 mL), and the combined
organic layers were washed with brine (sat. solution), dried (Na2SO4), filtered, and
concentrated in vacuo. The resulting residue was purified by flash column
chromatography on silica gel eluting with dichloromethane-ethyl acetate (1:1) to afford
the title compound (177 mg, 0.40 mmol, 53%) as a pale-yellow oil. [𝛼]22
𝐷 +72.6° (c 1.0,
CHCl3) [lit.77 [𝛼]24
𝐷 +75° (c 1.0, CHCl3)]; δH (400 MHz, CDCl3) 8.16 (1 H, s, ArH), 7.32
(1 H, d, J 6.1, ArH), 7.30 (1 H, s, ArH), 7.20 (1 H, dd, J 8.4, 1.9, ArH), 6.90 (1 H, d, J
7.0, NH), 4.88 (1 H, dd, J 15.0, 5.2, CH), 3.73 (3 H, s, OMe), 3.30 (2 H, qdd, J 15.0, 5.2,
CH2), 1.64 (9 H, s, 3 × Me); NMR data is consistent with the literature.77
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tert-Butyl

(S)-6-chloro-3-(3-oxo-2-(2,2,2-trifluoroacetamido)propyl)-1H-indole-1-

carboxylate (287)

In a sealed tube a solution of 6-chloro-Nα-trifluoroacetyl-N1-tert-butoxycarbonyl-Ltryptophan methyl ester (252) (8.0 mg, 0.018 mmol, 1.0 equiv.), bis(pinacolato)diboron
(B2Pin2) (7.0 mg, 0.027 mmol, 1.5 equiv.), [Ir(OMe)COD]2 (0.35 mg, 0.00054, 3.0
mol%) and 3,4,7,8-tetramethyl-1,10-phenanthroline (Me4Phen) (0.25 mg, 0.0011 mmol,
6.0 mol%) in n-hexane (2 mL) was heated at 80 °C for 48 h. The resulting mixture was
cooled to room temperature, quenched carefully with a few drops of methanol and
concentrated in vacuo. The resulting residue was purified by column chromatography on
silica gel eluting with petroleum ether-ethyl acetate (4:1) to afford the title compound
(0.5 mg, 0.0024 mmol, 14%) as a yellow oil. [𝛼]24
𝐷 +63.5° (c 0.05, CHCl3); HRMS [ESI,
(M + H)+] found 419.0984, [C18H1935ClF3N2O4 + H]+ requires 419.0991; νmax/cm-1 (neat):
3285, 2981, 2922, 2854, 1698, 1608, 1563, 1458, 1436, 1370, 1314, 1286, 1255, 1213,
1152, 1091, 864, 848, 809, 766, 728; δH (400 MHz, CDCl3) 9.65 (1 H, s, CHO), 8.18 (1
H, s, ArH), 7.45 (1 H, d, J 8.2, ArH), 7.38 (1 H, s, ArH), 7.24 (1 H, dd, J 8.2, 2.0, ArH),
7.09 (1 H, d, J 5.4, NH), 4.85 (1 H, dd, J 8.0, 4.9, CH), 3.41 (1 H, dd, J 14.9, 4.9, CH),
3.26 (1 H, dd, J 14.9, 7.7, CH), 1.65 (9 H, s, 3 × Me); 13C NMR could not be obtained
due to not having sufficient material.
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6-Chloro-Nα-trifluoroacetyl-L-tryptophan methyl ester (288)

In a sealed tube a solution of 6-chloro-Nα-trifluoroacetyl-N1-tert-butoxycarbonyl-Ltryptophan methyl ester (252) (8.0 mg, 0.018 mmol, 1.0 equiv.), bis(pinacolato)diboron
(B2Pin2) (7.0 mg, 0.027 mmol, 1.5 equiv.), [Ir(OMe)COD]2 (0.35 mg, 0.00054, 3.0
mol%) and 3,4,7,8-tetramethyl-1,10-phenanthroline (Me4Phen) (0.25 mg, 0.0011 mmol,
6.0 mol%) in dioxane (1 mL) was heated at 120 °C for 48 h. The reaction mixture was
cooled to room temperature, quenched carefully with a few drops of methanol and
concentrated in vacuo. The resulting residue was purified by column chromatography on
silica gel eluting with petroleum ether-ethyl acetate (9:1) to afford the title compound
(1.0 mg, 0.0029 mmol, 16%) as a yellow oil. [𝛼]24
𝐷 +80.7° (c 0.1, CHCl3); HRMS [ESI,
(M + Na)+] found 371.0371, [C14H1235ClF3N2O3 + Na]+ requires 371.0386; νmax/cm-1
(neat): 3307, 2982, 2924, 2854, 1713, 1617, 1543, 1456, 1337, 1264, 1211, 1163, 1093,
1012, 907, 851, 804, 741, 704; δH (400 MHz, CDCl3) 8.15 (1 H, br, NH), 7.37 (1 H, d, J
8.5, ArH), 7.34 (1 H, d, J 1.6, ArH), 7.08 (1 H, dd, J 8.5, 1.6, ArH), 6.95 (1 H, d, J 2.4,
ArH), 6.83 (1 H, d, J 7.6, NH), 4.89 (1 H, dt, J 7.6, 5.1, CH), 3.71 (3 H, s, OMe), 3.36 (2
H, d, J 5.1, CH2); δC (100 MHz, CDCl3) 167.7 (CO), 154.6 (CO), 137.8 (C), 130.4 (C),
123.7 (CH), 121.0 (CH), 119.4 (CH), 118.4 (C), 111.6 (CH), 110.9 (C), 53.5 (CH), 53.3
(OMe), 27.3 (CH2), 1 × C not observed.

6-Chloro-2,4,7-tris(4,4,5,5-tetramethyl-1,3,2-dioxoborolan-2-yl)-indole (291)

In a sealed tube, a solution of 6-chloroindole (290) (200 mg, 1.32 mmol, 1 equiv.),
bis(pinacolato)diboron (B2Pin2) (1.17 g, 4.62 mmol, 3.5 equiv.), [Ir(OMe)COD]2 (79 mg,
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0.12 mmol, 9 mol%) and 4,4-di-tert-butyl bipyridine (dtbpy) (64 mg, 0.24 mmol, 18
mol%) in THF (5 mL) was heated to 85 °C for 72 h. The resulting mixture was cooled to
room temperature, quenched carefully with a few drops of methanol and concentrated in
vacuo. The resulting residue was purified by flash column chromatography on silica gel
eluting with petroleum ether-ethyl acetate (9:1) to afford the title compound (608 mg,
1.15 mmol, 87%) as a colorless solid. M.p. 289.3 – 290.5 °C; HRMS [ESI, (M + Na)+]
found 552.2630, [C26H39B335ClNO6 + Na]+ requires 552.2652; νmax/cm-1 (neat): 3441,
2980, 1593, 1538, 1495, 1371, 1266, 1130, 972, 856, 700, 669; δH (400 MHz, CDCl3)
9.63 (1 H, br, NH), 7.56 (1 H, s, ArH), 7.48 (1 H, d, J 2.2, ArH), 1.42 (12 H, s, 4 × Me),
1.36 (24 H, s, 8 × Me); δC (100 MHz, CDCl3) 143.9 (C), 136.5 (C), 130.4 (C), 129.4
(CH), 115.2 (CH), 84.3 (2 × C of BPin), 84.2 (2 × C of BPin), 84.0 (2 × C of BPin), 25.21
(4 × Me of Bpin), 25.17 (4 × Me of BPin), 25.1 (4 × Me of BPin), 3 × C not observed.

6-Chloro-4-(4,4,5,5-tetramethyl-1,3,2-dioxoborolan-2-yl)-indole (292)

In a sealed tube a solution of 6-chloro-2,4,7-tris(4,4,5,5-tetramethyl-1,3,2-dioxoborolan2-yl)-indole (291) (600 mg, 1.13 mmol, 1 equiv.) and bismuth acetate (88 mg, 0.23 mmol,
20 mol%) in THF (2 mL) and methanol (5 mL) was heated at 80 °C for 18 h. The
resulting mixture was cooled to room temperature and concentrated in vacuo. The
resulting residue was purified by flash column chromatography on silica gel eluting with
ethyl acetate-petroleum ether (1:9) to afford the title compound (266 mg, 0.96 mmol,
85%) as a colorless solid. M.p. 138.7 – 141.3 °C; HRMS [ESI, (M + Na)+] found
300.0928, [C14H17B35ClNO2 + Na]+ requires 300.0936; νmax/cm-1 (neat): 3438, 3324,
2979, 1599, 1575, 1371, 1134, 846, 780, 680; δH (400 MHz, CDCl3) 8.13 (1 H, br, NH),
7.58 (1 H, d, J 1.9, CH), 7.45 (1 H, dd, J 1.9, 1.0, CH), 7.22 (1 H, dd, J 3.2, 2.4, CH),
6.99 (1 H, ddd, J 3.1, 2.1, 1.0, CH), 1.37 (12 H, s, 4 × Me); δC (100 MHz, CDCl3) 135.9
(C), 131.4 (C), 128.1 (CH), 127.8 (C), 125.5 (CH), 113.8 (CH), 105.0 (CH), 84.0 (2 × C
of Bpin), 25.2 (4 × Me of BPin), 1 × C not observed.
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6-Chloro-1H-indol-4-ol (321)

To a stirred solution of 6-chloro-4-(4,4,5,5-tetramethyl-1,3,2-dioxoborolan-2-yl)-indole
(292) (100 mg, 0.36 mmol, 1 equiv.) in THF (3.0 mL) at 0 °C were added hydrogen
peroxide (0.1 mL, 30% in H2O) and sodium hydroxide (0.1 mL, 1 M). The resulting
mixture was stirred at 0 °C for 10 minutes before being diluted with ethyl acetate (25
mL). The organic layer was separated, and the aqueous phase was further extracted with
ethyl acetate (2 × 25 mL). The combined organic layers were washed with water, brine
(sat. solution), dried (Na2SO4), filtered and then concentrated in vacuo. The resulting
residue was purified by flash column chromatography on silica gel eluting with ethyl
acetate-petroleum ether (1:4) to afford the title compound (55 mg, 0.33 mmol, 91%) as a
light brown solid. M.p. 113.2 – 116.4 °C; HRMS [ESI, (M – H)+] found 166.0067,
[C8H635ClNO – H]+ requires 166.0065; νmax/cm-1 (neat): 3510, 3329, 2920, 1624, 1581,
1456, 1405, 1353, 1248, 864, 762; δH (400 MHz, CDCl3) 8.14 (1 H, br, NH), 7.10 (1 H,
dd, J 3.3, 2.4, ArH), 6.99 (1 H, dd, J 1.6, 1.0, ArH), 6.55 (1 H, ddd, J 3.3, 2.4, 1.0, ArH),
6.53 (1 H, d, J 1.5, ArH), 5.16 (1 H, br, OH); δC (100 MHz, CDCl3) 149.3 (C), 137.7 (C),
128.4 (C), 123.7 (CH), 116.5 (C), 105.8 (CH), 104.6 (CH), 99.3 (CH).

6-Chloro-4-isopropoxy-indole (308)
Method A - From 6-chloro-4-(4,4,5,5-tetramethyl-1,3,2-dioxoborolan-2-yl)-indole
(292)

To a stirred solution of 6-chloro-4-(4,4,5,5-tetramethyl-1,3,2-dioxoborolan-2-yl)-indole
(292) (100 mg, 0.31 mmol, 1 equiv.) in isopropanol (5 mL) were added copper acetate
monohydrate (43 mg, 0.22 mmol, 60 mol%), pyridine (60 μL, 0.72 mmol, 2.0 equiv.)
and 4Å molecular sieves (100 mg). The resulting mixture was stirred at 40 °C under an
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atmospheric of air for 48 h. The reaction mixture was filtered through a pad of Celite,
washed with ethyl acetate (3 × 10 mL) and concentrated in vacuo. The resulting residue
was purified by flash column chromatography on silica gel eluting with toluenepetroleum ether (1:1) to afford the title compound (14 mg, 0.065 mmol, 21%) as a
colorless solid. M.p. 69.7 – 70.9 °C; HRMS [ESI, (M)+] found 209.0603,
[C11H1235ClNO]+ requires 209.0602; νmax/cm-1 (neat): 3402, 2984, 2933, 1610, 1576,
1498, 1396, 1359, 1288, 1137, 1081, 925, 821, 768, 681; δH (400 MHz, CDCl3) 8.06 (1
H, br, NH), 7.06 (1 H, dd, J 3.2, 2.3, ArH), 6.98 (1 H, dd, J 1.5, 1.0, ArH), 6.59 (1 H,
ddd, J 3.2, 2.3, 1.0, ArH), 6.51 (1 H, d, J 1.7, ArH), 4.65 (1 H, m, CH), 1.39 (6 H, d, J
6.0, 2 × Me); δC (100 MHz, CDCl3) 152.0 (C), 137.3 (C), 128.5 (C), 123.0 (CH), 118.6
(C), 104.3 (CH), 104.0 (CH), 100.7 (CH), 70.8 (CH), 22.4 (2 × Me).
Method B - From 6-chloro-4-hydroxyindole (321)

In a sealed tube, a solution of 6-chloro-4-hydroxyindole (321) (116 mg, 0.69 mmol, 1
equiv.), potassium carbonate (287 mg, 2.08 mmol, 3 equiv.) and 2-bromopropane (0.13
mL, 1.38 mmol, 2 equiv.) in DMF (5 mL) was heated at 60 °C for 22 h. The resulting
mixture was cooled to room temperature and poured into a saturated solution of
ammonium chloride (30 mL). The aqueous phase was extracted with ethyl acetate (3 ×
30 mL), the combined organic layers were washed with water, brine (sat. solution), dried
(Na2SO4), filtered, and concentrated in vacuo. The resulting residue was purified by flash
column chromatography on silica gel eluting with ethyl acetate-petroleum ether (1:4) to
afford the title compound (120 mg, 0.57 mmol, 83%) as a colorless solid. Spectroscopic
data, as described previously.
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6-Chloro-3-iodo-4-isopropoxy-1-tosyl-1H-indole (333)

To a stirred solution of 6-chloro-4-isopropoxyindole (308) (125 mg, 0.60 mmol, 1 equiv.)
and freshly ground sodium hydroxide (72 mg, 1.79 mmol, 3.0 equiv.) in DMF (3 mL)
was added a solution of iodine (167 mg, 0.66 mmol, 1.1 equiv.) in DMF (2 mL). The
resulting mixture was stirred at room temperature for 30 minutes. Sodium hydroxide (72
mg, 1.79 mmol, 2.5 equiv.) was then again added, followed by addition p-toluensulfonyl
chloride (341 mg, 1.79 mmol, 3.0 equiv.) and the resulting mixture was stirred at room
temperature for 20 h before poured into sat. solution of sodium thiosulfate (5 mL) and
then diluted with water (50 mL). The aqueous phase was extracted with ethyl acetate (3
× 50 mL) and the combined organic layers were washed with water, brine (sat. solution),
dried (Na2SO4), filtered and concentrated in vacuo. The resulting residue was purified by
flash column chromatography on silica gel eluting with petroleum ether-ethyl acetate
(4:1) to afford the title compound (265 mg, 0.54 mmol, 91%) as a white foam. M.p. 53.6
– 55.7 °C; HRMS [ESI, (M + Na)+] found 511.9539, [C18H17I35ClNO3S + Na]+ requires

511.9555; νmax/cm-1 (neat): 3136, 2977, 2924, 2544, 2162, 1980, 1733, 1595, 1572, 1493,
1469, 1371, 1238, 1188, 997, 934, 899, 709, 664; δH (400 MHz, CDCl3) 7.74 (2 H, m, 2
× ArH), 7.55 (1 H, d, J 1.6, ArH), 7.52 (1 H, s, ArH), 7.25 (2 H, m, 2 × ArH), 6.61 (1 H,
d, J 1.3, ArH), 4.59 (1 H, hept, J 6.0, CH), 2.35 (3 H, s, Me), 1.38 (6 H, d, J 6.0, 2 × Me);
δC (100 MHz, CDCl3) 152.1 (C), 145.8 (C), 136.2 (C), 134.9 (C), 132.2 (C), 130.4 (2 ×
CH), 130.0 (CH), 127.2 (2 × CH), 119.3 (C), 107.7 (CH), 106.1 (CH), 71.7 (CH), 59.7
(CH), 22.1 (2 × Me), 21.9 (Me).
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(S)-2-(1,3-Dioxoisoindolin-2-yl)-N-(quinolin-8-yl)propenamide (295)

The title compound was prepared according to the procedure described by Chen and coworkers.143
A solution of L-alanine (335) (1.0 g, 11.23 mmol, 1.0 equiv.), phthalic anhydride (336)
(1.83 g, 12.34 mmol, 1.1 equiv.), and triethylamine (1.72 mL, 12.34 mmol, 1.1 equiv.)
in toluene (50 mL) were heated in a round bottom flask equipped with a Dean-Stark trap
for 18 h. The resulting mixture was cooled to room temperature and concentrated in
vacuo to afford crude N-Phth protected L-alanine 337 and used for the next step without
further purification.
To a solution of N-Phth protected L-alanine 337 in dichloromethane (30 mL) was added
thionyl chloride (1.06 mL, 14.60 mmol, 1.3 equiv.). The resulting mixture was stirred at
room temperature for 18 h before being concentrated in vacuo to afford the crude acyl
chloride 338 and used for the next step without further purification.
To a solution of acyl chloride 338 in dichloromethane (30 mL) were added 8aminoquinoline (339) (1.62 g, 11.23 mmol, 1.0 equiv.), and triethylamine (2.35 mL,
16.83 mmol, 1.5 equiv.). The resulting mixture was stirred at room temperature for 18 h
before being diluted with dichloromethane (50 mL), washed with water, brine (sat.
solution), dried (Na2SO4), filtered, and concentrated in vacuo. The resulting residue was
purified by flash column chromatography on silica gel eluting with dichloromethanemethanol (95:5) to afford the title compound (2.76 g, 8.01 mmol, 71%) as a yellow solid
over three steps. M.p. 200.4 – 201.6 °C (lit.157 m.p. 190 – 193 °C); [𝛼]25
𝐷 +1.06° (c 1.7,
+
CHCl3) [lit.157 [𝛼]25
𝐷 +1.05° (c 1.7, CHCl3)]; (HRMS [ESI, (M + Na) ] found 368.1001,
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[C20H15N3O3 + Na]+ requires 368.1006; νmax/cm-1 (neat): 3357, 3066, 2946, 1773, 1704,
1647, 1596, 1537, 1490, 1388, 1330, 1267, 1151, 973, 827, 767, 717, 667; δH (400 MHz,
CDCl3) 10.30 (1 H, br, NH), 8.70 (1 H, dd, J 5.5, 3.5, ArH), 8.67 (1 H, dd, J 4.2, 1.7,
ArH), 8.12 (1 H, dd, J 8.3, 1.7, ArH), 7.88 (2 H, m, 2 × ArH), 7.74 (2 H, m, 2 × ArH),
7.50 (2 H, m, 2 × ArH), 7.40 (1 H, dd, J 8.3, 4.2, ArH), 5.25 (1 H, q, J 7.3, CH), 1.96 (3
H, d, J 7.3, Me); δC (100 MHz, CDCl3) 168.1 (2 × CO), 167.4 (CO), 148.5 (CH), 138.8
(C), 136.5 (CH), 134.4 (2 × CH), 134.1 (C), 132.3 (2 × C), 128.1 (C), 127.6 (CH), 123.8
(2 × CH), 122.1 (CH), 121.8 (CH), 116.9 (CH), 50.3 (CH), 15.6 (Me); NMR data is
consistent with the literature.143

(S)-3-(6-Chloro-4-isopropoxy-1-tosyl-1H-indol-3-yl)-2-(1,3-dioxoisoindolin-2-yl)-N(quinolin-8-yl)-propenamide (340)

A suspension of 6-chloro-3-iodo-4-isopropoxy-1-tosyl-1H-indole (333) (100 mg, 0.20
mmol, 1.0 equiv.), L-alanine (295) (77.5 mg, 0.22 mmol, 1.1 equiv.), palladium acetate
(4.6 mg, 0.020 mmol, 10 mol%) and silver trifluoroacetate (22.5 mg, 0.10 mmol, 50
mol%) in 1,1,2,2-tetrachloroethane (1 mL) and water (2 mL) was stirred vigorously at
45 °C for 48 h then poured into a separation funnel containing aqueous sodium hydroxide
solution (1 M, 5 mL), water (20 mL) and dichloromethane (25 mL). The organic layer
was separated, and the aqueous layer was further extracted with dichloromethane (2 × 25
mL). The combined organic layers were washed with brine (sat. solution), dried
(Na2SO4), filtered, and concentrated in vacuo. The resulting residue was purified by flash
column chromatography on silica gel eluting with dichloromethane-ethyl acetate (99:1)
to afford the title compound (97 mg, 0.14 mmol, 67%) as a colorless solid. M.p. 253.5 –
+
256.7 °C; [𝛼]20
𝐷 –62.5° (c 0.2, CHCl3); HRMS [ESI, (M + Na) ] found 729.1551,

[C38H3135ClN4O6S + Na]+ requires 729.1545; νmax/cm-1 (neat): 3317, 3106, 2930, 2160,
1778, 1717, 1690, 1596, 1529, 1486, 1370, 1329, 1268, 1187, 951, 879, 793, 717, 668;
δH (400 MHz, CDCl3) 10.29 (1 H, s, NH), 8.72 (1 H, dd, J 5.1, 3.9, ArH), 8.61 (1 H, dd,
J 4.2, 1.7, ArH), 8.12 (1 H, dd, J 8.3, 1.7, ArH), 7.82 (2 H, m, 2 × ArH), 7.74 (2 H, m, 2
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× ArH), 7.51 (1 H, d, J 1.5, ArH), 7.48 (4 H, m, 4 × ArH), 7.39 (1 H, dd, J 8.3, 4.2, ArH),
7.22 (1 H, s, ArH), 6.89 (2 H, d, J 8.6, 2 × ArH), 6.64 (1 H, dd, J 1.5, ArH), 5.76 (1 H,
dd, J 10.7, 5.8, ArH), 4.70 (1 H, m, CH), 3.98 (1 H, dd, J 14.0, 5.8, CH2), 3.91 (1 H, dd,
J 14.0, 10.7, CH2), 2.21 (3 H, s, Me), 1.49 (3 H, d, J 6.0, Me), 1.46 (3 H, d, J 6.0, Me);
δC (100 MHz, CDCl3) 168.2 (2 × CO), 166.6 (CO), 152.6 (C), 148.5 (CH), 145.0 (C),
138.7 (C), 138.6 (C), 137.1 (C), 136.5 (CH), 135.0 (C), 134.4 (2 × CH), 134.1 (C), 132.0
(2 × C), 131.8 (C), 129.9 (2 × CH), 128.1 (C), 127.5 (CH), 126.7 (2 × CH), 124.4 (CH),
123.8 (2 × CH), 122.2 (CH), 121.9 (CH), 119.1 (C), 118.0 (C), 117.0 (CH), 106.8 (CH),
106.5 (CH), 71.1 (CH), 55.9 (CH), 26.6 (CH2), 22.2 (Me), 22.0 (Me), 21.7 (Me).

6-Chloro-4-isopropoxy-N1-tosyl-Nα-phthaloyl-tryptophan methyl ester (341)

In a sealed tube, a solution of 340 (80 mg, 0.11 mmol, 1.0 equiv.) and boron trifluoride
diethyl etherate (0.28 mL, 2.26 mmol, 20 equiv.) in methanol (3 mL) was heated at 110
°C for 72 h. The resulting mixture was cooled to room temperature, diluted with
dichloromethane (15 mL), and quenched carefully with triethylamine (0.4 mL, 2.83
mmol, 25 equiv.) before being concentrated in vacuo. The resulting residue was purified
by flash column chromatography on silica gel eluting with ethyl acetate-petroleum ether
(1:4) to afford the title compound (58 mg, 0.098 mmol, 87%) as a colorless solid. M.p.
+
182.3 – 183.8 °C; [𝛼]21
𝐷 –176.5° (c 0.5, CHCl3); HRMS [ESI, (M + Na) ] found

617.1106, [C30H2735ClN2O7S + Na]+ requires 617.1120; νmax/cm-1 (neat): 2962, 2922,
2159, 1976, 1745, 1716, 1597, 1559, 1469, 1386, 1259, 1176, 1100, 1018, 799, 720, 669;
δH (400 MHz, acetone-d6) 7.94 (2 H, m, 2 × ArH), 7.84 (2 H, m, 2 × ArH), 7.57 (2 H, m,
2 × ArH), 7.46 (1 H, d, J 1.5, ArH), 7.24 (1 H, d, J 1.0, ArH), 7.06 (2 H, m, 2 × ArH),
6.83 (1 H, d, J 1.5, ArH), 5.51 (1 H, dd, J 11.9, 4.1, CH), 4.88 (1 H, m, CH), 3.80 (1 H,
dd, J 14.3, 4.1, CH2), 3.77 (3 H, s, OMe), 3.62 (1 H, dd, J 14.3, 11.9, CH2), 2.30 (3 H, s,
Me), 1.47 (3 H, d, J 6.0, Me), 1.42 (3 H, d, J 6.0, Me); δC (100 MHz, acetone-d6) 170.0
(CO), 168.1 (2 × CO), 153.7 (C), 146.5 (C), 137.7 (C), 135.7 (2 × CH), 135.5 (C), 132.5
(2 × C), 132.1 (C), 131.0 (2 × CH), 127.5 (2 × CH), 125.1 (CH), 124.4 (2 × CH), 120.1
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(C), 119.1 (C), 107.6 (CH), 106.8 (CH), 71.7 (CH), 53.4 (CH), 53.2 (OMe), 26.8 (CH2),
22.2 (Me), 22.0 (Me), 21.6 (Me).

Methyl

(S)-3-(6-chloro-4-isopropoxy-1H-indol-3-yl)-2-(1,3-dioxoisoindolin-2-

yl)propanoate (346)

To a solution of 6-chloro-4-isopropoxy-N1-tosyl-Nα-phthaloyl-tryptophan methyl ester
(341) (40 mg, 0.067 mmol, 1.0 equiv.) in THF (3 mL) and methanol (3 mL) was added
Cs2CO3 (66 mg, 0.201 mmol, 3.0 equiv.). The resulting mixture was stirred at 30 °C for
48 h before being concentrated in vacuo. The resulting residue was diluted with ethyl
acetate (25 mL) and washed with water. The aqueous phase was further extracted with
ethyl acetate (2 × 25 mL); the combined organic layers were washed with brine (sat.
solution), dried (Na2SO4), and concentrated in vacuo. The resulting residue was purified
by column chromatography ethyl acetate-dichloromethane (1:99) to give the title
compound as a white solid (2.0 mg, 0.0045 mmol, 7%). M.p. 81.9 – 86.2 °C; [𝛼]22
𝐷 –6.4°
(c 0.5, CHCl3); HRMS [ESI, (M + Na)+] found 463.1022, [C23H21ClN2O5 + Na]+ requires
463.1036; νmax/cm-1 (neat): 3399, 3107, 2931, 1774, 1741, 1710, 1611, 1580, 1546, 1493,
1387, 1245, 1213, 1105, 926, 882, 717; δH (400 MHz, CDCl3) 7.73 (2 H, m, 2 × ArH),
7.70 (1 H, s, NH), 7.65 (2 H, m, 2 × ArH), 6.81 (1 H, d, J 1.5, ArH), 6.68 (1 H, dd, J 2.3,
0.8, ArH), 6.47 (1 H, dd, J 1.5, 0.4, ArH), 5.60 (1 H, dd, J 11.8, 4.4, CH), 4.74 (1 H, m,
CH), 3.90 (1 H, dd, J 14, 4.4, CH2), 3.80 (3 H, s, OMe), 3.66 (1 H, dd, J 11.8, 4.4, CH2),
1.52 (3 H, d, J 6.0, Me), 1.45 (3 H, d, J 6.0, Me). δC (100 MHz, CDCl3) 170.2 (CO),
167.9 (CO), 152.8 (C), 138.1 (C), 134.1 (2 × CH), 132.0 (2 × C), 128.8 (C), 123.5 (2 ×
CH), 122.4 (CH), 116.6 (C), 112.1 (C), 104.1 (CH), 103.0 (CH), 70.2 (CH), 53.9 (CH),
52.8 (CH2), 26.4 (Me), 22.19 (Me), 22.16 (Me).
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6-Chloro-4-isopropoxy-N1-tosyl-tryptophan methyl ester (347)

To a stirred solution of 6-chloro-4-isopropoxy-N1-tosyl-Nα-phthaloyl-tryptophan methyl
ester (341) (50 mg, 0.084 mmol, 1.0 equiv.) in dichloromethane (1.5 mL) and methanol
(1.5 mL) was added hydrazine hydrate (16 µL, 0.25 mmol, 3 equiv., 50% in H2O). The
resulting mixture was stirred at room temperature for 72 h before being concentrated in
vacuo. The resulting residue was purified by flash column chromatography on silica gel
eluting with dichloromethane-methanol (19:1) to afford the title compound (35 mg, 0.076
+
mmol, 90%) as a colourless oil. [𝛼]20
𝐷 –15.3° (c 0.9, CHCl3); HRMS [ESI, (M + Na) ]

found 487.1049, [C22H2535ClN2O5S + Na]+ requires 487.1065; νmax/cm-1 (neat): 3382,
3107, 2979, 2928, 1736, 1594, 1557, 1472, 1404, 1372, 1237, 1173, 1110, 1074, 1017,
962, 900, 836, 811, 702, 667; δH (400 MHz, acetone-d6) 7.84 (2 H, m, 2 × ArH), 7.56 (1
H, d, J 1.6, ArH), 7.42 (2 H, m, 2 × ArH), 7.23 (1 H, t, J 0.8, ArH), 6.80 (1 H, d, J 1.6,
ArH), 4.81 (1 H, m, CH), 4.48 (1 H, dd, J 8.6, 4.6, CH), 3.64 (3 H, s, OMe), 3.48 (1 H,
dd, J 13.7, 4.6, CH2), 3.00 (1 H, dd, J 13.7, 8.6, CH2), 2.81 (2 H, d, J 13.7, NH2), 2.39 (3
H, s, Me), 1.38 (3 H, d, J 1.9, Me), 1.36 (3 H, d, J 1.9, Me); δC (100 MHz, acetone-d6)
172.8 (CO), 153.8 (C), 146.7 (C), 137.7 (C), 136.1 (C), 131.8 (C), 131.2 (2 × CH), 127.8
(2 × CH), 124.9 (CH), 120.5 (C), 120.2 (C), 107.5 (CH), 106.9 (CH), 71.5 (CH), 64.5
(CH), 52.0 (CH), 31.2 (CH2), 22.12 (Me), 22.07 (Me), 21.5 (Me).
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Enantiomeric Excess of (–)-6-Chloro-4-isopropoxy-N-tosyl-tryptophan 347
The enantiomeric excess of the tryptophan (˗)347 was calculated by coupling it with (R)mandelic acid171 358 to give the amide 359. The crude 1H NMR of 359 was compared to
that of the diastereomeric amides 360 prepared from the racemic tryptophan (±)-347.

Methyl (S)-3-(6-chloro-4-isopropoxy-1-tosyl-1H-indol-3-yl)-2-((R)-2-hydroxy-2
phenylacetamido)-propanoate (359)

To a stirred solution of (R)-mandelic acid (358) (5.0 mg, 0.032 mmol, 1.0 equiv.) and
HATU (15.0 mg, 0.034 mmol, 1.2 equiv.) in N,N-dimethylformamide (2 mL) was added
N,N-diisopropylethylamine (16.0 µL, 0.092 mmol, 2.8 equiv.). After stirring for 10
minutes, a solution of tryptophan methyl ester (˗)-347 (15.0 mg, 0.032 mmol, 1.0 equiv.)
in N,N-dimethylformamide (3 mL) was added. The resulting mixture was stirred at room
temperature for 30 min before poured into water (25 mL). The aqueous phase was
extracted with ethyl ether (3 × 25 mL); the combined organic layers were washed with
water, brine (sat. solution), dried (Na2SO4), filtered, and concentrated in vacuo. The
resulting residue was purified by flash column chromatography on silica gel eluting with
dichloromethane-methanol (19:1) to afford the title compound (12 mg, 0.020 mmol,
62%), as a colourless solid. M.p. 54.6 – 57.3 °C; [𝛼]20
𝐷 –26.4° (c 0.5, CHCl3); HRMS
[ESI, (M + Na)+] found 621.1457, [C30H3135ClN2O7S + Na]+ requires 621.1433; νmax/cm1

(neat): 3388, 2924, 2852, 1742, 1662, 1596, 1558, 1520, 1473, 1405, 1365, 1239, 1173,

1115, 1089, 969, 901, 840, 813, 701, 667; δH (400 MHz, acetone-d6) 7.85 (2 H, m, 2 ×
ArH), 7.79 (1 H, d, J 8.4, NH), 7.51 (2 H, d, J 1.6, 2 × ArH), 7.40 (4 H, m, 4 × ArH),
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7.27 (3 H, m, 3 × ArH), 6.79 (1 H, d, J 1.6, ArH), 5.21 (1 H, d, J 4.5, OH), 4.87 (2 H, m,
2 × CH), 4.80 (1 H, m, CH), 3.63 (3 H, s, OMe), 3.47 (1 H, dd, J 14.0, 4.8, CH2), 3.19 (1
H, dd, J 14.0, 10.4, CH2), 2.37 (3 H, s, Me), 1.41 (3 H, d, J 6.0, Me), 1.38 (3 H, d, J 6.0,
Me); δC (100 MHz, acetone-d6) 172.9 (CO), 172.7 (CO), 153.8 (C), 146.7 (C), 141.2 (C),
137.7 (C), 135.9 (C), 131.8 (C), 131.2 (2 × CH), 129.0 (2 × CH), 128.6 (CH), 128.0 (2 ×
CH), 127.9 (2 × CH), 125.4 (CH), 120.4 (C), 119.3 (C), 107.5 (CH), 106.8 (CH), 74.9
(CH), 71.7 (CH), 53.5 (CH), 52.3 (CH), 29.4 (CH2), 22.1 (Me), 22.0 (Me), 21.6 (Me).

Methyl

3-(6-chloro-4-isopropoxy-1-tosyl-1H-indol-3-yl)-2-((R)-2-hydroxy-2-

phenylacetamido)-propanoate (360)

To a stirred solution of (R)-mandelic acid (358) (6.5 mg, 0.043 mmol, 1.0 equiv.) and
HATU (20 mg, 0.052 mmol, 1.2 equiv.) in N,N-dimethylformamide (2 mL) was added
N,N-diisopropylethylamine (21 µL, 0.12 mmol, 2.8 equiv.). After stirring for 10 minutes,
a solution of tryptophan methyl ester (±)-347 (20 mg, 0.043 mmol, 1.0 equiv.) in N,Ndimethylformamide (3 mL) was added. The resulting mixture was stirred at room
temperature for 2 h before poured into water (30 mL). The aqueous phase was extracted
with ethyl ether (3 × 30 mL); the combined organic layers were washed with water, brine
(sat. solution), dried (Na2SO4), filtered, and concentrated in vacuo. The resulting residue
was purified by flash column chromatography on silica gel eluting with
dichloromethane-methanol (19:1) to afford the title compound (13.5 mg, 0.022 mmol,
52%), as a colourless solid.
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A comparison of the crude 1H NMR spectra of amides 359 and 360 showed that the
enantioenriched compound 359 had an enantiomeric excess of 94 %
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6-Chloro-4-isopropoxy tryptophan methyl ester (352)

Magnesium powder (73 mg, 3.01 mmol, 20 equiv.) and ammonium chloride (cat.
amount) were added to methanol (5 mL) at room temperature. After hydrogen gas had
evolved, a solution of N-tosyl tryptophan methyl ester 347 (70 mg, 0.15 mmol, 1 equiv.)
in methanol (1 mL) was added. The resulting mixture was stirred at room temperature
for 1 h before quenched with a sat. solution of ammonium chloride (10 mL). The aqueous
phase was extracted with ethyl acetate (3 × 25 mL). The combined organic layers were
washed with sodium bicarbonate (sat. solution), brine (sat. solution), dried (Na2SO4),
filtered, and concentrated in vacuo to afford the title compound (46 mg, 0.15 mmol,
~100%) as a colourless oil. The resulting residue was used for the next step without
further purification. HRMS [ESI, (M + H)+] found 311.1158, [C15H1935ClN2O3 + H]+
requires 311.1157; δH (400 MHz, CDCl3) 7.99 (1 H, s, NH), 6.90 (1 H, d, J 1.5, ArH),
6.86 (1 H, d, J 2.3, ArH), 6.45 (1 H, d, J 1.5, ArH), 4.67 (1 H, m, CH), 3.90 (1 H, dd, J
9.3, 4.5, CH), 3.71 (3 H, s, OMe), 3.47 (1 H, dd, J 14.0, 4.5, CH2), 2.79 (1 H, dd, J 14.0,
9.3, CH2), 1.43 (6 H, d, J 5.6, 2 × Me).

2,3-Dimethylanisole (362)

The title compound was prepared according to the procedure reported by Bieszczad and
Barbasiewicz.172 In a sealed tube, a solution of 2,3-dimethylphenol (361) (700 mg, 5.73
mmol, 1 equiv.), potassium carbonate (1.58 g, 11.46 mmol, 2 equiv.) and iodomethane
(0.43 mL, 6.88 mmol, 1.2 equiv.) in N,N-dimethylformamide (7 mL) was heated at 50
°C for 24 h. The resulting mixture was cooled to room temperature before poured into
water (100 mL). The aqueous phase was extracted with diethyl ether (3 × 50 mL), and
the combined organic layers were washed with water, brine (sat. solution), dried
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(Na2SO4), filtered, and concentrated in vacuo. The resulting residue was purified by flash
chromatography on silica gel eluting with petroleum ether-diethyl ether (9:1) to afford
the title compound (778 mg, 5.72 mmol, ~ 100%) as a colorless oil. δH (400 MHz, CDCl3)
7.07 (1 H, t, J 7.9, ArH), 6.78 (1 H, d, J 7.4, ArH), 6.72 (1 H, d, J 8.2, ArH), 3.82 (3 H,
s, OMe), 2.28 (3 H, s, Me), 2.15 (3 H, s, Me); δC (100 MHz, CDCl3) 157.8 (C), 138.1
(C), 126.0 (CH), 125.2 (C), 122.4 (CH), 108.1 (CH), 55.7 (OMe), 20.3 (Me), 11.7 (Me);
NMR data is consistent with the literature.172

2-Methoxy-6-methylbenzaldehyde (363)

The title compound was prepared with a slight modification to the procedure reported by
Hauser and Ellenberger.173 To a stirred solution of potassium persulfate (893 mg, 3.30
mmol, 3 equiv.) and copper(II) sulfate pentahydrate (302 mg, 1.21 mmol, 1.1 equiv.) in
water (10 mL) and acetonitrile (10 mL) was added 2,3-dimethylanisole (362) (150 mg,
1.10 mmol, 1 equiv.). The resulting mixture was heated at reflux for 2 h, which led to a
colour change from blue to dark green/brown. After cooling to room temperature, the
resulting mixture was allowed to stir for a further 18 h. The resulting mixture was then
filtered, and the filtrate was extracted with dichloromethane (3 × 25 mL). The combined
organic layers were washed with water, brine (sat. solution), dried (Na2SO4), filtered, and
concentrated in vacuo. The resulting residue was purified by flash column
chromatography on silica gel eluting with petroleum ether-diethyl ether (5:1) to afford
the title compound (91 mg, 0.61 mmol, 55%) as a colourless solid. M.p. 39 – 40 °C (lit.173
m.p. 38 – 40 °C); δH (400 MHz, CDCl3) 10.63 (1 H, s, CHO), 7.36 (1 H, dd, J 8.4, 7.8,
ArH), 6.82 (1 H, d, J 8.4, ArH), 6.78 (1 H, d, J 7.8, ArH), 3.88 (3 H, s, OMe), 2.55 (3 H,
s, Me), OH not observed; δC (100 MHz, CDCl3) 192.5 (CO), 163.4 (C), 142.3 (C), 134.6
(CH), 124.3 (CH), 123.6 (C), 109.3 (CH), 56.0 (OMe), 21.7 (Me); NMR data is
consistent with the literature.173
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2-Methoxy-6-methylbenzoic acid (364)

The title compound was prepared with a slight modification to the procedure described
by Scott and Sperry.77 To a stirred solution of 2-methoxy-6-methyl benzaldehyde (363)
(90 mg, 0.60 mmol, 1 equiv.) and cuprous chloride (3.0 mg, 0.03 mmol, 5 mol%) in
acetonitrile (10 mL) was added tert-butyl hydrogen peroxide (0.18 mL, 1.20 mmol, 2
equiv., 70% in H2O). The resulting mixture was stirred at room temperature for 24 h. The
resulting mixture was concentrated in vacuo, water (10 mL) was added, and the solution
was basified to pH 9 with sodium bicarbonate (sat. solution). The solution was washed
with ethyl acetate (10 mL), and the organic layer was discarded. The aqueous phase was
acidified to pH 2 with 1 M HCl and extracted with ethyl acetate (3 × 25 mL). The
combined organic layers were washed with brine (sat. solution), dried (Na2SO4), filtered,
and concentrated in vacuo. The resulting crude product was crystallized in ethyl etherpetroleum ether to afford the title compound (61 mg, 0.37 mmol, 61%) as a colourless
solid. M.p. 140.1 – 141.3 °C (lit.173 m.p. 139 °C); δH (400 MHz, CDCl3) 7.30 (1 H, t, J
8.0, ArH), 6.87 (1 H, d, J 7.7, ArH), 6.82 (1 H, d, J 8.4, ArH), 3.91 (3 H, s, OMe), 2.48
(3 H, s, Me); δC (100 MHz, CDCl3) 169.9 (CO), 157.5 (C), 140.2 (C), 131.7 (CH), 124.2
(CH), 120.9 (C), 109.1 (CH), 56.6 (OMe), 21.1 (Me); NMR data is consistent with the
literature.173

Methyl 2-methoxy-6-methylbenzoate (132)

The title compound was prepared according to the procedure reported by Scott and
Sperry.77 To a stirred solution of 2-methoxy-6-methyl benzoic acid (364) (60 mg, 0.36,
mmol, 1 equiv.) and potassium carbonate (150 mg, 1.08 mmol, 3 equiv.) in acetone (3
mL) was added iodomethane (27 μL, 0.43 mmol, 1.2 equiv.) dropwise. The resulting
mixture was heated at reflux for 12 h and then cooled to room temperature before poured
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into water (20 mL). The aqueous phase was extracted with diethyl ether (3 × 25 mL), the
combined organic layers were washed with brine (sat. solution), dried (Na2SO4), filtered,
and concentrated in vacuo. The resulting residue was purified by flash column
chromatography on silica gel eluting with diethyl ether-petroleum ether (1:9) to afford
the title compound (59 mg, 0.33 mmol, 90%) as a colourless oil. δH (400 MHz, CDCl3)
7.22 (1 H, t, J 8.4, ArH), 6.78 (1 H, d, J 7.7, ArH), 6.74 (1 H, d, J 8.4, ArH), 3.89 (3 H,
s, OMe), 3.79 (3 H, s, OMe), 2.26 (3 H, s, Me); δC (100 MHz, CDCl3) 169.1 (CO), 156.6
(C), 136.7 (C), 130.5 (CH), 123.9 (C), 122.6 (CH), 108.6 (CH), 56.1 (OMe), 52.4 (OMe),
19.4 (Me); NMR data is consistent with the literature.77

Methyl 3-chloro-6-methoxy-2-methylbenzoate (133)

The title compound was prepared according to the procedure described by Scott and
Sperry.77 To a stirred solution of methyl 6-methoxy-2-methyl benzoate (132) (50 mg,
0.28 mmol, 1 equiv.) in N,N-dimethylformamide (2 mL) was added N-chlorosuccinimide
(45 mg, 0.33 mmol, 1.2 equiv.). The resulting mixture was stirred at room temperature
for 72 h then poured into water (15 mL). The aqueous layer was extracted with diethyl
ether (3 × 15 mL); the combined organic layers were washed with brine (sat. solution),
dried (Na2SO4), filtered, and concentrated in vacuo. The resulting residue was purified
by flash column chromatography on silica gel eluting with diethyl ether-petroleum ether
(1:9) to afford the title compound (50 mg, 0.23 mmol, 84%) as a colourless oil. δH (400
MHz, CDCl3) 7.30 (1 H, d, J 8.9, ArH), 6.70 (1 H, d, J 8.9, ArH), 3.90 (3 H, s, OMe),
3.78 (3 H, s, OMe), 2.26 (3 H, s, Me); δC (100 MHz, CDCl3) 168.2 (CO), 155.1 (C),
134.2 (C), 130.8 (CH), 126.7 (C), 125.7 (C), 110.0 (CH), 56.3 (OMe), 52.7 (OMe), 17.5
(Me); NMR data is consistent with the literature.77
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Methyl 3-chloro-6-hydroxy-2-methyl benzoate (369)

The title compound was prepared according to the procedure reported by Scott and
Sperry.77 To a stirred solution of methyl-3-chloro-6-methoxy-2-methyl benzoate (133)
(75 mg, 0.35 mmol, 1 equiv.) in dichloromethane (6 mL) was added aluminum trichloride
(186 mg, 1.34 mmol, 4 equiv.). The resulting mixture was heated at reflux for 12 h,
cooled to room temperature before quenched carefully with 1 M HCl (10 mL). The
organic layer was separated, and the aqueous phase was further extracted with
dichloromethane (2 × 25 mL). The combined organic layers were washed with brine (sat.
solution), dried (Na2SO4), filtered, and concentrated in vacuo. The resulting residue was
purified by flash column chromatography on silica gel eluting with ethyl acetatepetroleum ether (1:5) to afford the title compound (70 mg, 0.35 mmol, ~100%) as a light
brown solid. M.p. 28.6 – 30.3 °C (lit.77 m.p. 25 – 30 °C); δH (400 MHz, CDCl3) 10.82
(1 H, s, OH), 7.38 (1 H, d, J 8.9, ArH), 6.79 (1 H, d, J 8.9, ArH), 3.96 (3 H, s, OMe),
2.57 (3 H, s, Me); δC (100 MHz, CDCl3) 171.6 (CO), 161.0 (C), 138.0 (C), 135.3 (CH),
126.3 (C), 116.8 (CH), 114.5 (C), 52.7 (OMe), 19.8 (Me); NMR data is consistent with
the literature.77

3-Chloro-6-hydroxy-2-methyl benzoic acid (126)

The title compound was prepared according to the procedure reported by Scott and
Sperry.77 A solution of methyl-3-chloro-6-hydroxy-2-methyl benzoate (369) (70 mg,
0.35 mmol, 1 equiv.) in 1 M sodium hydroxide (4.5 mL, 4.54 mmol, 13 equiv.) was
heated at reflux for 2 h. The resulting mixture was cooled to room temperature, washed
with ethyl acetate (10 mL), and the extracted organic layer was discarded. The aqueous
195 | P a g e

layer was acidified to pH 2 with 1 M HCl (10 mL) and extracted with ethyl ether (3 × 25
mL). The combined organic layers were dried (Na2SO4), filtered, and concentrated in
vacuo to afford the title compound (61 mg, 0.32 mmol, 93%) as a colourless solid. M.p.
155 – 158 °C (lit.77 m.p. 154 – 157 °C); δH (400 MHz, acetone-d6) 7.44 (1 H, d, J 8.8,
ArH), 6.85 (1 H, dd, J 8.8, ArH), 2.59 (3 H, s, Me), 2 × OH not observed; δC (100 MHz,
acetone-d6) 172.2 (CO), 160.7 (C), 138.1 (C), 134.9 (CH), 126.1 (C), 117.5 (C), 117.2
(CH), 19.2 (Me); NMR data is consistent with the literature.77

Methyl

(S)-3-(6-chloro-4-isopropoxy-1H-indol-3-yl)-2-(3-chloro-6-hydroxy-2-

methylbenzamido) -propanoate (371)

To a stirred solution of 3-chloro-6-hydroxy-2-methyl benzoic acid (126) (9 mg, 0.048
mmol, 1.5 equiv.) and HATU (31 mg, 0.080 mmol, 2.5 equiv.) in dichloromethane (5
mL) was added N,N-diisopropylethylamine (19 μL, 0.11 mmol, 3.5 equiv.). After stirring
for 30 minutes, a solution of tryptophan methyl ester (352) (10 mg, 0.032 mmol, 1 equiv.)
in dichloromethane (1 mL) was added, and the resulting mixture stirred for 24 h at room
temperature. The reaction mixture was diluted with dichloromethane (20 mL), washed
with 1 M HCl (5 mL), and a sat. solution of NaHCO3 (5 mL). The organic layer was
separated, and the aqueous phase was further extracted with dichloromethane (2 × 25
mL). The combined organic layers were washed with brine (sat. solution), dried
(Na2SO4), filtered, and concentrated in vacuo. The resulting residue was purified by flash
column chromatography on silica gel eluting with dichloromethane-ethyl acetate (19:1)
to afford the title compound (1.5 mg, 0.0031 mmol, 10%) as a colourless solid. M.p.
+
163.8 – 166.2 °C; [𝛼]24
𝐷 +20.8° (c 0.5, CHCl3); HRMS [ESI, (M + Na) ] found 501.0956,

[C23H2435Cl2N2O5 + Na]+ requires 501.0954; νmax/cm-1 (neat): 3313, 2963, 2924, 2851,
1730, 1638, 1579, 1541, 1493, 1436, 1364, 1326, 1291, 1258, 1211, 1136, 1081, 1031,
926, 883, 805, 662; δH (400 MHz, acetone-d6) 10.16 (1 H, s, NH), 8.70 (1 H, s, OH), 7.76
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(1 H, d, J 7.2, NH), 7.21 (1 H, d, J 8.7, ArH), 7.15 (1 H, d, J 2.3, ArH), 7.00 (1 H, d, J
1.7, ArH), 6.72 (1 H, d, J 8.7, ArH), 6.52 (1 H, d, J 1.7, ArH), 5.01 (1 H, ddd, J 9.1, 7.3,
5.0, CH), 4.78 (1 H, hept, J 6.0, CH), 3.73 (3 H, s, OMe), 3.55 (1 H, dd, J 14.1, 5.1, CH2),
3.23 (1 H, dd, J 14.1, 9.1, CH2), 2.09 (3 H, s, Me), 1.42 (3 H, d, J 6.0, Me), 1.39 (3 H, d,
J 6.0, Me); δC (100 MHz, acetone-d6) 173.7 (CO), 168.2 (CO), 155.1 (C), 153.4 (C),
139.5 (C), 135.0 (C), 131.4 (CH), 128.3 (C), 126.2 (C), 125.6 (C), 124.7 (CH), 117.7
(C), 116.0 (CH), 111.8 (C), 105.4 (CH), 103.0 (CH), 71.0 (CH), 55.9 (CH), 52.3 (OMe),
29.3 (CH2), 22.3 (Me), 22.2 (Me), 17.6 (Me).

3-Chloro-6-methoxy-2-methylbenzoic acid (372)

To a stirred solution of methyl-3-chloro-6-methoxy-2-methyl benzoate (133) (50 mg,
0.23 mmol, 1 equiv.) in methanol (3 mL) was added 1 M sodium hydroxide (3.03 mL,
3.029 mmol, 13 equiv.). The resulting mixture was heated at reflux for 8 h then cooled
to room temperature. The reaction mixture was washed with ethyl acetate (10 mL) and
the extracted organic layer discarded. The aqueous layer was acidified to pH 2 with 1 M
HCl (10 mL) and extracted with ethyl ether (3 × 25 mL). The combined organic layers
were dried (Na2SO4), filtered and concentrated in vacuo to afford the title compound (46
mg, 0.023 mmol, ~100%) as a colourless solid. M.p. 153.6 – 156.4 °C; HRMS [ESI, (M
+ Na)+] found 223.0134, [C9H935ClO3 + Na]+ requires 223.0132; νmax/cm-1 (neat): 2974,
2918, 2843, 1689, 1583, 1464, 1431, 1267, 1085, 899, 802, 657; δH (400 MHz, acetoned6) 7.39 (1 H, d, J 8.9, ArH), 6.96 (1 H, dd, J 8.9, ArH), 3.83 (3 H, s, OMe), 2.31 (3 H,
s, Me), OH not observed; δC (100 MHz, acetone-d6) 168.2 (CO), 155.9 (C), 133.9 (C),
131.0 (CH), 127.8 (C), 126.6 (C), 111.4 (CH), 56.6 (OMe), 17.3 (Me).
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Methyl (3-chloro-6-methoxy-2-methylbenzoyl)-tryptophanate (373)

To a stirred solution of 3-chloro-6-methoxy-2-methylbenzoic acid (372) (20 mg, 0.10
mmol, 1.0 equiv.) and HATU (46 mg, 0.12 mmol, 1.2 equiv.) in N,N-dimethylformamide
(3 mL) was added N,N-diisopropylethylamine (26 µL, 0.15 mmol, 1.5 equiv.). After
stirring for 10 minutes, a solution of L-tryptophan methyl ester hydrochloride (134) (26
mg, 0.10 mmol, 1 equiv.) and N,N-diisopropylethylamine (26 µL, 0.15 mmol, 1.5 equiv.)
in N,N-dimethylformamide (3 mL) were added. The resulting mixture was stirred at room
temperature for 4 h before poured into water (30 mL). The aqueous phase was extracted
with ethyl ether (3 × 25 mL); the combined organic layers were washed with water, brine
(sat. solution), dried (Na2SO4), filtered, and concentrated in vacuo. The resulting residue
was purified by flash column chromatography on silica gel eluting with
dichloromethane-methanol (19:1) to give the title compound (40 mg, 0.10 mmol,
~100%), as a colour less solid; M.p. 69.9 – 73.2 °C; [𝛼]20
𝐷 +61.3° (c 1.0, CH2Cl2); HRMS
[ESI, (M + Na)+] found 423.1084, [C21H2135ClN2O4 + Na]+ requires 423.1082; νmax/cm-1
(neat): 3264, 2925, 2164, 2027, 1977, 1738, 1642, 1580, 1513, 1458, 1434, 1267, 1213,
1010, 933, 887, 805, 741, 661; δH (400 MHz, CDCl3) 8.14 (1 H, br, NH), 7.57 (1 H, d, J
8.0, ArH), 7.31 (1 H, d, J 8.1, ArH), 7.24 (1 H, d, J 8.8, ArH), 7.15 (1 H, d, J 8.1, 7.1,
ArH), 7.06 (1 H, t, J 8.0, 7.1, ArH), 7.03 (1 H, d, J 2.4, ArH), 6.65 (1 H, d, J 8.8, ArH),
6.27 (1 H, d, J 8.0, NH), 5.19 (1 H, dt, J 8.1, 5.6, CH), 3.69 (3 H, s, OMe), 3.68 (3 H, s,
OMe), 3.40 (2 H, dd, J 5.6, CH2), 2.24 (3 H, s, Me); δC (100 MHz, CDCl3) 172.4 (CO),
167.0 (CO), 154.9 (C), 136.3 (C), 135.1 (C), 130.5 (CH), 127.9 (C), 127.8 (C), 127.0
(C), 123.1 (CH), 122.5 (CH), 119.8 (CH), 118.8 (CH), 111.4 (CH), 110.2 (C), 109.8
(CH), 56.1 (CH), 53.1 (Me), 52.6 (Me), 28.1 (Me), 17.7 (CH2).
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Methyl (3-chloro-6-hydroxy-2-methylbenzoyl)-L-tryptophanate (135)

To a stirred solution of methyl (3-chloro-6-methoxy-2-methylbenzoyl)-tryptophanate
(373) (20 mg, 0.050 mmol, 1.0 equiv.) in dichloromethane (5 mL) at –78 °C was slowly
added boron tribromide (0.15 mL, 0.15 mmol, 3.0 equiv., 1 M in dichloromethane). The
resulting mixture was stirred at the same temperature for 30 minutes, then warmed to 0
°C before quenched with 1 M HCl (10 mL) and diluted with dichloromethane (30 mL).
The organic layer was separated, and the aqueous phase was further extracted with
dichloromethane (2 × 25 mL). The combined organic layers were washed with brine (sat.
solution), dried (Na2SO4), filtered, and concentrated in vacuo. The resulting residue was
purified by flash chromatography on silica gel eluting with dichloromethane-methanol
(95:5) to afford the title compound (17 mg, 0.044 mmol, 87%), as a colourless solid. M.p.
23
77
136.3 – 137.8 °C (lit.77 m.p. not given); [𝛼]24
𝐷 +22.4° (c 1.0, CHCl3) [lit. [𝛼]𝐷 +18.8°

(c 0.6, CHCl3)]; HRMS [ESI, (M + Na)+] found 409.0923, [C20H1935ClN2O4 + Na]+
requires 409.0926; νmax/cm-1 (neat): 3382, 2923, 2853, 1731, 1636, 1517, 1437, 1289,
1215, 1095, 1030, 811, 741, 664; δH (400 MHz, acetone-d6) 10.08 (1 H, s, NH), 8.84 (1
H, s, OH), 7.69 (1 H, d, J 7.4, NH), 7.69 (1 H, d, J 8.0, ArH), 7.38 (1 H, d, J 8.1, ArH),
7.30 (1 H, d, J 2.4, ArH), 7.21 (1 H, d, J 8.7, ArH), 7.10 (1 H, t, J 8.1, 7.1, ArH), 7.03 (1
H, t, J 8.0, 7.1, ArH), 6.74 (1 H, dd, J 8.7, ArH), 5.00 (1 H, ddd, J 8.1, 7.4, 5.5, CH), 3.71
(3 H, s, OMe), 3.42 (1 H, dd, J 14.8, 5.5, CH2), 3.33 (1 H, dd, J 14.8, 8.1, CH2), 2.20 (3
H, s, Me); δC (100 MHz, acetone-d6) 173.3 (CO), 168.1 (CO), 155.0 (C), 137.7 (C), 135.1
(C), 131.4 (CH), 128.5 (C), 126.3 (C), 125.6 (C), 124.7 (CH), 122.4 (CH), 119.8 (CH),
119.2 (CH), 116.0 (CH), 112.3 (CH), 110.8 (C), 54.5 (OMe), 52.6 (CH), 28.1 (CH2),
17.6 (Me); NMR data is consistent with the literature.77
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(–)-Inducamide B (124)

The title compound was prepared according to the procedure described by Scott and
Sperry.77

To

a

solution

of

methyl

(3-chloro-6-hydroxy-2-methylbenzoyl)-L-

tryptophanate (135) (33 mg, 0.085 mmol, 1.0 equiv.) in methanol (5 mL) was added 1 M
sodium hydroxide (0.35 mL, 0.34 mmol, 4.0 equiv.). The resulting mixture was stirred
at room temperature for 4 h before being concentrated in vacuo. The resulting residue
was dissolved in water (10 mL) and then basified to pH 9 with sodium bicarbonate (sat.
solution). The aqueous layer was washed with ethyl acetate (10 mL), and the extracted
organic layer was discarded. The aqueous layer was then acidified to pH 2 with 1 M HCl
and extracted with ethyl acetate (3 × 25 mL). The combined organic layers were washed
with brine (sat. solution), dried (Na2SO4), filtered, and concentrated in vacuo to afford
the title compound (32 mg, 0.085 mmol, ~100%), as a colourless solid. M.p. 117.2 –
75
24
121.5 °C (lit.77 m.p. 118 – 122 °C); [𝛼]21
𝐷 –10.0° (c 0.05, MeOH), [lit. [𝛼]𝐷 –10.0° (c

0.05, MeOH)]; HRMS [ESI, (M + Na)+] found 395.0773, [C19H1735ClN2O4 + Na]+
requires 395.0769; νmax/cm-1 (neat): 3384, 2921, 2853, 1720, 1626, 1586, 1519, 1438,
1288, 1226, 1093, 1034, 813, 740, 663; δH (400 MHz, CH3OD) 7.63 (1 H, d, J 7.8, ArH),
7.32 (1 H, d, J 8.1, ArH), 7.19 (1 H, s, ArH), 7.16 (1 H, d, J 8.7, ArH), 7.08 (1 H, t, J 7.1,
ArH), 7.0 (1 H, t, J 7.1, ArH), 6.66 (1 H, d, J 8.7, ArH), 4.94 (1 H, dd, J 8.5, 5.1, CH),
3.42 (1 H, dd, J 14.9, 5.1, CH2), 3.25 (1 H, dd, J 14.9, 8.5, CH2), 2.07 (3 H, s, Me), 2 ×
NH and 2 × OH not observed; δC (100 MHz, CH3OD) 175.3 (CO), 170.3 (CO), 154.4
(C), 138.1 (C), 135.3 (C), 131.2 (CH), 128.8 (C), 127.6 (C), 125.7 (C), 124.7 (CH), 122.4
(CH), 119.8 (CH), 119.3 (CH), 115.5 (CH), 112.2 (CH), 111.1 (C), 49.9 (CH), 28.4
(CH2), 17.1 (Me); NMR data is consistent with the literature.75
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(S)-3-((1H-indol-3-yl)Methyl)-7-chloro-6-methyl-3,4-dihydrobenzo[f][1,4]oxazepine2,5-dione (376)

To a stirred solution of N-ethyl-N’-3-(dimethylaminopropyl)carbodiimide hydrochloride
salt (EDC.HCl) (25 mg, 0.13 mmol, 1.2 equiv.) and 1-hydroxy-7-azabenzotriazole
(HOAt) (17.5 mg, 0.13 mmol, 1.2 equiv.) in dichloromethane (25 mL) was added a
solution of (–)-inducamide B (124) (40 mg, 0.11 mmol, 1 equiv.) in dichloromethane (25
mL), over a period of 30 minutes. The resulting mixture was stirred at room temperature
for 24 h before washed with brine (sat. solution), dried (Na2SO4), filtered, and
concentrated in vacuo. The resulting residue was purified by quickly passing through the
glass pipette filled with silica gel eluting with dichloromethane-acetone (9:1) to afford
the title compound (25 mg, 0.070 mmol, 66%) as a colorless solid. M.p. 64.3 – 66.6 °C;
+
35
[𝛼]24
𝐷 +5.9° (c 1.0, CHCl3); HRMS [ESI, (M + Na) ] found 377.0650, [C19H15 ClN2O3

+ Na]+ requires 377.0663; νmax/cm-1 (neat): 3321, 3076, 2962, 2924, 1777, 1705, 1661,
1590, 1456, 1438, 1354, 1259, 1228, 1098, 1067, 1029, 913, 792, 739, 685; δH (400
MHz, DMSO-d6) 10.85 (1 H, s, NH), 9.03 (1 H, d, J 7.1, NH), 7.63 (1 H, d, J 8.8, ArH),
7.55 (1 H, d, J 7.9, ArH), 7.32 (1 H, d, J 8.1, ArH), 7.22 (1 H, d, J 2.3, ArH), 7.16 (1 H,
d, J 8.8, ArH), 7.03 (1 H, ddd, J 8.1, 7.0, ArH), 6.92 (1 H, ddd, J 7.9, 7.0, ArH), 4.27 (1
H, ddd, J 9.5, 7.1, 4.9, CH), 3.25 (1 H, dd, J 15.0, 4.9, CH2), 3.12 (1 H, dd, J 15.0, 9.5,
CH2), 2.33 (3 H, s, Me); δC (100 MHz, DMSO-d6) 168.9 (CO), 165.8 (CO), 148.5 (C),
136.3 (C), 135.9 (C), 132.1 (CH), 131.5 (C), 127.0 (C), 126.4 (C), 124.3 (CH), 121.0
(CH), 120.0 (CH), 118.4 (CH), 118.3 (CH), 111.4 (CH), 108.8 (C), 51.7 (CH), 23.6
(CH2), 17.6 (Me).
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Methyl-(S)-3-(6-chloro-4-isopropoxy-1H-indol-3-yl)-2-(3-chloro-6-methoxy-2methylbenzamido)-propanoate (377)

To a stirred solution of 3-chloro-6-methoxy-2-methyl benzoic acid (372) (53 mg, 0.27
mmol, 1.5 equiv.) and HATU (121 mg, 0.32 mmol, 1.8 equiv.) in N,Ndimethylformamide (3 mL) was added N,N-diisopropylethylamine (56 µL, 0.32 mmol,
1.8 equiv.). After stirring for 10 minutes, a solution of 6-chloro-4-isopropoxy-tryptophan
methyl ester (352) (55 mg, 0.18 mmol, 1.0 equiv.) in N,N-dimethylformamide (3 mL)
was added. The resulting mixture was stirred at room temperature for 30 min before
poured into water (25 mL). The aqueous phase was extracted with ethyl ether (3 × 25
mL); the combined organic layers were washed with water, brine (sat. solution), dried
(Na2SO4), filtered, and concentrated in vacuo. The resulting residue was purified by flash
column chromatography on silica gel eluting with dichloromethane-methanol (19:1) to
give the title compound (83 mg, 0.17 mmol, 95%) as a colourless solid. M.p. 95.3 – 99.6
+
°C; [𝛼]23
𝐷 +62.3° (c 0.4, CHCl3); HRMS [ESI, (M + Na) ] found 515.1100,

[C24H2635Cl2N2O5 + Na]+ requires 515.1111; νmax/cm-1 (neat): 3311, 2920, 2850, 1743,
1647, 1578, 1495, 1434, 1365, 1266, 1211, 1081, 928, 883, 803, 729, 661; δH (400 MHz,
acetone-d6) 10.20 (1 H, s, NH), 7.62 (1 H, d, J 7.3, NH), 7.29 (1 H, d, J 8.8, ArH), 7.15
(1 H, d, J 2.4, ArH), 7.02 (1 H, d, J 1.6, ArH), 6.81 (1 H, d, J 8.8, ArH), 6.50 (1 H, d, J
1.6, ArH), 4.91 (1 H, ddd, J 10.4, 7.3, 5.0, CH), 4.74 (1 H, hept, J 6.0, CH), 3.72 (3 H, s,
OMe), 3.52 (3 H, s, OMe), 3.48 (1 H, dd, J 14.0, 5.0, CH2), 3.20 (1 H, dd, J 14.0, 10.4,
CH2), 2.10 (3 H, s, Me), 1.42 (3 H, d, J 6.0, Me), 1.33 (3 H, d, J 6.0, Me); δC (100 MHz,
acetone-d6) 173.4 (CO), 166.9 (CO), 156.0 (C), 153.4 (C), 139.4 (C), 135.1 (C), 130.5
(CH), 130.2 (C), 128.2 (C), 126.6 (C), 124.6 (CH), 117.8 (C), 112.0 (C), 111.1 (CH),
105.3 (CH), 102.9 (CH), 71.0 (CH), 56.1 (OMe), 55.6 (CH), 52.1 (OMe), 29.4 (CH2),
22.3 (Me), 22.1 (Me), 16.8 (Me).
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Methyl-(S)-3-(6-chloro-4-hydroxy-1H-indol-3-yl)-2-(3-chloro-6-hydroxy-2methylbenzamido) propanoate (235)

To a stirred solution of 377 (25 mg, 0.051 mmol, 1.0 equiv.) in dichloromethane (5 mL)
at –78 °C was slowly added boron tribromide (0.3 mL, 0.31 mmol, 6.0 equiv., 1 M in
dichloromethane). The resulting mixture was stirred at the same temperature for 30
minutes, then warmed to 0 °C before quenched with 1 M HCl (10 mL) and diluted with
dichloromethane (25 mL). The organic layer was separated, and the aqueous phase was
further extracted with dichloromethane (3 × 25 mL). The combined organic layers were
washed with brine (sat. solution), dried (Na2SO4), filtered, and concentrated in vacuo.
The resulting residue was purified by flash chromatography on silica gel eluting with
dichloromethane-methanol (95:5) to afford the title compound (21 mg, 0.048 mmol,
94%), as a colourless solid. M.p. 91.3 – 93.8 °C; [𝛼]24
𝐷 +18.3° (c 0.1, CHCl3); HRMS
[ESI, (M + Na)+] found 459.0476, [C20H1835Cl2N2O5 + Na]+ requires 459.0485; νmax/cm1

(neat): 3293, 2922, 2851, 1721, 1626, 1587, 1538, 1495, 1438, 1357, 1319, 1287, 1221,

1099, 1065, 1030, 886, 808, 761, 661; δH (400 MHz, acetone-d6) 10.14 (1 H, s, NH), 9.21
(1 H, s, OH), 8.76 (1 H, s, OH), 7.96 (1 H, d, J 6.2, NH), 7.22 (1 H, d, J 8.7, ArH), 7.15
(1 H, d, J 2.3, ArH), 6.94 (1 H, d, J 1.7, ArH), 6.72 (1 H, d, J 8.7, ArH), 6.47 (1 H, d, J
1.7, ArH), 4.98 (1 H, ddd, J 9.5, 6.2, 4.7, ArH), 3.72 (3 H, s, OMe), 3.55 (1 H, dd, J 14.4,
4.7, CH2), 3.32 (1 H, dd, J 14.4, 9.5, CH2), 2.15 (3 H, s, Me); δC (100 MHz, acetone-d6)
173.5 (CO), 168.3 (CO), 155.2 (C), 152.6 (C), 139.9 (C), 135.0 (C), 131.5 (CH), 128.0
(C), 126.0 (C), 125.6 (C), 124.4 (CH), 116.7 (C), 116.1 (CH), 111.5 (C), 105.2 (CH),
104.6 (CH), 55.9 (CH), 52.4 (OMe), 28.9 (CH2), 17.6 (Me).
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(S)-3-(6-Chloro-4-hydroxy-1H-indol-3-yl)-2-(3-chloro-6-hydroxy-2methylbenzamido)propanoic acid (379)

To a stirred solution of 235 (20 mg, 0.046 mmol, 1.0 equiv.) in methanol (5 mL) was
added 1 M sodium hydroxide (0.18 mL, 0.18 mmol, 4.0 equiv.). The resulting mixture
was stirred at room temperature for 2 h before being concentrated in vacuo. The resulting
residue was dissolved in water (5 mL) and basified to pH 9 with sodium bicarbonate (sat.
solution). The aqueous layer was washed with ethyl acetate (5 mL), and the organic layer
was discarded. The aqueous layer was then acidified to pH 2 with 1 M HCl and extracted
with ethyl acetate (3 × 25 mL). The combined organic layers were washed with brine
(sat. solution), dried (Na2SO4), filtered, and concentrated in vacuo to afford the title
compound (~20 mg, 0.046 mmol, 100%), as a brown oil and used for the next step
without further purification. HRMS [ESI, (M – H)+] found 421.0353, [C19H1635Cl2N2O5
– H]+ requires 421.0364; δH (400 MHz, DMSO-d6) 10.75 (1 H, s, NH), 8.38 (1 H, d, J

7.0, NH), 7.17 (1 H, d, J 8.7, CH), 7.0 (1 H, d, J 2.3, ArH), 6.80 (1 H, d, J 1.7, ArH),
6.66 (1 H, dd, J 8.7, ArH), 6.31 (1 H, d, J 1.7, ArH), 4.64 (1 H, dd, J 9.9, 4.4, CH), 3.38
(1 H, dd, J 14.5, 4.4, CH2), 3.06 (1 H, dd, J 14.5, 9.9, CH2), 1.98 (3 H, s, Me), 3 × OH
not observed.
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(S)-3-Chloro-N-(8-chloro-2-oxo-2,3,4,6-tetrahydrooxepino[4,3,2-cd]indol-3-yl)-6hydroxy-2-methylbenzamide (380)

To a stirred solution of 1-ethyl-3-(dimethylaminopropyl)carbodiimide hydrochloride salt
(EDC.HCl) (8 mg, 0.041 mmol, 1.5 equiv.) and 1-hydroxy-7-azabenzotriazole (HOAt)
(6 mg, 0.041 mmol, 1.5 equiv.) in dichloromethane (25 mL) was added a solution of 379
(12 mg, 0.027 mmol, 1 equiv.) in dichloromethane (25 mL), over a period of 30 minutes.
The resulting mixture was stirred at room temperature for 24 h before washed with brine
(sat. solution), dried (Na2SO4), filtered and concentrated in vacuo. The resulting residue
was purified by quickly passing through a glass pipette filled with silica gel eluting with
dichloromethane-acetone (9:1) to afford the title compound (0.5 mg, 0.0012 mmol, 5%)
as a colourless solid. HRMS [ESI, (M – H)+] found 403.0259, [C19H1435Cl2N2O4 – H]+
requires 403.0259; δH (400 MHz, DMSO-d6) 11.42 (1 H, s, NH), 9.72 (1 H, s, OH), 9.12
(1 H, s, NH), 7.37 (1 H, d, J 2.3, ArH), 7.29 (1 H, d, J 1.6, ArH), 7.23 (1 H, d, J 8.7,
ArH), 6.87 (1 H, d, J 1.6, ArH), 6.71 (1 H, d, J 8.8, ArH), 4.68 (1 H, ddd, J 9.3, 6.1, 4.4,
CH), 3.19 (2 H, dd, J 9.3, 4.4, CH2), 2.21 (3 H, s, Me); δC (100 MHz, DMSO-d6) 169.5
(CO), 166.4 (CO), 152.9 (C), 137.9 (C), 133.4 (C), 129.4 (CH), 126.9 (C), 126.0 (C),
125.2 (C), 123.6 (CH), 123.0 (C), 115.0 (C), 114.6 (CH), 108.3 (C), 107.8 (CH), 107.2
(CH), 54.5 (CH), 26.9 (CH2), 16.5 (Me). The complete characterisation could not be
obtained due to the stability issue.
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Boron tribromide-Mediated Selective Demethylation of 371

To a stirred solution of 377 (76 mg, 0.15 mmol, 1.0 equiv.) in dichloromethane (5 mL)
at –78 °C was slowly added boron tribromide (0.15 mL, 0.15 mmol, 1.0 equiv., 1 M in
dichloromethane) and stirred at the same temperature for 30 minutes. The resulting
mixture was then warmed to 0 °C before quenched with 1 M HCl (10 mL) and diluted
with dichloromethane (35 mL). The organic layer was separated, and the aqueous phase
was further extracted with dichloromethane (3 × 35 mL). The combined organic layers
were washed with brine (sat. solution), dried (Na2SO4), filtered, and concentrated in
vacuo. The resulting residue was purified by flash chromatography on silica gel eluting
with dichloromethane-methanol (95:5) to afford the title compound (65 mg, 0.14 mmol,
89%). Spectroscopic data as described previously (see page 196).

(S)-3-(6-Chloro-4-isopropoxy-1H-indol-3-yl)-2-(3-chloro-6-hydroxy-2methylbenzamido)-propanoic acid (382)

To a stirred solution of 371 (20 mg, 0.042 mmol, 1.0 equiv.) in methanol (5 mL) was
added 1 M sodium hydroxide (0.17 mL, 0.17 mmol, 4.0 equiv.). The resulting mixture
was stirred at room temperature for 2 h before concentrated in vacuo. The resulting
residue was dissolved in water (5 mL), basified to pH 9 with sodium bicarbonate (sat.
solution), washed with ethyl acetate (5 mL), and the organic layer discarded. The aqueous
layer was then acidified to pH 2 with 1 M HCl and extracted with ethyl acetate (3 × 20
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mL). The combined organic layers were washed with brine (sat. solution), dried
(Na2SO4), filtered, and concentrated in vacuo to afford the title compound (~20 mg, 0.042
mmol, 100%), as a brown oil and used for the next step without further
+
purification. [𝛼]24
𝐷 –16.4° (c 0.2, MeOH); HRMS [ESI, (M – H) ] found 463.0845,

[C22H2235Cl2N2O5 – H]+ requires 463.0833; νmax/cm-1 (neat): 3302, 2976, 2925, 2854,
1703, 1635, 1607, 1580, 1539, 1439, 1361, 1291, 1228, 1112, 1086, 1035, 931, 878, 820;
δH (400 MHz, acetone-d6) 10.19 (1 H, s, NH), 8.79 (1 H, s, OH), 7.76 (1 H, d, J 7.4, NH),
7.21 (1 H, d, J 8.7, ArH), 7.18 (1 H, d, J 2.2, ArH), 7.01 (1 H, d, J 1.4, ArH), 6.73 (1 H,
d, J 8.7, ArH), 6.51 (1 H, d, J 1.5, ArH), 5.04 (1 H, dd, J 10.5, 7.4, 4.5, CH), 4.77 (1 H,
hept, J 6.0, CH), 3.66 (1 H, dd, J 14.2, 4.5, CH2), 3.26 (1 H, dd, J 14.2, 10.5, CH2), 2.07
(3 H, s, Me), 1.43 (3 H, d, J 6.0, Me), 1.39 (3 H, d, J 6.0, Me); 1 × OH not observed; δC
(100 MHz, acetone-d6) 174.3 (CO), 168.4 (C), 155.1 (C), 153.4 (C), 139.4 (C), 131.5
(CH), 126.3 (C), 125.5 (C), 124.8 (CH), 117.7 (C), 116.1 (CH), 112.0 (C), 105.4 (CH),
103.0 (CH), 71.1 (C), 55.7 (CH), 29.1 (CH2), 22.2 (Me), 22.3 (Me), 17.6 (Me), 1 × C not
observed.

O-Isopropyl inducamide C (383)

To a stirred solution of 1-ethyl-3-(dimethylaminopropyl)carbodiimide hydrochloride salt
(EDC.HCl) (10 mg, 0.052 mmol, 1.5 equiv.) and 1-hydroxy-7-azabenzotriazole (HOAt)
(7.0 mg, 0.052 mmol, 1.5 equiv.) in dichloromethane (25 mL) was added 382 (16 mg,
0.034 mmol, 1 equiv.) in dichloromethane (25 mL), over a period of 30 minutes. The
resulting mixture was stirred at room temperature for 24 h, washed with sodium
bicarbonate (sat. solution), brine (sat. solution), dried (Na2SO4), filtered, and
concentrated in vacuo. The resulting residue was purified by quickly passing through a
glass pipette filled with silica gel eluting with dichloromethane-acetone (9:1) to afford
the title compound (5 mg, 0.011 mmol, 35%) as a colorless solid. M.p. 213.6 – 215.8 °C;
+
35
[𝛼]24
𝐷 +6.75° (c 0.5, CHCl3); HRMS [ESI, (M + Na) ] found 469.0696, [C22H20 Cl2N2O4

+ Na]+ requires 469.0692; νmax/cm-1 (neat): 3315, 2975, 2928, 2853, 1783, 1668, 1615,
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1582, 1494, 1439, 1366, 1257, 1230, 1206, 1115, 1083, 1032, 928, 883, 824, 791, 733,
664; δH (400 MHz, DMSO-d6) 10.97 (1 H, s, NH), 9.17 (1 H, d, J 6.9, NH), 7.64 (1 H,
d, J 8.8, ArH), 7.17 (1 H, d, J 8.8, ArH), 7.09 (1 H, dd, J 2.3, ArH), 6.92 (1 H, d, J 1.6,
ArH), 6.37 (1 H, d, J 1.5, ArH), 4.58 (1 H, hept, J 6.0, CH), 4.35 (1 H, dd, J 7.1, 6.8,
CH), 3.30 (1 H, dd, J 14.3, 6.8, CH2), 3.12 (1 H, dd, J 14.3, 7.1, CH2), 2.38 (3 H, s, Me)
1.00 (3 H, dd, J 6.0, Me), 0.95 (3 H, dd, J 6.0, Me); δC (100 MHz, DMSO-d6) 168.2
(CO), 165.5 (CO), 151.3 (C), 148.1 (C), 137.7 (C), 136.5 (C), 132.4 (C), 132.0 (CH),
126.3 (C), 126.2 (C), 124.6 (CH), 119.7 (CH), 115.8 (C), 108.7 (C), 104.3 (CH), 101.5
(CH), 68.7 (CH), 52.4 (CH), 25.6 (CH2), 21.3 (Me), 21.0 (Me), 17.7 (Me).

Acid-Mediated Hydrolysis of O-Isopropyl inducamide C (383)

A solution of O-isopropyl inducamide C (383) (5 mg, 0.011 mmol, 1.0 equiv.) in a
solvent mixture of acetonitrile-water-formic acid (2 mL, 50:50:0.1) was stirred at room
temperature for 2 h. The resulting mixture was concentrated in vacuo to afford 382 (5.0
mg, 0.011 mmol, ~100%) as a brown oil. Spectroscopic data as described previously (see
page 207).

Silica-Mediated Methanolysis of O-Isopropyl inducamide C (383)

To a stirred solution of O-isopropyl inducamide C (383) (1.0 mg, 0.0023 mmol, 1.0
equiv.) in methanol (1.0 mL) was added silica gel (20 mg). The resulting mixture was
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stirred at room temperature for 10 min then filtered. The silica was washed with methanol
(1.0 mL) and the filtrate concentrated in vacuo to afford 371 (1.0 mg, 0.0023 mmol,
~100%) as a colorless solid. Spectroscopic data as described previously (see page 196).

Boron tribromide-Mediated Deisopropylation of O-Isopropyl inducamide C (383)

To a stirred solution of O-isopropyl inducamide C (383) (14 mg, 0.031 mmol, 1.0 equiv.)
in dichloromethane (5 mL) at –78 ºC was slowly added boron tribromide (95 µL, 0.095
mmol, 3.0 equiv., 1 M in dichloromethane). The resulting mixture was warmed to 0 °C,
stirred for 30 minutes, then quenched with water (10 mL) and diluted with
dichloromethane (15 mL). The organic layer was separated, and the aqueous phase was
further extracted with dichloromethane (3 × 10 mL). The combined organic layers were
washed with brine (sat. solution), dried (Na2SO4), filtered, and concentrated in vacuo.
The resulting residue was purified by quickly passing through a glass pipette filled with
silica gel eluting with dichloromethane-acetone (9:1) to afford 380 (0.5 mg, 0.0012
mmol, 5%), as a colourless solid. Spectroscopic data as described previously (see page
205).
6-Chloro-4-isopropoxy-Nα-(tert-butoxycarbonyl)-L-tryptophan (384)

To a stirred solution of 6-chloro-4-isopropoxy tryptophan methyl ester (352) (12 mg,
0.039 mmol, 1.0 equiv.) in dichloromethane (10 mL) were added triethylamine (6 µL,
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0.039 mmol, 1.0 equiv.) and Boc anhydride (8.5 mg, 0.039 mmol, 1.0 equiv.). The
resulting mixture was stirred at room temperature for 3 h before poured into water (15
mL). The organic layer was separated, and the aqueous phase was further extracted with
dichloromethane (2 × 15 mL). The combined organic layers were washed with water,
brine (sat. solution), dried (Na2SO4), filtered, and concentrated in vacuo to afford crude
Boc-protected 352 and used for the next step without further purification.
To a stirred solution of Boc-protected 352 in THF (10 mL) was added 1 M lithium
hydroxide (0.15 mL, 0.15 mmol, 4.0 equiv.). The resulting mixture was stirring at room
temperature for 3 h before concentrated in vacuo. The resulting residue was dissolved in
water (5 mL) and basified to pH 9 with sodium bicarbonate (sat. solution), washed with
ethyl acetate (5 mL), and the organic layer was discarded. The aqueous layer was then
acidified to pH 2 with 1 M HCl and extracted with ethyl acetate (3 × 10 mL). The
combined organic layers were washed with water, brine (sat. solution), dried (Na2SO4),
filtered, and concentrated in vacuo to give the title compound (10 mg, 0.025 mmol, 65%)
as a colourless solid over two steps; used for the next step without further purification.
δH (400 MHz, acetone-d6) 10.14 (1 H, s, NH), 7.12 (1 H, d, J 2.4, ArH), 7.00 (1 H, d, J
1.6, ArH), 6.54 (1 H, d, J 1.6, ArH), 6.17 (1 H, d, J 7.8, NH), 4.83 (1 H, hept, J 6.1, CH),
4.47 (1 H, ddd, J 10.1, 7.8, 4.7, CH), 3.46 (1 H, dd, J 14.1, 4.7, CH2), 3.14 (1 H, dd, J
14.1, 10.0, CH2), 1.49 (3 H, d, J 6.1, Me), 1.47 (3 H, d, J 6.1, Me), 1.30 (9 H, s, 3 × Me).

Methyl(S)-6-((2-((tert-butoxycarbonyl)amino)-3-(6-chloro-4-isopropoxy-1H-indol-3yl)
propanoyl)oxy)-3-chloro-2-methylbenzoate (385)

To a stirred solution of 6-chloro-4-isopropoxy-Nα-(tert-butoxycarbonyl)-L-tryptophan
(384) (10 mg, 0.025 mmol, 1.0 equiv.) in dichloromethane (5.0 mL) were added 1-ethyl3-(3-dimethylaminopropyl) carbodiimide hydrochloride salt (EDC.HCl) (5.8 mg, 0.030
mmol, 1.2 equiv.) and 4-dimethylaminopyridine (0.3 mg, 0.0025 mmol, 0.1 equiv.).
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After stirring at room temperature for 10 min, a solution of methyl salicylic acid 369 (5.0
mg, 0.025 mmol, 1.0 equiv.) in dichloromethane (2.0 mL) was added. The resulting
mixture was stirred at room temperature for 4 h before being diluted with
dichloromethane (15 mL) and poured into water (15 mL). The organic layer was
separated, and the aqueous phase was further extracted with dichloromethane (3 × 15
mL). The combined organic layers were washed with brine (sat. solution), dried
(Na2SO4), filtered, and concentrated in vacuo. The resulting residue was purified by flash
column chromatography on silica gel eluting with dichloromethane-methanol (49:1) to
afford the title compound (12 mg, 0.021 mmol, 82%) as a colorless foam solid. M.p. 72.5
+
– 76.2 °C; [𝛼]24
𝐷 –18.6° (c 0.5, CHCl3); HRMS [ESI, (M + Na) ] found 601.1469,

[C28H3235Cl2N2O7 + Na]+ requires 601.1479; νmax/cm-1 (neat): 3375, 2977, 2927, 2853,
1768, 1706, 1613, 1577, 1520, 1490, 1436, 1365, 1326, 1258, 1203, 1132, 1104, 1088,
1073, 1048, 1027, 927, 881, 825, 789, 715, 700; δH (400 MHz, acetone-d6) 10.20 (1 H,
s, NH), 7.54 (1 H, d, J 8.7, ArH), 7.21 (1 H, d, J 2.3, ArH), 7.05 - 6.98 (2 H, m, 2 × ArH),
6.56 (1 H, d, J 1.6, ArH), 6.45 (1 H, d, J 7.6, NH), 4.69 (1 H, m, CH), 4.71 (1 H, ddd, J
10.1, 7.5, 4.9, CH), 3.91 (3 H, s, OMe), 3.54 (1 H, dd, J 13.9, 4.9, CH2), 3.22 (1 H, dd, J
13.9, 10.1, CH2), 2.35 (3 H, s, Me), 1.47 (6 H, d, J 6.0, 2 × Me), 1.33 (9 H, s, 3 × Me);
δC (100 MHz, acetone-d6) 171.8 (CO), 166.7 (CO), 156.5 (CO), 153.4 (C), 147.6 (C),
139.5 (C), 135.6 (C), 132.5 (C), 131.8 (CH), 130.4 (C), 128.4 (C), 124.9 (CH), 123.0
(CH), 117.7 (C), 111.6 (C), 105.4 (CH), 103.0 (CH), 79.5 (C), 71.0 (CH), 57.0 (CH),
53.2 (OMe), 28.6 (1 × CH2, 3 × Me), 22.4 (Me), 22.3 (Me), 17.6 (Me).

Methyl 2-hydroxy-6-methylbenzoate (390)

To a stirred solution of methyl-6-methoxy-2-methyl benzoate (132) (575 mg, 3.19 mmol,
1 equiv.) in dichloromethane (25 mL) was added aluminium trichloride (1.70 g, 12.76
mmol, 4 equiv.). The resulting mixture was heated to reflux for 12 h, then cooled to room
temperature before quenched carefully with 1 M HCl (30 mL). The organic layer was
separated, and the aqueous phase was further extracted with dichloromethane (2 × 30
mL). The combined organic layers were washed with brine (sat. solution), dried
(Na2SO4), filtered, and concentrated in vacuo. The resulting residue was purified by flash
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column chromatography on silica gel eluting with ethyl acetate-petroleum ether (1:5) to
afford the title compound (530 mg, 3.20 mmol, ~100%) as a colourless oil. δH (400MHz,
CDCl3) 11.25 (1 H, s, OH), 7.24 (1 H, t, J 8.5, 7.5, ArH), 6.82 (1 H, d, J 8.5, ArH), 6.69
(1 H, d, J 7.5, ArH), 3.94 (3 H, s, OMe), 2.52 (3 H, s, Me); δC (100 MHz, CDCl3) 172.4
(CO), 163.0 (C), 141.5 (C), 134.4 (CH), 123.1 (CH), 115.8 (CH), 112.5 (C), 52.3 (OMe),
24.2 (Me); NMR data is consistent with the literature.193

Methyl 3-chloro-2-hydroxy-6-methylbenzoate (391) and Methyl 3,5-dichloro-2hydroxy-6-methylbenzoate (396)

To a stirred solution of methyl 6-hydroxy-2-methyl benzoate (390) (50 mg, 0.30 mmol,
1 equiv.) and 2,2,6,6-tetramethylpiperidine (5.5 µL, 0.030 mmol, 10 mol%) in toluene
(10 mL) at 100 °C was added SO2Cl2 (24 µL, 0.301 mmol, 1.0 equiv.) dropwise. The
resulting mixture was heated at the same temperature for 30 minutes, then cooled to room
temperature and concentrated in vacuo. The resulting residue was dissolved in
dichloromethane (25 mL), washed with water, brine (sat. solution), dried (Na2SO4),
filtered, and concentrated in vacuo. The resulting residue was purified by flash column
chromatography on silica gel eluting with diethyl ether-petroleum ether (1:9) to afford
the title compound 391 (51 mg, 0.25 mmol, 84%) as a pale-yellow solid and side product
396 (8 mg, 0.034 mmol, 12%) as a pale-yellow solid.
391: m.p. 29.1 – 30.7 °C; HRMS [ESI, (M + Na)+] found 223.0126, [C9H935ClO3 + Na]+
requires 223.0132; νmax/cm-1 (neat): 2957, 2850, 1662, 1600, 1567, 1411, 1345, 1297,
1253, 1196, 1151, 1122, 1057, 1034, 979, 958, 858, 789, 760; δH (400 MHz, CDCl3)
11.81 (1 H, s, OH), 7.36 (1 H, d, J 8.1, ArH), 6.66 (1 H, d, J 8.1, ArH), 3.97 (3 H, s,
OMe), 2.50 (3 H, s, Me); δC (100 MHz, CDCl3) 172.1 (CO), 158.4 (C), 140.2 (C), 134.4
(CH), 123.1 (CH), 120.2 (C), 113.8 (C), 52.8 (OMe), 24.0 (Me).
396: m.p. 74.7 – 77.1 °C; HRMS [ESI, (M + Na)+] found 256.9741, [C9H835Cl2O3 + Na]+
requires 256.9743; νmax/cm-1 (neat): 3279, 3076, 2935, 2857, 1684, 1581, 1438, 1401,
1383, 1327, 1281, 1203, 1135, 1047, 997, 963, 883, 799, 752, 710, 899, 883, 752, 710;
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δH (400 MHz, CDCl3) 11.13 (1 H, s, OH), 7.53 (1 H, s, ArH), 3.99 (3 H, s, OMe), 2.54
(3 H, s, Me); δC (100 MHz, CDCl3) 171.1 (CO), 156.3 (C), 136.8 (C), 134.7 (CH), 126.0
(C), 120.7 (C), 115.8 (C), 53.2 (OMe), 19.6 (Me).

Methyl 3-chloro-2-methoxy-6-methylbenzoate (398)

In a sealed tube, a solution of methyl 3-chloro-2-hydroxy-6-methyl benzoate (391) (50
mg, 0.25 mmol, 1 equiv.), potassium carbonate (103 mg, 0.75 mmol, 3.0 equiv.) and
iodomethane (19 µL, 0.299 mmol, 1.2 equiv.) in acetone (10 mL) was heated at 65 °C
for 18 h. The resulting mixture was cooled to room temperature before concentrated in
vacuo. The resulting residue was dissolved in dichloromethane (20 mL) and washed with
water (25 mL). The organic layer was separated, and the aqueous layer was further
extracted with dichloromethane (2 × 20 mL). The combined organic layers were washed
with brine (sat. solution), dried (Na2SO4), filtered and concentrated in vacuo. The
resulting residue was purified by flash column chromatography on silica gel eluting with
diethyl ether-petroleum ether (1:9) to afford the title compound (46 mg, 0.22 mmol, 86%)
as a colour less oil. HRMS [ESI, (M + Na)+] found 237.0296, [C10H1135ClO3 + Na]+
requires 237.0289; νmax/cm-1 (neat): 2948, 1733, 1574, 1467, 1433, 1403, 1269, 1220,
1147, 1107, 1061, 999, 968, 922, 854, 810, 736; δH (400 MHz, CDCl3) 7.27 (1 H, d, J
8.2, ArH), 6.88 (1 H, d, J 8.2, ArH), 3.91 (3 H, s, OMe), 3.87 (3 H, s, OMe), 2.25 (3 H,
s, Me); δC (100 MHz, CDCl3) 167.9 (CO), 153.2 (C), 135.5 (C), 131.4 (CH), 130.5 (C),
126.8 (CH), 125.3 (C), 62.2 (OMe), 52.6 (OMe), 19.2 (Me).
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3-Chloro-2-methoxy-6-methylbenzoic acid (389)

To a stirred solution of methyl-3-chloro-2-methoxy-6-methyl benzoate (398) (50 mg,
0.23 mmol, 1 equiv.) in methanol (2 mL) was added 1 M sodium hydroxide (3.0 mL,
3.03 mmol, 13 equiv.). The resulting mixture was heated to reflux for 8 h, then cooled to
room temperature before washed with ethyl acetate (10 mL) and the extracted organic
layer was discarded. The aqueous layer was acidified with to pH 2 with 1 M HCl (5 mL)
and extracted with ethyl ether (3 × 30 mL). The combined organic layers were dried
(Na2SO4), filtered and concentrated in vacuo to afford the title compound (47 mg, 0.23
mmol, ~100%) as a colourless solid. M.p. 51.2 – 52.7 °C; HRMS [ESI, (M + Na)+] found
223.0127, [C9H935ClO3 + Na]+ requires 223.0132; νmax/cm-1 (neat): 2955, 2924, 1687,
1587, 1569, 1467, 1414, 1383, 1287, 1268, 1223, 1153, 1121, 1060, 1000, 920, 896, 855,
794, 739, 721; δH (400 MHz, CDCl3) 7.33 (1 H, d, J 8.2, ArH), 6.95 (1 H, d, J 8.2, ArH),
3.94 (3 H, s, OMe), 2.40 (3 H, s, Me), OH not observed; δC (100 MHz, CDCl3) 153.7
(C), 136.8 (C), 132.2 (CH), 127.4 (CH), 125.6 (C), 62.5 (OMe), 19.9 (Me), 2 × C not
observed.

Methyl (S)-2-(3-chloro-2-methoxy-6-methylbenzamido)-3-(6-chloro-4-isopropoxy-1Hindol-3-yl)-propanoate (392)

To a stirred solution of 3-chloro-2-methoxy-6-methyl benzoic acid (389) (52 mg, 0.26
mmol, 1.2 equiv.) and HATU (148 mg, 0.39 mmol, 1.8 equiv.) in N,Ndimethylformamide (2.5 mL) was added N,N-diisopropylethylamine (68 µL, 0.39 mmol,
1.8 equiv.). After stirring for 5 minutes, a solution of tryptophan methyl ester 352 (67
mg, 0.22 mmol, 1.0 equiv.) in N,N-dimethylformamide (3 mL) was added. The resulting
mixture was stirred at room temperature for 30 min before poured into water (25 mL).
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The aqueous phase was extracted with ethyl ether (3 × 25 mL). The combined organic
layers were washed with water, brine (sat. solution), dried (Na2SO4), filtered, and
concentrated in vacuo. The resulting residue was purified by flash column
chromatography on silica gel eluting with dichloromethane-methanol (19:1) to afford the
title compound (80 mg, 0.16 mmol, 75%), as a colourless solid. M.p. 198.2 – 200.1 °C;
+
35
[𝛼]20
𝐷 +95.0° (c 0.1, CHCl3); HRMS [ESI, (M + Na) ] found 515.1112, [C24H26 Cl2N2O5

+ Na]+ requires 515.1111; νmax/cm-1 (neat): 3279, 2930, 1726, 1645, 1616, 1578, 1531,
1497, 1464, 1438, 1367, 1327, 1300, 1214, 1140, 1104, 1082, 1056, 998, 926, 884, 806,
760; δH (400 MHz, acetone-d6) 10.16 (1 H, s, NH), 7.68 (1 H, d, J 7.4, NH), 7.27 (1 H,
d, J 8.2, ArH), 7.12 (1 H, d, J 2.4, ArH), 7.00 (1 H, d, J 1.6, ArH), 6.91 (1 H, d, J 8.2,
ArH), 6.52 (1 H, d, J 1.6, ArH), 5.06 (1 H, ddd, J 10.4, 7.4, 5.1, CH), 4.79 (1 H, hept, J
6.0, CH), 3.72 (3 H, s, OMe), 3.54 (1 H, dd, J 14.0, 5.1, CH2), 3.52 (3 H, s, OMe), 3.20
(1 H, dd, J 14.0, 10.4, CH2), 2.04 (3 H, s, Me), 1.45 (3 H, dd, J 6.0, Me), 1.40 (3 H, dd,
J 6.0, Me); δC (100 MHz, acetone-d6) 173.4 (CO), 166.9 (CO), 153.51 (C), 153.48 (C),
139.5 (C), 137.0 (C), 134.9 (C), 130.9 (CH), 128.3 (C), 127.4 (CH), 125.2 (C), 124.7
(CH), 117.7 (C), 111.9 (C), 105.2 (CH), 103.0 (CH), 71.0 (CH), 62.0 (OMe), 55.4 (CH),
52.1 (OMe), 29.3 (CH2), 22.3 (Me), 22.2 (Me), 18.6 (Me).

Methyl

(S)-2-(3-chloro-2-hydroxy-6-methylbenzamido)-3-(6-chloro-4-hydroxy-1H-

indol-3-yl)-propanoate (399)

To a solution of 392 (10 mg, 0.020 mmol, 1.0 equiv.) in dichloromethane (5 mL) at –78
°C was slowly added boron tribromide (120 µL, 0.12 mmol, 6.0 equiv., 1 M in
dichloromethane). The resulting mixture was warmed to 0 °C, stirred for 30 minutes
before quenched with 1 M HCl (10 mL) and diluted with dichloromethane (10 mL). The
organic layer was separated, and the aqueous phase was further extracted with
dichloromethane (3 × 10 mL). The combined organic layers were washed with brine (sat.
solution), dried (Na2SO4), filtered, and concentrated in vacuo. The resulting residue was
purified by flash chromatography on silica gel eluting with dichloromethane-methanol
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(95:5) to afford the title compound (8.9 mg, 0.020 mmol, ~100%), as a colourless solid.
+
M.p. 44.5 – 48.8 °C; [𝛼]22
𝐷 +33.0° (c 0.1, CHCl3); HRMS [ESI, (M + Na) ] found

459.0478, [C20H1835Cl2N2O5 + Na]+ requires 459.0485; νmax/cm-1 (neat): 3306, 2926,
2854, 1728, 1626, 1588, 1538, 1456, 1436, 1415, 1357, 1319, 1296, 1256, 1229, 1200,
1136, 1100, 1066, 887, 801, 761; δH (400 MHz, acetone-d6) 10.15 (1 H, s, NH), 9.70 (1
H, s, OH), 9.19 (1 H, s, OH), 7.90 (1 H, d, J 6.4, NH), 7.26 (1 H, d, J 8.2, ArH), 7.15 (1
H, d, J 2.3, ArH), 6.94 (1 H, d, J 1.7, ArH), 6.68 (1 H, d, J 8.2, ArH), 6.47 (1 H, d, J 1.7,
ArH), 5.03 (1 H, ddd, J 9.5, 6.4, 5.0, ArH), 3.73 (3 H, s, OMe), 3.58 (1 H, dd, J 14.4, 5.0,
CH2), 3.35 (1 H, dd, J 14.4, 9.5, CH2), 2.19 (3 H, s, Me); δC (100 MHz, acetone-d6) 173.4
(CO), 169.3 (CO), 153.5 (C), 152.5 (C), 139.9 (C), 136.5 (C), 131.8 (CH), 128.0 (C),
124.5 (CH), 123.6 (C), 123.3 (CH), 119.3 (C), 116.7 (C), 111.4 (C), 105.2 (CH), 104.7
(CH), 56.0 (OMe), 52.6 (CH), 28.8 (CH2), 20.2 (Me).

(S)-2-(3-Chloro-2-hydroxy-6-methylbenzamido)-3-(6-chloro-4-hydroxy-1H-indol-3yl)propanoic acid (393)

To a stirred solution of 399 (40 mg, 0.092 mmol, 1.0 equiv.) in methanol (5 mL) was
added 1 M sodium hydroxide (0.92 mL, 0.92 mmol, 10.0 equiv.) and the resulting
mixture was stirred at room temperature for 2 h. The reaction mixture was concentrated
in vacuo and the resulting residue was dissolved in water (10 mL), washed with ethyl
acetate (10 mL), and the organic phase was discarded. The aqueous phase was then
acidified to pH 2 with 1 M HCl and extracted with ethyl acetate (3 × 25 mL). The
combined organic layers were washed with brine (sat. solution), dried (Na2SO4), filtered,
and concentrated in vacuo. The resulting residue was purified by C18 reverse-phase
column chromatography using aqueous formic acid (0.1%) in a gradient of 0% to 50%
in acetonitrile to afford the title compound (38.7 mg, 0.092 mmol, ~100%) as a colourless
+
foam solid. M.p. 39.1 – 40.9 °C; [𝛼]21
𝐷 –10.0° (c 0.5, MeOH); HRMS [ESI, (M + Na) ]

found 445.0320, [C19H1635Cl2N2O5 + Na]+ requires 445.0328; νmax/cm-1 (neat): 3240,
2924, 1710, 1622, 1587, 1539, 1456, 1416, 1358, 1323, 1242, 1202, 1133, 1045, 1021,
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988, 887, 810, 761; δH (400 MHz, acetone-d6) 10.19 (1 H, s, NH), 7.99 (1 H, d, J 6.0,
NH), 7.22 (1 H, d, J 8.2, ArH), 7.16 (1 H, s, ArH), 6.91 (1 H, d, J 1.6, ArH), 6.65 (1 H,
d, J 8.2, ArH), 6.46 (1 H, d, J 1.6, ArH), 4.99 (1 H, ddd, J 9.9, 6.0, 5.0, CH), 3.67 (1 H,
dd, J 14.5, 5.0, CH2), 3.37 (1 H, dd, J 14.5, 9.9, CH2), 2.15 (3 H, s, Me); 3 × OH not
observed; δC (100 MHz, acetone-d6) 175.4 (CO), 169.2 (CO), 153.1 (C), 152.7 (C), 139.8
(C), 136.3 (C), 131.5 (CH), 127.9 (C), 124.2 (CH), 124.3 (C), 123.0 (CH), 119.3 (C),
116.8 (C), 111.8 (C), 105.2 (CH), 104.4 (CH), 56.3 (CH), 28.6 (CH2), 19.9 (Me).

(S)-3-Chloro-N-(8-chloro-2-oxo-2,3,4,6-tetrahydrooxepino[4,3,2-cd]indol-3-yl)-2hydroxy-6-methylbenzamide (400)

To a stirred solution of 1-ethyl-3-(dimethylaminopropyl)carbodiimide hydrochloride salt
(EDC.HCl) (15 mg, 0.080 mmol, 2.0 equiv.) and 1-hydroxy-7-azabenzotriazole (HOAt)
(11 mg, 0.080 mmol, 2.0 equiv.) in dichloromethane (25 mL) was added a solution of
393 (17 mg, 0.040 mmol, 1 equiv.) in dichloromethane (25 mL) and N,Ndimethylformamide (0.2 mL), over a period of 30 minutes. The resulting mixture was
stirred at room temperature for 24 h before poured into water (30 mL). The organic layer
was separated, and the aqueous phase was further extracted with dichloromethane (2 ×
15 mL). The combined organic layers were washed with brine (sat. solution), dried
(Na2SO4), filtered, and concentrated in vacuo. The resulting residue was purified by
quickly passing through a glass pipette filled with silica eluting with dichloromethaneacetone (9:1), to afford the title compound (2.5 mg, 0.0062 mmol, 16%) as a yellow solid.
+
M.p. 42.3 – 44.8 °C; [𝛼]24
𝐷 +5.9° (c 0.2, CHCl3); HRMS [ESI, (M – H) ] found 403.0259,

[C19H1435Cl2N2O4 – H]+ requires 403.0259; νmax/cm-1 (neat): 3263, 2922, 2852, 1744,
1630, 1541, 1451, 1415, 1363, 1322, 1300, 1240, 1198, 1150, 1065, 1045, 1024, 989,
887; δH (400 MHz, DMSO-d6) 11.43 (1 H, s, NH), 9.41 (1 H, s, OH), 9.19 (1 H, d, J 6.1,
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NH), 7.38 (1 H, d, J 2.1, ArH), 7.29 (1 H, d, J 1.6, ArH), 7.26 (1 H, d, J 8.1, ArH), 6.87
(1 H, d, J 1.6, ArH), 6.72 (1 H, d, J 8.1, ArH), 4.73 (1 H, ddd, J 10.5, 6.1, 3.1, CH), 3.23
(1 H, dd, J 15.7, 3.1, CH2), 3.16 (1 H, dd, J 15.7, 10.5, CH2), 2.19 (3 H, s, Me); δC (100
MHz, DMSO-d6) 169.5 (CO), 166.3 (CO), 149.2 (C), 143.8 (C), 137.9 (C), 135.1 (C),
129.3 (CH), 127.2 (C), 126.0 (C), 123.5 (CH), 121.8 (CH), 118.1 (C), 115.1 (C), 108.3
(C), 107.8 (CH), 107.3 (CH), 54.5 (CH), 26.9 (CH2), 18.4 (Me).

4.3 Experimental Procedures Pertaining to Chapter Three
6-Bromo-2,4,7-tris(4,4,5,5-tetramethyl-1,3,2-dioxoborolan-2-yl)-indole (418)

In a sealed tube, a solution of 6-bromoindole (417) (200 mg, 1.02 mmol, 1.0 equiv.),
bis(pinacolato)diboron (B2Pin2) (907 mg, 3.57 mmol, 3.5 equiv.), [Ir(OMe)COD]2 (61
mg, 0.092 mmol, 9 mol%) and 4,4´-di-tert-butyl-2,2´-bispyridine (dtbpy) (49 mg, 0.18
mmol, 18 mol%) in THF (5 mL) was heated at 85 °C for 72 h, cooled to room temperature
and quenched with a few drops of methanol. The resulting mixture was concentrated in
vacuo and the crude material purified by flash column chromatography on silica gel
eluting with petroleum ether-ethyl acetate (9:1) to afford the title compound (501 mg,
0.87 mmol, 86%) as a colorless solid. M.p. 289.3 – 294.5 °C; HRMS [ESI, (M + Na)+]
found 596.2119, [C26H39B379BrNO6 + Na]+ requires 596.2151; νmax/cm-1 (neat): 3440,
3300, 2979, 2931, 1650, 1537, 1491, 1371, 1281, 1265, 1202, 1129, 973, 855, 698; δH
(500 MHz, CDCl3) 9.62 (1 H, br, NH), 7.74 (1 H, s, ArH), 7.48 (1 H, d, J 2.2, ArH), 1.43
(12 H, s, 4 × Me), 1.37 (24 H, s, 8 × Me); δC (125 MHz, CDCl3) 144.2 (C), 132.5 (CH),
130.7 (C), 125.0 (C), 115.2 (CH), 84.3 (4 × C of BPin), 84.0 (2 × C of BPin), 25.22 (4 ×
Me of BPin), 25.18 (4 × Me of BPin), 25.07 (4 × Me of BPin), 3 × C not observed.
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6-Bromo-4-(4,4,5,5-tetramethyl-1,3,2-dioxoborolan-2-yl)-indole (419)

In a sealed tube, a solution of 6-bromo-2,4,7-tris(4,4,5,5-tetramethyl-1,3,2dioxoborolan-2-yl)-indole (418) (1.0 g, 1.74 mmol, 1.0 equiv.) and bismuth acetate (135
mg, 0.35 mmol, 20 mol%) in THF (2 mL) and methanol (5 mL) was heated at 65 °C for
15 h. The resulting mixture was cooled to room temperature and concentrated in vacuo.
The resulting residue was purified by flash column chromatography on silica gel eluting
with ethyl acetate-petroleum ether (1:9) to afford the title compound (510 mg, 1.58 mmol,
90%) as a colorless solid. M.p. 141.1 – 143.7 °C; HRMS [ESI, (M + Na)+] found
344.0422, [C14H17B79BrNO2 + Na]+ requires 344.0430; νmax /cm-1 (neat): 3436, 3324,
2976, 2925, 1602, 1575, 1489, 1391, 1411, 1369, 1272, 1211, 1134, 1066, 972, 860, 844,
781, 679; δH (400 MHz, CDCl3) 8.12 (1 H, br, NH), 7.70 (1 H, d, J 1.8, ArH), 7.62 (1 H,
dd, J 1.8, 1.0, ArH), 7.21 (1 H, dd, J 3.2, 2.4, ArH), 6.99 (1 H, ddd, J 3.2, 2.4, 1.0, ArH),
1.37 (12 H, s, 4 × Me); δC (125 MHz, CDCl3) 136.3 (C), 131.7 (C), 130.7 (CH), 125.4
(CH), 116.8 (CH), 115.6 (C), 105.0 (CH) 84.0 (2 × C of BPin), 25.2 (4 × Me of BPin), 1
× C not observed.

6-Bromo-4-methoxyindole (108)

To a solution of 6-bromo-4-(4,4,5,5-tetramethyl-1,3,2-dioxoborolan-2-yl)-indole (419)
(140 mg, 0.44 mmol, 1.0 equiv.) in methanol (5 mL) was added copper acetate
monohydrate (87 mg, 0.44 mol, 1.0 equiv.), 4-dimethylaminopyridine (4-DMAP) (106
mg, 0.87 mmol, 2.0 equiv.) and 4Å molecular sieves (100 mg). The resulting mixture
was stirred at room temperature in an open flask for 5 h before filtered through pad of
Celite, washed with dichloromethane and then concentrated in vacuo. The resulting
residue was purified by flash column chromatography on silica gel eluting with toluenepetroleum ether (1:1) to afford the title compound (83 mg, 0.37 mmol, 85%) as a
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colourless solid. M.p. 85.3 – 87.1 °C (lit.73 m.p. 69 – 70 °C); HRMS [ESI, (M – H)+]
found 223.9709, [C9H879BrNO – H]+ requires 223.9716; νmax /cm-1 (neat): 3387, 2941,
2839, 1615, 1580, 1497, 1357, 1284, 1208, 1143, 1060, 966, 854, 760; δH (400 MHz,
CDCl3) 8.11 (1 H, br, NH), 7.17 (1 H, t, J 1.4, ArH), 7.06 (1 H, dd, J 3.2, 2.4, ArH), 6.63
(1 H, d, J 1.4, ArH), 6.60 (1 H, ddd, J 3.2, 2.4, 1.0, CH), 3.92 (3 H, s, OMe); δC (100
MHz, CDCl3) 137.6 (C), 123.1 (CH), 117.9 (C), 116.0 (C), 107.7 (CH), 104.1 (CH),
100.5 (CH), 55.8 (Me), 1 × C not observed; NMR data is consistent with literature.73

N-(2,2-Dimethoxyethyl)-2,2,2-trifluoroacetamide (420)

To a solution of 2,2-dimethoxyethyl amine (424) (1.63 mL, 14.96 mmol, 1.0 equiv.) in
THF (20 mL) at 0 °C were added trifluoroacetic anhydride (2.53 mL, 17.95 mmol, 1.2
equiv.) and triethylamine (2.7 mL, 19.45 mmol, 1.3 equiv.). The resulting mixture was
stirred at room temperature for 2 h before being neutralised carefully with sodium
bicarbonate (sat. solution) and extracted with dichloromethane (3 × 50 mL). The
combined organic layers were washed with brine (sat. solution), dried (Na2SO4), filtered,
and concentrated in vacuo to afford the title compound (2.92 g, 14.49 mmol, 97%) as a
light-yellow oil and used for the next step without further purification. δH (400 MHz,
CDCl3) 6.68 (1 H, br, NH), 4.40 (1 H, t, J 5.1, CH), 3.45 (2 H, t, J 5.1, CH2), 3.38 (6 H,
s, 2 × Me); δC (100 MHz, CDCl3) 157.8 (CO), 114.6 (CF3), 101.9 (CH), 54.8 (2 × OMe),
41.4 (CH2); NMR data is consistent with literature reference.194
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N-2,2,2-Trifluoroacetyl-6-bromo-4-methoxy tryptamine (421) and N-(2,2-Bis(6-bromo4-methoxy-1H-indol-3-yl)-ethyl)-2,2,2-trifluoroacetamide (425)

A solution of 6-bromo-4-methoxyindole (108) (100 mg, 0.44 mmol, 1.0 equiv.) and N(2,2-dimethoxyethyl)-2,2,2-trifluoroacetamide (420) (178 mg, 0.89 mmol, 2.0 equiv.) in
dichloromethane (1 mL) were added quickly to a solution of triethylsilane (0.43 mL, 2.65
mmol, 6.0 equiv.) and trifluoroacetic acid (0.17 mL, 2.21 mmol, 5.0 equiv.) in
dichloromethane (1 mL). The resulting mixture was stirred at room temperature for 3 h,
cooled to 0 °C and carefully neutralised with sodium bicarbonate (sat. solution). The
aqueous layer was extracted with dichloromethane (3 × 50 mL). The combined organic
layers were washed with brine (sat. solution), dried (Na2SO4), filtered, and concentrated
in vacuo. The resulting residue was purified by flash column chromatography on silica
gel eluting with ethyl acetate-petroleum ether (1:3) to afford the title compound 421(83
mg, 0.23 mmol, 51%) as a light-yellow solid and side product 425 (46 mg, 0.078 mmol,
18%) as a light-yellow solid.
421: m.p. 111.3 – 113.1 °C; HRMS [ESI, (M + Na)+] found 386.9925,
[C13H1279BrF3N2O2 + Na]+ requires 386.9926; νmax/cm-1 (neat): 3434, 3343, 2938, 2885,
1690, 1615, 1557, 1492, 1340, 1294, 1175, 1089, 978, 795; δH (400 MHz, CDCl3) 8.05
(1 H, br, NH), 7.15 (1 H, d, J 1.4, ArH), 6.94 (1 H, br, NH), 6.87 (1 H, d, J 2.4, ArH),
6.63 (1 H, d, J 1.4, ArH), 3.92 (3 H, s, Me), 3.60 (2 H, dd, J 12.0, 5.7, CH2), 3.10 (2 H,
t, J 6.2, CH2); δC (100 MHz, CDCl3) 159.7 (CO), 154.3 (C), 138.5 (C), 122.0 (CH),
116.33 (C), 116.30 (C), 113.1 (C), 110.3 (C), 108.3 (CH), 104.3 (CH), 55.7 (Me), 42.2
(CH2), 25.4 (CH2).
425: m.p. 86.2 – 89.7 °C; HRMS [ESI, (M + Na)+] found 609.9571, [C22H1879Br2F3N3O3
+ Na]+ requires 609.9559; νmax/cm-1 (neat): 3321, 2939, 1709, 1606, 1557, 1493, 1462,
1437, 1360, 1206, 1156, 1093, 979, 853, 806, 760, 727; δH (400 MHz, acetone-d6) 10.13
(1 H, br, NH), 8.33 (2 H, br, 2 × NH), 7.18 (2 H, d, J 1.5, 2 × ArH), 6.96 (2 H, d, J 2.4,
2 × ArH), 6.59 (2 H, d, J 1.4, 2 × ArH), 5.59 (1 H, t, J 7.9, CH), 3.99 (2 H, dd, J 7.9, 5.9,
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CH2), 3.83 (6 H, s, 2 × Me); δC (100 MHz, CDCl3) 155.8 (CO), 154.5 (2 × C), 138.4 (2
× C), 121.0 (2 × CH), 116.8 (2 × C), 116.1 (2 × C), 109.6 (2 × C), 108.0 (2 × CH), 104.4
(2 × CH), 55.7 (2 × Me), 46.4 (CH2), 33.9 (CH), 1 × C not observed.

N-(2-(6-Bromo-4-methoxy-1H-indol-3-yl)ethyl)-1H-pyrrole-2-carboxamide (120)

A solution of Nα-(trifluoroacetyl)-6-bromo-4-methoxy tryptamine (421) (70 mg, 0.19
mmol, 1.0 equiv.) and potassium carbonate (106 mg, 0.77 mmol, 4.0 equiv.) in methanol
(18.5 mL) and water (1.5 mL) was heated at reflux for 4 h. The methanol was
concentrated in vacuo, and water (50 mL) was added. The aqueous phase was extracted
with dichloromethane (3 × 50 mL). The combined organic phase was washed with brine
(sat. solution), dried (Na2SO4), filtered, and concentrated in vacuo to afford the
tryptamine 118 (48 mg, 0.18 mmol, 92%) as a tan solid and used for the next step without
further purification.
To a stirred solution of the crude tryptamine 118 in DMF (2 mL) was added 2(trichloroacetyl) pyrrole 119 (41 mg, 0.19 mmol, 1.0 equiv.). The resulting mixture was
stirred at room temperature for 6 h before being diluted with dichloromethane (15 mL).
The organic layer was washed with water, brine (sat. solution), dried (Na2SO4) and
concentrated in vacuo. The resulting residue was purified by flash column
chromatography on silica gel eluting with ethyl acetate-petroleum ether (1:1) to afford
the title compound (47 mg, 0.13 mmol, 68%) as a light brown solid. M.p. 206.4 – 210.9
°C (lit.74 m.p. not given); HRMS [ESI, (M + Na)+] found 384.0312, [C16H1679BrN3O2 +
Na]+ requires 384.0318; νmax/cm-1 (neat): 3372, 3278, 2998, 2937, 2836, 1607, 1557,
1525, 1490, 1410, 1360, 1201, 1092, 850, 740; δH (400 MHz, DMSO-d6) 11.36 (1 H, br,
NH), 10.91 (1 H, br, NH), 7.95 (1 H, t, J 5.7, NH), 7.11 (1 H, d, J 1.5, ArH), 7.01 (1 H,
d, J 2.3, ArH), 6.82 (1 H, td, J 2.4, 1.5, ArH), 6.72 (1 H, ddd, J 3.6, 2.4, 1.5, ArH), 6.57
(1 H, d, J 1.5, ArH), 6.05 (1 H, dt, J 3.6, 2.4, ArH), 3.86 (3 H, s, OMe), 3.48 (2 H, dd, J
13.2, 7.2, CH2), 2.99 (2 H, t, J 7.3, CH2); δC (100 MHz, DMSO-d6) 160.5 (CO), 154.6
(C), 138.1 (C), 126.5 (C), 122.1 (CH), 120.9 (CH), 116.0 (C), 113.9 (C), 112.6 (CH),
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110.5 (CH), 109.5 (CH), 108.4 (CH), 107.5 (C), 102.4 (CH), 55.5 (OMe), 26.8 (CH2);
NMR data is consistent with the literature.74
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