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Abstract

Studies Towards the Synthesis of Malagasy Alkaloids, and
Development and Applications of Regio- and Enantioselective Group IX Metal-Catalysed
Reactions

By Amaan M. Kazerouni

Part I of this dissertation describes efforts towards the synthesis of two monoterpenoid indole
alkaloids — 11-demethoxymyrtoidine and myrtoidine. These alkaloids were isolated from
Strychnos myrtoides and Strychnos mostuoides in the western regions of Africa and have been
found to potentiate chloroquine activity against resistant strains of Plasmodium falciparum
malaria. The core of these alkaloids was constructed using a previously developed iminium ion
cascade annulation. A convergent strategy to install the EF dihydropyran/butyrolactone fragment
of these alkaloids is discussed, as well as an alternate strategy involving a Semmelhack
alkoxypalladation/carbonylation cascade reaction. Finally, studies towards the development of an
enantioselective iminium ion cascade reaction using asymmetric ion-pairing catalysis are

described.

Part II of this dissertation describes the development of regio- and enantioselective Rh- and Ir-
catalysed allylic C—H functionalisation reactions and their application towards the synthesis of
natural products containing non-canonical amino acid residues. Allylic C—H sulfamidation of
allylbenzene derivatives is discussed, as well as the development of a new class of planar chiral
rhodium indenyl catalysts for enantioselective allylic C—H amidation. DFT calculations indicate
that allylic C—H activation of the olefin substrate is both rate- and enantiodetermining in this
reaction, while C—N reductive elimination is regiodetermining, resulting from the electronic
asymmetry imposed by the planar chiral indenyl ligand. Finally, the evolution of a synthetic route
to darobactin A, a ribosomally-synthesised and post-translationally modified peptide with
preliminary biological activity against Gram-negative bacteria, is described.
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Part I: Studies Towards the Synthesis of Malagasy Alkaloids

Chapter 1. Introduction to the Malagasy Alkaloids

In this chapter, we will discuss the historical significance of the Strychnos alkaloids and their
importance to the synthetic chemistry community. Following this, we will narrow our focus to the
Malagasy alkaloids, a class of alkaloids belonging to the broader strychnos family, and consider
their structure, biological activity, and prior efforts to synthesise them. Part I of this dissertation

will focus on strategies for the synthesis of Ny,,C(21)-secocuran Malagasy alkaloids.

1.1 The Strychnos alkaloids

The Strychnos alkaloids are an important class of indole monoterpenoids that have been the
subject of intense study due to their diverse pharmacological activities and complex polycyclic
architectures.>? In the decades since Woodward’s landmark synthesis of strychnine,? arguably the
most infamous member of this class of alkaloids, several Strychnos alkaloids have been
synthesised in the laboratory, and they continue to intrigue and challenge the synthetic chemistry
community.24-¢ Indeed, these alkaloids continue to provide an ideal platform for the development
of creative synthetic strategies and methodologies of increasing efficiency, with strychnine itself
being synthesised no less than 18 times.7-°

Biogenetically (Scheme 1.1), the Strychnos alkaloids are thought to originate from Pictet-
Spengler condensation of tryptamine (1.1) and secoiridoid monoterpene secologanin (1.2) to
generate strictosidine (1.3).69° Deglycosylation further converts this to geissoschizine (1.4), the
common intermediate and major divergence point in the biosynthesis of several different families
of monoterpenoid indole alkaloids.! Oxidative cyclisation and skeletal rearrangement of

geissoschizine leads to dehydropreakuammicine (1.5), which possesses the curan skeleton

1 The numbering system from the biogenetic precursor geissoschizine (1.4) and subsequent curan-type alkaloids is
used throughout Part I of this dissertation.



NH,

\

H MeO,C

1.4, Geissoschizine

1.1, Tryptamine 1.2, Secologanin

1.8, Strychnine 1.7, Wieland-Gumlich 1.6, Norfluorocurarine 1.5, Dehydropreakuammicine
aldehyde
(Caracurine VII)

Scheme 1.1: Biosynthesis of strychnine

(Scheme 1.1, blue inset, center) present in the majority of Strychnos alkaloids, characterised by a
bridged pentacyclic framework with a two-carbon unit at C20 and an oxidised one-carbon unit at
C16.* Dehydropreakuammicine (1.5) then decarboxylates to form norfluorocuracarine (1.6).
Hydroxylation and reduction of this intermediate gives rise to the Wieland-Gumlich aldehyde
(caracurine VII, 1.7), independently postulated by Woodward*2 and Robinson,'3 and confirmed
by Heimberger and Scott*4 to be a biogenetic precursor to strychnine (1.8).2

Minor subsets of curan type alkaloids — the Ny, C(3)- and Ny,C(21)-secocuran Malagasy
alkaloids (Scheme 1.1, blue inset, left and right)3 — have been isolated from western African shrubs

Strychnos myrtoides, Strychnos mostuoides, and Strychnos diplotricha.’s-7

2 Strychnine’s final two carbons are derived from acetic acid.34
3 Nb,C(3)- and Nb,C(21)-secocurans derive their name from the cleavage (“seco-“) of the Nb—C3 and Nb—C21 bonds,
respectively.



1.2 The Malagasy alkaloids

1.2.1 Structure

1.9, R = H, Malagashanine 1.11, R = H, 11-Demethoxymyrtoidine 1.13, Malagashanol 1.14, Strychnobrasiline  1.15, Misassigned structure
1.10, R = OH, 12-Hydroxymalagashanine  1.12, R = OMe, Myrtoidine of malagashanine
Np,C(21)-secocuran Np,,C(3)-secocuran

Figure 1.1: Alkaloids isolated from Strychnos myrtoides and Strychnos mostuoides

Ethnobotanical studies conducted in the western regions of Madagascar in the early 1990s
have shown that local populations self-treat malaria by using low doses of chloroquine in
combination with adjuvants from local shrubs Strychnos myrtoides and Strychnos
mostuoides.’®9 Several alkaloids have been isolated and characterised from these plants,
including malagashanine (1.9), 12-hydroxymalagashanine (1.10), 11-demethoxymyrtoidine
(1.11), myrtoidine (1.12), malagashanol (1.13), and strychnobrasiline (1.14). Minor C3 epimers
of 11-demethoxymyrtoidine (1.11) and myrtoidine (1.12), as well as C19 epimers of 12-
hydroxymalagashanine (1.10) were also isolated (Figure 1.1).15-17

The structure of malagashanine was initially assigned to be Ny,C(3)-secocuran 1.15, which
was structurally similar to the major previously isolated alkaloid strychnobrasiline (1.14).*¥ In a
follow up study, the correct structure of malagashanine (1.9) was unambiguously established by
X-ray crystallography.2° Thus, malagashanine (1.9) was the first in a new series of Np,C(21)-
secocuran alkaloids. However, unlike the broader class of Strychnos and Aspidosperma alkaloids,
which possess a syn-stereochemical relationship between the C2—H, C7—C6, and C3—H bonds,
alkaloids 1.9-1.12 display inverted stereochemistry at C3, resulting in a synthetically challenging
trans fusion between the C and D rings. This stereochemical peculiarity is absent in malagashanol
(1.13), which additionally contains a trans relative stereochemical relationship between C19 and

C20, another structural divergence from the malagashanines (1.9 and 1.10). Additionally,




myrtoidines 1.11 and 1.12 contain a butyrolactone moiety (F ring) that is absent in all other

Malagasy alkaloids.16:*7

1.14, Strychnobrasiline
Np,C(3)-secocuran

1.20
Np,C(21)-secocuran

Scheme 1.2: Proposed biogenetic scheme of Np,C(21)-secocuran alkaloids from
strychnobrasiline (1.14)

A Dbiogenetic pathway for the formation of Ny,C(21)-secocuran alkaloids from
strychnobrasiline (1.14) was proposed by Martin et. al. (Scheme 1.2).2¢ Protonation of the
enamine and subsequent hydrolysis of the resulting iminium ion 1.16 provides an aldehyde with
a pendant secondary amine 1.17. Condensation with the C3 ketone provides iminium ion 1.19
which can be reduced to form the Ny,C(21)-secocuran core 1.20 of the Malagasy alkaloids. In
addition to explaining the formation of the Ny,,C(21)-secocuran series of alkaloids, this proposed
scheme also accounts for the co-occurrence of minor C3 and C20 epimers of these alkaloids. In a
biomimetic synthetic approach to malagashanine (1.9) from strychnobrasiline (1.14),2* it was
found that reduction of the C3 iminium ion occurred primarily from the bottom face, providing
the C3 epimer of malagashanine. The parent alkaloid itself was never observed.

1.2.2 Biological activity
1.2.2.1  Chloroquine resistance in Plasmodium falciparum
Despite global efforts to control and eliminate malaria, it remains a major health concern

resulting in an estimated 405,000 deaths from 218 million cases in 2018, with the World Health

Organisation (WHO) African region carrying a disproportionately high number of cases (~93%).



The WHO recommends artemisinin-based combination therapies (ACTs) as the first-line
treatment for Plasmodium falciparum malaria. However, chloroquine remains the treatment of
choice in some countries, particularly against P. vivax malaria in areas where resistant strains
have not yet developed.22 Despite the initial effectiveness of chloroquine in treating P. falciparum
malaria, chloroquine-resistant (CQR) strains of the parasite are responsible for 80% of infections
and 90% of malaria-related deaths,23 highlighting the importance of understanding the
mechanism by which resistance to antimalarial drugs like chloroquine is developed.

P. falciparum grows in the red blood cell by ingesting haemoglobin from the cytosol of the
host and degrading it in the digestive vacuole (DV) to its component peptides — essential nutrients
required for the parasite to grow — and heme, which is incorporated into an inert crystalline
polymer, hemozoin. Without this biocrystallisation, heme can be toxic in large concentrations.24
Chloroquine activity against chloroquine-sensitive (CQS) parasites is a result of the diffusion and
accumulation of chloroquine in the DV. While unprotonated chloroquine can diffuse freely
through the plasmodium membrane, it gets protonated in the acidic DV producing charged
species which cannot permeate through the membrane.25 Once accumulated inside the DV,
chloroquine is believed to interfere with the parasite detoxification process by binding to heme
and preventing its incorporation into hemozoin, leading to increased concentrations and damage
to the plasmodium membranes.2°

CQR Plasmodium falciparum has been shown to accumulate significantly less chloroquine
than CQS parasites, leading to the observed drug resistance.27-28 This decreased accumulation has
been correlated with point mutations in the P. falciparum chloroquine resistance transporter
(PfCRT) protein, though the cause for this is the subject of debate. One hypothesis is that the
mutations cause alterations in the pH of the DV resulting in reduced diffusion of chloroquine as
well as lower binding affinity to heme. Another possibility is increased efflux of chloroquine from

CQR strains of the parasite.29



1.2.2.2 Antimalarial activity of the Malagasy alkaloids

While the crude alkaloid extract of S. myrtoides alone displayed no antimalarial activity,
significant enhancement of chloroquine action was observed against CQR strains of P.
falciparum. In particular, malagashanine (1.9) and strychnobrasiline (1.14), the major alkaloid
extracts from S. myrtoides and S. mostuoides, were shown to potentiate chloroquine activity. The
crude alkaloid extract also displayed in vivo chloroquine potentiating activity against CQR strains
of P. yoelii.*® Similarly, alkaloids 1.2-1.5 also potentiated in vitro chloroquine activity against
CQR strains of P. falciparum, albeit to a lesser extent.®

As alluded to earlier, possible factors contributing to chloroquine resistance include decreased
influx of chloroquine into the digestive vacuoles (DV) of CQR parasites, or increased chloroquine
efflux from CQR parasites, or both. Rasoanaivo and co-workers demonstrated that chloroquine
efflux from CQR strains of P. falciparum that were pre-loaded with isotopically labelled
chloroquine was inhibited by malagashanine (1.9). In the same report, the authors showed that
malagashanine (1.9) also likely activates chloroquine influx into resistant parasites.3°
1.2.3 Prior synthetic studies

While the broader family of strychnos alkaloids have received considerable attention from the
synthetic community, culminating in some truly elegant total syntheses, remarkably little
progress has been made towards the synthesis of the Ny,,C(21)-secocuran Malagasy alkaloids. The
only completed total synthesis from this sub-family of alkaloids was published by the Blakey Lab
in 2017 and will be discussed in greater detail in Chapter 2 of this dissertation. The rest of this
chapter will focus on prior external synthetic efforts towards these alkaloids. These reports were
published while the studies presented in Part 1 of this dissertation were ongoing.
1.2.3.1  Synthesis of the malagashanol core (Canesi, 2020)

Malagashanol (1.13) is one of the minor alkaloids isolated from the stem bark of Strychnos
myrtoides in 1999.2 There have been no total syntheses of this natural product to date, although

Canesi and co-workers reported the synthesis of the main core of this alkaloid in 2020.3! Their



strategy centred around the synthesis of a densely functionalised common advanced intermediate

which could ostensibly serve as a divergence point for the synthesis of several strychnos alkaloids.
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Scheme 1.3: Synthesis of the main core of malagashanol (1.13) by Canesi and coworkers

To this end, phenol 1.21 was condensed with the aluminate salt of 2-iodoaniline (1.22) to
form the corresponding amide in 87% yield. Oxidative dearomatisation with PhI(OAc). provided
dienone 1.23 (89% yield) which was set up for an aza-Michael addition with the pendant amide,
and the resulting enolate was trapped with TBSOTY to provide 1.24 in 94% yield. The excellent
diastereoselectivity of this process could be attributed to the presence of the lactate derivative on
the amide. Intramolecular cross-coupling with the pendant enolate then closed the indoline ring
to provide the key tetracyclic intermediate 1.25 in 74% yield in a 95:5 mixture of diastereomers.4
Allylation of intermediate 1.25 (78% yield) to set the C7 quaternary center, followed by another
Michael addition at Ci5 with dimethyl malonate provided intermediate 1.26 (94% yield).
Lemieux-Johnson oxidative cleavage of the terminal olefin provided aldehyde 1.27 in 74% yield.
Finally, a double reductive amination with methylamine furnished the pyrrolidine moiety present

in the secocuran core of the Malagasy alkaloids in 61% yield (1.28). Unfortunately, this method

4In addition to the malagashanol core, intermediate 1.25 was advanced to the core structures of isosplendine and
strychnosplendine, and was used to complete the synthesis of strychnopivotine.35



of installing the C3 stereocenter is limited to the Malagasy alkaloids containing the cis fusion
between the C and D rings.
1.2.3.2 Synthesis of 11-demethoxy-16-epi-myrtoidine (Tang, 2016)
11-Demethoxymyrtoidine (1.11) is one of the Nj,C(21)-secocuran Malagasy alkaloids isolated
from strychnos myrtoides, containing the synthetically challenging trans fusion between the C
and D rings. Despite almost three intervening decades since its isolation, no total synthesis of this
alkaloid has been reported. In 2016, Tang and coworkers reported the development of a formal
[2+2+2] cascade reaction to assemble the tetracyclic core of the Malagasy alkaloids, and the

subsequent synthesis of the C16 epimer of 11-demethoxymyrtoidine (16-epi-1.11).32
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Scheme 1.4: Synthesis of 11-demethoxy-16-epi-myrtoidine (16-epi-1.11) by Tang and coworkers
Thus, vinyltryptamine 1.29 was treated with methylene malonate (1.30) and a Lewis acid

catalyst to provide tetracyclic core 1.31 in 92% yield and 91:9 d.r. This reaction sets the relative
stereochemistry at C2, C7, and C3, and notably results in a trans fusion between the C and D rings
in the major diastereomer, due to the inverted stereochemistry at C3. Krapcho decarboxylation

then set the relative stereochemistry at C16 (1.32, 74% yield, 83:17 d.r.). However, following



protecting group manipulations (1.32 = 1.33), the C16 stereochemistry was ablated by
selenoxide elimination to provide 1.34. Reduction and Appel bromination provided 1.35, which
could be substituted with bromotetronic acid 1.36 to provide 1.37. Radical cyclisation of 1.37
furnished the hexacyclic skeleton of the myrtoidines 1.38; however, the relative stereochemistry
at C16 was inverted. Protecting group manipulations of intermediate 1.38 then completed the

synthesis of 11-demethoxy-16-epi-mytoidine (16-epi-1.11).

1.3 Conclusion

The Strychnos alkaloids are class of monoterpenoid indole alkaloids which have been popular
targets for synthetic chemists for a long time due to their challenging polycyclic architectures and
compelling pharmacological activities. In particular, the Malagasy alkaloids, secocurans isolated
from shrubs in western Madagascar, exhibit chloroquine potentiating activity in CQR strains of
P. falciparum malaria. Although ACTs are the first-line treatment for malaria, they are not readily
available to most households in developing countries due to their prohibitive costs. On the other
hand, the effectiveness, low cost, and ease of manufacture of chloroquine makes it a more
preferred drug.33 Therefore, a clearer understanding of how chemosensitisers like the Malagasy
alkaloids can potentiate chloroquine activity in CQR parasites is of paramount importance.
However, the Malagasy alkaloids have received very little attention from the synthetic chemistry
community. Chapter 2 of this dissertation will focus on prior work in the Blakey lab on the

development of a cascade strategy to diastereoselectively access the tetracyclic core of these

alkaloids.
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Chapter 2. Early Synthetic Studies Towards the Malagasy

Alkaloids in the Blakey Lab

In this chapter, we will discuss the inspiration behind, and the development of, an iminium
ion cascade annulation to diastereoselectively assemble the tetracyclic core of the Malagasy
alkaloids by Dr. Ricardo Delgado. Following that we will discuss prior synthetic studies towards

11-demethoxymyrtoidine conducted by Dr. Danny Mancheno.

2.1 Pictet-Spengler cyclisations in indole alkaloid synthesis

Cascade reactions have been a major driving force in the total synthesis of many
monoterpenoid indole alkaloids.'-3 In particular, strategies involving indole dearomatisation have
been widely employed to assemble the diverse polycyclic cores present in the Strychnos and
Aspidosperma families.4 Many of these biomimetic cascade reactions have been inspired by the
Pictet-Spengler cyclisation of tryptamine and secologanin to form strictosidine, the first step in

the biogenetic pathway of monoterpenoid indole alkaloids (see Scheme 1.1).5¢
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Scheme 2.1: Pictet-Spengler cyclisations in indole alkaloid synthesis
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In a typical Pictet-Spengler reaction (Scheme 2.1), tryptamine (or any electron-rich aromatic
ring with a pendant amine) condenses with an aldehyde to form tryptiminium ion 2.1, which can
be nucleophilically attacked by indole C3 to form pyrrolidine-containing indolium ion 2.2. At this
stage, C2-C3 migration and subsequent rearomatisation completes the reaction to furnish (-
hydrocarboline 2.4 as the final product. In the case of C2-substituted indoles (2.5), the
intermediate cannot rearomatise and can terminate after the formation of the pyrrolidine ring,
with R! and R2 functioning as chemical handles to complete the assembly of the curan skeleton
(blue inset, Scheme 2.1). In the context of indole alkaloid synthesis, this approach can efficiently
furnish the ABC ring system and has been strategically implemented in the total synthesis of
several monoterpenoid indole alkaloids (including strychnine). Alternatively, the Pictet-Spengler
reaction can be interrupted by trapping of the indolium ion 2.6 with a pendant carbon nucleophile

to complete the tetracyclic core of the curan family (2.7).4

o @
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Scheme 2.2: Synthesis of the curan skeleton via an interrupted Pictet-
Spengler cyclisation by Van Tamelen and co-workers

A seminal example of this latter approach was reported by Van Tamelen and co-workers as
early as 1960 (Scheme 2.2).7 Treatment of dialdehyde 2.8 with sodium acetate in acetic acid
formed iminium ion 2.9 which resulted in Pictet-Spengler cyclisation to form 2.10. The resulting
indolium ion could undergo a Mannich-type cyclisation to furnish the curan core (2.11). This early

example laid an important foundation for several subsequent syntheses of monoterpenoid indole
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alkaloids using creative strategies to trap the transient indolium ion by nucleophilic attack at C2.

A relevant example is Corey’s 1999 synthesis of aspidophytine (2.12, Figure 2.1).8

2.2 Total synthesis of aspidophytine (Corey, 1999)

Aspidophytine (2.12, Figure 2.1) is a complex hexacyclic indole alkaloid characterised by a
C3—C14 fused lactone. It was originally isolated by acid-mediated degradation of dimeric indole
alkaloid haplophytine (2.13)° and is considered to be its biosynthetic and potential synthetic
precursor. As such, these alkaloids have been popular targets for synthetic chemists, and a
number of total syntheses of both aspidophytine (2.12)%1°-15 and haplophytine (2.13)*-2° have

been reported to date, beginning with Corey’s pioneering construction of aspidophytine in 1999.8

MeO

MeO NS s\
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2.12, aspidophytine 2.13, haplophytine
Figure 2.1: Aspidophytine and haplophytine
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Scheme 2.3: Synthesis of aspidophytine (2.12) via an interrupted Pictet-Spengler cascade reaction by
Corey and co-workers
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The Corey group developed an elegant cascade strategy to access the Aspidosperma skeleton,
reminiscent of Van Tamelen’s interrupted Pictet-Spengler cyclisation (see Scheme 2.2). In this
approach (Scheme 2.3), tryptamine 2.14 was condensed with enantioenriched dialdehyde 2.15
to form cyclic iminium ion 2.16, which could undergo Pictet-Spengler cyclisation to form
intermediate 2.17. At this stage, intramolecular aza-Sakurai cyclisation between the pendant
allylsilane and the indolium ion completed the construction of the pentacyclic core 2.18. Finally,
ionic hydrogenation of enamine 2.18 with NaBH;CN provided 2.20 in 66% yield. Through this
cascade reaction, Corey and co-workers were able to construct 3 rings and 3 contiguous
stereocenters (C2, C7, and C3) present in the alkaloid, and subsequently completed the first total

synthesis of aspidophytine (2.12).

2.3 Iminium ion cascades to access the Malagasy alkaloids
2.3.1 Development of the cascade annulation to assemble the Malagasy core
Inspired by Corey’s approach to aspidophytine, Dr. Ricardo Delgado, a former graduate
student in the Blakey lab, developed an iminium ion cascade reaction to access the tetracyclic
skeleton of the Malagasy alkaloids (Scheme 2.4).2* In this sequence, Lewis acid mediated
decomposition of hemiaminal 2.21 was employed to generate the required tryptiminium ion
2.22, rather than the condensation of tryptamine with the corresponding aldehyde, as is more
prevalent in Pictet-Spengler chemistry, due to the propensity of the required [,y-unsaturated
allylsilane to isomerise into conjugation with the aldehyde.5

OTMS

Ts\ N/Ts
H
BF5-OEt, 79% C
DCM, 0 °C B @
Ny TMS /N
N A
Bn
2.21 2.22 2.23 2.24

Scheme 2.4: An iminium ion cascade reaction to access the tetracyclic core of the Malagasy alkaloids

5 The a,a-disubstitution in Corey’s dialdehyde 2.15 (see Scheme 2.3) obviates the need for such a strategy to access
the required iminium ion.
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Once formed, iminium ion 2.22 could then undergo Pictet-Spengler cyclisation to form the
pyrrolidine C ring 2.23 in a diastereoselective fashion, following which, Aza-Sakurai reaction with
the pendant allylsilane could close the cyclohexane D ring to provide 2.24. Importantly, this
cascade reaction results in a trans fusion between the C and D rings, as seen in the majority of the
Malagasy alkaloids. This stereochemical inversion was hypothesised to be due to the selective
formation of the E-iminium ion 2.22, with the double bond geometry being directly translated to
the observed C7—C3 relative stereochemistry.°
2.3.2 Expanding the scope of the cascade reaction and total synthesis of
malagashanine

In order to effectively employ this reaction in the synthesis of Malagasy alkaloids, the scope of
the cascade annulation was expanded to include hemiaminals 2.25 and 2.27 containing tri-
substituted allylsilanes (Scheme 2.6). The olefin geometry in 2.25 and 2.27 was observed to
directly translate to the relative stereochemistry at C16. While the Z-allylsilane 2.25 provided
tetracyclic core 2.26 with the inverted C16 stereochemistry, E-allylsilane 2.27 underwent the

cascade cyclisation to provide the tetracyclic core 2.28 with the correct relative stereochemistry

OTMS

BFgOEtz O
~oemoc
N\ TMS 75%

OTBDPS oTBDPS

2.25 2.26

OTMS

“oemoc
\yT™S OBn 90%
N

\
Bn OBn

BF3 OEt, O 0 10 steps

227 2.28 2.29, malagashanine

Scheme 2.5: Olefin geometry in trisubsituted allylsilanes is directly translated to the relative
stereochemistry at C16

6 In Corey’s cascade, the cyclic iminium ion 2.16 (see Scheme 2.3) is configurationally locked, leading to the observed
relative stereochemistry at C3.
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at C16. This intermediate was successfully carried forward to complete the first total synthesis of

malagashanine (2.29).22

o]
0 DIBAL-H H
DCM, -78 °C
then TMS-imid., -20 °C
N
BF5-OEt, N
N\ TMS DCM, 0 °C gh H
N OBn 79% (2 steps)
\
Bn

4.3:1.9:1 d.r. OBn
2.31:C3:C3,C16 epimers

2.30 231

Scheme 2.6: Cascade annulation of oxocarbenium ion intermediates to provide the
tetracyclic core of mattogrossine

This cascade annulation could also be extended to the cyclisation of analogous oxocarbenium
ions, generated by Lewis acid-mediated decomposition of the corresponding mixed acetal
intermediates (Scheme 2.6).23 Starting from ester 2.30, the cascade reaction provided the
tetracyclic core 2.31 of mattogrossine (2.32), an indole alkaloid isolated from Strychnos
mattogrossensis,>* with a structurally similar pentacyclic framework as the Malagasy alkaloids.
2.3.3 Electronic tuning of the hemiaminal substrates controls the regioisomeric
outcome of the cascade reaction

The electronics of the nitrogen protecting groups in the hemiaminal substrates were shown to
be critical to the success of the cascade cyclisation to access the Malagasy core (see Scheme 2.4).2!
The electron-donating benzyl group on the indole nitrogen serves to enhance the C3
nucleophilicity, leading to C3 attack of the iminium ion. The strongly withdrawing tosyl group on
the hemiaminal nitrogen serves to hinder Pictet-Spengler migration from C3—C2, allowing attack
of the pendant allylsilane to occur competitively. Notably, an electronically similar protecting
group strategy was employed in the formal [2+2+2] cascade employed by Tang and co-workers in

the synthesis of 11-demethoxy-16-epi-myrtoidine (see Scheme 1.4).25

OTMS

TS\N/i N/Ts
H
BF5-OEt, MeO—
DCM, 0 °C
- N\ TMS 23% N
MeO N Bn M
2.33 Bn 2.34

Scheme 2.7: Cascade cyclisation of substrate containing a
methoxy substituent
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The importance of electronic tuning of the hemiaminal substrate is underscored in the cascade
reaction of hemiaminal 2.33 containing a methoxy substituent at the 6-position (Scheme 2.7).2!
Under the standard reaction conditions, this substrate was converted to the Malagasy core in a
diminished yield of 23%, instead providing the Pictet-Spengler B-hydrocarboline as the major
product. It was hypothesised that the electron-donating nature of the methoxy substituent
promotes C2—C3 migration, leading to the Pictet-Spengler product. This result has important
implications for the synthesis of myrtoidine (see Figure 1.1), which contains a methoxy substituent
at the 11-position (6-position by indole numbering), as it indicated that an iminium ion cascade

strategy to access myrtoidine would likely have to involve late-stage introduction of the methoxy

substituent.
Ts\ =)
Ts oTMS eN=,
\
N | L BFy-OEt, /J
’@J\) ™S OHCl0%C N{rs
MeO
MeO N\
2.36 237 T
62%
[ MeO ]
2.38 2.39
Scheme 2.8: Electronic tuning of the hemiaminal substrate results
in a regiodivergent cascade
oy OTMS
AY
N Ts
BF3-OEt, N
_—
N\ TMS N 4A Ms R
DCM, 0 °C "
N OTBDPS 83% OTBDPS
Ts
2.40 2.41

2.44 2.45, strictamine

Scheme 2.9: Regiodivergent cascade to access the akuammiline alkaloids

The introduction of a tosyl protecting group at the indole nitrogen (Scheme 2.8) resulted in

C2 nucleophilic attack of the iminium ion 2.37 to provide C3 carbocation 2.38, which could be
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quenched by the pendant allylsilane to provide regioisomeric tetracycle 2.39 as the major
product.2* Dr. Eric Andreansky, a former graduate student in the Blakey Lab, optimised this
regiodivergent cascade with trisubstituted allylsilane 2.40 to access the bridged tetracyclic core
2.41 of the akuammiline alkaloids (Scheme 2.9), and advanced this intermediate to the
furoindoline core 2.42 present in pseudoakuammigine (2.43) and the methanoquinolizidine core

2.44 present in strictamine (2.45).2°

2.4 Prior studies towards the synthesis of 11-demethoxymyrtoidine

In addition to malagashanine, Dr. Danny Mancheno, a former graduate student in the Blakey
Lab, was concurrently investigating different synthetic approaches to 11-demethoxymyrtoidine
and myrtoidine.2”2% It was envisioned that 11-demethoxymyrtoidine (2.46) could be accessed
from advanced intermediate 2.47, functionalised with an appropriate leaving group at the allylic
C18 position. 2.47 would be directly generated from carboxylic acid 2.48 or methyl ester 2.49,

intermediates that were previously synthesised in the malagashanine campaign (Scheme 2.10).22

2.46, 11-demethoxymyrtoidine
Scheme 2.10: Proposed approach to 11-demethoxymyrtoidine from carboxylic
acid 2.48 or methyl ester 2.49
Unfortunately, allylic bromination of 2.49 in the presence of 1,1-
azobis(cyclohexanecarbonitrile) (AHCN) as a radical initiator did not provide the desired C18
brominated product 2.50,2 instead yielding the regioisomeric C15 brominated product 2.51 in
42% (Scheme 2.11 A). Likewise, attempts to functionalise the allylic C18 position of 2.49 in the

presence of a strong base via an extended enolate were unsuccessful, yielding only unreacted

starting material (Scheme 2.11 B).3° In addition, direct C18—H carboxylation of 2.48 did not yield
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the butyrolactone product 2.55,3! and instead resulted in C20 decarboxylation to provide 2.56

(Scheme 2.11 C).

A. Radical bromination of allylic C18

LDA or "BuLi
THF, -78 °C

I or PhI(OPiv), or PhI(OTFA),

Pd(OAc), (10 mol %)
Ac-Leu-OH (30 mol %)
AgoCO3, KoHPO,

PhClI, 140 °C

248 2.56, 22%

Scheme 2.11: Attempts to functionalise the allylic C18 position

In a revised strategy, it was determined that the route to malagashanine could be intercepted
at an earlier stage to install a pre-oxidised C18 methylene group. To this end, tetracyclic core 2.56
was converted in 4 steps to acetoxymethyl dihydropyran 2.57 (Scheme 2.12). Unfortunately,
treatment with (OTFA),O did not yield the desired trifluoroacetate 2.58. It was hypothesised that,
under the reaction conditions, the C18 substituent is oriented to block the convex face of substrate,
rendering the olefin unreactive.”

TFAA, pyridine
DCM, r.t. to 50 °C

. /Ts
H
e 4 steps
—_—
N
/
Bn H

OBn

2.56
Scheme 2.12: Attempted C20 acylation of 2.57 with pre-oxidised allylic C18

7 The hydroacylation-hydrogenation-cycloetherification-dehydration sequence to build the dihydropyran moiety in
3.13 was adapted from the route to malagashanine. A C20 acylation was successful in the synthesis of malagashanine
which lacks any C18 substitution.22
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2.5 Conclusion

Interrupted Pictet-Spengler cyclisations of tryptiminium ions have been creatively employed
in the syntheses of several monoterpenoid indole alkaloids. Inspired by Corey’s synthesis of
aspidophytine, and the elegant Pictet-Spengler/aza-Sakurai cyclisation cascade developed to
construct the Aspidosperma core, the Blakey lab developed a powerful cascade annulation to
diastereoselectively assemble the tetracyclic core of the Malagasy alkaloids. This technique was
subsequently used in the total synthesis of malagashanine. Additionally, a regiodivergent cascade
was developed to access the isomeric core of the akuammiline alkaloids. Due to the efficiency of
the Malagasy cascade reaction, a similar strategy was pursued in the total syntheses of 11-
demethoxymyrtoidine and myrtoidine, two related alkaloids in the Malagasy family, and various
strategies to install the additional butyrolactone moiety were developed. Chapter 3 of this
dissertation will focus on new strategies to complete the synthesis of 11-demethoxymyrtoidine and

myrtoidine.
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Chapter 3. Synthetic Studies Towards 11-Demethoxymyrtoidine

and Myrtoidine

In this chapter, we will focus on new strategies to complete the synthesis of 11-
demethoxymyrtoidine and myrtoidine. We will begin with a retrosynthetic discussion of
convergent strategies to install a pre-formed butyrolactone fragment while forging the C15—C20
bond of the alkaloids. We will then discuss the development of model systems to explore the
feasibility of these approaches, and their subsequent application towards the synthesis of these
alkaloids. Following this, we will move on to an alternate approach relying on a Semmelhack
alkoxy/carbonylation/alkoxylation cascade sequence, before discussing our studies towards the

development of an asymmetric iminium ion cascade annulation.

3.1 A convergent strategy towards 1i1-demethoxymyrtoidine and myrtoidine:
installation of a pre-formed butyrolactone ring
3.1.1 Retrosynthetic plan

Previous attempts to intercept and divert the synthetic route to malagashanine (3.3, Figure
3.1) towards 11-demethoxymyrtoidine (3.1) and myrtoidine (3.2) had proved to be unsuccessful
(see Chapter 2).22 Therefore, we chose to develop a more convergent approach to the myrtoidines
and introduce a pre-formed furanone F-ring, which we anticipated would significantly streamline

the syntheses of these alkaloids.

3.1, R = H, 11-Demethoxymyrtoidine 3.3, R = H, Malagashanine
3.2, R = OMe, Myrtoidine

Figure 3.1: The Malagasy alkaloids

The retrosynthetic plan for this convergent approach is depicted in Scheme 3.1. Myrtoidine

(3.2) could be accessed via a late-stage C11—H oxidation of 11-demethoxymyrtoidine (3.1). This
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alkaloid could be formed by olefin reduction and cycloetherification of silyl ether 3.4 to close the
E ring dihydropyran (Plan A). The key step in this synthesis would be the Stille cross-coupling of
enol triflate 3.6 and vinylstannane 3.5 to forge the C15—C20 bond. Triflate 3.6 would be

generated from the kinetic enolate of ketone 3.7.

Plan A
e}
BuzSn j:«/
g oTf
TBDPSO
3.6
O 0 — 0
Bn Bn
TBDPSO TBDPSO

3.2, myrtoidine

3.1

I ae|ﬂ

—=—Qrier

TBDPSO™ MeO

3.8 3.10

Scheme 3.1: Convergent strategies to install a pre-formed furanone F-ring

Alternatively, 11-demethoxymyrtoidine (3.1) could be accessed by radical deoxygenation of
tertiary alcohol 3.8, following cycloetherification of silyl ether 3.10 (Plan B). This tertiary alcohol
would be generated by 1,2-addition of a suitable organometallic nucleophile 3.9 to ketone 3.7,
which would derive from oxidative cleavage of exocyclic olefin 3.11. This tetracyclic core would
be assembled using the previously developed iminium ion cascade annulation3 that was
instrumental in the successful total synthesis of malagashanine (3.3),% and which would
stereospecifically set 4 of the 5 stereocenters present in the myrtoidines. As discussed in Chapter

2, this cascade annulation is incompatible with electron-donating substitution at the 11-position,
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which results in a regiodivergent cascade reaction.35 Therefore, a late-stage C11—H oxidation of
11-demethoxymyrtoidine (3.1) was chosen as the optimum route to myrtoidine (3.2).
3.1.2 Synthesis of substrates for model systems

Before committing any advanced intermediates to the synthesis of ketone 3.7 and triflate 3.6,
we chose to conduct exploratory studies on a model system. To this end, primary alcohol 3.12°
was protected with TBDPSCI to provide ketone 3.13 (Scheme 3.2 A). Deprotonation of 3.13 with
excess LIHMDS at -78 °C, followed by treatment with Comins’ reagent (3.14)7 selectively
delivered the kinetic enol triflate 3.15 in 44% yield. The low reaction temperature was critical for
selectivity for the kinetic enolate, necessitating the use of 3.14 as the triflating reagent; the
cheaper alternative, phenyl triflimide (PhNTf,), was not sufficiently reactive at -78 °C, and

delivered a mixture of the kinetic and thermodynamic enol triflates at o °C.

A. Synthesis of model enol triflate 3.15 LiHMDS

TBDPSCI 3. 1@
imidazole NTf,
o I — [¢]
DCM, 0°Ctor.t. THF 78 °C
67%

OH OTBDPS OTBDPS
3.12 3.13 3.15
B. Synthesis of vinyl stannane 3.5
o Br,, DCM Na, napthalene o
0°Ctort. Br THF, rt. BugSn
- " - - >
| o then EtN | o BugSnCl | o
0°Ctort. -78°Ctort.
MeO
65% 80%
3.16 : 317 ° 35

MeO

Scheme 3.2: Synthesis of substrates for model systems

Known vinylstannane 3.5 was synthesised in two steps from commercially available 4-
methoxy-2(5H)-furanone 3.16 (Scheme 3.2 B). Dibromination and elimination of 3.16 provided
vinyl bromide 3.17 in 65% yield.® Reduction with freshly prepared sodium naphthalenide and

treatment with tributyltin chloride provide the desired vinyl stannane 3.5 in 80% yield.o
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3.1.3 Synthesis of ketone 3.7 and kinetic enol triflate 3.6

3.1.3.1 Synthesis of Malagasy core 3.11

OTBDPS

TBDPSCI P Cp,ZrHCl,
imidazole BuLi, BF3-OEt, OH DCM, 0 °C,
_— OH = oTtBDPS — -~ _— OTBDPS OH
//\ DCM, 0°C to rt. //\ 0 4 then NIS |
quant. /\ THF, 0°C |
THF, -78 °C 58%
3.18 3.19 65% 3.20 3.21
NMM
OTBDPS TMSCH,MgCI OTBDPS A
1. DMP, DCM, r.t. ZnBr, THF, 0 °C
o} o
2. NaClO,, NaH,PO, | PdCl,(CH3CN), (5 mol%) | s
2-methyl-2-butene HO | Et,O/DMF HO ™S /N
DCM/H,O/'BuCH, r.t. 66% over three steps N\ Li
3.22 3.23 N 324
\
Bn
THF, -78 °C
97%
By Bn. N/TSH
— DIBAL-H, TMS-imidazole —
imidazole, BF;-OEt,
™S T™S
DCM, -78 °C - 0 °C DCM, 0 °C
81% 78% N
— N—Ts — N—Ts gn H
OTBDPS
OTBDPS O OTBDPS OTMS
3.25 3.26 3.1

Scheme 3.3: Synthesis of the tetracyclic core of the Malagasy alkaloids
Having established a strategy to complete the synthesis of 11-demethoxymyrtoidine (3.1), we

turned our attention to the synthesis of the tetracyclic core of the Malagasy alkaloids (3.11) from
commercially available propargyl alcohol (3.18, Scheme 3.3).45 Following alcohol protection with
TBDPSCI to provide 3.19, alkyne alkylation with condensed oxirane provide homo-propargyl
alcohol 3.20 in 65% yield. Alkoxide-directed hydrozirconation of the resulting internal alkyne
with Schwartz’s reagent according to Ready’s procedure,”® followed by quenching with N-
iodosuccinimide (NIS) regioselectively afforded alkenyl iodide 3.21 in 55% yield. As discussed in
Chapter 2, the olefin geometry set at this stage is directly translated to the relative stereochemistry
at C16 of the Malagasy core.# Dess-Martin oxidation to the aldehyde, followed by Pinnick-
Lindgren oxidation generated the carboxylic acid 3.22, which was subjected crude to a Negishi
cross-coupling with TMSCH.MgCl and ZnBr. to provide the (E)-allylsilane 3.23 in 66% yield over
three steps. Conversion of 3.23 to its mixed pivaloyl anhydride and subsequent condensation

with the lithium anion of tryptamine 3.24 furnished the linear amide 3.25 in 97% yield. DIBAL-
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H reduction and trapping with TMS-imidazole then generated the O-TMS hemiaminal 3.26,
which could be treated with BF;-OFEt. to provide the tetracyclic core 3.11 in 78% yield.
Alternatively, amide 3.25 could be converted in one-pot to 3.11 by adding BF;-OEt, to the O-TMS
hemiaminal 3.26 reaction mixture at 0 °C.
3.1.3.2 Oxidative cleavage of core structure 3.11

With a robust and scalable route to 3.11 in hand, we examined the oxidative cleavage of the
exocyclic olefin to form the corresponding ketone 3.7 (Scheme 3.4). Ozonolysis of the tetracyclic
core resulted in decomposition of the starting material, presumably due to the Lewis basicity of
the benzylated indoline nitrogen. We hypothesised that protonating the indoline nitrogen would
protect the substrate from decomposition under the oxidative conditions. Unfortunately,
ozonolysis in the presence of methanolic HCI was similarly unsuccessful, resulting in a mixture of
unidentified compounds and small quantities of debenzylated ketone 3.27. Previous work in the
Blakey lab had also shown that catalytic Lemieux-Johnson oxidation was unsuccessful, leaving

behind substantial amounts of unreacted starting material.*

/e 03, DCM, -78 °C JTs 3 TS
N or N ' N

05, DCM i

MeOH-HCl, -78 °C

or '
N cat. 0sO,, NalO, N 0 ! N o

gl H 2,6-lutidine gl H ; !
OTBDPS dioxane:H,0 oTBDPS | OTBDPS !

3.1 37  teee----T e

Scheme 3.4: Attempts at direct oxidative cleavage of exocyclic olefin 3.11
We attempted to drive the reaction forward using OsO, (1.1 equiv) and NalO, (5 equiv) in a
UW reactor at 65 °C in a solvent mixture of DCM, ‘BuOH, and water (Scheme 3.5). However, after
4 hours, no trace of the desired ketone 3.7 was observed. Instead, the dihydroxylated product

3.28 was isolated in 26% yield, along with trace amounts of the debenzylated diol 3.29 (identified

N/Ts 050, (11 " N/Ts N/Ts N/Ts
50, (1.1 equiv,
H DMAP (2.2 equiv) H H oH H oH
NalOy4 (5 equiv)
DCM/tBuOH/H,0 * *
t-Bu X
/N 65 °C, uW, 4 h /N o) /N OH N OH
Bn H Bn H Bn H H
OTBDPS OTBDPS OTBDPS OTBDPS
3.11
3.28 3.29
3.7 26% trace

0%
Scheme 3.5: Attempts at oxidative cleavage of exocyclic olefin 3.11 under uW conditions
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by HRMS). Subjecting olefin 3.11 to these conditions for 24 hours resulted in complete

decomposition of the starting material and a mixture of unidentified side products.

/Ts /Ts
N 0s0, (soln.) N
DMAP (2.2 equiv) OH
THF, temp.
then, NaBH, (20 equiv)
N MeOH, 0 °C to .. /N OH
Bn H Bn H
OTBDPS OTBDPS
3.1 3.28
Entry 0s0, soln. temp. 3.287 3.11°
1 25 wt% in '‘BuOH rt. 33% 61%
2 25 wt% in '‘BuOH 40 °C 18% 58%
3 0.7 Min THF rt. 76% -

Table 3.1: Dihydroxylation of exocyclic olefin 3.11. aYields
of 3.28 and recovered 3.11 are of isolated products

Given the difficulties encountered in developing a one-step oxidative cleavage reaction, we
turned our attention towards developing the dihydroxylation of exocyclic olefin 3.11. Prior work
done by Dr. Ricardo Delgado has established that the osmate ester produced by the reaction of
0s0, with 3.11 is not easily reduced with commonly used reagents like aqueous Na,SOs, instead
requiring a stronger reducing agent like NaBH, to convert to the diol product 3.28.* With this in
mind, we began optimising the dihydroxylation reaction using a NaBH, quench (Table 3.1). When
a 25 wt% solution of OsO, in ‘BuOH was used, the diol product was isolated in 33% yield along
with 61% of unreacted 3.11 (entry 1). In an attempt to drive the reaction to completion, the
dihydroxylation was performed at a slightly elevated temperature. However, under these
conditions the yield of 3.28 dropped to 18% and 58% of the olefin staring material was recovered
(entry 2). We hypothesised that ‘BuOH from the OsO, solution could be reducing the solubility of
the olefin substrate, resulting is the observed lower yields. When OsO, (0.7 M in THF) was used
in the reaction, we observed complete consumption of the starting material and isolated diol 3.28
in 76% yield after reduction of the osmate ester with NaBH, (entry 3). Diol 3.28 was isolated as
an inconsequential 1:1 mixture of diastereomers. The oxidative cleavage of diol 3.28 with NalO,
in THF/H.O (2:1) proceeded uneventfully to provide ketone 3.7 in 85% yield (Scheme 3.6). The

structure of ketone 3.7 was assigned by COSY experiments, as well as by comparison to the
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structure of the olefin precursor 3.11. Key COSY correlations are depicted with green arrows in

Scheme 3.6.
N/Ts N/Ts
H H
OH Nalo,
THF/H,0 (2:1), rt. —
N N —
/R OH 85% [ o

/
Bn i o
OTBDPS OTBDPS o
H
3.28 3.7

OTBDPS

Scheme 3.6: Oxidative cleavage of diol 3.28 and structural assignment of ketone 3.7.

3.1.3.3 Synthesis of kinetic enol triflate 3.6

Kinetic enol triflate 3.6 has previously been synthesised in the Blakey lab by Dr. Ricardo
Delgado™ by treating ketone 3.7 with KHMDS (1.1 equiv) at -78 °C for 30 minutes, followed by
addition of Comins’ reagent (1.2 equiv)7 and stirring for 5 hours (Scheme 3.7). This reaction was
fairly low yielding, providing the desired triflate 3.6 in 33% yield as well as unsaturated kinetic
enol triflate 3.30 in 17% yield. We set out to improve the yield of the kinetic enol triflate 3.6 and
suppress the formation of unsaturated triflate 3.30, which presumably arises from deprotonation

at the thermodynamic position and elimination of the silanol prior to triflate formation.

N/Ts
H
+ ‘
N
/
Bn H

/Ts

N/Ts
H KHMDS (1.1 equiv) H
THF, -78 °C, 30 min ‘
/N
Bn H

Comins’s reagent (1.2 equiv)
h

/N o THF, - 78 °C, 5 oTf

OTf

OTBDPS OTBDPS

3.7
3.6 3.30
33% 17%

Scheme 3.7: Previous synthesis of kinetic enol triflate 3.6 (Dr. Ricardo Delgado)

We hypothesised that slow addition of the ketone 3.7 to a cold solution of excess base would
improve selectivity for the formation of the kinetic enolate by suppressing equilibration to the
thermodynamic product and subsequent elimination of the silanol. Thus, we subjected ketone 3.7
to the conditions developed for the synthesis of model triflate 3.15 [LiHMDS (3 equiv), Comins’
reagent (3 equiv), THF, -78 °C (see Scheme 3.2 A)]. However, under these conditions, we still

observed a 1.4:1 (by crude *H NMR) mixture of triflate 3.6 and unsaturated triflate 3.30.
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N oH
KHMDS (3 equiv)
THF, -78 °C, Time 1 O
Comin’s reagent
/N O (3 equiv) oTf oTi
Bn H THF, - 78 °C, Time 2 B 1
OTBDPS OTBDPS B
3. 3.3
o
- aH
H
oTf
H

Table 3.2: Optimising the synthesis of kinetic enol triflate 3.6. “Ratios determined by
crude 'H NMR. Blue inset: NOESY correlations among C17-, C2-, and C3-protons

We reverted back to using KHMDS as the strong base for this reaction. With 3 equiv KHMDS

3.6
Entry Time1 Time2 3.6:3.307 Yield (3.6)

1 17h 5h 6:1 33%

2 15h  23h 2:1 25%
3 3h 2h 14:1 59% _

TBDPSO

\\\\

and 3 equiv Comins’ reagent, we evaluated the effect of varying the reaction time for each stage of
the reaction (Table 3.2). We observed that allowing the reaction to stir for extended periods with
KHMDS (entry 1) or with Comins’ reagent (entry 2) resulted in diminished yields of the kinetic
enol triflate 3.6, and increased quantities of the unsaturated triflate 3.30. Ultimately, we
discovered that slow addition of the ketone to a solution of KHMDS (3 equiv) in THF at -78 °C
was necessary. Allowing this reaction to stir at -78 °C for 2 hours, followed by addition of Comins’
reagent (3 equiv) at -78 °C and stirring for 2 additional hours afforded the kinetic enol triflate 3.6
in 59% yield (entry 3). NOESY correlations among the C17-, C2-, and C3-protons indicated that
no epimerisation of the C2- and C3-stereocenters was occurring (Table 3.2, blue inset) under the
basic reaction conditions. We hypothesise that this difference in reactivity between Li+ and K*
bases is a result of slower conversion of the lithium enolate to the triflate as compared to the
potassium enolate, allowing competitive equilibration to the thermodynamic enolate and
subsequent silanol elimination.
3.1.4 Forging the C15—C20 bond
3.1.4.1 Plan A — Stille coupling

In order to test the efficacy of the Stille coupling between kinetic enol triflate 3.6 and vinyl

stannane 3.5 in Plan A (see Scheme 3.1), we evaluated different reaction conditions using model
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triflate 3.15 (Table 3.3). We began our investigation using Corey’s conditions for the Stille cross-
coupling of sterically congested systems.?2 Thus, triflate 3.15 was reacted with stannane 3.5 in
the presence of Pd(PPhj), (10 mol %), LiCl (6 equiv), and CuCl (5 equiv) in dry DMSO at 60 °C for
24 hours under rigorously anaerobic conditions. LiCl is known to accelerate the oxidative addition
of vinyl triflates to Pd(o) complexes.’3 Furthermore, under these conditions, the vinyl stannane is
presumed to transmetallate with CuCl to produce a vinyl Cu(I) species which accelerates the

subsequent transmetallation step with the Pd(II) catalytic intermediate.

(0]
BugSn

35 | 0O
MeO
Pd cat. (10 mol %) o
ligand (20 mol %)
or LiCI (6 equiv), Cu salt (5 equiv) | o
solvent, 40 °C
TBDPSO TBDPSO™ MeO
3.15 3.31
Entry Pd cat. Ligand Cu salt Solvent  Yield (Conv.)?
1 Pd(PPhg), - CucCl DMSO 429%bc
2 Pd(PPhs)s - CuCl THF 42% (100%)
3 Pd(OAc), PPhs CuCl THF 64% (100%)
4 Pd(OAc), PPhs Cul THF 10% (48%)
5 Pd(OAc), PPhg CuTC THF — (10%)
6 Pd(OAc), PPhs — THF 35% (100%)
7 Pd(OAc), AsPhg CuCl THF 19% (68%)
8 Pd(OAc), P(2-fur)s CuCl THF 45% (52%)

Table 3.3: Evaluation of reaction conditions for the Stille
coupling of model triflate 3.15 with vinyl stannane 3.31.
aDetermined by integration against 1,4-dinitrobenzene as an
internal *H NMR standard. bIsolated yield. Reaction was run
at 60 °C

Under Corey’s conditions, coupling product 3.31 was isolated in 42% yield.
Protodemetallation of the stannane was the major side reaction. To suppress this the reaction was
performed at a lower temperature (40 °C) in THF (entry 2). While there was no change in yield of
3.31, complete consumption of triflate 3.15 was observed. The use of Pd(OAc). (10 mol %) and
PPh; (20 mol %) to generate a coordinatively unsaturated Pd(o) catalyst improved the yield of
3.31 to 64% (entry 3). A brief survey of Cu(I) salts revealed that CuCl was the most superior
additive (entries 4 and 5), while a control experiment established that a copper(I) salt was

necessary for useful yields of the product (entry 6). Alternative ligands like AsPh; and P(2-fur),
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were also employed, due to their well-documented ability to further accelerate the
transmetallation step.3 However, the use of AsPh; dramatically reduced the yield of 3.31 to 19%
(entry 7), while P(2-fur); reduced the yield of 3.31 to 45% (entry 8). Intriguingly, minimal side
reactions of the vinyl triflate were observed when P(2-fur); was used as the ligand and 48% of

unreacted starting material was observed by crude 'H NMR.

BuzSn
3.5 | 0
MeO

Pd(PPhs), (10 mol %)
LiCl (6 equiv), CuCl (5 equiv)

DMSO, 60 °C, 4 days
“standard conditions”

TBDPSO™ MeO 18

3.4
Entry Deviation from standard conditions Yield (3.4)2
none —
40°C <5%
Pd(PPhg)4 (50 mol %), LiCl (10 equiv), CuCl (10 equiv), r.t. <5%
Pd(PPh), (50 mol %), LiCl (10 equiv), CuCl (10 equiv), 40 °C 12%

Pd(OAc), (1 equiv), PPhs (2 equiv), THF, 40 °C —

Pd(OAc), (1 equiv), P(2-fur), (2 equiv), THF, 40 °C -

Pd(dba), (1 equiv), P(2-fur), (4 equiv), CuDPP (2 equiv), THF, 40 °C —
Pd(PPhg), (5 equiv), LiCl (10 equiv), CuCl (10 equiv), 40 °C 66%

0 N O a0 &~ WO N =

Table 3.4: Key Stille coupling to forge the C15—C20 bond and structural assignment of coupling
product 3.4. 9Yields are of isolated products

We next set our sights on the cross-coupling between enol triflate 3.6 and vinyl stannane 3.5
(Table 3.4). No coupling product 3.4 was observed under the standard conditions laid out by
Corey and co-workers (entry 1). Extensive protodemetallation of stannane 3.5 was observed, and
no unreacted 3.5 was observed by crude *H NMR. A lower reaction temperature of 40 °C allowed
us to isolate and characterise coupling product 3.4 for the first time, but in very low yields (entry
2). In Baran’s synthesis of Cortistatin A, some success was seen in a similarly congested system
by increasing the catalyst loading to 50 mol % and the stoichiometries of LiCl and CuCl to 10 equiv
each at room temperature. However, under these conditions, the yield of 3.4 remained low (entry
3). Increasing the temperature back to 40 °C with higher catalyst loading improved the yield
somewhat to 12% (entry 4). Under these conditions, significant consumption of vinyl triflate 3.6

was observed, as well as protodemetallation of stannane 3.5. This indicates that slightly elevated
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temperatures were necessary for the triflate to engage the Pd(o) catalyst, despite the occurrence
of competing protodemetallation of stannane 3.5. Based on our survey of reaction conditions with
model triflate 3.15 (see Table 3.3), we performed the reaction with Pd(OAc); (1 equiv) as the
precatalyst and PPh, (2 equiv) as the ligand. However, under these conditions no coupling product
3.4 was observed, and the starting triflate 3.6 was recovered nearly quantitatively. The use of
P(2-fur); as the ligand resulted in complete decomposition of the starting materials, and no triflate
3.6 or coupling product 3.4 was isolated (entries 6 and 7). We reverted back to using Pd(PPh;),
as the catalyst, as it was the only catalyst with which we were able to isolate coupling product 3.4.
The use of super-stoichiometric Pd(PPhj), (5 equiv) afforded coupling product 3.4 in 66% yield.
Characterisation and structural assignment of coupling product 3.4 was achieved by COSY,

HMQC, and HMBC experiments. Key HMBC correlations are depicted with green arrows in Table

. /Ts \ /Ts :'

H H !

HF-pyridine

MeCN, r.t. 3

/N oTi 11% (not reproducible) /N oTf ;
Bn H Bn H

OH !

.6 '

3.4.

OTBDPS

3 3.32

Scheme 3.8: TBDPS deprotection of vinyl triflate 3.6
We hypothesised that removing the deprotection of the primary alcohol in triflate 3.6 would

reduce the steric congestion around the triflate and allow the Stille coupling to compete with
protodemetallation of the vinyl stannane 3.5. Treatment of triflate 3.6 with HF-pyridine in MeCN
at room temperature delivered the primary alcohol 3.32 in 11% yield (Scheme 3.8). However, we
were unable to reliably reproduce the results of this reaction, and consistently observed the
formation of unsaturated triflate 3.30.

Based on the difficulties encountered in the optimisation of this reaction, and the rather
forcing conditions required to isolate any meaningful quantities of 3.4, at this stage we decided

to turn to Plan B outlined in Scheme 3.1 above.



37

3.1.4.2 Plan B — 1,2-addition to ketone 3.7

In this revised strategy, we envisioned that an organometallic nucleophile derived from
bromofuranone 3.17 could attack ketone 3.7 to form the elusive C15—C20 bond. To test this
hypothesis, bromofuranone 3.17 was treated with a solution of ‘PrMgCI-LiCl (1.3 M in THF) at o
°C to generate the Grignard reagent, followed by addition of benzaldehyde as a model electrophile
(Scheme 3.9). Under these conditions, no trace of the desired benzyl alcohol 3.33 was seen. The
major side products observed by LCMS were C5 aldol addition and condensation products 3.34
and 3.35, respectively. 4-Alkoxy-2-furanones such as 3.17 have been reported to be reactive at
the Cs-position under strongly basic conditions due to their tendency to aromatise upon

deprotonation at the y-position.
o}

0 :
Br ’PngCI LiCl
| o THF, 0 T TRl
MeO MeO 4,y P %ass | Ph

; 3.3
3.17 3.33 : major products by LCMS

Scheme 3.9: Grignard reaction with bromofuranone 3.17 predominantly
forms aldol addition and condensation products

In 2005, Paintner and co-workers reported the regioselective C3 functionalisation of 4-
alkoxy-2-furanones via 2-silyloxyfuran intermediates.’s In this methodology, iodofuranone 3.36
was treated with Et;N and TIPSOTT to provide silyloxyfuran 3.37 in excellent yield (Scheme 3.10

A). These products could then smoothly undergo lithium-halogen exchange without deleterious

P
A. C3-functionalization of. 4-alkoxy-2-furanones (Paintner, 2005) Buli

o)
0 OTIPS H OH 4
| EtsN, TIPSOTf |
- -
| o DCM, 0 °C P THF, -78 °Cto . | o
95% .
MeO o MeO then pH 5.5 gggfphate buffer MeO
3.36 3.37 3.33

B. Addition of silyloxyfuran 3.36 to model ketone 3.13
OTIPS "BuLi, -78 °C, 15 min on©
I THF,-78°Ctort, 3.5 h
o) then pH 5.5 phosphate buffer | ©
= 85%
MeO TBDPSO TBDPSO™ MeO
3.37 3.13 3.38

Scheme 3.10: Addition of silyloxyfuran 3.36 to model ketone 3.13 using Paintner’s
conditions for the selective C3 functionalisation of 4-alkoxy-2-furanones
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side reaction occurring through y-deprotonation, and the resulting organolithiates could be
treated with a wide range of electrophiles. Mildly acidic work-up ensured complete hydrolysis of
the silyloxyfuran moiety back to the furanone. Excited by these results, we treated silyloxyfuran
3.37 with "Buli at -78 °C for 15 min, before adding a solution of cyclohexanone 3.13 to the
reaction and allowing it to warm up to room temperature (Scheme 3.10 B). After quenching the
reaction with a pH 5.5 phosphate buffer, we isolated tertiary alcohol 3.38 in 85% yield.

After establishing a method to install the furanone fragment, we next turned our attention to
the radical deoxygenation of model tertiary alcohol 3.38. We conducted a brief literature survey
of visible light induced radical deoxygenations,¢ as these reactions can be performed catalytically
and do not use toxic and hazardous reagents that are common to the Barton-McCombie
deoxygenation.'7-19 Alkyl radical species have been generated from various redox-active esters
derived from alcohol starting materials, some of which are depicted in Scheme 3.11.20-22 In
particular, we were drawn to oxalates22 and phthalimidoyl oxalates,2° reported by MacMillan and

Overman, due to the abundance of tertiary alkyl radicals that have been generated from these

precursors.
r\/ (o}
Ao L Rl _0_ N " R _o_ R!
R2 ~ >‘/ ocs — - R
R3 R2 | R2 | R3
R3 S R® (o}
phthalimidoyl oxalates thiocarbamates cesium oxalates
(Overman, 2013) (Fensterbank, (MacMillan
Goddard & Ollivier, 2014) & Overman, 2015)

Scheme 3.11: Some common alcohol-derived alkyl radical precursors

To this end, we subjected alcohol 3.38 to the standard conditions for the synthesis of tertiary
phthalimidoyl oxalates as laid out by Overman and co-workers (Scheme 3.12 A).2° Unfortunately,
no phthalimidoyl oxalate 3.39 was observed and the starting tertiary alcohol was isolated in
quantitative yield. We hypothesised that steric encumbrance around the alcohol was hindering its
reaction with the bulky phthalimidoyl oxalyl chloride. Likewise, no acyl chloride product 3.39

was observed when 3.38 was treated with oxalyl chloride (Scheme 3.12 B). Surprisingly, the major
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product observed under these conditions was elimination product 3.31, which matched the

product isolated from the model Stille coupling reaction (see Table 3.3).

A. Attempted synthesis of phthalimidoyl oxalate 3.38
o o
N
Cl N
o N (6]
(2 equiv) O

on © 0
o)
| O EtsN (2 equiv) 0o
DMAP (10 mol %) 0

TBDPSO™ g0 THF, rt. 0
\ [¢]
TBDPSO™ MeO
3.38 3.39
B. Attempted synthesis acyl chloride 3.39

(e}

cl pmmm e N

Cl : o

v SUNNN Y

‘ ;

| © THF ' :

-78°Ctort. , TBDPSO '

TBOPSO” MeO ﬁo MeO ;

3.31, major product !

TBDPSO” MeO 23T, major product | !

3.38 3.40

C. Unexpected formation of diene 3.41

0 o) o)
OH HF-pyridine OH
. +
\ [¢] MeCN, r.t. | (e} | o)
TBDOPSO” Meo o 0
3.38 3.41 3.42
0% 53%

Scheme 3.12: Tertiary alcohol 3.38 is very sterically encumbered and
especially prone to elimination under mildly acidic conditions

We attempted to facilitate the synthesis of phthalimidoyl oxalate 3.39 by deprotecting the
primary alcohol to trigger the cycloetherification, thereby releasing the steric hindrance caused
by the bulky TBDPS group. To our surprise, when alcohol 3.38 was treated with HF-pyridine in
MeCN at room temperature, elimination of the tertiary alcohol had occurred in addition to
cycloetherification, and diene 3.42 was isolated in 53% yield (Scheme 3.12 C). This result,

together with the elimination product observed upon treatment of alcohol 3.38 with oxalyl

OTIPS
|

_—
Ts 3.37 o]

N =~

N/Ts
H MeO H ' N H
"BuLi, - 78 °C, 1 h G
N
/
Bn H

oH 7 ! ;

then pH 5.5 phosphate buffer ! .

| o N o!

1 Bi M !

OTBDPS TBDPSO™ MeO ! ;

3.7 3.10 . 3.43, major product ,1

N
/ (¢]

Scheme 3.13: Nucleophilic attack of ketone 3.7 with the lithium anion of silyloxyfuran
3.36 results in enone 3.43 as the major product



40

chloride, suggests that this tertiary alcohol is particularly susceptible to elimination under mildly
acidic conditions. While this was not the anticipated outcome of this reaction, we had nevertheless
established a reliable method to assemble the tricyclic dihydropyran/furanone ring system.

With this in mind, we attempted to form the C15—C20 bond by addition of the lithium anion
of silyloxyfuran 3.37 to ketone 3.7 (Scheme 3.13). Unfortunately, the tertiary alcohol product
3.10 was not observed under these conditions. Instead, the major product observed was enone
3.42, arising from elimination of the silanol.® We hypothesise that nucleophilic attack of ketone
3.7is not competitive with a-deprotonation with the generated organolithium compound to form
the kinetic enolate at -78 °C, which subsequently equilibrates to form the thermodynamic enolate.

This enolate can then eliminate silanol to form product enone 3.43.

Figure 3.2: 3D
depiction of ketone 3.7

Presumably, this is a function of the increased steric hindrance around ketone 3.7 as
compared to ketone 3.13, which underwent nucleophilic attack smoothly with silyloxyfuran 3.37.
Examination of a molecular model indicates that attack of the ketone from the convex face of the
cyclohexane ring is extremely sterically hindered by the presence of the bulky TBDPS group
(Figure 3.2). These factors might prevent the approach of a bulky nucleophile like 3.371: from the
required Biirgi-Dunitz angle.>3

The use of CeCl; as an additive to generate the less basic organocerium nucleophile did not
effectively suppress a-deprotonation, and a mixture of ketone 3.7 and enone 3.43 were obtained.

Furthermore, all attempts to form the Grignard reagent from silyloxyfuran 3.37 were

8 Enone 3.43 was identified and characterised by matching its :H NMR spectrum to the major product observed by
Dr. Ricardo Delgado during his attempts to synthesise the corresponding enol triflate with lithium bases.*
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unsuccessful, and the iodide was recovered quantitatively. 3-halofurans are known to undergo
magnesium-halogen exchange a considerably slower rate than 2-halofurans,24 and we hypothesise
that the electron-donating 2-silyloxy and 4-methoxy substituents further contributed to this

observed lack of reactivity.

3.2 An alternate strategy to assemble the dihydropyran/furanone EF ring system —
alkyoxypalladation/carbonylation cascade reaction

Thus far, we had been unsuccessful at establishing an efficient method to forge the C15—-C20
bond and introduce the butyrolactone F ring present in 11-demethoxymyrtoidine (3.1) and
myrtoidine (3.2). The Stille coupling strategy (Section 3.1.4.1, Plan A) had suffered from low
yields due to competing protodemetallation of the vinyl stannane coupling partner at elevated
reaction temperatures. Alternatively, the carbonyl attack strategy (Section 3.1.4.2, Plan B),
provided no product whatsoever, which we hypothesise was due to steric congestion around the
ketone. Given that the only method with which we had observed any significant C15—C20 bond
formation was the Stille cross-coupling, we anticipated that we could forge the C15—C20 bond by
reacting enol triflate 3.6 with a coupling partner that was less sterically demanding than vinyl
stannane 3.5 and less prone to competing protodemetallation.

The Semmelhack reaction is an extremely efficient Pd(IT)-catalysed cascade reaction for the
generation of at least two C—O and one C—C bond (Scheme 3.12 A).2526 The reaction is initiated
by oxypalladation across an unsaturated C—C bond to form an alkyl-Pd(II) species 3.45 which
can undergo a migratory insertion with carbon monoxide to form the highly reactive acyl-Pd(11)
species 3.46. Trapping with an inter- or intramolecular (shown) alcohol nucleophile and
subsequent reductive elimination provides the fused lactone product 3.47. An external oxidant
can then re-oxidise the Pd(0) back to the active Pd(II) catalyst. The broad functional group

compatibility and mild reaction conditions of this transformation have allowed this reaction to
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act as a key complexity building step in the synthesis of many structurally diverse natural

products, two examples of which are described below.

A. General reaction scheme for the Semmelhack reaction

(\[OH Pd(ll), CO OH OH g (IC’):O
O Pd"
oH N (]

o 0] (¢] 0]

3.44 3.45 3.46 3.47
B. Alkynyl intermolecular Semmelhack reaction in the synthesis of callipeltoside C (MacMillan, 2008)

OH OH PdCly(MeCN), (5 mol %)
: 4 CO,BQ
PMBO™ ™ MeOH, 0 °C
Me Me 75%
Y
3.48
C.Alkenyl intramolecular Semmelhack reaction in the synthesis of plakortone D (Kitching, 2002)
OH 1) PACly, CuCly H H
Me” NaOAc, AcOH, CO o PSS 0 O~
HO Me HO™ 0 —— M F g o
\ 2) K,CO3, MeOH ~ - - ~
HO 50% Me = Me Me =
\Me \Me
3.51 3.562 3.53, plakortone D

Scheme 3.14: The Semmelhack reaction in total synthesis

In MacMillan’s synthesis of callipeltoside C (Scheme 3.14 B),2” an alkynyl Semmelhack
reaction was employed to assemble the central tetrahydropyran ring and install the ester present
in the natural product. The unsaturation left behind by the alkyne was leveraged to form ketal
3.49 and this intermediate was advanced to the natural product (3.50). The Semmelhack
reaction was key to establishing the relative stereochemistry of the central THP ring. In Kitching’s
synthesis of plakortone D (Scheme 3.14 C),28 alkenyl triol 3.51, containing a pendant alcohol
rather than an intermolecular alcohol, was subjected to Semmelhack conditions to
diastereoselectively produce tetrahydrofuran-fused lactone 3.52 in 63% yield. This intermediate

could then be advanced to the natural product (3.53).

3.54 3.55 3.56 3.57

Scheme 3.15: Proposed Semmelhack reaction to synthesise the hexacyclic core of the myrtoidines
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We proposed that alkynediol 3.54 could be synthesised by Sonogashira coupling with
propargyl alcohol (Scheme 3.15). Treatment of 3.54 with a Pd(IT) catalyst would result in a 6-
endo-dig oxypalladation across the alkyne to form alkenyl-Pd(II) species 3.55. We hypothesised
that the presence of the pendant propargyl alcohol would direct the reaction to favour 6-endo-dig
cyclisation over 5-exo-dig. Migratory insertion with carbon monoxide would then form acyl-
Pd(II) species 3.56, which could be trapped by the propargyl alcohol to provide the hexacyclic

core of the myrtoidines 3.57.
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DMF, 60 °C MeCN, r.t.
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OTBDPS OTBDPS
3.6 3.58 3.54

Scheme 3.16: Synthesis of alkynediol 3.54
The Sonogashira coupling of triflate 3.6 with propargyl alcohol proceeded smoothly to

provide enyne 3.58 in 68% yield (unoptimised, Scheme 3.16).29 We hypothesise that the reactive
nature of the in situ generated copper acetylide, as well as the linear (and therefore less sterically
demanding) nature of the alkyne rendered this reaction much more feasible than the previously
attempted Stille coupling with vinyl stannane 3.5. Treatment of 3.58 with HF-pyridine in MeCN

provided the desired alkynediol 3.54 in 77% yield.

PdCl, (1 equiv), CuCly,'H,0 (3 equiv)

N/Ts
H
‘ NaOAc (3 equiv), CO (1 atm)
N
X
S G

AcOH, r.t, 24 h

OH

3.54 3.57
tentative product
observed by LCMS

Scheme 3.17: Attempted Semmelhack reaction. Trace amounts of 3.57
(tentatively assigned) were observed by LCMS
When alkynediol 3.54 was treated with PdCl. (1 equiv), CuCl,-H,O (3 equiv) and NaOAc (3
equiv), in AcOH under a balloon of carbon monoxide (Scheme 3.17), complete consumption of the
starting diol was observed. Furthermore, when the crude reaction mixture was assayed by LCMS,

a peak matching the mass of the desired hexacyclic lactone 3.57 was observed. Unfortunately,

since this reaction was performed on <1 mg of the starting diol, complete isolation and
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characterisation of the major product was very difficult. However, this initial test reaction
establishes that the Semmelhack reaction indeed shows promise as a viable path towards

completing the synthesis of 11-demethoxymyrtoidine (3.1) and myrtoidine (3.2).

3.3 Studies towards an enantioselective cascade annulation using asymmetric ion-
pairing catalysis

As described above, the iminium ion cascade reaction previously developed by the Blakey lab
remains an extremely efficient method to assemble the tetracyclic core of the Malagasy alkaloids
(Scheme 4.1).:343° Proceeding through the generation of a prochiral iminium ion intermediate,
followed by stereospecific Pictet-Spengler and aza-Sakurai cyclisations, this reaction represents
the stereodetermining step in the racemic synthesis of malagashanine,* as well as in our proposed
route to 11-demethoxymyrtoidine and myrtoidine. Methods of enantioinduction that largely rely
on covalent interactions, such as chiral Lewis acid- or transition metal-catalysis, are ineffective
due to the lack of Lewis basicity in the putative iminium ion. In contrast, asymmetric ion-pairing
catalysis has been demonstrated as an ideal platform for enantioselective reactions involving
charged reactive intermediates, in which the charged intermediates are held in a chiral
environment by electrostatic interactions with a counterion.3* As elegantly delineated by Brak and
Jacobsen,3! there are two common manifolds for ion-pairing catalysis of reactions involving
cationic intermediates like iminium ions: 1) chiral anion-directed ion-pairing catalysis, and 2)
anion-binding catalysis. The Blakey lab has studied both modes of catalysis in the context of the

Malagasy cascade reaction.
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3.3.1 Chiral anion-directed catalysis

o o)
(4-NO,-CgH,)CHO o
NHBn 3.60 (2 mol %) PhsSi p N
A\ + H ——— ° /\\O - N
N 4A Ms o H O
H O,N toluene, 70 °C @®@N—Bn
3.58 3.59 Ny 3.62 NO,
N 95% yield
H

87% e.e.
via 3.61

NO,

Scheme 3.18: Chiral anion-directed ion-pairing catalysed Pictet-Spengler reaction (Hiemstra, 2008).

In this mode of ion-pairing catalysis, cationic reaction intermediates like iminium ions are
electrostatically paired with chiral anions, usually phosphates and borates, for asymmetric
reactions. A particularly relevant example of this type of catalysis was demonstrated by Hiemstra
and co-workers in the context of enantioselective Pictet-Spengler reactions of N-benzyltryptamine
(3.58, Scheme 4.2).32 The iminium ion formed by condensation with aldehyde 3.59 could form a
chiral ion pair 3.61 with the conjugate base of a chiral phosphoric acid catalyst (3.60) to provide
tetrahydro-f-carboline 3.62 in 95% yield and 87% e.e.

Similar strategies were pursued by previous members of the Blakey lab to
enantioselectively assemble the Malagasy core (Scheme 3.19). With a stoichiometric quantity of
the same chiral phosphoric acid 3.60, Dr. Ricardo Delgado observed minimal formation of the
desired tetracyclic core 3.64 from hemiaminal 3.63 (Scheme 3.19 A).* Instead, tryptamine 3.24,
and tetrahydro-f-carbolines 3.65 and 3.66 were observed as the major products. Dr. Aidi Kong33
was able to improve upon this result and demonstrated that 20 mol % of the more acidic chiral
phosphoramide 3.6834 could catalyse the cascade annulation of O-TMS-hemiaminal 3.67 to
provide the tetracyclic core 3.69 in 39% yield and 24% e.e. (Scheme 3.19 B), along with multiple
other side products (analogous to those observed by Dr. Delgado). Building upon these results,
and based upon the observation that the hemiaminal cascade substrate was prone to

protodesilylation under Brensted acidic conditions, Dr. Eric Andreansky showed that the use of
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A. Chiral phosphoric acid catalyst for enantioselective iminium ion cascade annulation (Dr. Ricardo Delgado)

SiPhs
OO 0. 0 NHTs N—Ts

OTMS P 1 A\ N\ Me
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DCM, 0 °C .

\ ™S N : N—Ts 3
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Bn : — :
3.64 | N !

1 Bn 366 Me |
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B. Chiral phosphoramide catalyst for enantioselective iminium ion cascade annulation (Dr. Aidi Kong)

iPr iPr

NHTf
v
Ts, OTMS T
N
N 3.68 H
\ (20 mol %) ipr ipr
Toluene, r.t.,3.5h
N\ TMS 0Bn 39%, 24% e.e. N
N Bn H
\Bn OBn
3.67 3.69
C. Chiral disulfonimide catalyst for enantioselective iminium ion cascade annulation (Dr. Eric Andreansky)
CF3
CF3
CF3
T OTMS Ts
N 3.70 N
(20 mol %) H
CF3
\ TMSCI (20 mol %)
mol %,
N\ TMs oBn AgCO; (10 mol %) N
N Toluene, - 78 °C gn H
\Bn <10%, 57% e.e. OBn
3.67 3.71

Scheme 3.19: Prior work in the Blakey lab towards employing chiral anion-directed ion-pairing catalysis in
the Malagasy cascade annulation

chiral disulfonimide 3.70 (20 mol %)35 could provide tetracyclic core 3.71 in < 10% yield and 57%
e.e. The hypothesis was that the disulfonimide catalyst was converted in situ to the N-TMS-
disulfonimide before being desilylated to form the active chiral anion.3¢ Unfortunately, despite
the promising results obtained by Dr. Delgado, Dr. Kong, and Dr. Andreansky, this mode of ion-

pairing catalysis was not shown to be competent in the context of Malagasy alkaloid synthesis.
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3.3.2 Anion-binding catalysis

3.3.2.1 Prior work

Q hiy
/© o 3.74 (10 mol %) CFs '}‘ '}‘
N NBSA (5 mol %) H H HN Bu
| + ; ; ~g4 HN . HN
Toluene, 4 °C S / | . g .
" R\\\-\ S//Oe @O P o PT N 0
Yo%y, | —/

H

‘N
3.72 3.73 via 3.75 3.76 3.77
R =2-NO,-CgH, 91% e.e. 42% e.e.

- 92% yield
3.76:3.77 (4:1)

®

Scheme 3.20: Anion-binding ion-pairing catalysed Povarov cyclisation with a hydrogen bond-
donating chiral urea catalyst (Jacobsen, 2010)

In this second mode of ion-pairing catalysis, chiral dual hydrogen bond-donors like ureas or
thioureas can bind an anion that electrostatically interacts with a cationic intermediate, thus
forming a chiral ion-pair.3* This method of catalysis has largely been driven by Jacobsen and co-
workers. An example of this type of catalysis is the combination of an achiral sulfonic acid (NBSA)
and a chiral urea 3.75 to catalyse a Povarov cyclisation of imine 3.72 with dihydrofuran (3.73,
Scheme 3.20).37 Enantioinduction in this reaction was determined to be a result of the association

of the protonated imine with a urea-sulfonate complex.

‘ 3.79 CFs
I\Ille Bu S T
N ' )J\ B ———N/
?n \n/\ N H CFB n /"
N N 0 H,
+ Ts -
N MeSOH (20 mol %)
Bn OTMS ™S DCM, -78 °C
15%, < 5% e.e. N H

\
Bn

3.77 3.78 3.80

Scheme 3.21: Anion-binding ion-pairing catalysis with a chiral thiourea dual hydrogen
bond-donor for intermolecular condensation of N-benzylindole (3.77) with O-TMS-
hemiaminal (3.78) (Dr. Danny Mancheno)

Dr. Danny Mancheno? attempted to apply these principles to the intermolecular cyclisation of
N-benzylindole (3.77) with O-TMS-hemiaminal 3.78 by using methylsulfonic acid in conjunction
with chiral thiourea 3.79 (Scheme 3.21).3% However, under these conditions, the desired tricyclic

product 3.80 was obtained in 15% with < 5% e.e.
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3.3.2.2 Squaramides as anion-binding asymmetric ion-pairing catalysts

In the example shown above, association of the sulfonic acid with the chiral thiourea catalyst
3.79 enhanced its Bronsted acidity, and consequently the hydrogen bond-donating ability. In
contrast, Jacobsen and co-workers have reported squaramides as catalytic dual hydrogen bond-
donors capable of enhancing the Lewis acidity of commonly employed Lewis acids.39 In one
relevant example, squaramide 3.83 (50 mol %) was employed alongside TBSOTf (10 mol %) in
MTBE at -78 °C to catalyse the enantioselective Mukaiyama aldol reaction between dibenzyl acetal
3.81 and silyl enol ether 3.82 (Scheme 3.22). Experimental studies indicate that association of
TBSOTf with the squaramide enhances its Lewis acidity, which promotes formation of the
oxocarbenium ion from dibenzyl acetal 3.81. Enantioinduction in this reaction is a result of the
chiral ion pair 3.84 that is formed between the oxocarbenium ion and the squaramide-bound
triflate anion. Ketone product 3.85 was obtained in quantitative yield and 88% e.e. Importantly,
control experiments showed that previous reported analogous urea and thiourea catalysts were
ineffective at promoting this reaction, indicating that squaramide catalysts (particularly those

with bulky aryl substituents on the pyrrolidine ring) are uniquely suited to bind the triflate anion.
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Br

3.81

(1
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N
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|
H
/
/
'
/

-0
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Scheme 3.22: Enantioselective Mukaiyama aldol reaction. Squaramide catalyst enhances the Lewis acidity of
TBSOTf and induces enantioselectivity by forming an anion-binding ion-pair

These results appeared promising in our quest to develop an asymmetric variant of the
cascade annulation to access the Malagasy core. Earlier efforts had established that strong
Bronsted acids led to competing side reactions, predominantly protodesilylation, whereas weaker
Bronsted acids suffered from poor catalyst turnover. Following a seminar at Emory University

from Zach Wickens, at the time a postdoctoral researcher in the Jacobsen lab, we undertook a
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collaboration with Jacobsen and co-workers to explore the use of chiral squaramides in our
cascade annulation.?

The first major challenge with this endeavour was the reaction solvent. Whereas our cascade
annulation is performed in DCM under our standard conditions, Jacobsen and co-workers report
that ethereal solvents were best for obtaining high enantioselectivity. Under these reaction
manifolds, strong ion-pairing interactions are required for greater selectivity,3! i.e. contact ion
pairs containing no solvent molecules between them are favoured. Contact ion pairs are
energetically favoured in solvents of low dielectric constant, such as MTBE (€ = 4.50), which is
consistent with the greater enantioselectivity observed in ethereal solvents than in DCM (€ =
8.93).

Secondly, while the cascade reaction is typically performed using BF;-OFEt,, the triflate
counterion is essential for strong interaction with the squaramide catalyst to hold the putative
iminium ion intermediate in an appropriately stereodefined environment. Therefore, we
conducted initial test reactions to determine whether silyl triflates could promote the racemic

cascade reaction in ethereal solvents.
OTMS

Ts_ . s

N H N—Ts

N TMSOTf . A\
MTBE, 0 °C N —

\yT™S OTBDPS N Y

N Bn H n \
Bn OTBDPS
3.86

Scheme 3.23: TMSOTf mediated cascade annulation provides diene 3.86 as the major
product
Treatment of O-TMS-hemiaminal 3.26 with TMSOTT (3 equiv) in MTBE at 0 °C provided the
desired tetracyclic core 3.11 in 17% yield (Scheme 3.23). However, the major product isolated
after consumption of the hemiaminal starting material was identified to be diene 3.86,

characterised by *H NMR, HRMS, and COSY experiments. This product distribution remained

unchanged in the presence of 1 equiv TMSOTY, as well as in other ethereal solvents like Et,O.

9 This work was done prior to the publication of the enantioselective Mukaiyama aldol reaction discussed above (see
Scheme 3.22).
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Scheme 3.24: Proposed mechanism for the formation of diene 3.86 from O-TMS-hemiaminal 3.26

Our proposed mechanistic hypothesis for the formation of 3.86 is depicted in Scheme 3.24.
Iminium ion 3.87 can undergo initial Pictet-Spengler cyclisation to form the pyrrolidine ring
3.88. Aza-Sakurai cyclisation with the pendant allylsilane can then furnish the tetracyclic
Malagasy core 3.11. Alternatively, competing Lewis acid-mediated elimination of the silanol
provides diene 3.89 (along with additional TMS+). Due to the absence of a pendant nucleophile,
3.89 can undergo a C3—C2 alkyl migration to form carbocation 3.90 which subsequently

aromatises to provide the observed tetrahydro-B-carboline product 3.86.
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Figure 3.3: Squaramide catalysts provided by the Jacobsen lab for an initial
catalyst screen
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While the racemic reactions with TMSOTf produced the desired product in low yields, they
nevertheless established that TMSOTT was capable of producing tetracyclic core 3.11. Therefore,
we turned our attention towards the synthesis of enantioenriched 3.11 using chiral squaramides
that were kindly provided by the Jacobsen lab (Figure 3.3). With TMSOTf (1 equiv) and
squaramide catalysts 3.91, 3.92, and 3.94 (10 mol %), no significant change in yield of 3.11 was
observed compared to the racemic results (entries 1—3, Table 3.5). Additionally, consistent
formation of diene 3.86 was observed. We hypothesised that if Lewis acid-mediated elimination
of silanol was indeed responsible for the formation of diene 3.86, a slightly bulkier silyl triflate
might inhibit or slow down this process. Unfortunately, this change did not affect the ratio of
3.11:3.86 significantly (entries 4 and 5). The highest observed enantioselectivity was observed
with catalyst 3.92 and TMSOTY (22% yield, 15% e.e.). Presumably, this low enantioselectivity is
due to the occurrence of competing “background” cyclisation without the squaramide catalyst,
leading to racemic 3.11. While the low enantioselectivies observed were nevertheless promising
and established the feasibility of this strategy of enantioinduction in the Malagasy cascade, we
were unable to suppress the silanol elimination to form diene 3.86. Based on these results, our

efforts to develop an enantioselective cascade reaction were halted.

OTMS

Ts_ s
N N H
TMSOTF (1 equiv) N—Ts
S squaramide (10 mol %) A\
+
MTBE, 0 °C N —
\yTMs OTBDPS N 4
N Bn H n \
Bn OTBDPS
3.26 3.1 3.86

Entry Lewisacid Catalysts Yield® e.e. 3.11:3.867

1 TMSOTf 3.91 17% 5% 1:2.3
2 TMSOTf 3.92 22% 15% 1:2.1
3 TMSOTf 3.94 18% 13% 1:2.2
4 TESOTf 3.92 23% 13% 1:2.4
5 TESOTf 3.93 17% 9% 1:2.2

Table 3.5: Anion-binding ion-pairing catalysis using chiral squaramides to enhance the
Lewis acidity of silyl triflates
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3.4 Conclusion

We developed and studied new strategies to assemble the EF dihydropyran/furanone ring
system present in 11-demethoxymyrtoidine (3.1) and myrtoidine (3.2). Our initial approaches
involved a convergent reaction in which a pre-formed butyrolactone was introduced to the system,
either by Pd-catalysed cross coupling or by nucleophilic attack of a C15-situated ketone. While
model systems for both these reactions were promising, both reactions suffered from low
reactivity and competing side reactions. In particular we hypothesised that the sterically
congested environment around C15 was hindering its reactivity with a bulky furanone reaction
partner. We then turned to an alternate strategy in which we could assemble the EF ring system
via a Semmelhack alkoxypalladation/carbonylation sequence. The synthesis of the required
substrate and the forging of the C15—C20 bond by Sonogashira coupling proceeded smoothly and
initial results of the Semmelhack reaction were promising. Additionally, in collaboration with the
Jacobsen lab, we applied their newly developed squaramides as dual hydrogen bond-donors to
enhance the Lewis acidity of silyl triflates while forming a chiral ion pair with the putative iminium
ion intermediate of the cascade annulation. Unfortunately, we observed extensive formation of
elimination product 3.86 under these conditions, as well as low enantioselectivity, presumably
resulting from the occurrence of uncatalysed cascade -cyclisations. Consequently, this
investigation into asymmetric cascade annulations was abandoned. This chapter concludes Part I

of this dissertation.



53

3.5 Experimental

General Information

All reactions were carried out under nitrogen atmospheres with anhydrous solvents in oven- or
flame-dried glassware using standard Schlenk technique, unless otherwise stated. Anhydrous
dimethyl sulfoxide (DMSO), obtained from EMD Millipore, was distilled over anhydrous CaH.
and stored over activated 4A molecular sieves. Anhydrous N,N-dimethylformamide (DMF),
acetonitrile (CH;CN), and methanol (MeOH) were obtained from EMD Millipore and were stored
over activated 4A molecular sieves. Anhydrous tetrahydrofuran (THF), diethyl ether (Et.O), and
dichloromethane (CH.Cl.) were obtained by passage through activated alumina using a Glass
Contours solvent purification system. Solvents for workup, extraction, and column
chromatography were used as received from commercial suppliers without further purification.
All other reagents were purchased from Sigma Aldrich, Strem Chemicals, Alfa Aesar, or Oakwood
Chemicals and used as received without further purification, unless otherwise stated. *H and 3C
nuclear magnetic resonance (NMR) spectra were recorded on a Varian Inova 600 spectrometer
(600 MHz 'H, 150 MHz 3C), a Bruker 600 spectrometer (600 MHz *H, 150 MHz 3C), a Varian
Inova 500 spectrometer (500 MHz *H, 125 MHz 3C), and a Varian Inova 400 spectrometer (400
MHz 'H, 100 MHz 3C) at room temperature in CDCl; (neutralised and dried over anhydrous
K>CO;) with internal CHCI; as the reference (77.26 ppm for *H, 77.16 ppm for 13C), unless otherwise
stated. Chemical shifts (5 values) were reported in parts per million (ppm) and coupling constants
(J values) in Hz. Multiplicity was indicated using the following abbreviations: s = singlet, d =
doublet, t = triplet, q = quartet, qn = quintet, m = mutiplet, br = broad. Infrared (IR) spectra were
recorded using a Thermo Electron Corporation Nicolet 380 FT-IR spectrometer. High resolution
mass spectra (HRMS) were obtained using a Thermo Electron Corporation Finigan LTQFTMS (at
the Mass Spectrometry Facility, Emory University). Analytical thin layer chromatography (TLC)
was performed on precoated glass backed Silicycle SiliaPure® 0.25 mm silica gel 60 plates and

visualised with UV light, ethanolic p-anisaldehyde, or aqueous potassium permanganate
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(KMnO,). Flash column chromatography was performed using Silicycle SiliaFlash® F60 silica gel
(40-63 um) on a Biotage Isolera One system. Preparatory TLC was performed on precoated glass
backed Silicycle SiliaPure® 1.0 mm silica gel 60 plates. We acknowledge the use of shared

instrumentation provided by grants from the NIH and the NSF.

Procedures and Characterisation

TBDPSCI
imidazole
- e .
o DCM,0°Ctort. o
67%

OH OTBDPS
3.12 3.13

A solution of hydroxymethyl cyclohexananone 3.12 (1.24 g, 9.67 mmol) in DCM (50 mL) was

Silyl ether 3.13

cooled to o0 °C. Imidazole (1.32 g, 19.35 mmol) was added, followed by TBDPSCI (2.75 mL, 10.64
mmol). The resulting mixture was allowed to stir at room temperature for 16 hours. The reaction
was quenched with water (50 mL). The layers were separated, and the aqueous layer was extracted
with DCM (3 x 50 mL). The combined organic extracts were washed with brine (100 mL), dried
over anhydrous Na,SO,, filtered, and concentrated under reduced pressure. Purification by flash
chromatography on silica gel (99:1 to 95:5 to 90:10 Hex/EtOAc) provided silyl ether 3.13 (2.4 g,
67%). 'H NMR spectrum matches previously reported data.4°

tH NMR (CDCl;, 400 MHz) § 7.70 — 7.55 (m, 4H), 7.44 — 7.33 (m, 6H), 4.00 (dd, J = 10.4, 4.8
Hz, 1H), 3.67 (dd, J = 10.4, 7.7 Hz, 1H), 2.67 — 2.48 (m, 1H), 2.41 — 2.19 (m, 3H), 2.09 — 1.99 (m,
1H), 1.95 — 1.83 (m, 1H), 1.72 — 1.59 (m, 2H), 1.52 — 1.40 (m, 1H), 1.04 (s, 9H).

Vinyl triflate 3.15

LiHMDS

NTf,
THF 78 °C ot

OTBDPS OTBDPS
3.13 3.15

A solution of LIHMDS (3.69 mL, 1.0 M in THF, 3.69 mmol) in THF (16.0 mL) was cooled to -78

°C. A solution of ketone 3.13 (0.450 g, 1.23 mmol) in THF (6.0 mL) was added slowly over 1 hour



55

and the resulting mixture was allowed to stir at -78 °C for 1 hour. A solution of Comins’ reagent
(3.14, 1.45 g, 3.69 mmol) in THF (7.0 mL) was added. The resulting mixture was allowed to stir
at -78 °C for 2 hours. The reaction was quenched with saturated aqueous NH4Cl (20.0 mL) and
allowed to warm up to room temperature. The layers were separated, and the aqueous layer was
extracted with Et20 (3 x 25 mL). The combined organic extracts were washed with 5% aqueous
NaOH (2 x 15.0 mL) and brine (20.0 mL), dried over anhydrous Na2SOg4, filtered, and
concentrated under reduced pressure. Purification by flash column chromatography (95:5
pentane/Et20) provided vinyl triflate 3.15 (0.272 g, 44%).

'H NMR (CDClg, 600 MHz) § 7.68 — 7.62 (m, 4H), 7.47 — 7.36 (m, 6H), 5.86 (td, J = 4.0, 1.4 Hz,
1H), 3.76 — 3.72 (m, 2H), 2.63 (dq, J = 6.0, 1.9 Hz, 1H), 2.18 (1d, J = 4.3, 2.3 Hz, 2H), 2.00 (dddd,
J =13.3, 9.2, 6.1, 3.3 Hz, 1H), 1.86 (dddd, J = 13.3, 9.1, 6.0, 3.3 Hz, 1H), 1.66 (ddp, J = 18.2, 9.2,
3.0 Hz, 1H), 1.59 — 1.52 (m, 1H), 1.05 (s, 9H) ppm.

Vinyl bromide 3.17
(o]
)://( 0B ort Br)v\(/
| o then EtgN | o
0°Ctort.
3.16 65% 3.17
A solution of Bra (0.25 mL, 4.82 mmol) in CH2Cl2 (10.0 mL) was added slowly over five minutes

MeO

to a solution 4-methoxy-2(5H)-furanone (3.16, 0.500 g, 4.83 mmol) in CH2Cl2 (30.0 mL) at 0
°C. The resulting solution was allowed to warm up to room temperature and stirred for 4.5 hours.
The reaction was cooled back down to 0 °C and NEt3 (0.91 mL, 6.57 mmol) was added. The
resulting mixture was allowed to warm up to room temperature and stirred 17 hours. The mixture
was washed with aqueous HCI (25.0 mL, 1.0 M) and the layers were separated. The aqueous layer
was extracted with CH2Cl2 (3 x 30.0 mL). The combined organic extracts were washed with brine
(50.0 mL), dried over anhydrous Na2SOgy, filtered, and concentrated under reduced pressure.
Purification by trituration with H20 (60.0 mL) provided vinyl bromide 3.17 (0.517 g, 61%) as a
light brown solid. *H NMR spectrum matches previously reported data.8

'H NMR (CDCl3, 400 MHz) & 4.70 (s, 2H), 4.21 (s, 3H) ppm.
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Vinyl stannane 3.5

e} e}
2 T
| 0 BugSnCl | o
- 7838;"/2,0 rt. MeO
3.17 3.5

Sodium metal (0.357 g, 15.5 mmol) was rinsed with hexanes (60.0 mL) and added to a solution of
naphthalene (2.00 g, 15.6 mmol) in THF (15.5 mL). The resulting mixture was sonicated for 4
hours to form a dark green solution. In a separate flask, a solution of bromide 35 (0.50 g, 2.51
mmol) in THF (13.0 mL) was cooled to -78 °C. Freshly prepared sodium naphthalenide (12.95
mL, 1.0 M in THF, 12.95 mmol) was transferred slowly over 5 minutes to the reaction flask and
the resulting mixture was removed from the dry ice-acetone bath for 5 minutes. The dark greenish
brown mixture was cooled back down to -78 °C, and BugSnCl (3.51 mL, 12.95 mmol) was added.
The reaction was warmed up to room temperature and stirred for 3 hours. The reaction was
quenched with saturated aqueous NH4Cl (50.0 mL). The layers were separated, and the aqueous
layer was extracted with Et20 (3 x 75.0 mL). The combined organic extracts were washed with
brine (100.0 mL), dried over anhydrous Na2SO4, filtered, and concentrated under reduced
pressure. The crude mixture was purified by silica chromatography (50% pentane, 45% Et20, 5%
Et3N) to provide vinyl stannane 21 (0.816 g, 80% yield) as a pale yellow oil. 'H NMR spectrum
matches previously reported data.?

'H NMR (CDCl3, 400 MHz) & 4.75 (s, 2H), 3.84 (s, 3H), 1.56 — 1.46 (m, 7H), 1.41 — 1.23 (m, 6H),
1.13 — 1.03 (m, 5H), 0.89 (t, J = 7.3 Hz, 9H) ppm.

Propargyl silyl ether 3.19

TBDPSCI

imidazole
7 on TR oteops

DCM, 0 °C to r.t.
quant.

3.18 3.19

A solution of propargyl alcohol (3.18, 4.86 mL, 89.18 mmol) in DCM (50 mL) was cooled to o °C.
Imidazole (13.38 g, 196.2 mmol) was added, followed by TBDPSCI (25.44 mL, 98.11 mmol). The
reaction was allowed to warm up to room temperature over 16 hours. The reaction was quenched

with DI H,O (50 mL) and diluted with DCM (50 mL). The layers were separated, and the aqueous
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layer was extracte with DCM (3 x 100 mL). The combined organic extracts were washed with brine
(150 mL), dried over anhydrous Na,SO,, filtered, and concentrated under reduced pressure.
Purification by flash chromatography on silica gel (95:5 Hexanes/EtOAc) provided propargyl silyl
ether 3.19 (26.2 g, quantitative yield) as a yellow oily liquid. *H NMR spectrum matches
previously reported data.+

tH NMR (CDCl,, 300 MHz) § 7.82 — 7.59 (m, 4H), 7.51 — 7.33 (m, 6H), 4.31 (d, J = 2.4 Hz, 2H),
2.39 (t,J = 2.4 Hz, 1H), 1.06 (s, 9H) ppm.

Homopropargyl alcohol 3.20

"BuLi, BF3-OEt, OH
OTBDPS OTBDPS
/\ 5 K/\

/\
THF, -78 °C
3.19 65% 3.20

A solution of propargyl silyl ether 3.19 (26.7 g, 90.67 mmol) in THF (300 mL) was cooled to -78

°C. "BuLi (57.18 mL, 2.06 M in hexanes, 117.8 mmol) was added dropwise over 10 minutes to the
reaction flask, and the resulting solution was allowed to stir at -78 °C for 1 hour. Freshly distilled
BF;-OFEt. (15 mL, 117.8 mmol) was added dropwise over 5 minutes, and the resulting solution was
stirred at -78 °C for 15 minutes. A solution of freshly condensed oxirane (5.43 mL, 108.8 mmol)
in THF (10 mL) was added and the reaction was stirred at -78 °C for 2 hours. The reaction was
quenched with saturated aqueous NH,CI (200 mL) and warmed to room temperature. The layers
were separated, and the aqueous extracts were extracted with Et.O (3 x 100 mL). The combined
organic extracts were washed with brine (150 mL), dried over anhydrous Na.SO,, filtered, and
concentrated under reduced pressure. Purification by flash chromatography on silica gel (9:1 to
4:1 Hex/EtOAc) provided homopropargyl alcohol 3.20 (9.91 g, 65%) as a yellow oil. ‘H NMR
spectrum matches previously reported data.42

tH NMR (CDCl;, 400 MHz) & 7.85 — 7.63 (m, 4H), 7.49 — 7.30 (m, 6H), 4.33 (t, J = 2.1 Hz, 2H),

3.61(q, J = 6.3 Hz, 2H), 2.40 (tt, J = 6.2, 2.2 Hz, 2H), 1.05 (s, 9H) ppm.



58

Alkenyl iodide 3.21
CoaZiHC OTBDPS
o =~ OTBDPS DCM. 0°C.
————————~ OH
K/\ then NIS |
THF, 0°C |
58%
3.20 3.21

In a nitrogen-filled glovebox, Schwartz’s reagent (Cp.ZrHCI, 6.091 g, 23.62 mmol) was added to
a round-bottom flask, and the flask was sealed and removed from the glovebox. DCM (50 mL)
was added and the resulting suspension was cooled to 0 °C. A solution of homopropargyl alcohol
3.20 (2.665 g, 7.87 mmol) in DCM (50 mL) was added over 5 minutes and the reaction was
allowed to warm up to room temperature over 2 hours. The reaction was cooled back down to o
°C and a solution of NIS (3.54 g, 15.75 mmol) in THF (100 mL) was added. The reaction was
stirred at 0 °C for 3 hours. The reaction was quenched at 0 °C with a 1:1 mixture of saturated
aqueous NaHCO; and saturated aqueous Na,SO; (150 mL) and stirred at room temperature for
15 minutes. The resulting biphasic mixture was filtered through a plug of celite and rinsed with
DCM (100 mL). The layers were separated, and the aqueous layer was extracted with DCM (3 x
100 mL). The combined organic extracts were dried over anhydrous Na.SO,, filtered, and
concentrated under reduced pressure. Purification by flash chromatography on silica gel provided
alkenyl iodide 3.21 (2.13 g, 58%) as a pale yellow oil. 'H NMR spectrum matched previously
reported data.5

tH NMR (CDCl;, 400 MHz) 6 7.73 — 7.62 (m, 4H), 7.48 — 7.35 (m, 6H), 6.55 (t, J = 6.7 Hz, 1H),
4.15 (d, J = 6.4 Hz, 2H), 3.64 (t, J = 5.9 Hz, 2H), 2.53 (t, J = 5.8 Hz, 2H), 1.57 (br s, 1H), 1.04 (s,
9H) ppm.

(E)-Allylsilane 3.23

OTBDPS OTBDPS OTBDPS

TMSCH,MgCI
1. DMP, DCM, r.t. ZnBry
OH o o
| 2. NaClO,, NaH,PO, | PACIo(CHgCN), (5 mol%) |
| 2-methyl-2-butene HO | Et;O/DMF HO ™S
DCM/H,0/'BuOH, r.t. 66% over three steps
3.21 3.22 3.23

DMP (8.7 g, 21.2 mmol) was added to a solution of iodoalcohol 3.21 (6.6 g, 14.1 mmol) in DCM
(100 mL) and resulting suspension was stirred at room temperature for 3 hours. The reaction was

quenched with a 1:1 mixture of saturated aqueous NaHCO; and saturated aqueous Na.SOs (100
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mL) and the resulting biphasic mixture was stirred at room temperature for 10 minutes. The
layers were separated, and the aqueous layer was extracted with Et,O (3 x 50 mL). The combined
organic extracts were washed with brine (150 mL), dried over anhydrous MgSO,, filtered, and
concentrated under reduced pressure.

The crude iodoaldehyde product was dissolved in DCM (28 mL) and ‘BuOH (123 mL). 2-methyl-
2-butene (64.23 mL, 60.63 mmol) was added, followed by an aqueous solution (100 mL) of
NaH,PO, (13.53 g, 112.8 mmol) and NaClO. (12.75 g, 141 mmol). The reaction was stirred at room
temperature for 1 hour. The reaction was quenched with brine (100 mL) and diluted with DCM
(100 mL). The layers were separated, and the aqueous layer was extracted with DCM (3 x 75 mL).
The combined organic extracts were washed with brine (150 mL), dried over anhydrous Na,SO,,
filtered, and concentrated under reduced pressure. Residual :BuOH was removed by azeotroping
the crude residue with toluene (3 x 30 mL). Iodoacid 3.22 was carried forward crude without
further purification.

Mg turnings (1.03 g, 42.3 mmol) were added to a separate two-necked round-bottom flask, and
the flask was flame-dried under high vacuum. A single crystal of I, was added, the flask was
equipped with a reflux condenser, and the flask was purged with nitrogen. Et.O (50 mL) was
added and the resulting mixture was allowed to stir for 30 minutes to activate the Mg. TMSCH.Cl
(5.9 mL, 42.3 mmol) was added and the reaction was allowed to stir for 4 hours. ZnBr. (10.17 g,
45.1 mmol) was added and the reaction mixture was allowed to stir at room temperature for 17
hours. The mixture was cooled to 0 °C and diluted with DMF (50 mL). A solution of crude iodoacid
3.22 in DMF (45 mL) was added, followed by a solution of Pd(MeCN).Cl. (0.181 g, 0.7 mmol) in
DMF (5 mL). The reaction was allowed to warm up to room temperature over 16 hours. The
reaction was quenched with saturated aqueous NH,CI (150 mL) and diluted with Et,O (100 mL).
The layers were separated, and the aqueous layer was extracted with Et.O (3 x 50 mL). The
combined organic extracts were washed with brine (100 mL) and 5% aqueous LiCl (100 mL), dried

over anhydrous MgSO,, filtered, and concentrated under reduced pressure. Purification by flash
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chromatography on silica gel (9:1 to 4:1 Hex/EtOAc) provided (E)-allylsilane 3.23 (4.1 g, 66%
over 3 steps) as a yellow oil. 'H NMR spectrum matched previously reported data.s
tH NMR (CDCl;, 400 MHz) § 7.88 — 7.63 (m, 4H), 7.52 — 7.34 (m, 6H), 5.48 (t, J = 6.9 Hz, 1H),

4.17 (d, J = 6.9 Hz, 2H), 3.00 (s, 2H), 1.63 (s, 2H), 1.03 (s, 9H), 0.02 (s, 9H) ppm.

Amide 3.25
Bn\N
OTBDPS ﬁ.“é'é’f
THF, 0 °C
o) | ™S
o ™S N—TS
/
\ Li — N—Ts
3.23
N
Y OTBDPS O
n
3.24 3.25

THF, -78 °C
97%

A solution of tryptamine 3.24 (2.68 g, 6.63 mmol) in THF (50.0 mL) and distilled DMPU (8.0
mL) was cooled to -78 °C. "BulLi (3.85 mL, 2.06 M in hexanes, 7.94 mmol) was added dropwise
over 5 minutes to the reaction flask, and the resulting solution was allowed to stir at -78 °C for 1
hour. In a separate flask, a solution of carboxylic acid 3.23 (4.1 g, 9.30 mmol) in THF (50.0 mL)
was cooled to 0 °C. Distilled N-methylmorpholine (1.09 mL, 9.96 mmol), was added to the
solution, followed by distilled pivaloyl chloride (1.14 mL, 9.30 mmol), and the mixture was
allowed to stir at 0 °C for 1 hour. Stirring was stopped and the resulting suspension was allowed
to settle for 1 hour. The supernatant was transferred via syringe to the solution of tryptamine 29.
The white precipitate was rinsed with THF (3 x 75 mL), the supernatant was transferred via
syringe to the solution of tryptamine 3.24 and the mixture was allowed to stir at -78 °C for 18
hours. The reaction was quenched with saturated aqueous NH,CI (150 mL) and warmed to room
temperature. The layers were separated, and the aqueous layer was extracted with Et,O (3 x 100.0
mL). The combined organic extracts were washed with brine (150.0 mL), dried over anhydrous
Na.SO,, filtered, and concentrated under reduced pressure. Purification by flash column
chromatography on silica gel (9:1 to 4:1 Hexanes/EtOAc) provided tosylamide 3.25 (5.33 g, 97%)

as a sticky foam.
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tH NMR (CDCl;, 400 MHz) 6 7.74 (d, J = 7.9 Hz, 1H), 7.67 (s, 1H), 7.67 - 7.63 (m, 4H), 7.41 —
7.34 (m, 4H), 7.31 — 7.21 (m, 4H), 7.18 — 7.12 (m, 3H), 7.11 — 7.08 (I, 3H), 6.92 (s, 1H), 5.42 (t, J
= 6.5 Hz, 1H), 5.22 (s, 2H), 3.99 (d, J = 6.5 Hz, 2H), 3.99 — 3.93 (m, 2H), 3.18 (s, 2H), 3.14 — 3.08
(m, 2H), 2.33 (s, 3H), 1.40 (s, 2H), 1.00 (s, 9H), -0.04 (s, 9H) ppm.

3C NMR (CDCl3, 151 MHz) § 170.5, 144.8, 137.6, 136.9, 136.7, 135.6, 134.0, 131.9, 129.9, 129.7,
128.8, 128.1, 127.8, 127.7, 127.5, 127.0, 126.7, 126.5, 122.0, 119.5, 119.4, 111.4, 109.8, 60.9, 50.0,
48.1, 40.2, 27.9, 26.9, 26.3, 21.6, 19.3, -1.3 ppm.

IR (thin film, cm™) 3069, 2954, 2856, 1699, 1495, 1428, 1353, 1247, 1158, 1110, 1089, 1046, 849.2,
738, 702.

HRMS (+ESI) calculated for C,,H.gN,NaO,SSi, [M+Na]* 849.3554, found 849.3532.

O-TMS hemiaminal 3.26

Bn. Bn

N N
—_ DIBAL-H, TMS-imidazole =
imidazole,
T™MS T™S,
DCM, -78 °C-0°C
81%

— N—Ts — N—Ts

OTBDPS O OTBDPS OTMS
3.25 3.26

A solution of tosylamide 3.25 (3.00 g, 3.62 mmol) in CH2Cl2 (50.0 mL) was cooled to -78 °C.
DIBAL-H (7.25 mL, 1.0 M in CH2Cl2, 7.24 mmol) was added dropwise over 5 minutes to the
reaction flask. The resulting solution was allowed to stir at -78 °C for 1 hour. 1-(Trimethylsilyl)im-
idazole (1.59 mL, 10.87 mmol) was added dropwise over 5 minutes to the reaction flask, followed
by a solution of imidazole (0.246 g, 3.62 mmol) in CH2Cl2 (8 mL). The resulting mixture was
stirred at -20 °C for 15 hours. The reaction was quenched by slow addition of saturated aqueous
Rochelle’s salt (50.0 mL) and the resulting biphasic mixture was stirred at room temperature until
both layers were clear. The layers were separated, and the aqueous layer was extracted with
CH2Cl2 (3 x 100.0 mL). The combined organic extracts were washed with brine (150.0 mL), dried

over anhydrous Na2SOy, filtered, and concentrated under reduced pressure. Purification by flash
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column chromatography on silica gel (9:1 to 4:1 Hexanes/EtOAc) provided O-TMS hemiaminal
3.26 (2.64 g, 81%) as a colourless oil.

'H NMR (CDCl3, 500 MHz) § 7.68 — 7.58 (m, 8H), 7.32 — 7.27 (m, 6H), 7.25 — 7.20 (m, 3H), 7.19
—7.13 (m, 2H), 7.13 — 7.09 (m, 2H), 7.04 — 6.96 (m, 1H), 6.84 (s, 1H), 5.33 — 5.27 (m, 2H), 5.24
(s, 2H), 4.28 (dd, J = 12.7, 7.5 Hz, 1H), 4.17 (dd, J = 12.8, 5.7 Hz, 1H), 3.44 (ddd, J = 14.5, 11.8, 5.4
Hz, 1H), 3.26 (ddd, J = 14.5, 11.8, 4.9 Hz, 1H), 3.07 (tdd, J = 25.4, 13.5, 5.0 Hz, 2H), 2.34 (s, 3H),
2.27 (dd, J = 13.0, 9.4 Hz, 1H), 1.60 (dd, J = 13.1, 3.0 Hz, 1H), 1.53 — 1.49 (m, 1H), 1.01 (s, 9H),
0.03 (s, 9H), -0.05 (s, 9H) ppm.

Tetracyclic core 3.11

BF5-OEt,
DCM, 0 °C
78%
— N—Ts Bn H
OTBDPS
OTBDPS OTMS

3.26 3.1

A solution of O-TMS-hemiaminal 3.26 (3.69 g, 4.09 mmol) in CH.Cl. (45.0 mL) was cooled to o
°C. Freshly distilled BF;-OEt, (2.6 mL, 20.46 mmol) was added drop-wise over 5 minutes, and the
reaction was allowed to stir at 0 °C for 2 hours. The reaction was quenched with saturated aqueous
NaHCOs (75.0 mL), and the resulting biphasic mixture was allowed to stir at room temperature
for 15 minutes. The layers were separated, and the aqueous layer was extracted with CH.CL (3 x
100.0 mL). The combined organic extracts were washed with brine (120.0 mL), dried over
anhydrous Na,SO,, filtered, and concentrated under reduced pressure. Purification by flash
column chromatography on silica gel (9:1 to 4:1 Hexanes/EtOAc) provided core structure 3.11
(2.25 g, 74%) as a white solid.

tH NMR (CDCl;, 600 MHz) & 7.59 (d, J = 8.1 Hz, 2H), 7.56 (d, J = 6.8 Hz, 2H), 7.49 (d, J = 6.7
Hz, 2H), 7.48 — 7.42 (m, 1H), 7.42 — 7.34 (m, 3H), 7.29 — 7.21 (m, 6H), 7.18 (d, J = 7.8 Hz, 2H),
7.15 (d, J = 9.4 Hz, 2H), 6.99 (t, J = 7.2 Hz, 1H), 6.59 (t, J = 7.5 Hz, 1H), 6.18 (d, J = 7.8 Hz, 1H),

4.69 (s, 1H), 4.67 (s, 1H), 4.38 (d, J = 15.9 Hz, 1H), 4.26 (d, J = 16.0 Hz, 1H), 3.63 (id, J = 10.9,
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7.1 Hz, 1H), 3.51 (dd, J = 10.1, 6.6 Hz, 1H), 3.41 — 3.31 (in, 3H), 3.16 (dd, J = 11.6, 7.0 Hz, 1H), 2.97
(dd, J = 16.8, 7.0 Hz, 1H), 2.65 (dd, J = 16.9, 11.6 Hz, 1H), 2.55 (t, J = 7.6 Hz, 1H), 2.38 (s, 3H),
1.76 (dd, J = 12.0, 6.9 Hz, 1H), 1.08 (q, J = 10.4 Hz, 1H), 0.99 (s, 9H) ppm.

3C NMR (CDClg, 126 MHz) 6 150.60, 143.77, 141.43, 138.67, 135.71, 135.66, 133.64, 133.41,
132.59, 130.32, 130.01, 129.92, 129.82, 128.60, 128.55, 127.93, 127.86, 127.15, 127.10, 124.79,
116.93, 115.46, 105.48, 68.79, 67.33, 58.79, 54.86, 49.32, 48.20, 47.86, 36.65, 32.86, 27.01, 21.73,
19.34 ppm.

IR (thin film, cm™) 3069.3, 2928.9, 2856.8, 1600.7, 1484.2, 1351.4, 1164.5, 1109.0, 736.2, 702.3.
HRMS (+ESI) calculated for C,(H,,N,0,SSi [M+H]* 739.3390, found 739.3381.

One-pot synthesis of tetracyclic core 3.11

Bn_ DIBAL-H, TMS-imidazole
imidazole H
— DCM, -78 °C - 0 °C
8 L)

%

BF3-OEt,, DCM, 0 °C
51%

— N—Ts gn H
OTBDPS
OTBDPS O

A solution of tosylamide 3322; (0.332 g, 0.402 mmol) in CH2C1232;.0 mL) was cooled to -78 °C.
DIBAL-H (0.804 mL, 1.0 M in CH.Cl,, 0.804 mmol) was added dropwise over 5 minutes to the
reaction flask. The resulting solution was allowed to stir at -78 °C for 1 hour. 1-
(Trimethylsilyl)imidazole (0.177 mL, 1.208 mmol) was added dropwise over 5 minutes to the
reaction flask, followed by a solution of imidazole (0.027 g, 3.62 mmol) in CH,Cl. (1.5 mL). The
resulting mixture was stirred at -20 °C for 15 hours, and at 0 °C for 1 hour. Freshly distilled
BF;0Et. (0.254 mL, 2.01 mmol) was added dropwise over 5 minutes, and the reaction was allowed
to stir at 0 °C for 1.5 hours. The reaction was quenched by slow addition of saturated aqueous
Rochelle’s salt (10.0 mL) and saturated aqueous NaHCO; (10.0 mL) and the resulting biphasic
mixture was allowed to stir at room temperature for 15 minutes. The layers were separated, and

the aqueous layer was extracted with Et.O (3 x 20.0 mL). The combined organic extracts were

washed with brine (40.0 mL), dried over anhydrous MgSO,, filtered, and concentrated under
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reduced pressure. Purification by flash column chromatography on silica gel (9:1 to 4:1
Hexanes/EtOAc) provided tetracyclic amine 3.11 (0.152 g, 52%) as a white solid..

Diol 3.28

/Ts /Ts

N 0s04 (0.7 M in THF) N H
DMAP (2.2 equiv) OH
THF, r.t.

then, NaBH, (20 equiv)
N MeOH, 0 °C to r.t. N OH
Bn H 76% Bn H

OTBDPS OTBDPS

3.1 3.28
THF (1.8 mL) was added to a flask containing core structure 3.11 (0.124 g, 0.167 mmol) and 4-

(dimethylamino)pyridine (DMAP) (0.045 g, 0.369 mmol). OsO, (0.184 mL, 1.0 M in THF, 0.184
mmol) was added to the solution and it was allowed to stir at room temperature for 5 hours. MeOH
(2.5 mL) was added to the reaction flask and it was cooled to 0 °C. NaBH, (0.127 g, 3.35 mmol)
was added to the flask in portions, and the reaction was stirred at o °C for 15 minutes, and at room
temperature for 17 hours. The reaction was diluted with EtOAc (5.0 mL) and quenched with DI
H.O (10.0 mL). The layers were separated, and the aqueous layer was extracted with EtOAc (3 x
20.0 mL). The combined organic extracts were washed with brine (50.0 mL), dried over
anhydrous Na,SO,, filtered, and concentrated under reduced pressure. Purification by flash
column chromatography on silica gel (3:2 Hexanes/EtOAc) provided diol 3.28 (0.099 g, 76%) as
a 1:1 mixture of diastereomers.

tH NMR (CDCl;, 500 MHz) (2:1 mixture of diastereomers) § 7.85 (d, J = 8.1 Hz, 2H), 7.77 (d, J =
8.2 Hz, 4H), 7.67 — 7.62 (m, 8H), 7.59 (ddd, J = 9.3, 7.8, 1.4 Hz, 4H), 7.55 — 7.45 (m, 8H), 7.45 —
7.31 (m, 20H), 7.15 — 7.05 (i, 6H), 7.04 — 7.00 (m, 6H), 6.85 — 6.70 (m, 9H), 6.41 (t, J = 7.2 Hz,
2H), 4.00 (d, J = 14.8 Hz, 1H), 3.91 (dd, J = 28.8, 14.1 Hz, 4H), 3.88 — 3.82 (m, 6H), 3.76 (dd, J
=11.6, 3.1 Hz, 1H), 3.73 (d, J = 14.8 Hz, 1H), 3.69 (dd, J = 11.5, 4.1 Hz, 2H), 3.55 (td, J = 10.9, 7.2
Hz, 1H), 3.52 — 3.36 (mm, 10H), 3.29 (t, J = 10.4 Hz, 1H), 3.16 (t, J = 10.2 Hz, 1H), 2.99 (d, J = 9.0
Hz, 1H), 2.95 (dd, J = 12.9, 3.3 Hz, 1H), 2.88 (dd, J = 13.0, 3.3 Hz, 1H), 2.82 (d, J = 8.3 Hz, 1H),

2.54 (dd, J = 12.9, 3.2 Hz, 1H), 2.45 (s, 6H), 2.44 (s, 3H), 2.28 (dd, J = 9.6, 3.5 Hz, 1H), 2.08 —
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1.99 (m, 2H), 1.83 (t, J = 12.9 Hz, 1H), 1.80 (t, J = 12.8 Hz, 2H), 1.45 (ddd, J = 9.2, 5.6, 3.8 Hz,
2H), 1.31 — 1.08 (m, 10H), 1.02 (s, 18H), 1.00 (s, 9H) ppm.

3C NMR (CDClg, 126 MHz) (2:1 mixture of diastereomers) § 149.20, 143.80, 143.70, 138.18,
135.80, 135.76, 135.70, 135.67, 133.36, 132.10, 130.43, 130.35, 130.32, 129.84, 129.77, 128.51,
128.46, 128.43, 128.40, 128.25, 128.24, 128.19, 128.15, 127.92, 127.36, 125.49, 125.34, 119.41,
119.37, 111.57, 110.36, 76.08, 74.08, 70.09, 66.79, 66.39, 65.93, 64.37, 63.56, 59.57, 58.79, 56.15,
53.77, 52.64, 49.80, 49.71, 46.68, 36.69, 36.49, 36.26, 26.85, 21.76, 19.17.

IR (thin film, cm™) 3466.0, 2930.4, 1599.5, 1471.2, 1332.9, 1215.9, 1160.6, 1044.3, 747.6, 700.0,
663.5.

HRMS (+ESI) calculated for C,,H,,N,0,SSi [M+H]* 773.3444, found 773.3443.

Ketone 3.7
N/TS N/Ts
H H
OH NalO,
THF/H,0 (2:1), rt.
N N
N OH a5% N o)
Bn Bn
OTBDPS OTBDPS
3.28 37

NalO, (0.216 g, 1.01 mmol) was added to a solution of diol 3.28 (0.195 g, 0.253 mmol) in THF
(3.0 mL) and DI H.O (1.5 mL), and the resulting solution was allowed to stir at room temperature
for 22 hours. The reaction was diluted with EtOAc (8.0 mL) and quenched with saturated aqueous
NaHCO; (3.0 mL) and saturated aqueous Na,SO; (3.0 mL). The resulting biphasic mixture was
allowed to stir at room temperature for 15 minutes. The layers were separated and the aqueous
layer was extracted with EtOAc (3 x 20.0 mL). The combined organic extracts were washed with
brine (20.0 mL), dried over anhydrous Na,SO,, filtered, and concentrated under reduced
pressure. Purification by flash column chromatography on silica gel (9:1 to 4:1 Hexanes/EtOAc)
provided ketone 3.7 (0.159 g, 85%) as an off-white solid.

tH NMR (CDCl;, 600 MHz) & 7.63 (d, J = 8.1 Hz, 2H), 7.54 — 7.48 (mm, 4H), 7.47 — 7.41 (m, 2H),
7.39 —7.32 (m, 4H), 7.28 (d, J = 6.8 Hz, 1H), 7.26 — 7.21 (m, 3H), 7.19 — 7.13 (mm, 4H), 7.08 — 7.02

(m, 1H), 6.69 (t, J = 7.5 Hz, 1H), 6.33 (d, J = 7.9 Hz, 1H), 4.37 (d, J = 15.3 Hz, 1H), 4.03 (d, J =



66

15.3 Hz, 1H), 3.72 — 3.61 (m, 3H), 3.57 (dd, J = 10.0, 6.4 Hz, 1H), 3.56 — 3.49 (m, 2H), 3.12 (dd, J
=18.6, 6.2 Hz, 1H), 2.85 (dd, J = 18.6, 12.1 Hz, 1H), 2.49 (t, J = 6.0 Hz, 1H), 2.38 (s, 3H), 1.95 (dd,
J =12.0, 6.7 Hz, 1H), 1.45 (q, J = 10.8 Hz, 1H), 0.94 (s, 9H) ppm.

3C NMR (CDCl3, 151 MHz) 8 207.56, 149.99, 143.96, 137.58, 135.64, 135.63, 130.17, 130.12,
130.01, 129.43, 128.76, 128.02, 127.98, 127.77, 127.45, 125.57, 118.68, 107.72, 67.39, 65.12, 57.86,
54.91, 53.66, 48.19, 47.89, 42.71, 35.99, 26.96, 21.69, 19.36 ppm.

IR (thin film, cm™) 3050.0, 2929.4, 2856.8, 1705.7, 1599.5, 1478.5, 1350.9, 1162.1, 1092.0, 700.6,
732.7, 665.1

HRMS (+APCI) calculated for C,;H,,N,0,SSi [M+H]* 741.3182, found 741.3184.

Vinyl triflate 3.6

Ts

H KHMDS (3 equiv)
THF -78°C,3h
Comln s reagent

/N (0] (3 equiv)
gn H THF,-78°C, 2 h

OTBDPS 59%

oTf

OTBDPS

3.6
3.7

A solution of KHMDS (0.081 g, 0.342 mmol) in THF (0.5 mL) was cooled to -78 °C. In a separate
flask, a solution of ketone 3.7 (0.085 g, 0.114 mmol) in THF (0.5 mL) was cooled to -78 °C. The
solution of ketone 3.7 was added slowly over 10 minutes to the solution of KHMDS, and the
resulting mixture was allowed to stir at -78°C for 3 hours. Comins’ reagent (3.14, 0.134 g, 0.342
mmol) was added to the reaction flask, and the resulting mixture was allowed to stir at -78 °C for
2 hours. The reaction was quenched with saturated aqueous NH,CI (3.0 mL), diluted with Et,O
(3.0 mL) and allowed to warm up to room temperature. The layers were separated, and the
aqueous layer was extracted with Et,O (3 x 10.0 mL). The combined organic extracts were washed
with aqueous NaOH (3 N, 2 x 10.0 mL) and brine (15.0 mL), dried over anhydrous Na,SO,,
filtered, and concentrated under reduced pressure. Purification by flash column chromatography
on silica gel (9:1 to 4:1 Hexanes/EtOAc) provided kinetic enol triflate 3.6 (0.059 g, 590% yield).

'H NMR (CDCl;, 600 MHz) 6 7.62 (d, J = 8.3 Hz, 2H), 7.50 (d, J = 6.6 Hz, 2H), 7.48 (d, J = 6.6

Hz, 2H), 7.46 — 7.42 (m, 2H), 7.38 — 7.29 (m, 4H), 7.29 — 7.21 (m, 6H), 7.13 (d, J = 8.0 Hz, 2H),
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7.03 (td, J = 7.7, 1.3 Hz, 1H), 6.69 (td, J = 7.5, 1.0 Hz, 1H), 6.58 (d, J = 2.2 Hz, 1H), 6.30 (d, J =
7.8 Hz, 1H), 4.37 (d, J = 15.5 Hz, 1H), 4.09 (d, J = 15.6 Hz, 1H), 3.80 (d, J = 1.8 Hz, 1H), 3.76 (td,
J =10.8, 7.0 Hz, 1H), 3.62 (d, J = 1.5 Hz, 1H), 3.55 (dd, J = 10.2, 5.1 Hz, 1H), 3.47(t, J = 10.2 Hz,
1H), 3.43 (dd, J = 10.2, 6.3 Hz, 1H), 2.70 (t, J = 5.7 Hz, 1H), 2.37 (s, 3H), 1.99 (dd, J = 11.9, 6.9
Hz, 1H), 1.51 — 1.42 (m, 1H), 0.93 (s, 9H) ppm.

13C NMR (CDCl;, 151 MHz,) § 151.19, 150.01, 144.22, 137.78, 135.65, 135.58, 132.98, 132.64,
132.05, 130.90, 130.18, 130.16, 130.02, 128.76, 128.73, 128.24, 128.04, 128.00, 127.39, 127.29,
124.80, 120.98, 119.00, 118.45 (q, Jcr = 321.6 Hz), 107.54, 67.12, 63.58, 59.82, 57.87, 48.75, 48.05,
45.58, 34.83, 26.98, 21.71, 19.34 ppm.

19F NMR (CDCl;, 376 MHz) & -73.11 ppm.

IR (thin film, cm™) 2930.1, 2857.9, 1600.9, 1477.0, 1419.5, 1350.3, 1209.4, 1164.4, 1139.0, 1110.5,
733.8, 700.5, 608.2.

HRMS (+ESI) calculated for C,(H, F,KN,O4S,Si [M+K]* 911.2234, found 911.2236.

47F3
Stille coupling product 3.31

[o]
BuzSn

3.5 | o)
MeO o
Pd(PPhs), (10 mol %)
OTf N - N
LiCl (6 equiv), CuCl (5 equiv) | ©
DMSO, 40 °C
TBDPSO 42% TBDPSO™ MeO
3.15 3.31

A Schlenk flask (10 mL) containing LiCl (0.037 g, 0.86 mmol), CuCl (0.071 g, 0.72 mmol), and
Pd(PPhy), (0.017 g, 0.014 mmol) was degassed under high vacuum and backfilled with nitrogen
(x 3). A solution of vinyl stannane 3.5 (0.070 g, 0.175 mmol) in DMSO (0.90 mL) was added to
the flask, followed by a solution of enol triflate 3.15 (0.072 g, 0.143 mmol) in DMSO (0.90 mL).
The resulting mixture was degassed by freeze-pump-thaw (-78 °C, over 4 cycles). The mixture was
allowed to stir at room temperature for 40 minutes, and at 60 °C for 49 hours. The reaction
mixture was cooled down to room temperature and quenched with aqueous NH,OH (1.0 M, 3.0

mL) and diluted with Et,O (4 mL). The layers were separated, and the aqueous layer was extracted
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with Et,O (3 x 5.0 mL). The combined organic extracts were washed with aqueous potassium
fluoride (5.0 mL, 1.0 M) and brine (6.0 mL), dried over anhydrous Na,SO,, filtered, and
concentrated under reduced pressure. Purification by flash column chromatography (1:1
pentane/Et,O) provided coupling product 3.31 (0.026 g, 40%).

tH NMR (CDCl;, 400 MHz) & 7.67 — 7.59 (m, 4H), 7.44 — 7.32 (m,6H), 6.08 (id, J = 3.9, 1.3 Hz,
1H), 4.49 (s, 2H), 3.72 (s, 3H), 3.61 (dd, J = 10.1, 4.2 Hz, 1H), 3.54 (dd, J = 10.0, 7.9 Hz, 1H), 2.93
(s, 1H), 2.14 — 2.10 (m, 2H), 1.82 — 1.60 (m, 3H), 1.03 (s, 9H) ppm.

Stille coupling product 3.4

o]
BuzSn

3.5 | o
MeO

/Ts
N
H Pd(PPhy), (5 equiv)
‘ LiCl (10 equiv), CuCl (10 equiv)
N
Bn/ H

DMSO, 40 °C, 4 days
66%

OoTf

OTBDPS TBDPSO™ MeO
3.6 3.4

A reaction tube (13 mL) containing LiCl (0.0019 g, 0.046 mmol), CuCl (0.0045 g, 0.046 mmol),
and Pd(PPh3)4 (0.0266 g, 0.023 mmol) was degassed under high vacuum and purged with
nitrogen. A solution of kinetic enol triflate 3.6 (0.004 g, 0.0046 mmol) in DMSO (0.08 mL) was
added, followed by a solution of vinyl stannane 3.5 (0.00738 g, 0.0183 mmol) in DMSO (0.08
mL). The resulting mixture was degassed by freeze-pump-thaw (-78 °C, over 4 cycles). The
mixture was allowed to stir at room temperature for 30 minutes, and 40 °C for 4 days. The reaction
mixture was cooled down to room temperature, quenched with aqueous NH4OH (1.0 M, 3.0 mL)
and diluted with Et20 (4 mL). The layers were separated, and the aqueous layer was extracted
with Et20 (3 x 5.0 mL). The combined organic extracts were washed with aqueous potassium
fluoride (5.0 mL, 1.0 M) and brine (6.0 mL), dried over anhydrous Na2SOy, filtered, and
concentrated under reduced pressure. Purification by preparatory TLC (1:1 Hexanes/EtOAc)
provided coupling product 3.4 (0.0022 g, 66%).
tH NMR (CDCl;, 600 MHz) 6 7.61 (d, J = 8.2 Hz, 2H), 7.50 (ddd, J = 10.5, 8.0, 1.3 Hz, 4H), 7.42

—7.36 (m, 4H), 7.35 — 7.31 (m, 2H), 7.24 — 7.20 (m, 6H), 7.10 (d, J = 8.4 Hz, 2H), 6.92 (td, J =
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7.7, 1.2 Hz, 1H), 6.82 (d, J = 2.9 Hz, 1H), 6.55 (td, J = 7.4, 0.9 Hz, 1H), 6.20 (d, J = 8.2 Hz, 1H),
4.57 (d, J = 16.0 Hz, 1H), 4.49 (d, J = 16.0 Hz, 1H), 4.44 (d, J = 16.0 Hz, 1H), 4.40 (d, J = 15.9 Hz,
1H), 3.81 — 3.73 (m, 1H), 3.69 — 3.66 (m, 4H), 3.62 — 3.59 (m, 2H), 3.57 (dd, J = 9.7, 6.4 Hz, 1H),
3.39 (t, J = 10.3 Hz, 1H), 3.20 — 3.14 (m, 1H), 2.35 (s, 3H), 1.93 (dd, J = 11.9, 7.0 Hz, 1H), 1.33 —
1.28 (m, 1H), 0.92 (s, 9H) ppm.

13C NMR (CDCl;, 151 MHz) & 172.13, 172.02, 150.69, 138.48, 135.55, 133.38, 133.25, 131.88,
131.70, 131.66, 130.99, 129.70, 129.62, 128.40, 128.21, 127.69, 127.67, 127.17, 126.82, 124.53,
117.35, 106.04, 103.16, 67.39, 64.51, 64.45, 61.50, 57.95, 57.76, 48.19, 47.91, 42.93, 35.60, 26.76,
21.57, 19.14 ppm.

HRMS (+NSI) calculated for C5,H53N.O6SSi [M+H]+ 837.3394, found 837.3409.

Alcohol 3.32

MeCN, r.

,rt
OTf 11% (not reproducible) oTf

/Ts /Ts
N N
O ‘ HF-pyridine O ‘
N N
Bl M Bl H
OTBDPS OH
3.6 3.32
HF-pyridine (0.03 mL) was added to a solution of silyl ether 3.6 (0.014 g, 0.016 mmol) in CH;CN
(0.2 mL) and the resulting mixture was allowed to stir at room temperature for 16 hours. The
reaction was diluted with EtOAC (mL) and quenched with saturated aqueous NaHCO; (3 mL).
The resulting mixture was allowed to stir at room temperature for 15 minutes. The layers were
separated, and the aqueous layer was extracted with EtOAc (3 x 3 mL). The combined organic
extracts were washed with brine, dried over anhydrous Na,SO,, filtered, and concentrated under
reduced pressure. Purification by preparatory TLC (7:3 Hexanes/EtOAc x 2) provided alcohol
3.32 (0.0011 g, 11%).
tH NMR (CDCl;, 600 MHz) & 7.71 (d, J = 8.1 Hz, 2H), 7.36 (d, 8.3 Hz, 1H), 7.32 — 7.28 (m, 6H),
7.06 (td, J = 7.7, 1.2 Hz, 1H), 6.73 (td, J = 7.5, 1.0 Hz, 1H), 6.62 (d, J = 2.1 Hz, 1H), 6.38 (d, J = 7.8
Hz, 1H), 4.48 (d, J = 15.1 Hz, 1H), 4.04 (d, J = 15.1 Hz, 1H), 3.95 (s, 1H), 3.79 (td, J = 11.0, 7.0 Hz,

1H), 3.71 (d, J = 1.5 Hz, 1H), 3.60 (dd, J = 10.9, 4.9 Hz, 1H), 3.53 (t,J = 10.8 Hz, 1H), 3.42 (d, J =
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10.9 Hz, 1H), 2.61 — 2.55 (m, 1H), 2.45 (s, 3H), 2.01 (dd, J = 11.9, 6.8 Hz, 1H), 1.66 (q, J = 10.6 Hz,
1H) ppm.

13C NMR (CDCl,;, 151 MHz) § 150.24, 149.91, 144.53, 137.48, 131.58, 131.11, 130.03, 128.89,
128.78, 128.35, 127.72, 127.70, 124.87, 122.22, 119.23, 118.42 (q, Jcr = 320.9 Hz), 107.63, 67.87,
62.72, 60.03, 57.71, 48.84, 48.26, 44.87, 34.70, 21.77 ppm.

IR (thin film, em?) 3527.29, 2923.73, 2852.99, 2631.34, 2337.57, 1455.70, 1210.93, 1162.04,
1024.86, 781.00, 666.90, 610.11.

HRMS (+NSI) calculated for C5oH30F3N.O6S. [M+H]* 635.1497, found 635.1501.

Tertiary alcohol 3.38
OTIPS "BulLi, -78 °C, 15 min ou 2
! THF, 78 °Ctort, 35h
~ o then pH 5.5 phosphate buffer \ e}
85%
MeO TBDPSO TBDPSO” Meo
3.37 3.13 3.38

A solution of silyloxy furan 3.37 (0.817 g, 2.06 mmol) in THF (10.0 mL) was cooled to -78 °C. A
solution of "BulLi (1.26 mL, 1.63 M in hexanes, 2.06 mmol) was added drop-wise over 5 minutes
to the reaction flask, and the resulting solution was allowed to stir at -78 °C for 15 minutes. A
solution of ketone 3.13 (0.377 g, 1.03 mmol) in THF (5.0 mL) was added at -78 °C, and the
resulting mixture was allowed to warm up to room temperature over 2 hours. The reaction was
quenched with pH 5.5 aqueous phosphate buffer (20.0 mL) and the resulting biphasic mixture
was allowed to stir at room temperature for 15 minutes. The layers were separated, and the
aqueous layer was extracted with Et,O (3 x 25.0 mL). The combined organic extracts were washed
with brine (40.0 mL), dried over anhydrous MgSO,, filtered, and concentrated under reduced
pressure. Purification by flash column chromatography on silica gel (2:1 to 1:1 Hexanes/EtOAc)
provided tertiary alcohol 3.38 (0.423 g, 85%).

tH NMR (CDCl;, 600 MHz) § 7.68 — 7.59 (m, 4H), 7.46 — 7.40 (m, 2H), 7.39 — 7.33 (m, 4H), 4.61
(s, 1H), 4.59 (s, 2H), 3.84 — 3.77 (m, oH), 3.73 (s, 3H), 3.62 (dd, J = 10.5, 3.0 Hz, 1H), 2.14 (dq, J
= 11.5, 3.5 Hz, 1H), 1.97 — 1.72 (m, 4H), 1.67 (d, J = 12.7 Hz, 1H), 1.60 (d, J = 10.3 Hz, 1H), 1.49

(dd, J = 9.5, 4.2 Hz, 1H), 1.35 (qt, J = 11.0, 2.8 Hz, 1H), 1.06 (s, 9H) ppm.
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13C NMR (CDCl,, 126 MHz) § 173.28, 172.16, 135.72, 135.61, 129.82, 127.75, 127.74, 108.67, 67.21,
64.20, 57.17, 43.25, 37.08, 26.89, 25.68, 24.81, 20.83, 19.28 ppm.

HRMS (+NSI) calculated for C.sH3sNaOsSi [M+Na]* 503.2230, found 503.2219.

0 o)
OH HF-pyridine
e
| © MeCN, r.t. | o

TBDPSO” Meo o

Diene 3.42

3.38 3.42
53%

HF-pyridine (0.0165 mL) was added to a solution of tertiary alcohol 3.38 (0.070 g, 0.159 mmol)
in CH4;CN (1.0 mL), and the resulting solution was allowed to stir at room temperature for 21
hours. The reaction was diluted with EtOAc (5.0 mL) and quenched with saturated aqueous
NaHCO; (5.0 mL). The layers were separated and the aqueous layer was extracted with EtOAc (3
x 10.0 mL). The combined organic extracts were washed with brine (20.0 mL), dried over
anhydrous Na,SO,, filtered, and concentrated under reduced pressure. Purification by flash
column chromatography on silica gel (7:3 Hexanes/EtOAc) provided endocyclic olefin 3.42
(0.015 mg, 53%).

tH NMR (CDCl;, 600 MHz) & 6.37 (dd, J = 4.9, 2.5 Hz, 1H), 4.66 (d, J = 16.2 Hz, 1H), 4.60 (d, J
=16.3 Hz, 1H), 4.47 (dd, J = 10.6, 4.9 Hz, 1H), 3.80 (dd, J = 12.3, 10.6 Hz, 1H), 2.64 — 2.54 (m,
1H), 2.31 — 2.10 (m, 2H), 1.99 — 1.89 (m, 1H), 1.88 — 1.78 (mm, 1H), 1.72 — 1.60 (m, 1H), 1.15 — 1.11
(m, 1H) ppm.

HRMS (+APCI) calculated for C,;H,305 [M+H]* 193.0865, found 193.0856.

Enyne 3.58
///\OH

N/TS N/Ts
H Pd(PPhy), (1 equiv) H
‘ Cul, DIPEA ‘
N N
N
/ /
gl H gl H A OH

DMF, 60 °C
OoTf 68%

OTBDPS OTBDPS
3.58

Propargyl alcohol (0.003 fnL, 0.046 mmol) and DIPEA (0.05 mL) were added to a solution of
vinyl triflate 3.6 (0.010 g, 0.0114 mmol), Pd(PPh), (0.0132 g, 0.0114 mmol), and Cul (0.0026g,

0.0114 mmol) in DMF (0.1 mL). The resulting mixture was degassed by freeze-pump-thaw (-196
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°C, over 3 cycles). The mixture was allowed to stir at room temperature for 15 minutes and at 60
°C for 20 hours. The reaction was diluted with EtOAc (3.0 mL) and quenched with saturated
aqueous NH,CI (3.0 mL). The layers were separated, and the aqueous layer was extracted with
EtOAc (2 x 4.0 mL). The combined organic extracts were washed with brine (10.0 mL), dried over
anhydrous Na,SO,, filtered, and concentrated under reduced pressure. Purification by
preparatory TLC (7:3 Hexanes/ EtOAc) provided propargyl alcohol 3.58 (0.0038 g, 43%).

tH NMR (CDCl,, 600 MHz) & 7.61 (d, J = 8.2 Hz, 2H), 7.51 — 7.47 (m, 4H), 7.44 — 7.37 (I, 2H),
7.32 (t, J = 7.5 Hz, 2H), 7.30 — 7.21 (m, 6H), 7.19 (d, J = 6.8 Hz, 2H), 7.13 (d, J = 8.0 Hz, 2H),
6.98 (td, J = 7.7, 1.3 Hz, 1H), 6.87 (d, J = 2.7 Hz, 1H), 6.63 (t, J = 7.2 Hz, 1H), 6.22 (d, J = 7.8 Hz,
1H), 4.37 (d, J = 16.0 Hz, 1H), 4.29 (d, J = 16.2 Hz, 1H), 4.26 (d, J = 5.6 Hz, 2H), 3.72 (td, J = 10.7,
7.2 Hz, 1H), 3.68 (d, J = 1.4 Hz, 1H), 3.67 (d, J = 2.2 Hz, 1H), 3.62 (dd, J = 10.2, 4.6 Hz, 1H), 3.39
(t,J =10.4 Hz, 1H), 3.37 (dd, J = 10.4, 7.9 Hz, 1H), 2.57 (dd, J = 7.8, 4.7 Hz, 1H), 2.37 (s, 3H), 1.91
(dd, J = 11.8, 7.1 Hz, 1H), 1.34 (q, J = 10.7 Hz, 1H), 0.93 (s, 9H) ppm.

HRMS (+APCI) calculated for C,sH;,O,N.SSi [M+H]* 779.3339, found 779.3333.

Alkynediol 3.54

MeCN, r.t.
77%

N/Ts N/Ts
H H
‘ HF-pyridine ‘
- -
N N
/ N /
gl H A OH gl H

X _oH
OTBDPS OH
3.54

A solution of protected aicohol 3.58 (0.0033 g, 0.0042 mmol) in CH;CN (0.2 mL) was prepared
in a plastic centrifuge vial. HF-pyridine (0.05 mL) was added to the solution and the mixture was
stirred at room temperature for 5.5 hours. The reaction was diluted with EtOAc (2.0 mL) and
quenched with saturated aqueous NaHCOs (3.0 mL). The layers were separated, and the aqueous
layer was extracted with EtOAc (3 x 3.0 mL). The combined organic extracts were washed with
brine (7.0 mL), dried over anhydrous Na,SO,, filtered, and concentrated under reduced pressure.

Purification by preparatory TLC (1:1 Hexanes/EtOAc) provided diol 3.54 (0.0017 g, 74%).
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tH NMR (CDCl;,) § 7.70 (d, J = 8.3 Hz, 2H), 7.34 (d, J = 7.5 Hz, 2H), 7.30 — 7.28 (m, 6H), 7.02
(td, J =7.7,1.3 Hz, 1H), 6.93 (d, J = 2.6 Hz, 1H), 6.68 (td, J = 7.5, 1.0 Hz, 1H), 6.32 (d, J = 7.8 Hz,
1H), 4.45 (d, J = 15.3 Hz, 1H), 4.32 (s, 2H), 4.15 (d, J = 15.3 Hz, 1H), 3.83 (d, J = 1.6 Hz, 1H), 3.76
(td, J = 10.9, 7.0 Hz, 1H), 3.67 (d, J = 1.6 Hz, 1H), 3.50 — 3.45 (m, 3H), 2.49 (t, J = 5.4 Hz, 1H),
2.44 (s, 3H), 1.98 (dd, J = 11.9, 6.9 Hz, 1H), 1.60 (q, J = 10.2 Hz, 3H) ppm.

HRMS (+NSI) calculated for C;.H330,N.S [M+H]* 541.2161, found 541.2152.

General procedure for silyl triflate mediated annulation

OTMS

Ts\ /TS
N N

R,SIOTF H N—Ts

S squaramide . A\

-

MTBE, 0 °C N —

ALS OTBDPS N Y

N Bn H n \
Bn OTBDPS
3.26 3.1 3.86

A solution of hemiaminal 3.26 (1 equiv.) and squaramide catalyst (0.10 equiv.)* in Et.O (0.1 M)
was cooled to 0 °C. Freshly distilled silyl triflate (1 equiv.) was added via microsyringe. The
reaction was stirred at o °C until TLC (7:3 Hex/EtOAc) indicated complete consumption of the
starting material (~1 hour). 1,4-dinitrobenzene (0.25 equiv) in Et.O (2 mL) was added and the
reaction was quenched with saturated aqueous NaHCO; (2 mL). The mixture was allowed to stir
at room temperature for 15 minutes. The layers were separated, and the aqueous layer was
extracted with Et,O (3 x 2 mL). The combined organic extracts were washed with brine (5 mL),
dried over anhydrous MgSQO,, filtered, and concentrated under reduced pressure. Integration
against the 1,4-dinitrobenzene as an internal NMR standard indicated yields of tetracyclic core
3.11 and elimination product 3.86. Purification by preparatory TLC (9:1 Hex/EtOAc, 2 sweeps)
provided pure samples of 3.11 and 3.86.

Data for 3.86

tH NMR (CDCl;, 600 MHz) & 7.41 — 7.30 (m, 2H), 7.30 — 7.28 (m, 4H), 7.18 (d, J = 7.3 Hz, 1H),

7.13 (t, J = 7.5 Hz, 1H), 7.10 — 7.03 (m, 1H), 6.98 (d, J = 8.9 Hz, 2H), 6.96 — 6.92 (m, 2H), 6.38

10 No squaramide catalyst was added for racemic reactions with TMSOTT.
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(dd, J =17.7,10.8 Hz, 1H), 5.37 (d, J = 17.1 Hz, 1H), 5.28 — 5.24 (m, 1H), 5.25 (d, J = 17.2 Hz, 1H),
5.22 (d, J = 17.7 Hz, 1H), 5.13 — 5.11 (m, 2H), 5.10 (d, J = 10.9 Hz, 1H), 5.05 (s, 1H), 4.11 (dd, J =
14.8, 6.4 Hz, 1H), 3.56 (ddd, J = 14.9, 11.8, 5.3 Hz, 1H), 2.72 — 2.63 (m, 2H), 2.61 (dd, J = 15.6, 5.1

Hz, 1H), 2.56 — 2.47 (m, 1H), 2.26 (s, 3H).



3.6 Spectral data

Vinyl triflate 3.15
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Tetracyclic core 3.11
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Diol 3.28
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Coupling product 3.31
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Tricyclic diene 3.42
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Part I1: Development and Applications of Regio- and

Enantioselective Group IX Metal-Catalysed Reactions
Chapter 4. Introduction to Rh- and Ir-Catalysed Allylic C—H

Functionalisation!

Allylic C—H functionalisation is an attractive alternative to allylic substitution. Dominated for a
long time by palladium catalysis, significant recent contributions have revealed the potential of
Rh(III)- and Ir(III)-catalysis in the advancement of this field. In this chapter, we will discuss the
contributions of the Blakey lab in this arena and place them in context of recent advances in group
IX metal-catalysed allylic C—H functionalisation. Part II of this dissertation will discuss the

evolution of synthetic strategies towards RiPPs from our early work in this area of catalysis.

4.1 Allylic C—H functionalisation via st-allyl complexes

Transition metal-catalysed functionalisation of inert C—H bonds to form carbon-carbon (C—
C) or carbon-heteroatom (C—X) bonds has evolved to become an essential part of the synthetic
toolbox and has had a dramatic effect in the streamlining of complex molecule synthesis.2=9 In
particular, allylic C—H functionalisation represents an attractive complement to allylic
substitution reactions and Tsuji-Trost allylations,'°-4 permitting the direct functionalisation of
parent olefins without the need for any pre-functionalisation.

H 1
SR I
R NF e 1 RSNy

0 MeO,C_ _Ts o o o
wne J S O G ™
HO™ “CH, H RO OR  MeO

Scheme 4.1: Pd-catalysed allylic C—H functionalisation

Until recently, the field of allylic C—H functionalisation via transition metal m-allyl complexes
was dominated by palladium catalysis (Scheme 4.1).156 In an early contribution, White and co-

workers reported a palladium catalyst system capable of catalytically generating a Pd(st-allyl)
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complex which could be intercepted with a range of carbon, oxygen, and nitrogen nucleophiles.'7-
30 While these early advances have greatly expanded the field of allylic C—H functionalisation, the
Pd-catalysed reactions are largely limited to the functionalisation of terminal olefins with
stabilised nucleophiles. In most cases the formation of the linear functionalised product is
observed.

Recent contributions, particularly from the Blakey lab, have expanded allylic C-H
functionalisation to include Rh- and Ir-catalysis.3*32 These reports have expanded both the scope

of compatible reaction partners as well as our mechanistic understanding of these reactions.

4.2 Early contributions to RhCp*-catalysed allylic C—H amination

In 2011, Li and co-workers demonstrated that, in the presence of excess Cu(OAc),,
naphthalene 4.1 could undergo C—H olefination (to form product 4.2), followed by formation
allylic C—H functionalisation to form 4.3 as the major product (Scheme 4.2 A).33 It is unclear
whether this step takes place via a RhCp*(mt-allyl) complex or through Wacker type amination
followed by B-hydride elimination. The first systematic exploration of this area was disclosed in
2012, when Cossy and co-workers reported the RhCp*-catalysed intramolecular allylic C—H
amination of alkenyl sulfonamides (Figure 4.2 B).34 In one example, the internal olefin 4.4 could
be functionalised to form piperidine 4.5 and pyrrolidine 4.6 (50% combined yield, 1:1 r.r.). The
authors speculated that the reaction was proceeding through a RhCp*(st-allyl) complex produced
by allylic C—H activation on either side of the internal olefin, and subsequent amination leading

to products 4.5 and 4.6.
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A. Rh-catalysed intermolecular allylic C—H amination of an internal olefin (Li, 2011) | B. Rh-catalysed intramolecular allylic C—H amination of an internal
; olefin (Cossy, 2012)

3 Pr Bu
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NHTs NHTs NH mol AN AN
; +
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C. Stoichiometric formation and functionalisation of RhCpE rt-allyl complex (Tanaka,

2016) !
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Scheme 4.2: Early advances in RhCpX-catalysed allylic C—H functionalisation

In 2016, Tanaka and co-workers reported the stoichiometric formation of RhCpE(s-allyl)
complex 4.8 and its conversion to vinylpyrrolidine 4.9 upon treatment with an external oxidant
(Figure 4.2 C).35 Complex 4.8 was also shown to catalyse the intramolecular allylic C—-H
amination of 4.7 to provide vinylpyrrolidine 4.9, providing experimental support for Cossy’s
hypothesis of a RhCp*(mt-allyl) catalytic intermediate. Additionally, the authors demonstrated
that formation of the thermodynamically more stable internal RhCpE(;t-allyl) complexes 4.11b
and 4.11c was favoured over the terminal complex 4.11a (Figure 5.2 D), suggesting that RhCp
complexes could potentially differentiate between similar allylic C—H bonds on unsymmetrical
olefins.

4.3 RhCp*-catalysed intermolecular allylic C—H functionalisation using external
oxidants
4.3.1 Allylic C—N bond formation

In 2017, Dr. Jacob Burman, a former graduate student in the Blakey lab, developed the RhCp*-

catalysed intermolecular allylic C—H amination of internal olefins (Scheme 4.3).3¢ The use of alkyl

(4.14a) and aryl (4.14b) tosylamides, monoprotected amines (4.14c—4.14f), and N-Cbz-glycine
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(4.14g) demonstrated the expanded scope of compatible nitrogen nucleophiles in this reaction.
A wide array of electronically diverse -alkylstyrenes (4.14h—4.141), including substrates with
oxidatively sensitive heteroaromatic rings (4.14m and 4.14n), were aminated in high yields.
Notably, in all cases, the reaction was selective for the conjugated allylic amine products 4.14.
Importantly, this was the first instance of allylic C—H functionalisation of an internal olefin with
a nitrogen nucleophile that was activated with a single electron-withdrawing group. Dr. Burman
demonstrated that the benzylic amine product, as well as minor amounts of the allylic acetate that
was formed as a side product, equilibrated to form the thermodynamically favoured conjugated
amine product. This observation indicated that C—N and C-O bond formation was reversible

under the reaction conditions.

RS\ . R4
N
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4.14e, R3 = Cbz, 95% ; Ts
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Scheme 4.3: RhCp*-catalysed intermolecular allylic C—H amination (Dr. Jacob Burman)
Jeganmohan and co-workers reported an IrCp*-catalysed variant of this reaction in 2019 and
observed a similar trend in regioselectivity of styrenyl substrates for the conjugated products.3”
Furthermore, on substrates proceeding through unsymmetrical aryl-aryl IrCp*(s-allyl)
complexes, the product with the olefin in conjugation with the more electron-deficient ring was

favoured.
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4.3.2 Allylic C—O bond formation

In 2018, Taylor Nelson, a current graduate student in the Blakey lab expanded this reaction
manifold to include alcohol nucleophiles to provide the allylic ether products (Scheme 4.4).38 A
wide range of primary (4.16a—4.16¢) and secondary (4.16d and 4.16e) alkyl alcohols were
effective nucleophiles, as well as biologically relevant building blocks such as galactose (4.16f),
morpholine (4.16g), and serine (4.16h) derivatives. Strained heterocycles like oxetanes (4.161)
or azetidines (4.16j) were also tolerated. Almost no diastereoselectivity was observed with
stereogenic substrates (4.16e, 4.16f, 4.16g, or 4.16h). B-Alkylstyrenes of increasing complexity,
including phenylalanine- (4.16m), estrone- (4.16n), and tocopherol-derived (4.160) substrates
were converted to the allylic ether products in modest to good yields. The observed regioselectivity
of this reaction was consistent with that observed in the amination reaction developed by Dr.

Burman, delivering the allyl ether products with the olefin in conjugation with the olefin ring.
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Scheme 4.4: RhCp*-catalysed allylic C—H etherification using alcohols as nucleophiles (Taylor Nelson)
4.3.3 Allylic C—C bond formation
During the development of the allylic amination and etherification reactions, Dr. Caitlin Farr,
a former graduate student in the Blakey lab, was concurrently working towards analogous C—C
bond forming reactions using N-Cbz indoles as the arylating nucleophiles (Scheme 4.5). Under

these conditions, B-alkylstyrene 4.19 could be arylated with an array of indoles. Brominated
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indoles were well tolerated (4.19b and 4.19c¢), as well as a methyl substituent situated at C2
(4.19d). Unsurprisingly, functionalisation occurred selectively at indole C3. However, when 3-
methyl indole 4.18e was used, allylation of the indole occurred selectively at C2. In all cases, the
conjugated regioisomers were isolated selectively, consistent with the amination and
etherification reactions discussed above. However, when the relatively electron-deficient N-Cbz
indole was replaced with N-benzylindole (4.18f), conjugated arylation product 4.19f and its

benzylic regioisomer were isolated as a 1:1 mixture of isomers.

H
[RhCp*CI2]2 (2 mol %)
H R A\ AgSbF6 (8 mol %)
"
phWOTBDPS N\ AgOAc (2.1 eguiv)
3 Cbz DCE (0.2 M), 40 °C, 24 h
417 4.18
R= Cbz Cbz Bn
/ / /
R N N N
R1
Ph/WOTBDPS P S ~Me Me— X\ N\Cbz 7
3 R2
4.19a, R', R2 = H, 52% 4.19d, 52% 4.19e, 17% 4.19f,61%, 1:1 r.r.

4.19b, R' = Br, R2 = H, 35%
4.19a, R' = H, R2 = Br, 43%

Scheme 4.5: RhCp*-catalysed allylic C—H arylation using N-substituted indoles as
nucleophiles (Dr. Caitlin Farr)
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Scheme 4.6: RhCp*-catalysed allylic C—H arylation using electron-rich (hetero)aromatics as nucleophiles
(Glorius, 2018)
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In 2018, Glorius and co-workers independently reported similar results concerning allylic C—
H arylation with an expanded scope of heteroaromatic nucleophiles (Scheme 4.6).39 5-substituted
thiophenes (4.21a—4.21e) and furans (4.21f-—4.21h) were suitable nucleophiles, as well as
benzofuran (4.21i), benzothiophene (4.21j), N-methylindole (4.21k), and pyrrole (4.21l). 1,3,5-
trimethoxybenzene was also a suitably electron-rich nucleophile, providing the arylated product

4.21m, albeit in lower yield. This reaction generally displayed good regioselectivity for the

conjugated product.
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Scheme 4.7: RhCp*-catalysed allylic C—H arylation using triarylboroxines as nucleophile (Glorius, 2019)

In 2019, Glorius and co-workers expanded the scope of RhCp*-catalysed allylic C—H arylation
to include triarylboroxines as the arylating reagents (Scheme 4.7).4° The authors speculated that
the reaction was proceeding by transmetallation of the triarylboroxine with a RhCp*(m-allyl)
complex and subsequent C—C reductive elimination to provide the allylic arylated products. A
broad range of triarylboroxines were tolerated; however, greater E/Z selectivity was observed with
more electron-rich triarylboroxines (4.25¢ and 4.25d). The authors speculated that this was due
to the greater rate of transmetallation, thereby preventing syn-anti isomerisation of the RhCp* (-
allyl) species leading to greater E-selectivity. Regioselectivity in these reactions suffered when
performed on terminal olefins (4.25e—4.25g). However, a wide range of allylbenzene derivatives

were arylated with excellent yields and selectivity (4.25i1—4.251).
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Mechanistic studies conducted by the Glorius group indicated that C—H activation was
occurring before the rate-determining step of the reaction. The authors also speculated that
AgSbF, suppressed competitive homocoupling of the triarylboroxines, by decreasing the rate of
transmetallation to the rhodium catalyst, or by accelerating the allylic C—H activation for
productive C—H arylation.

4.3.4 Mechanistic investigations

Until recently, C—N reductive elimination from a Rh(III)Cp*(m-allyl) complex was widely
accepted to be the operative mechanism for allylic C—H amination.34 Oxidation of the resulting
Rh(I) species would then regenerate the Rh(III) active catalyst. However, Tanaka and co-workers
demonstrated that RhCpE(sm-allyl) complex 4.8 was not converted to the allylic amine product
until it was treated with Cu(OAc).-H.O (see Scheme 4.2 C).35 Additionally, it was unclear whether
C—N bond formation was occurring through inner-sphere reductive elimination or outer-sphere
nucleophilic attack. Dr. Robert Harris, a former postdoctoral researcher in the Blakey lab, along
with Taylor Nelson, and Daniel Salgueiro, a former undergraduate researcher in the Blakey lab,
undertook an investigation into the mechanism of this reaction in collaboration with the MacBeth

lab at Emory University and the Baik lab at KAIST.4
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Scheme 4.8: Proposed catalytic cycle for RhCp*-catalysed allylic C—H amination,
supported by stoichiometric, kinetic, electrochemical, and computational studies (Dr.
Robert Harris, Taylor Nelson, Daniel Salgueiro, et al.)
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The established catalytic cycle is summarised in Scheme 5.8. Following activation of the
dimeric pre-catalyst to form coordinatively unsaturated Rh(III)Cp* complex 4.25a, olefin
coordination and rate-determining C—H cleavage provides Rh(III)Cp*(st-allyl) complex 4.25c.
Oxidation of this complex provides the Rh(IV)Cp*(st-allyl)(OAc) complex 4.25d which undergoes
reductive elimination to form the allylic acetate complex 4.25e. Dissociation of the allylic acetate
4.26 and subsequent Sy! type substitution with benzyl carbamate then provides the allylic amine
product 4.14e.

In addition to establishing a new mechanistic paradigm for RhCp*-catalysed reactions, this
study also demonstrated that enantioselectivity in this 1st-generation manifold could not be
induced by chiral ligands on the Rh-catalyst, since the key C—X bond formation occurs via an Sy
type allylic substitution. It is likely that the allylic etherification reaction developed by Taylor, and
the heteroarylation reactions independently developed by Dr. Farr and the Glorius group operate
under a similar mechanism. However, further mechanistic studies are required to establish a

mechanism for the allylic arylation with triarylboroxine nucleophiles.

4.4 Allylic C—H amidation via direct C—N reductive elimination from M(V)-
nitrenoid intermediates
4.4.1 RhCp*- and IrCp*-catalysed allylic C—H amidation

Dioxazolones were originally established as oxidative amidating reagents by Sukbok Chang
and co-workers in the context of directed C(sp2)—H amidation.42-47 These reagents have recently
been extended to C(sp3)-H amidation as well.48-5* Their proposed function is to oxidise
Rh(IIT)Cp*- and Ir(IITI)Cp*-complexes to the corresponding M(V)Cp*-nitrenoid complexes.

In 2019, along with Dr. Robert Harris and Dr. Caitlin Farr, Dr. Jacob Burman developed a
new generation of allylic C—H functionalisation reactions in which the key C—N bonds are directly
formed by reductive elimination, using dioxazolones as the nitrogen source (Scheme 4.9).52 Using

[RhCp*(MeCN);](SbFs). as the catalyst, Dr. Burman was able to employ a wide range of
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dioxazolones in the allylic C~H amidation of allylbenzene (4.29a—4.29g). In contrast to the
allylic C—H amination discussed above, these reactions were generally selective for the branched
amide products. The use of [IrCp*Cl.]. was critical to maintain high yields and regioselectivity for
the branched product for terminal olefins that performed poorly under Rh-catalysis (4.29h—
4.29j). This observation was consistent with reports of IrCp*-catalysed allylic C—H amidation

that were independently reported by the groups of Rovis and Glorius around the same time.53:54
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Scheme 4.9: RhCp*- and IrCp*-catalysed allylic C—H amidation using dioxazolones as oxidative
amidating reagents (Dr. Jacob Burman)

When the reaction was performed on B-alkylstyrenes, Dr. Burman observed complementary
reactivity between RhCp* and IrCp* catalysts (4.29k—4.29m). For example, the use of RhCp* as
the catalyst provided pivalamide 4.29k in 78% yield with 16:1 regioselectivity for the benzylic
amide isomer. However, the yield was reduced and regioselectivity was overturned when IrCp*
was used as the catalyst (45% yield, 1:7 r.r.). Similarly, 4.291 was produced in high yield and
selectivity (86%, >20:1 r.r.) with RhCp* as the catalyst, but both were reduced when IrCp* was
used. The same regioselectivity profile was observed with phenylalanine-derived substrate

4.29m.
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Scheme 4.10: Regioselectivity of IrCp™-catalysed
allylic C—H activation is correlated with *Jcu coupling
constants (Rovis, 2020)

In 2020, Rovis and co-workers expanded on this mechanistic paradigm, and reported new
catalysts for C—H activation and sulfamidation of 1,1- and trans-1,2-disubstituted olefins that
were able to differentiate between remarkably similar allylic C—H bonds (Scheme 4.10).55* Using
the slightly less bulky [IrCp™Cl.]. (Cp™ = tetramethylcyclopentadienyl) as the precatalyst and
TsNj as the nitrogen source, a range of 1,1-disubstituted olefins were sulfamidated at the allylic

position. The reaction was selective for the allylic position distal from an electron-withdrawing
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Scheme 4.11: Development of a new Ir-catalyst for
allylic C—H functionalisation (Rovis, 2020)

11 This report from Rovis and co-workers was reported after the work detailed in the next chapter of this dissertation.
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substituent, with the regioselectivity decreasing as the EWG was moved further away from the
allylic position. The authors correlated this inductive influence of the EWG on regioselectivity
with the *Jcu coupling constants of the allylic C—H bonds.

In the same report, a brief survey of IrCp-pre-catalysts showed that regioselectivity of the
amidation improved as steric hindrance around the Cp ring was relieved (Scheme 4.11), with
mono-methylated derivative [Ir]e providing the amide product in 72% yield and >20:1 r.r. A
pendant silane was installed ([Ir]d) to increase electron-density through its hyperconjugative
electron-donating effect while minimising the steric bulk around the catalyst.

4.4.2 Mechanistic investigation

The mechanism of allylic C—H amidation has been studied by our group and the Rovis group
using kinetic and stoichiometric experiments. The isolation and characterisation of stoichiometric
RhCp*- and IrCp*-complexes support the intermediacy of these complexes in the catalytic cycle.
Regioconvergent allylic amidation of isomeric olefin substrates reported by Glorius and co-
workers, as well as the regioisomeric product mixtures observed when the reaction is performed
on 1,2-disubstituted olefins further support this notion. Intra- and intermolecular isotopic
competition experiments reported by the Rovis group indicate that C—H activation is irreversible
and may be involved in the rate-determining step of the reaction.

The following catalytic cycle has been proposed for this reaction (Scheme 4.12).52-54 Activation
of the precatalyst provides the cationic complex 4.34a. Olefin (4.27¢) coordination, followed by
allylic C—H activation provides the m-allyl complex 4.34c. Dioxazolone coordination and
decarboxylation provides the key M(V)-nitrenoid complex 4.34d which can reductively eliminate
to form the allylic C—N bond. Protodemetalation of complex 4.34e then provides the allylic amide

product 4.29c¢ and regenerates the active catalyst.
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Scheme 4.12: Proposed catalytic cycle for 2nd-generation allylic C—-H

amidation
4.5 Conclusion

The Blakey lab has played an active and important role in developing Rh(III)- and Ir(III)-

catalysed allylic C—H functionalisation, and has drastically expanded the scope of coupling
partners that are compatible in these reactions. Following the development of C—N, C-0, and C—
C bond forming reactions by Dr. Burman, Taylor Nelson, and Dr. Farr and the Glorius group,
respectively, members of the Blakey lab established an operative catalytic cycle for this 15t-
generation of allylic C—H functionalisation reactions. In this mechanism, the key C—X bonds are
formed via an Sx* substitution of an allylic acetate intermediate, thus precluding the use of chiral
ligands on the Rh(III)-catalyst to induce enantioselectivity. Following this, the next generation of
allylic C—N bond forming reactions were developed, in which the key bond forming step was an
inner-sphere reductive elimination, and this area has since seen intense interest from the
chemical community. At this time, we began considering the synthetic applications of our lab’s
developing methodologies. In particular, we were interested in an emerging class of natural
products called ribosomally-synthesised and post-translationally modified peptides (RiPPs), a
broad series of macrocyclic peptide natural products containing unusual crosslinks between

amino acid residues. However, the 2rd-generation of allylic C—H functionalisation was still in its
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infancy, and it was clear that additional advancements were necessary before it could reach its
true synthetic potential. Chapters 5 of this dissertation will focus on work done to expand the
scope of nitrogen coupling partners in this reaction, and the development of a novel catalyst

system for enantioselective variants of this reaction.
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Chapter 5. Development of 2"-Generation Regio- and

Enantioselective Allylic C—H Functionalisation

This chapter is focused on advancements made to the current 2md-generation allylic C-H
amidation literature developed by the Blakey, Rovis, and Glorius groups, in order to develop
reactions for further synthetic applications. We will first begin with a discussion on the expansion
of compatible nitrenoid precursors in this chemistry to include tosyl azide to provide allylic
sulfonamides. We will move on to the development of a new planar chiral rhodium indenyl

complex for enantioselective variants of these reactions.

5.1 Introduction

With a robust method for the synthesis of allylic amides in hand,*-3 we began considering
the synthetic applications of the Blakey lab’s allylic C—H functionalisation methodology. We were
intrigued with the potential application of allylic C—H amidation to the synthesis of peptide
natural products containing non-canonical amino acid residues, structural motifs that are present

in a wide range of biologically relevant natural products (Figure 5 1)
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Figure 5.1: Unnatural amino acid residues are present in diverse classes of biologically relevant small
molecules
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Scheme 5.1: Allylic amidation/oxidative cleavage sequence to synthesise dipeptides containing non-
canonical amino acid residues
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We hypothesised that the allylic amidation reaction could be used to synthesise and install
unnatural amino acid fragments onto the structural frameworks of natural products like those
depicted in Figure 5.1 via an allylic C—H amidation/oxidative cleavage sequence of steps. In an
initial experiment (Scheme 5.1), we demonstrated that allylbenzene (5.6) could be amidated with
alanine-derived dioxazolone 5.5 under the standard conditions developed by Dr. Burman (see
chapter 4)4 to provide 5.7 (49% yield, 1:1 d.r.). Importantly, this was the first amino acid derived
dioxazolone to be employed in the allylic C-H amidation, which was promising for our future
synthetic studies. The terminal olefin in amide product 5.7 could then be oxidatively cleaved with
RuCl;-H,O (5 mol %) and NalO, (4 equiv) to provide dipeptide 5.9 in quantitative yield.> We
envisioned that this two-step sequence could be strategically employed to assemble unnatural
amino acid side chains by tuning the olefin coupling partner. However, it was clear that for broad
applicability of this methodology, further development of this 2" generation allylic C—H
functionalisation was necessary.

Firstly, due to the innate decomposition pathway of dioxazolones, the current 2nd-
generation allylic C—H functionalisation was limited to the synthesis of allylic amides. Despite the
high value of these amide products, to improve the usability of these reactions in the synthesis of
peptide natural products, we would need to develop a protocol for the synthesis of allylic amines
with protecting groups that were more commonly employed in peptide synthesis. Secondly, with
an allylic C—-H amidation that proceeds through C—N reductive elimination, the stage was set for
the development of an asymmetric variant of this reaction. Indeed, at this point, Dr. Farr had
already laid the groundwork for a new class of chiral catalysts to achieve this goal. This chapter

will focus on advancements made in these specific areas of allylic C—N bond formation.
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5.2 Development of alternate nitrenoid precursors for 2md-generation allylic C—-N
bond formation

5.2.1 Survey of alternative electrophilic amines for allylic C—H amination

A. Attempts to synthesise oxy-dioxazolones for the synthesis of allylic carbamates

7 >
o =
col 0J< R2 NHR
el e . T P
(0] ”—OH MeCN, r.t., 6h - [Rh cat.] R2
rRio” N
5.10,R =$3n 5.12,R=Bn 5.12, R = Cbz
5.11, R="Bu 5.13,R=Bu 5.13, R=Boc
B. Activated hydroxylamines as nitrenoid precursors for the synthesis of allylic carbamates
H [RhCp*(MeCN)3][SbFgl NHCbz ; . OR |
P> (5 mol %) _ ! N7 !
CbzHN—OR + ' | '
AgSbFg (30 mol %) ' Cbz |
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DCE (0.2 M) : |
5.14, R =Ac 5.6 40-80°C,24h 5.18 3 5.19 )
515, R=Ts e
5.16, R=0-Ns

N O
5.17, R = 2,3-(NO,),-CgHs

Scheme 5.2: Initial investigations of alternate nitrenoid precursors for allylic C-N bond
formation

We first turned our attention to the development of alternate nitrenoid precursors for the
synthesis of carbamate protected allylic amines. We initially attempted to synthesise benzyloxy-
and tert-butyloxy dioxazolones 5.12 and 5.13, respectively, from their hydroxycarbamate
precursors (Scheme 5.2 A). Despite closely resembling the dioxazolones employed in the C(sp2)—
H and C(sp3)-H amidation literature, these reagents have not been previously synthesised.
Unfortunately, under the standard conditions for dioxazolone synthesis, we observed none of the
desired dioxazolone products in either case. Instead, we observed complete consumption of the
hydroxy carbamate starting materials and mixtures of unidentified products.

Next, we synthesised a series of electrophilic amines (5.14—5.17) by activating hydroxy
benzylcarbamate with suitable leaving groups (Scheme 5.2 B).® Similar reagents have been
successfully employed in oxidative C—H amination reactions. However, when these reagents were
subjected to the allylic C—H amination of allylbenzene, no trace of the desired allylic carbamate
5.18 was seen. All the reactions resulted in high recovery of unreacted starting hydroxylamines
5.14—5.17. Interestingly, small quantities of the linear aminated products 5.19 were observed in

the crude reaction mixtures. We hypothesise that in the presence of an external oxidant like
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AgSbFs (30 mol %), none of which was utilised to activate the rhodium catalyst, product 5.19
could be formed via the 1t-generation allylic amination mechanism, i.e. oxidatively induced
reductive elimination of an allylic acetate and Lewis acid-mediated Sx* substitution with the
activated hydroxylamine. The regioselectivity of the observed side product is consistent with that
observed in the 1st-generation reactions.

5.2.2 Development of allylic C—H sulfamidation using tosyl azide as a nitrenoid

precursor’
TsN3 (2 equiv)
H CsOAG (5 mol %) NHTs
_ [MCp*Cl,], (2.5 mol %) z X NHTs
Ag(l) salt
solvent (0.2 M)
80°C,24h
5.7 5.20 5.21

entry [MCp*Clpl, Ag(l) (mol%) Solvent o yield (5.20)7 % yield (5.21)7

1 [Cp*RhCly], AgSbFg(10) DCE 13 4
2 [Cp*IrCly], AgSbFg (10) DCE 17 8
3 [Cp"RhClyl, AgSbFs (40) DCE trace 0
4 [CpIrClo],  AgSbFg (40)  DCE trace 0
5 [Cp*IrCly], AgBF4(10)  DCE <5 trace
6 [Cp'IrClyl, AgOTs (10)  DCE <5 trace
7 [Cp*IrCly],  AgNTf, (10) DCE 23 0
8 [Cp*IrCly],  AgNTH, (10) TFE 55 0
9 [Cp*IrCly],  AgNTf, (10)  HFIP 60 0

Table 5.1: Optimisation of allylic C—H sulfamidation of allylbenzene
with tosyl azide. aIsolated yields of amide products are reported

Tosyl azide has been previously used as a nitrenoid precursor in directed C(sp2)-H
functionalisation reactions.® While a tosyl group is far from an ideal nitrogen protecting group as
compared to carbamate protecting groups, sulfonyl protecting groups can be easily cleaved under
reductive conditions.9 We therefore explored the sulfamidation of allylbenzene with tosyl azide
(Table 5.1).22 We began our investigation with [RhCp*Cl.]. (2.5 mol %) as the pre-catalyst, CsOAc
(5 mol %) as the base, and AgSbFs (10 mol %) as the halide scavenger. Under these conditions,

allybenzene (5.7) was successfully sulfamidated at 8o °C in DCE (0.2 M) to provide 5.20 (13%

12 During the course of this study, Rovis and co-workers reported isolated examples of allylic C—H sulfamidation with
tosyl azide in their disclosure of allylic C—H amidation with dioxazolones. Additionally, their report of site-selective
allylic C—H sulfamidation of 1,1-disubstituted olefins was reported after the completion of the work detailed in this
chapter.
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yield) and 5.21 (4% yield, entry 1). The yield of 5.20 was marginally improved when [IrCp*Cl.]»
(2.5 mol %) was used as the pre-catalyst (entry 2). Based on observations made by Dr. Burman,
we hypothesised that increased loading of Ag(I) would improve the yield of 5.20. However, the
use of AgSbFs (40 mol %) resulted in only trace quantities of the branched product 5.20 (entries
3 and 4). A brief survey of Ag(I) salts indicated that AgNTf, (10 mol %) was the best candidate
(entries 5—7). While the yield of 5.20 was only slightly improved to 23%, the reaction displayed
exclusive selectivity for the branched product, and no trace of 5.21 was observed. Lastly, the use
of fluorinated solvents drastically improved the yield of this reaction (entries 8 and 9).:3
5.2.3 Scope and limitations of allylic C—H sulfamidation

With conditions in hand for the allylic C—H amidation of allylbenzene, we explored the
scope of this reaction on a range of olefins (Table 5.2). The reaction performed well on electron-
rich (5.23a, 57% yield and 5.23b, 61% yield) as well as electron-deficient (5.23¢, 52% yield and
5.23e, 46% yield). An aryl fluoride was also tolerated (5.23d, 67%). The sulfamidation of safrole

had to be run for 48 hours to provide 5.23f in 47% yield. Likewise, the sulfamidation of o-

TsN3 (2 equiv)
CsOAc (5 mol%) NHTs
[Cp*IrCly], (2.5 mol%)
7N Z 7N Z
R—— AgNTf, (10 mol%) R——
5z HFIP (0.2 M) 5
5.22 80°C,24h 5.23
NHTs NHTs NHTs NHTs NHTs NHTs
MeO Bu MeO,C F CFy o
5.23a, 57%° 5.23b, 61% 5.23c, 52% 5.23d, 67%° 5.23e, 46%° 5.23f, 47%3f
NHTs me 2

NHTs

NHCbz
P N NHTs P
NHTs Me/\)\/

Me
CbzHN CO,Me

NHTs

5.23g, 60%° 5.23h, 75%° 5.23i, 49%é'f 5.23j, 1 7%a'd 5.23k, 50% 5.231, 62% 5.23m, 54%
g 2 2
4_5:1_5:117'0 1:1dr° 2:1d.rf

Table 5.2: Scope of olefin coupling partners. Reaction was run for 48 hours. ¢Isolated as a mixture of
regioisomers at the 3-, 4-, and 2-positions, respectively (major isomer shown). ¢Determined by integration of crude
'H NMR spectrum. dCbzN; was used instead of TsNs. €Reaction conducted by Steven Chen. /Reaction conducted by
Taylor Nelson.

13 Due to evaporation of the low-boiling HFIP at the elevated reaction temperature (entry 9), the reactions were
conducted in sealed pressure tubes to ensure reproducibility.
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allyltoluene required extended reaction times to provide sulfonamide 5.23g in 60% yield.,
presumably due to the increased steric hindrance caused by the o-methyl substituent. 4-
Phenylbutene (5.22h) and 1-hexene (5.22i), which proceed through non-conjugated m-allyl
complexes also required extended reaction times (48 h) to provide tosylamides 5.23h and 5.23i
(as a 4.5:1.5:1 mixture of regioisomers) in 75% and 49% yield, respectively. Since our initial goal
was to synthesise allylic carbamates, we attempted this reaction with CbzN; as the nitrenoid
precursor. However, after 48 hours, carbamate 5.23i was only isolated in 17% yield. No starting
azide was recovered from this reaction. The reaction was also effective on substrates derived from
biologically relevant building blocks, providing phenylalanine derivative 5.23k (50% yield) and
estrone derivative 5.231 (62% yield). The sulfamidation of 1,3-diphenylpropene to provide
sulfonamide 5.23m (54% yield) demonstrated that the reaction was effect on an internal olefin
substrate. This investigation of the scope of compatible olefin coupling partners provided an ideal
opportunity to mentor an undergraduate researcher, Steven Chen.
H
o\\s,:'cj3 H P =
SOV ag
BocHN” COMe
5.24 5.22n 5.220

Figure 5.2: Unsuccessful substrates for allylic C-H
sulfamidation
Substrates that were incompatible with the reaction conditions are shown in Figure 5.2.
0-NsN; (5.24) was not a suitable nitrenoid precursor, largely due to its limited solubility in HFIP,
even at the elevated reaction temperature. The reaction was also intolerant of aryl bromide
(5.22n) and tert-butyl carbamate (5.220) functionalities. In the latter case, switching out the Boc
protecting group for a Cbz group allowed the reaction to proceed (5.23Kk, Table 5.2).
We further explored the synthetic utility of this reaction by derivatising the sulfonamide
products obtained by allylic C—H functionalisation. Sulfonamide 5.23b could be allylated (70%

yield) and subjected to ring-closing metathesis (RCM) to provide dihydropyrrole 5.26 (Scheme

5.3 A). Taylor Nelson was able to sulfamidate bromohexene (5.22p) to provide sulfonamide
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5.23p, albeit in a low yield of 9% (Scheme 5.3 B). Sulfonamide 5.23p could then be subjected to

base-promoted cyclisation to provide vinylpyrrolidine product 5.27 in excellent yields.
A. Synthesis of dihydropyrrole 6.26

= Ts
INHTs K5COj (2 equiv) TN N -
— allyl bromide (1.1 equiv) P Grubbs Il (5 mol %) Y
DMF, r.t., 16 h DCM, 40 °C, 16 h
70% 61%
Bu By By
5.23b 5.25 5.26

B. Synthesis of vinylpyrrolidine 6.27

TsNj (2 equiv)

CsOAc (5 mol %) Ts
Br/\/\l/\ [IrCp*Clyl (2.5 mol %) BrN\l/\ K,COj3 (7 equiv) = N/
H AgNTf, (10 mol %) NHTs MeCN, 80 °C, 6 h /\E}
HFIP (0.2 M) K
80°C,24h
5.22p 9% 5.23p 5.27

Scheme 5.3: Diversification of sulfonamide products

We have conducted a systematic study of the use of tosyl azide as a nitrenoid precursor in
allylic C—N bond formation. While we did not achieve our initial goal of developing reagents for
the synthesis of allylic carbamates via an inner-sphere reductive elimination mechanism, this

work nevertheless expands the scope of nitrenoid sources compatible with this chemistry.

5.3 A new planar chiral catalyst for regio- and enantioselective allylic C—-H
amidation™
5.3.1 Overview of known chiral piano-stool cyclopentadienyl (Cp) complexes

Co-, Rh-, and Ir-cyclopentadienyl (Cp) and -pentamethylcyclopentadienyl (Cp*)
complexes have been established as excellent catalysts for directed C—H functionalisation
reactions. As a result, several chiral variants of these “piano-stool” ligands have been developed
and have had an enormous impact in the field of asymmetric C—H functionalisation (Figure
5.3).1*-14 This renaissance in the development of chiral Cp ligands was largely inspired by the
development of TADDOL-derived ligands (5.28) by Cramer group in 2012,'5 as well as Rovis and
Ward’s disclosure in the same year of an evolvable engineered streptavidin docked with
biotinylated RhCp* (5.29).1® However, both these ligand classes offer low opportunity for

modularity, therefore limiting their use in catalysis.
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5.28 5.29 5.30 5.31
Cramer, 2012 Rovis and Ward, 2012 Cramer, 2013 You, 2016
R;: H, Me, Et, Bu Evolvable B|ot|tn/S:reptaV|d|n R,: OMe, O'Pr, OTIPS, R =H, OMe, O'Pr, OBn
construe OTf, OMOM, Ph
Me CO2Me Bu Ar,
2-Naph ’é—'Bu w : R
N a S o R
| TN in—| Ar | |
Rh Me Me Rh Ru' 'NCMe s
e ~ =
= = 2 “newe =
5.32 5.33 5.34 5.35
Waldmann and Perekalin, 2018 Cramer, 2018 Wang, 2020

Antonchick, 2017

Figure 5.3: Known chiral “piano-stool” cyclopentadienyl (Cp) ligands

By far the most commonly employed chiral Cp ligands have been Cramer’s 2"d-generation
BINOL-derived ligands (5.30) introduced in 2013,"7 with over 25 derivatives reported to date.
However, each member in this class of axially chiral ligands requires a multistep (9-12 steps)
synthesis, thus hindering their widespread use.# Despite this, the incredible capacity for
enantioinduction displayed by these complexes in a wide range of mechanistically disparate
reactions have resulted in repeated efforts to streamline the synthesis of these ligands. This was
most recently exemplified by the modular route to this ligand framework reported by You and co-
workers in 2020.% The You group has also disclosed another axially chiral ligand family
containing a spirocyclic backbone in 2016 (5.31).%

More recent examples of chiral Cp ligands include the piperidine-fused ligands reported
by Waldmann and Antonchick in 2017 (5.32),2° and the planar chiral complex developed by
Perekalin and co-workers in 2018 (5.33).2* Additionally, Cramer and co-workers reported a 3-
generation of cyclopentane-fused Cp ligands in 2018 (5.34),22 accessible by a convenient two-step
enantioselective synthesis. More recently, in 2020, Wang and co-workers reported a Cp ligand
equipped with a planar chiral ferrocene backbone (5.35).23 While these very recently reported
complexes from Waldmann and Antonchik, Perekalin, Cramer, and Wang et al. illustrate the

chemical community’s burgeoning interest in the development of chiral Cp ligands of ever-
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increasing efficiency, they have yet to see widespread application in asymmetric catalysis.
5.3.2 Introduction to the indenyl ligand

Due to the multistep syntheses required to access the most effective chiral Cp ligands
discussed above, we turned our attention to a related but relatively underexplored ligand family.
The indenyl ligand combines the Cp framework with a benzo-fused backbone which provides an
innate electronic asymmetry to the ligand. Indeed, the indenyl ligand is known to be able to
coordinate transition metals along a continuum between 15 and 13 binding modes, a phenomenon
known as the indenyl effect (Figure 5.4).24-2¢ This ring slip can lead to pronounced differences in
reactivity, most noticeably contributing to the acceleration of organometallic reactions and
catalysis.?” Additionally, it was our hypothesis that we could leverage the electronic asymmetry in
the indenyl ligand to induce enantioselectivity in reactions proceeding through inner-sphere
mechanisms.

| Rs | Rs

|

Rh—Cl Rh—ClI
c” c”
\/\ 2 \/\ 2
n3-coordination n3-coordination

Figure 5.4: The indenyl effect —

transition metal indenyl complexes are

known to slip between 15 and 13

coordination modes

Planar chiral indenyl complexes of early transition metals have been well studied and

documented; however, there are comparatively fewer examples of analogous late transition metal
complexes.?” In 1995, Heller and co-workers described the synthesis of a chiral pool-derived Co-
indenyl complex 5.37 and its application to heterocyclotrimerisations of diyne 5.36 with
alkylnitriles (Scheme 5.4 A).28-3° More recently, in 2018, Baker reported the synthesis of Rh-
indenyl(st-allyl) complex 5.39 and its stoichiometric reaction with sodium malonate (Scheme 5.4
B).3* The allylic substitution product 5.40 was obtained in 68% yield and 83:17 e.r.
Enantioinduction in this reaction was consistent with alkylation at the weaker Rh—C3 bond,

arising from the electronic asymmetry of the complex. Unfortunately, this complex was never

shown to be catalytically competent, and required a long multistep synthesis involving several
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difficult chiral resolutions. Additionally, the thioether functionality presented an oxidative
liability and precludes its use in transformation proceeding through inner-sphere mechanisms

due to a lack of available coordination sites on the metal center.

A. Chiral pool-derived Co-indenyl catalyst for atroposelective heterocyclotrimerisations (Heller, 1995)

Me

5. 37
(1 mol %) Co

Me | \ R
N
R—N —
hv, THF, 3°C,9h OO OMe

5.36 5.38

B. Allylic alkylation of a stoichiometric planar chiral Rh-indenyl(rt-allyl) complex (Baker, 2018)

-
0 —| SbFG
sodi alonat Me & Me
ium m. nate ¢1 3
2 equiv)
O > : VI
Me™ = THF, rt, 20 h MeO,C”~ ~CO,Me
[S RhM Me 68% yield
Me/ _\/\/ 83:17 e.r.
Me <"cs
c
5.39 5.40

Scheme 5.4: Group IX metal planar chiral complexes

5.3.3 Catalyst preparation and development of enantioselective allylic C-H
amidation (Dr. Caitlin Farr and Christopher Poff)

Ph KOBu (2.5 equiv) %
[Rh(COD)Cl], (1 equiv) Me 15 (5.43, 2.0 equiv)
H ‘ - . H | Me
‘ Me THF (0.1M), 20 °C Rh Et,0, rt, 30 min.
o,

3% Rh—I

/N 75%
o7 Y
2

5.41 5.42 5.44
(1.85 equiv) resolved by both enantiomers
chiral HPLC obtained

Scheme 5.5: Synthesis and chiral resolution of planar chiral Rh(I1I)-indenyl complex
(Dr. Caitlin Farr and Christopher Poff)

We aimed to develop a modular and easily accessible planar chiral indenyl catalyst system
that could be used for enantioselective allylic C—H amidation. To this end, Christopher Poff and
Dr. Caitlin Farr began this investigation using 2-methyl-3-phenylindene (5.41) as the ligand,
which was easily prepared in two steps from 2-methylindanone and phenylmagnesium bromide
(Scheme 5.5).3233 Complexation with [Rh(I)(COD)CI]. provided complex 5.42 as a racemic

mixture. Each enantiomer of this planar chiral complex was easily resolved by chiral HPLC and
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oxidised to the corresponding Rh(III) diiodide dimer 5.44 (R-enantiomer shown).

Me,ﬁ@ 1 ‘; 2. %

H e o
'LhL Mo T ,(”2.217
74 2.139 ¥
Me \E{J /
o
(S)5.45 $p-o7

Figure 5.5: Assignment of absolute
stereochemistry of the Rh-indenyl complex
(Christopher Poff)

Christopher Poff was able to unambiguously assign the absolute stereochemistry of each
enantiomer by synthesising and obtaining an X-ray crystal structure of the Rh(III)-indenyl(s-
allyl) complex (S)-5.45 (Figure 5.5).14 Analysis of the crystal structure shows that C1, C5, and C4
of the indenyl ligand have shorter Rh—C bonds (2.2105, 2.2225, 2.1285 A, respectively) than C2
and C3 (2.3164 and 2.3106 A). This observation is characteristic of the electronic asymmetry in
the complex as a result of the slight slip from 15 to n3. Furthermore, C20 of the m-allyl ligand —
trans to the 13 portion of the indenyl ligand — has a longer Rh—C bond (2.2196 A) than C18 of the
n-allyl ligand (2.1457 A), which is consistent with different trans effects exerted by both sides of
the indenyl ligand on the otherwise symmetrical m-allyl fragment. These observations indicate
that the electronic asymmetry induced by the indenyl effect on the indenyl ligand is in fact

translated to the m-allyl ligand.

=

| H

Rh—!
(S,5)-5.44
X OYO (5 mol%) 52% N
+ Bu
H O‘N/>7 AgNTT, (20 mol %) NHPiv

LiOAC (10 mol %)
LiNTf, (1.0 equiv)
5.22h 5.46 DCE (0.2M), r.., 48 h 5.47
(1.0 equiv) (2.0 equiv) 68%, 95:5 e.r.

Scheme 5.6: Optimised reaction conditions for enantioselective
allylic C—H amidation (Dr. Caitlin Farr)

With a brief survey of reaction conditions, Dr. Farr was able to develop optimal conditions
for the enantioselective allylic C—H amidation of 4-phenyl-1-butene (5.22h) with tert-

butyldioxazolone (5.46, Scheme 5.6). Using the newly developed planar chiral Rh-indenyl

14 Stereochemical configuration was assigned using the rules of planar chirality laid out by Schlogl.5°
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complex (S,S)-5.44 (5 mol %) as the pre-catalyst, LiOAc (10 mol %) as the carboxylate base, and
AgNTTf, (20 mol %) as the halide scavenger, pivalamide 5.47 was obtained in 68% yield and 95:5
e.r.’> The reaction was performed at room temperature for 48 hours, because competitive
dioxazolone decomposition was observed at elevated temperatures. Dr. Farr also observed that
permethylation of the benzene backbone of the indenyl ligand resulted in higher yields but eroded
enantioselectivity, while iridium complexes were ineffective at catalysing the allylic C—-H
amidation.

5.3.4 Scope and limitations of enantioselective allylic C—H amidation

o
oA
Js Pae

R (2 equiv) Me
Me (S,S)-5.44 (5 mol %) |
AgNTf, (20 mol %) Me
X

Me

LiOAc (10 mol %) HN R
H LiNTf, (1 equiv)
5.48, (1.0 equiv) 1,2-DCE (0.2 M), rt, 48 h 5.5

V %HEX %HYQ%H

5.50a, 69% 5.50b, 77% 5.50c, 55% 5.50d, 37%
>99:1 e.rb 98:2erb 946 eur. 99:1 er@
)\A) /Kl) Me
@ @ HN\H/\ f
5.50e, 44% 5.50f, 61% 5.509, 87% 5.50h, 13%
98:2e.r? 99:1 eur. 97:3 er? 99:1er?

Table 5.3: Scope of dioxazolone coupling partners. aReaction conducted by
Dr. Caitlin Farr. PReaction conducted by Christopher Poff

With a robust method for the enantioselective allylic C—H amidation of olefins in hand,
we began investigating the scope of dioxazolone coupling partners compatible with these reaction
conditions, along with Dr. Caitlin Farr and Christopher Poff (Table 5.3). Methyl-, tert-butyl,
cyclohexyl, and benzyl-dioxazolone all provided the amide products (5.50a—5.50d, respectively)

in moderate yields (37—77%) and excellent enantioselectivities (94:6—>99:1 e.r.). Ether and

15 The stereochemistry of amide products was assigned by conversion to their corresponding amino acids following
the same allylic amidation/oxidative cleavage sequence outlined in Section 5.1 (Christopher Poff).
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carbamate functionalities were also well tolerated, providing amides 5.50€ (44% yield, 98:2 e.r.)
and 5.50f (61% yield, 99:1 e.r.), respectively. Glycine-derived dioxazolone (5.49g) was also a
suitable reaction partner, providing amide 5.50g in 87% yield and 97:3 e.r. Phenyl dioxazolone
(5.49h) only provided benzamide 5.50h in 13%. This low reactivity is consistent with the low
yields observed by Dr. Burman, the Rovis group, and the Glorius group when aryl dioxazolones
were employed in the earlier reports of racemic allylic C—H amidation.’-3 The enantioselectivity

of this reaction, however, remained excellent (99:1 e.r.).

TsN3 N

N
Boc” }
5.49i

Figure 5.6: Unsuccessful nitrenoid precursors
for enantioselective allylic C—H amidation

Unfortunately, tosyl azide was an incompatible nitrenoid precursor under these
conditions, and the starting materials were recovered in high yields (Figure 5.6). The use of HFIP
as the solvent, which was critical to the success of the racemic sulfamidation reaction discussed
above, did not improve the reaction with (S,S)-5.44 as the pre-catalyst. Similarly, no reaction
was observed when tert-butyl carbamate protected piperidine dioxazolone 5.49i was used, even
though this substrate provided the amide product in good yields with IrCp* as the catalyst.
However, switching the protecting group to a benzyl carbamate allowed the reaction to proceed
(5.50f, Table 5.3).

We chose tert-butyl (5.49b) dioxazolone and Phth-glycine dioxazolone (5.49g) as
amidating reagents with which to explore the compatibility of this reaction across a range of olefin
coupling partners because 1) these reagents provided their corresponding amide products in the
highest yields during our study of the dioxazolone scope of this reaction, and 2) they served as
ideal representatives of electron-rich and electron-deficient dioxazolones, respectively.

With 1-hexene as the substrate, amide products 5.52a and 5.52b were isolated in good
yields and enantioselectivities from tert-butyl dioxazolone (51% yield, 98:2 e.r.) and Phth-glycine

dioxazolone (81% yield, 93:7 e.r.), respectively (Table 5.4). Olefin substrates containing protected
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o/[<
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~ ¢
R2 N (2 equiv)
(R,R)-5.44 (5 mol %) AN
Rﬂ/\l/\ AgNTH, (20 mol %) v e
H LiOAc (10 mol %) j(
5.51 LiNTf, (1 equiv) 552 O
(1.0 oquiv) 1,2-DCE (0.2 M), rt, 48 h
Me X PhtnN ™ "N BRSO Ny N
HRL  Re HN\H/R2 HNTRZ HN\H/R2
11,/ o o o
5.52a, R2 = t-Bu, 51%, 98:2 e.r. 5.52¢, R? = t-Bu, 90%, 98:2 e.r. 5.52e, R? = t-Bu, 49%, 90:10 e.r. 5.52g, R? = t-Bu, 57%, 98:2 e.r.

5.52b, R2 = CH,NPhth,’81%, 93:7 e.r. 5.52d, R2 = CH,NPhth, 73%, 92:8 e.r. 5.52f, R2 = CH,NPhth,? 22%, 97:3 e.r. 5.52h, R2 = CH,NPhth,2€ 45%, 95:5 e.r.

3 3 M
@\/\ F‘\_}/\/F‘ ©\/\/W e

HN\H/RZ HNTRZ HN\[(RZ
0 0 o]
5.52i, R2 = t-Bu,’ 69%, 93:7 e.r. 5.52k, R2 = t-Bu, R3 = Me,’21%, 9:91 e.r.o9 5.52n, R2 = t-Bu,?€ 23%, >20:1 r.r., 99:1 e.r.
5.52j, R2 = CH,NPhth,? 33%, 93:7 e.r. 5.521, R? = t-Bu,® R® = Ph, 24%, 98:2 e.r. 5.520, R? = CH,NPhth,2€ 74%, 4:1 r.r., 98:2 e.r.

5.52m, R2 = CH,NPhth,® R3 = Ph,2 44%, 79:21 e.r.

Table 5.4: Scope of olefin substrates. “Reaction was run at 60 °C. PReaction was run at 40 °C. <(S,S)-5.44 was
used as the pre-catalyst. ?Major enantiomer has (S)-stereochemistry. ¢Reaction conducted by Dr. Caitlin Farr.
JReaction conducted by Christopher Poff.

amines (5.52c and 5.52d) and protected alcohols (5.52€ and 5.52f) could also be amidated with
both dioxazolones, although elevated reaction temperatures were required to produce amide
product 5.52f with Phth-glycine dioxazolone. 4-phenylbutene and allylbenzene were also suitable
olefin coupling partners, providing amides 5.52g—5.52j in moderate-to-good yields and high
enantioselectivity. Importantly, good enantioselectivity was observed when 1,2-disubstituted
olefins like 1,3-diphenylpropene or 2-pentene were used, which proceed through ostensibly
symmetrical m-allyl intermediates (5.52k-5.52m). These results supported our initial
hypothesis that enantioinduction in these reactions were not purely a steric phenomenon.
Unsymmetric internal olefins were also tolerated, and amides 5.52n and 5.520 were isolated
with high enantioselectivity. These substrates were selective for the conjugated amide isomers.
In general, we observed that reactions with more electron-rich dioxazolones had to be run
at room temperature to provide the amide products in good yields. In contrast, reactions with
Phth-glycine dioxazolone could tolerate, and in some cases, required higher temperatures. We
hypothesise that at elevated temperatures, more Lewis basic dioxazolones could coordinate the

rhodium catalyst competitively with s-allyl formation, leading to dioxazolone decomposition and



133

catalyst arrest.
5.3.5 Computational studies (Bohyun Park,¢ Joonghee Won,'® Kimberly Sharp)

While the overall mechanism of this reaction is presumably similar to the racemic 2"d-
generation amidation catalytic cycle discussed in Chapter 4,37 the origins of regio- and
enantioselectivity with the newly developed rhodium indenyl catalyst were as yet unclear.
Therefore, we collaborated with the Baik group at KAIST, who carried out density functional
theory (DFT) calculations to shed some light on these questions of selectivity.34

A complete energy profile diagram for the (R,R)-5.44-catalysed allylic C—H amidation of
allylbenzene with tert-butyl dioxazolone is shown in Figure 5.7. Coordinatively unsaturated
complex A can be reversibly coordinated by allylbenzene on both faces of the olefin to form
complexes B and B’. The subsequent allylic C—H activation steps, traversing the transition-states
B-TS and B’-TS, were calculated to be rate-limiting with barriers of 12.85 and 13.95 kcal/mol,
respectively. The planar chiral indenyl ligand favours B-TS, in which the phenyl ring of the
indenyl ligand and the phenyl ring of the m-allyl ligand are extended away from each other. Thus,
the formation of m-allyl complex C was shown to be kinetically preferred by ~1.1 kcal/mol over its
diastereomer C’ during the C—H activation step. The stereochemical information set at this stage
is preserved through the rest of the reaction, therefore establishing allylic C—H activation as rate-
and enantiodetermining.

A AAG* of ~1.1 keal/mol corresponds to about ~10:1 selectivity, while the experimentally
observed selectivity for the tert-butyl amidation of allylbenzene was 93:7. Additionally, the
calculations rightly indicate that the stereochemical outcome of the reaction is initially
determined during the C—H activation step, before the dioxazolone coordinates the olefin.
Experimentally, however, we observed that enantioselectivity of amidation with tert-butyl

dioxazolone was different compared to Phth-glycine dioxazolone on an array of olefins. Based on

16 Baik group (KAIST)
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Figure 5.7: Energy coordinate diagram for the (R,R)-5.44-catalysed allylic C—H amidation of allylbenzene with
tert-butyl dioxazolone (Bohyun Park, Joonghee Won, Kimberly Sharp)

these observations, it is clear that the dioxazolone plays a role in determining the
enantioselectivity of the reaction.

Once the m-allyl complex C has been selectively formed, loss of acetic acid and
coordination of dioxazolone can lead to complex E, in which the tert-butyl group is oriented syn
to the terminus of the m-allyl ligand, or complex E”, in which the tert-butyl group is oriented syn
to the phenyl group of the m-allyl ligand. Both isomers could traverse the transition states E-TS
an E”-TS, to release CO. and irreversibly form the Rh(V)-nitrenoid complexes F and F”,

respectively. Subsequently, F” can undergo reductive C—N bond formation to form the linear
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allylic C—N bond (complex G3) via transition state F”-TS3. Alternatively, F could reductively
eliminate to form the allylic C—N bond at the branched position (complex G*), traversing the
transition state F-TS'. Therefore, the initial calculations suggested that regioselectivity was
determined by the orientation of the dioxazolone at the time of CO, extrusion to form the Rh(V)-
nitrenoid intermediate. However, the energy difference between transition states for CO.
expulsion (E-TS and E”-TS) is only ~1.14 kcal/mol, which is inconsistent with the exclusive
selectivity that was experimentally observed for the branched product in all cases.

The Baik group calculated that F” and F can interconvert via the triplet transition state
TF-TSrot,35 thus allowing the nitrenoid intermediates to converge at complex F. The rather large
energy difference between F-TS* and F”-TS3 can be attributed to the asymmetry of the indenyl
ligand. The Rh—C bond at the internal position of the mt-allyl is weakened due to the different trans
influence exerted by the indenyl ligand, making it more susceptible to attack by the imido nitrogen
than the terminal carbon. This selectivity is sterically exacerbated by the phenyl substituent on
the indenyl ligand, which hinders the bulky tert-butyl group on the nitrenoid from approaching
the terminal carbon in F”-TS3.

Thus, the allylic C—H cleavage step was determined to by rate- and enantiodetermining,
although we hypothesise that the dioxazolone plays an as yet unclear role in enforcing this
enantioselectivity. The regioselectivity of the reaction was calculated to be a direct result of the
electronic asymmetry in indenyl ligand, leading to selective C—N bond formation at the carbon
atom of the m-allyl ligand with the weaker Rh—C bond. Other members of the Blakey lab are
currently working to develop a library of indenyl ligands for the catalysis of a broad array of

reactions.

5.4 Conclusion
Having developed robust methods for the selective functionalisation of allylic C—H bonds,

we turned our attention to the potential synthetic applications of this methodology. In an effort
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to expand the 2md-generation allylic C—N bond formation to provide allylic amines equipped with
more commonly protecting groups, we attempted to develop alternate nitrenoid precursors to use
in this reaction. Along with Taylor Nelson, we were able to optimise the allylic C—H sulfamidation
reaction using tosyl azide as the nitrenoid source and worked to mentor undergraduate students
Steven Chen and Kimberly Sharp to explore the functional group tolerance of this reaction.
Further, alongside Dr. Caitlin Farr and Christopher Poff, we were able to develop a new planar
chiral rhodium indenyl catalyst for the regio- and enantioselective allylic C—H amidation of
unactivated mono- and disubstituted olefins. Computational studies, conducted by the Baik group
at KAIST, indicate that allylic C—H cleavage is turnover-limiting and enantiodetermining, while
reductive C—N bond formation from the Rh(V)-nitrenoid is regiodetermining. In the case of
symmetrical m-allyl complexes, this step also serves as the enantiodetermining step of the
reaction. Chapter 6 of this dissertation will focus on applying these newly developed
methodologies towards the synthesis of an emerging class of biologically relevant natural products

— ribosomally-synthesised and post-translationally modified peptides (RiPPs).
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5.5 Experimental

General Information

All reactions were carried out under a nitrogen atmosphere with anhydrous solvents in oven- or
flame-dried glassware using the standard Schlenk technique, unless otherwise stated. Anhydrous
dichloromethane (DCM), diethyl ether (Et20), tetrahydrofuran (THF), and toluene were obtained
by passage through activated alumina using a Glass Contours solvent purification system. 1,2-
Dichloroethane (DCE), 2,2,2-trifluoroethanol (TFE), and 1,1,1,3,3,3-hexafluoroisopropanol
(HFIP) were distilled over calcium hydride (CaH.) and stored over activated molecular sieves.
Solvents for workup, extraction, and column chromatography were used as received from
commercial suppliers without further purification. Pd(PPhs),, LiCl, AgSbFs, AgBF,, AgOTs,
AgNTf,, CsOAc, LiNTf,, LiOAc, [Cp*IrCl.]., [Cp*RhCl.]., 2-methyl-3-phenyl-1H-indene (2-Me-3-
Ph-Ind), ((+£)-[Rh(2-Me-3-Ph-Ind)(COD)]), (S,S)-[Rh(2-Me-3-Ph-Ind)L.]., (R,R)-[Rh(2-Me-3-
Ph-Ind)I.]., and CDI were stored and weighed in a nitrogen-filled glovebox. All other chemicals
were purchased from Sigma-Aldrich, Strem Chemicals, Oakwood Chemicals, Alfa Aesar, or
Combi-Blocks, and used as received without further purification, unless otherwise stated. *H and
3C nuclear magnetic resonance (NMR) spectra were recorded on a Varian Inova 600
spectrometer (600 MHz 'H, 151 MHz 13C), a Bruker 600 spectrometer (600 MHz *H, 151 MHz 13C),
a Varian Inova 500 spectrometer (500 MHz 'H, 126 MHz ®3C), and a Varian Inova 400
spectrometer (400 MHz 'H, 100 MHz 13C) at room temperature in CDCI3 (neutralized and dried
over anhydrous K.COs) with internal CHCl; as the reference (7.26 ppm for *H, 77.16 ppm for 13C),
unless otherwise stated. Chemical shifts (§ values) were reported in parts per million (ppm), and
coupling constants (J values), in Hz. Multiplicity was indicated using the following abbreviations:
s = singlet, d = doublet, t = triplet, q = quartet, qn = quintet, m = mutiplet, br = broad. Infrared
(IR) spectra were recorded using a Thermo Electron Corporation Nicolet 380 FT-IR spectrometer.
High resolution mass spectra (HRMS) were obtained using a Thermo Electron Corporation

Finigan LTQFTMS (at the Mass Spectrometry Facility, Emory University). Analytical thin layer
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chromatography (TLC) was performed on precoated glass backed Silicycle SiliaPure 0.25 mm
silica gel 60 plates and visualized with UV light, ethanolic p-anisaldehyde, or aqueous potassium
permanganate (KMnO,). Flash column chromatography was performed using Silicycle SiliaFlash
F60 silica gel (40-63 um) on a Biotage Isolera One system. Preparatory TLC was performed on

pre-coated glass backed Silicycle SiliaPure 1.0 mm silica gel 60 plates.

Procedures and Characterisation

Phth-Ala-dioxazolone 5.6 (General Procedure A — dioxazolone synthesis)

Me

o cDlL1h
N/H(OH _ NH,OHHCL 16h
T thencDlL2h
o 0 DCM it N\o

S-1
CDI (1.11 g, 6.84 mmol) was added to a solution of phthalimide alanme S-1 (1.00 g, 4.56 mmol)

in MeCN (20 mL) and the reaction was stirred vigorously at room temperature for 3 hours.
NH.OH-HCI (0.476 g, 6.84 mmol) was added to the reaction flask and the reaction was stirred at
room temperature for 17 hours. Additional CDI (1.11 g, 6.84 mmol) was added and the reaction
was stirred at room temperature for 4 hours. The reaction was quenched with aqueous 1 N HCI
(20 mL) and diluted with DCM (35 mL). The layers were separated, and the aqueous layer was
extracted with DCM (3 x 20 mL). The combined organic extracts were washed with brine, dried
over anhydrous Na,SO,, filtered, and concentrated under reduced pressure. Purification by
chromatography on silica gel (3:1 — 1:1 Hexanes/EtOAc) provided Phth-alanine dioxazolone 5.6
(0.4343 8, 37%).

'H NMR (CDCl;, 500 MHz) & 7.91 (dd, J = 5.5, 3.0 Hz, 2H), 7.80 (dd, J = 5.5, 3.0 Hz, 2H), 5.47

(q,J =7.1Hz, 1H), 1.84 (d, J = 7.2 Hz, 3H) ppm.
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Allylic amide 5.8 (General Procedure B — racemic allylic amidation with nitrenoid

precursors)
Me,, _NPhth

H [RhCp*(MeCN)5][SbFel,
5

Me L
mol %) fo) NH
PhthN ° +
{ \FO | AgSbFg (30 mol %) : 1
N-~g CsOAc (5 mol %)

DCM (0.2 M), 40 °C, 24 h |
49%, >20:1 r.r.

1:1d.r.
56 5.7 r 5.8

(2 equiv)
In a nitrogen-filled glovebox, CsOAc (0.0005 g, 0.0025 mmol), AgSbFs (0.0052 g, 0.015 mmol),

and [RhCp*(MeCN);](SbFs). (0.0021 g, 0.0025 mmol) were added to an oven-dried 4-mL vial
equipped with a magnetic stir bar and a Teflon-septum screw cap. The vial was sealed and brough
out of the glovebox. Allylbenzene (5.7) (0.0059 g, 0.05 mmol) was added as a stock solution in
DCE (0.125 mL), followed by a stock solution of Phth-alanine dioxazolone (5.6) (0.026 g, 0.10
mmol) in DCE (0.125 mL). The vial was sealed with Teflon and parafilm, and the reaction was
stirred at 40 °C for 24 hours. The reaction was removed from heat and allowed to cool down to
room temperature. The reaction was filtered through a pipette containing celite with EtOAc (10
mL) and the filtrate was concentrated under reduced pressure. Purification by preparatory TLC
(2:1 Hexanes/EtOAc) provided allylic amide 5.8 (0.0082 g, 49%) as a 1:1 mixture of
diastereomers.

'H NMR (CDCl;, 600 MHz) § 7.85 (dd, J = 5.5, 2.9 Hz, 2H), 7.85 (dd, J = 5.5, 2.9 Hz, 2H), 7.73
(dd, J = 5.6, 2.9 Hz, 2H), 7.73 (dd, J = 5.7, 2.8 Hz, 2H), 7.36 — 7.30 (m, 4H), 7.30 — 7.23 (mm, 6H),
6.42(d, J = 8.2 Hz, 1H), 6.39 (d, J = 7.8 Hz, 1H), 5.99 (ddd, J = 16.4, 10.6, 5.5 Hz, 1H), 5.99 (ddd,
J =16.4,10.6, 5.5 Hz, 1H), 5.93 — 5.56 (m, 2H), 5.33 — 5.19 (m, 4H), 4.97 (q, J = 7.3 Hz, 1H), 4.97

(q,J =7.3Hz,1H), 1.73 (d, J = 7.4 Hz, 3H), 1.72 (d, J = 7.3 Hz, 3H) ppm.

Dipeptide 5.9
Me,, _NPhth Me,, _NPhth
L RuCl3-3H,0 (5 mol %)
o) NH NalO, (4 equiv) 1) NH
DCM/MeCN/H,0 (2:2:3) OH
rt,6h
| quantitative

5.8 5.9
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A solution of allylic amide 5.8 (1:1 d.r., 0.014 g, 0.042 mmol) in MeCN (0.23 mL), DCM (0.23
mL), and deionised H.O (0.35 mL) was prepared. RuCl;-H,O (0.0004 g, 0.0021 mmol) and NalIO,
(0.0358 g, 0.167 mmol) were added and the reaction was stirred at room temperature for 16 hours.
The reaction was diluted with deionised H.O (1 mL) and EtOAc (1 mL). The layers were separated,
and the aqueous layer was extracted with EtOAc (2 x 0.5 mL). The combined organic extracts were
washed with brine (2 mL), dried over anhydrous Na.SO,, filtered, and concentrated under
reduced pressure to provide dipeptide 5.9 (0.0148 g, quantitative yield) as a 1:1 mixture of
diastereomers. LC/MS showed the presence of the desired product and no additional impurities.
No further purification was conducted.

tH NMR (CDCl;, 500 MHz) 6 7.89 — 7.81 (m, 4H), 7.78 — 7.68 (m, 4H), 7.43 — 7.30 (m, 10H),
7.12 (t,J = 8.0 Hz, 2H), 5.59 — 5.53 (m, 2H), 5.06 — 4.91 (m, 2H), 1.73 (d, J = 7.2 Hz, 3H), 1.72 (d,

J =7.6 Hz, 3H) ppm.

Oxy carbamates 5.14—5.17° were prepared according to previously reported procedures.

Allylic acetoxycarbamate 5.19

H [RhCp*(MeCN)3][SbFl, NHCbz

; OAc!
(5 mol %) ' X - !
CbzHN—OAc  + Z Z 1 \ 1
AgSbFg (30 mol %) ' Cbz '
CsOAc (5 mol %) ! '
DCE (0.2 M) ' '
5.14 5.7 40-80°C, 24 h 5.18 ! 5.19

This reaction was performed according General Procedure B using N-acetoxy benzylcarbamate
5.14 as the nitrenoid precursor. Allylic acetoxycarbamate 5.19 was isolated as the major product,
along with other unidentified impurities.

tH NMR (CDCl;, 600 MHz) & 7.42 — 7.25 (m, 10H), 6.55 (d, J = 15.8 Hz, 1H), 6.20 (dt, J = 15.8,
6.6 Hz, 1H), 5.21 (s, 2H), 4.40 (d, J = 6.6 Hz, 2H), 2.12 (s, 3H) ppm.

HRMS (+NSI) calculated for C,,H;(NNaO, [M+Na]+ 348.1212, found 348.1206.
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Experimental section — Section 5.2

Olefin substrates

H H
o “_0
Bu MeO,C

5.23b 5.23¢ H 5.231 5.23m
Olefins 5.22b,3¢ 5.22¢,37 5.221,3% and 5.22m39 were prepared according to previously reported

procedures. Pd(PPh;), was used as the palladium pre-catalyst in all cases.

Phenylalanine-derived allylbenzene 5.22k

oTf Pd(PPhs)4 (30 mol %)
LiCl (4.75 equiv) =
allyltributylstannane (1.1 equiv)

DMF, 100 °C, 12.5 h
55%

CbzHN CO,Me
CbzHN CO,Me

Reaction conducted by Tai;lzor Nelson. In a nitrogen-filled gloveboxs,IZIZ’I:i(PPhg)4 (0.0553 g, 0.048
mmol) and LiCl (0.3022 g, 7.13 mmol) were added to an oven-dried 15 mL vial equipped with a
magnetic stir bar and Teflon-septum screw cap. The vial was sealed and brought out of the
glovebox. A solution of N-Cbz-(p-OTf)-Phe-OMe S-2 (0.7003 g, 1.50 mmol) in DMF (6.30 mL)
was added, followed by neat allyltributylstannane (0.600 mL, 1.67 mmol). The vial was placed in
an aluminium heating block preheated to 100 °C and stirred for 12.5 h. The reaction was removed
from heat, allowed to cool to room temperature, and quenched with aqueous NH,OH (1 N, 7 mL).
The layers were separated, and the aqueous layer was extracted with EtOAc (3 x 10 mL). The
combined organic extracts were washed with brine (2 x 15 mL), dried over anhydrous Na,SO,,
filtered, and concentrated under reduced pressure. Purification by flash chromatography on silica
gel (0-100% EtOAc in Hexanes) provided 1k (0.297 g, 55% yield).

tH NMR (CDCl;, 600 MHz) & 7.43-7.31 (m, 5H), 7.14-7.08 (m, 2H), 7.06-7.00 (m, 2H), 5.95
(ddt, J =17.5, 9.5, 6.7 Hz 1H), 5.21 (d, J = 8.3 Hz, 1H) 5.15-4.92 (m, 4H), 4.66 (dt, J = 8.3, 5.8 Hz,

1H), 3.73 (s, 3H), 3.36 (dd, J = 6.8, 1.6 Hz, 2H), 3.10 (dd, J = 14.9, 5.8 Hz, 2H) ppm.
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13CNMR (CDCl;, 151 MHz) 172.1, 155.7, 139.0, 137.4, 136.4, 133.4, 129.4, 129.0, 128.6, 128.6,

128.30, 128.2, 116.0, 67.1, 54.9, 52.4, 39.9, 37.9 ppm
HRMS (+NSI) calculated for C,,H.,0,N [M+H]* 354.1705, found 354.1706.

General Procedure C — allylic C—H sulfamidation

TsNj3 (2 equiv)

H CsOAc (5 mol%) NHTs
Cp*IrCly], (2.5 mol%)
_— [ blo —
R— S A o S
T gNTf, (10 mol%) R——
¥z HFIP (0.2 M) Z
5.22 80°C, 24 h 5.23

In a nitrogen-filled glovebox, CsOAc (0.0019 g, 0.010 mmol), AgNTf, (0.0078 g, 0.020 mmol),
and [Cp*IrCl.]. (0.0040 g, 0.005 mmol) were added to an oven-dried 7 mL pressure tube
equipped with a magnetic stir bar and a screw cap. The tube was sealed and brought out of the
glovebox. HFIP (0.5 mL) and TsN; (0.40 mmol, 2 equiv) were added through the side arm of the
tube. For allylbenzene derivatives with known densities, a microsyringe was used for addition
through the side arm of the pressure tube (0.20 mmol), followed by HFIP (0.5 mL) to wash the
sides of the tube. All other allylbenzene derivatives (0.20 mmol) were added as stock solutions in
HFIP (0.5 mL). The tube was sealed and placed in an aluminum heating block preheated to 80
°C, and stirred for 24—48 h, as indicated. The tube was removed from heat and allowed to cool to
room temperature. The tube was opened to the side arm, and the septum was carefully removed
to release pressure. The reaction was filtered through a pipet containing Celite with EtOAc (15
mL), and the filtrate was concentrated under reduced pressure. Purification by flash

chromatography on silica gel (10-30% EtOAc in Hexanes) provided the tosylamide products.

Characterisation of allylic C—H sulfamidation products
Prepared according to General Procedure C, using allylbenzene (5.7), (0.031 mL, 0.20 mmol),
TsN; (0.061 mL, 0.40 mmol), [Cp*IrCl.]. (0.0040 g, 0.005 mmol), AgSbFs (0.0078 g, 0.02

mmol), and CsOAc (0.0019 g, 0.01 mmol) in DCE (1.0 mL) at 80 °C for 24 h. Purification by flash
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chromatography on silica gel (10-30% EtOAc in Hexanes) provided branched product 5.20 and
linear product 5.21. 'H NMR spectra match previously reported data.39-4°

NHTs
=

5.20

tH NMR (CDCl;, 500 MHz) 6 7.63 (d, J = 8.3 Hz, 2H), 7.24-7.18 (m, 5H), 7.12-7.07 (m, 2H),

5.86 (ddd, J = 16.9, 10.5, 5.7 Hz, 1H), 5.16—5.08 (m, 2H), 4.97-4.86 (m, 2H), 2.39 (s, 1H) ppm.

5.21

tH NMR (CDCl;, 400 MHz) & 7.78 (d, J = 8.3 Hz, 2H), 7.42-7.10 (m, 7H), 6.44 (d, J = 15.9 Hz,
1H), 6.02 (dt, J = 15.8, 6.4 Hz, 1H), 4.46 (t,J = 6.2 Hz, 1H), 3.76 (td, J = 6.3, 1.5 Hz, 2H), 2.42 (s,

3H) ppm.

nis  Reaction conducted by Steven Chen. Prepared according to General Procedure
=

C, using 4-allylanisole (5.22a) (0.031 mL, 0.20 mmol), TsN; (0.061 mL, 0.40
MeO

5.23a

mmol), [Cp*IrCl.]. (0.0040 g, 0.005 mmol), AgNTf, (0.0078 g, 0.02 mmol),
and CsOAc (0.0019 g, 0.01 mmol) in HFIP (1.0 mL) at 80 °C for 24 h. Purification by flash
chromatography on silica gel (10-30% EtOAc in Hexanes) provided 5.23a (0.0365 g, 57%). 'H
NMR spectrum matches previously reported data.+

'H NMR (CDCl3, 500 MHz) & 7.63 (d, J = 8.5 Hz, 2H), 7.20 (d, J = 8.6 Hz, 2H), 7.01 (d, J = 8.7
Hz, 2H), 6.74 (d, J = 8.9 Hz, 2H), 5.85 (ddd, J = 17.2, 10.1, 5.7 Hz, 1H), 5.14-5.08 (m, 2H), 4.95

(d, J = 7.5 Hz, 1H), 4.90-4.85 (m, 1H), 3.75 (s, 3H), 2.39 (s, 3H) ppm.

nits  Prepared according to General Procedure C, using 1-allyl-4-(tertbutyl)benzene
=

. (5.22b) (0.0350 g, 0.20 mmol), TsN; (0.061 mL, 0.40 mmol), [Cp*IrCl.].

523 (0.0040 g, 0.005 mmol), AgNTf, (0.0078 g, 0.02 mmol), and CsOAc (0.0019 g,
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0.01 mmol) in HFIP (1.0 mL) at 80 °C for 24 h. Purification by flash chromatography on silica gel
(10-30% EtOAc in Hexanes) provided 5.23b (0.0422 g, 61%).

'H NMR (CDCl3, 600 MHz) & 7.61 (d, J = 8.3 Hz, 2H), 7.21 (d, J = 8.4 Hz, 2H), 7.16 (d, J = 7.8
Hz, 2H), 7.01 (d, J = 8.1 Hz, 2H), 5.87 (ddd, J = 17.1, 10.3, 5.9 Hz, 1H), 5.20-5.05 (m, 2H), 5.01
(d, J = 7.3 Hz, 1H), 4.95-4.91 (m, 1H), 2.37 (s, 3H), 1.27 (s, 9H) ppm.

13C NMR (CDCIl3, 151 MHz) § 150.8, 143.1, 137.9, 137.4, 136.4, 129.4, 127.4, 126.9, 125.6, 116.7,
59.8, 34.6, 31.4, 21.6 ppm.

HRMS (+APCI) calculated for C.oH29N-O.S [M+NH,]* 361.1950, found 361.1940.

nits  Prepared according to General Procedure C, using 4-methylallylbenzoate
=

(5.22¢) (0.0350 g, 0.20 mmol), TsN3 (0.061 mL, 0.40 mmol), [Cp*IrCl2]2
MeO,C

5:23¢ (0.0040 g, 0.005 mmol), AgNTf2 (0.0078 g, 0.02 mmol), and CsOAc (0.0019

g, 0.01 mmol) in HFIP (1.0 mL) at 80 °C for 24 h. Purification by flash chromatography on silica
gel (10-30% EtOAc in Hexanes) provided 5.23c (0.0361 g, 52%).

'H NMR (CDCl3,600 MHz) 6 7.85 (d, J = 8.3 Hz, 2H), 7.61 (d, J = 8.3 Hz, 2H), 7.18 (d, J = 8.3
Hz, 2H), 7.16 (d, J = 8.0 Hz, 2H), 5.83 (ddd, J = 16.7, 10.3, 6.0 Hz, 1H), 5.37 (d, J = 7.7 Hz, 1H),
5.16—5.03 (m, 2H), 5.01-4.95 (m, 1H), 3.89 (s, 3H), 2.37 (s, 3H) ppm.

13C NMR (CDCl3, 151 MHz) 6 166.8, 144.5, 143.6, 137.6, 136.5, 130.0, 129.8, 129.6, 127.3, 126.5,
117.7, 59.7, 52.3, 21.6 ppm.

HRMS (+APCI) calculated for C,sH»3N.O,S [M+NH,]+ 363.1379, found 363.1376.

nits  Reaction conducted by Steven Chen. Prepared according to General Procedure C,
=

using 1-allyl-4- fluorobenzene (5.22d) (0.027 mL, 0.20 mmol), TsN; (0.061 mL,
F

523 0.40 mmol), [Cp*IrCl.]. (0.0040 g, 0.005 mmol), AgNTf, (0.0078 g, 0.02 mmol),

and CsOAc (0.0019 g, 0.01 mmol) in HFIP (1.0 mL) at 80 °C for 24 h. Purification by flash

chromatography on silica gel (10-30% EtOAc in Hexanes) provided 5.23d (0.0422 g).
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'H NMR (CDCl;, 600 MHz) & 7.61 (d, J = 8.3 Hz, 2H), 7.19 (dd, J = 8.6, 0.8 Hz, 2H), 7.11-7.05
(m, 2H), 6.89 (t, J = 8.7 Hz, 2H), 5.83 (ddd, J = 17.0, 10.3, 5.8 Hz, 1H), 5.13 (d, J = 10.3 Hz, 1H),
5.10-5.06 (m, 2H), 4.96— 4.90 (m, 1H), 2.39 (s, 3H) ppm.

13C NMR (CDCl;, 151 MHz) § 162.2 (d, Jc-r = 246.3 Hz), 143.5, 137.6, 136.9, 135.3 (d, Jc—r = 3.2
Hz), 129.5, 129.0 (d, Jc-r = 8.2 Hz), 127.3, 117.1, 115.5 (d, Jc-r = 21.5 Hz), 59.3, 21.6 ppm.

HRMS (+APCI) calculated for C,6H;,FNO.S [M+H]* 306.0964, found 306.0954.

/©)N1T; Reaction conducted by Steven Chen. Prepared according to General Procedure C,
CF; using 4-allyltrifluorotoluene (5.22e€) (0.033 mL, 0.20 mmol), TsN; (0.061 mL,
0.432::1m01), [Cp*IrCl.]. (0.0040 g, 0.005 mmol), AgNTf, (0.0078 g, 0.02 mmol), and CsOAc
(0.0019 g, 0.01 mmol, 0.05 equiv) in HFIP (1.0 mL) at 80 °C for 24 h. Purification by flash
chromatography on silica gel (10-30% EtOAc in Hexanes) provided 5.23e (0.033 g,). 'H NMR
spectrum matches previously reported data.!
tH NMR (CDCl;, 500 MHz) & 7.56 (d, J = 8.3 Hz, 2H), 7.41 (d, J = 8.4 Hz, 2H), 7.21 (d, J = 8.5
Hz, 2H), 7.13 (d, J = 8.0 Hz, 2H), 5.84 (ddd, J = 16.3, 10.3, 5.9 Hz, 1H), 5.37 (d, J = 7.4 Hz, 1H),
5.16 (d, J = 10.3 Hz, 1H), 5.11—-4.97 (m, 2H), 2.36 (s, 3H) ppm;
13C NMR (CDCl;, 126 MHz) & 143.7, 143.27, 143.25, 137.4, 136.4, 130.1 (q, Jc-r = 32.5 Hz), 129.6,
129.5, 127.7, 127.3, 125.5 (q, Jc-r = 3.8 Hz), 117.9, 59.6, 21.5 ppm.

HRMS (+APCI) calculated for C,;H.oF35N,O.S [M+NH4]* 373.1198, found 373.1192.

NHTs

<°j©)\/ Reaction was performed by Taylor Nelson. Prepared according to General
o]

Procedure C, using safrole (2.55f) (0.029 mL, 0.20 mmol), TsN; (0.061 mL, 0.40

5.23f
mmol), [Cp*IrCl.]. (0.0040 g, 0.005 mmol), AgNTf, (0.0078 g, 0.02 mmol), and CsOAc (0.0019
g, 0.01 mmol) in HFIP (1.0 mL) at 80 °C for 48 h. Purified by flash chromatography on silica gel

(10-30% EtOAc in Hexanes) to provide 5.23f (0.0311 g, 47%).
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tH NMR (CDCl;, 500 MHz) & 7.63 (d, J = 8.3 Hz, 2H), 7.21 (d, J = 8.5 Hz 1H), 6.64 (d, J = 8.0
Hz, 1H), 6.57 (dd, J = 8.0, 1.8 Hz, 1H), 6.53 (d, J = 1.8 Hz, 1H), 5.90 (d, J = 1.5 Hz, 1H), 5.89 (d, J
= 1.4 Hz, 1H), 5.82 (ddd, J = 17.2, 10.1, 5.4 Hz, 1H), 5.16—5.08 (m, 2H), 4.88-4.81 (m, 2H), 2.40
(s, 3H) ppm.

13C NMR (CDCl;, 151 MHz) 6 147.9, 147.3, 143.4, 137.8, 137.2, 133.4, 129.5, 127.4, 120.8, 116.9,
108.3, 107.7, 101.26, 77.2, 59.8, 21.6 ppm.

HRMS (+APCI) calculated for C,;H,sNO,S [M+H]* 332.0957, found 332.0943.

"W Prepared according to General Procedure C using 1-allyl-2-methylbenzene (5.22g)

(0.029 mL, 0.20 mmol), TsN; (0.061 mL, 0.40 mmol), [Cp*IrCl.]. (0.0040 g, 0.005

Me
5239 mmol), AgNTf, (0.0078 g, 0.02 mmol), and CsOAc (0.0019 g, 0.01 mmol) in HFIP

(1.0 mL) at 80 °C for 48 h. Purification by flash chromatography on silica gel (10-30% EtOAc in

Hexanes) provided 5.23g (0.0359 g, 60%).

tH NMR (CDCl,, 600 MHz) & 7.60 (d, J = 8.2 Hz, 2H), 7.16 (d, J = 8.4 Hz, 2H), 7.07-7.01 (m,

3H), 5.85 (ddd, J = 17.1, 10.3, 5.5 Hz, 1H), 5.21-5.15 (m, 1H), 5.10 (dd, J = 10.3, 1.3 Hz, 1H),

5.06—4.96 (m, 1H), 4.85 (d, J = 7.2 Hz, 1H), 2.37 (s, 3H), 2.21 (s, 3H) ppm.

13C NMR (CDCl,, 126 MHz) 6 143.3, 137.8, 137.4, 137.1, 135.6, 130.8, 129.5, 127.8, 127.2, 126.9,

126.4, 116.9, 56.5, 21.6, 19.3 ppm.

HRMS (+APCI) calculated for C,;H.,,NO.S [M+H]* 302.1215, found 302.1204.

W Prepared according to General Procedure C using 4-phenylbutene (5.22h) (0.030
" mL, 0.20 mmol), TsN; (0.061 mL, 0.40 mmol), [Cp*IrCl.]. (0.0040 g, 0.005

5.25h mmol), AgNTf, (0.0078 g, 0.02 mmol), and CsOAc (0.0019 g, 0.01 mmol) in HFIP
(1.0 mL) at 80 °C for 48 h. Purification by flash chromatography on silica gel (10-40% EtOAc in

Hexanes) provided 5.23h (0.045 g, 75%). *H NMR spectrum matches previously reported data.+2
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tH NMR (CDCl;, 400 MHz) & 7.60 (d, J = 8.3 Hz, 2H), 7.27-7.16 (m, 5H), 7.05-7.00 (m. 2H),
5.68 (ddd, J = 16.8, 10.4, 6.1 Hz, 1H), 5.10—-4.96 (m, 2H), 4.49 (d, J = 7.3 Hz, 1H), 4.07-3.95 (m,

1H), 3.08-2.61 (m, 2H), 2.41 (3H, s) ppm.

nHs  Reaction conducted by Taylor Nelson. Prepared following General Procedure C

Me Z

using 1-hexene (5.22i) (0.025 mL, 0.20 mmol), TsN; (0.061 mL, 0.40 mmol),

5201 [Cp*IrCl.]). (0.0040 g, 0.005 mmol), AgNTf, (0.0078 g, 0.02 mmol), and CsOAc

4.5:1.5:1

(0.0019 g, 0.01 mmol) in HFIP (1.0 mL) at 80 °C for 48 h. Purification by flash chromatography
on silica gel (0— 100% Et20 in Hexanes) provided 5.23i (0.025 g, 49%) as an inseparable mixture
of regioisomers (4.5:1.5:1 r.r.). 'H NMR spectra match previously reported data.4344

tH NMR (CDCl;, 399 MHz) 6 7.73 (m, 28H), 7.28 (m, 28H), 5.53 (ddd, J = 17.0, 10.3, 6.6 Hz,
9oH), 5.45 (dt, J = 15.4, 6.3 Hz, 2H), 5.41-5.28 (m, 3H), 5.14 (dd, J = 15.4, 6.6 Hz, 2H), 5.05 (ddd,
J =15.3, 7.4, 1.7 Hz, 3H), 5.00—4.93 (m, 18 H), 4.58 (d, J = 7.9 Hz, 9H), 4.50 (d, J = 7.6 Hz, 5H),
3.97-3.82 (m, 2H), 3.76 (quint, J = 6.8 Hz, 9H), 3.61 (quint, J = 7.2 Hz, 3H), 2.42 (s, 42H),

1.95-1.80 (m, 5H), 1.56-1.16 (m, 33H), 0.83 (t, J = 7.3 Hz, 42H) ppm.

nHobz  Prepared according to General Procedure C using allylbenzene (5.6) (0.026 mL, 0.20

g mmol), CbzN; (0.071 g, 0.40 mmol), [Cp*IrCl2]2 (0.0040 g, 0.005 mmol), AgNTf,

625 (0.0078 g, 0.02 mmol) and CsOAc (0.0019 g, 0.01 mmol) in HFIP (1.0 mL) at 80 °C

for 48 h. Purification by flash chromatography on silica gel (10-30% EtOAc in Hexanes) provided
5.23j (0.0091 g, 17%). *H NMR spectrum matches previously reported data.45

tH NMR (CDCl;, 500 MHz) 6 7.40-7.27 (m, 10H), 6.01 (ddd, J = 16.3, 10.6, 5.3 Hz, 1H), 5.37 (br

s, 1H), 5.26 (br s, 1H), 5.24-5.20 (m, 2H), 5.16-5.09 (m, 2H) ppm.
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¥ Prepared according to General Procedure C using Cbz-(p-allyl)-Phe-OMe
=
(5.22Kk) (0.071 g, 0.20 mmol), TsN; (0.061 mL, 0.40 mmol), [Cp*IrCl.].

CbzHN™ ~COMe (0.0040 g, 0.005 mmol), AgNTf, (0.0078 g, 0.02 mmol), and CsOAc (0.0019

wiar g, 0.01 mmol) in HFIP (1.0 mL) at 80 °C for 24 h. Purification by flash
chromatography on silica gel (30-50% EtOAc in Hexanes) provided 5.23k with TsNH2
impurities. Additional purification by preparatory TLC (30% EtOAc in Hexanes, 2 sweeps)
provided 5.22k (0.0495 g, 50%) as an inseparable mixture of diastereomers (1:1 d.r.).
tH NMR (CDCl;, 600 MHz) 6 7.64 (d, J = 8.4 Hz, 2H), 7.63 (d, J = 8.3 Hz, 2H), 7.40-7.30 (m,
10H), 7.21 (d, J = 8.3 Hz, 2H), 7.21 (d, J = 7.9 Hz, 2H), 7.03 (d, J = 8.1 Hz, 4H), 6.96 (d, J = 8.2
Hz, 2H), 6.95 (d, J = 8.1 Hz, 2H), 5.82 (ddd, J = 16.1, 10.3, 6.0 Hz, 1H), 5.82, (ddd, J = 17.0, 10.3,
6.0 Hz, 1H), 5.19-5.05 (m, 10H), 4.90 (q, J = 5.7 Hz, 2H), 4.73 (d, J = 7.3 Hz, 1H), 4.73 (d,J = 7.3
Hz, 1H), 4.62 (q, J = 6.0 Hz, 2H), 3.72 (s, 3H), 3.71 (s, 3H), 3.09 (dd, J = 13.9, 5.7 Hz, 1H), 3.08
(dd, J = 14.0, 5.7 Hz, 1H), 3.03 (dd, J = 14.2, 6.2 Hz, 2H), 2.39 (s, 3H), 2.39 (s, 3H) ppm.
13C NMR (CDCl;, 151 MHz) 6 171.9, 155.7, 143.5, 138.5, 137.8, 137.07, 137.05, 136.3, 135.1, 129.73,
129.71, 129.6, 129.5, 128.7, 128.4, 128.3, 127.5, 127.4, 117.2, 117.1, 67.2, 59.6, 54.8, 52.5, 37.9, 37.9,
21.6 ppm.

HRMS (-APCI) calculated for C.sH2N.O6S [M—H]- 521.1746, found 521.1748.

g, 0.005 mmol), AgNTf, (0.0078 g, 0.02 mmol), and CsOAc (0.0019 g, 0.01

5.231

2 dr mmol) in HFIP (1.0 mL) at 80 °C for 24 h. Purification by flash

chromatography on silica gel (30-50% EtOAc in Hexanes) provided 5.231 (0.0494 g, 62%) as an

inseparable mixture of diastereomers (2:1 d.r.).
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tH NMR (CDCl;, 500 MHz) 7.81 (d, J = 8.3 Hz, 2H), 7.63 (d, J = 8.4, 4H), 7.30 (d, J = 8.3 Hz,
2H), 7.19 (d, 8.6 Hz, 4H), 7.14 (dd, J = 8.0, 2.9 Hz, 3H), 6.89 (ddd, J = 7.9, 5.6, 2.0 Hz, 3H), 6.78
(dd, J = 3.5, 2.0 Hz, 3H), 5.84 (ddd, J = 15.4, 10.3, 6.0 Hz, 1H), 5.84 (ddd, J = 16.3, 10.3 Hz, 6.0
Hz, 2H), 5.17-5.08 (m, 3H), 4.99 (d, J = 7.0 Hz, 3H), 4.85 (q, J = 5.9 Hz, 3H), 2.85-2.69 (m, 5H),
2.50 (dd, J = 19.1, 8.8 Hz, 3H), 2.42 (s, 3H), 2.40 (s, 6H), 2.40-2.33 (m, 3H), 2.26-2.19 (m, 3H),
2.14 (dt, J = 19.0, 8.9 Hz, 3H), 2.08-2.02 (m, 3H), 2.01-1.91 (m, 6H), 1.69-1.56 (m, 4H),
1.56-1.44 (m, 12H), 1.44-1.32 (m, 3H), 0.90 (s, 3H), 0.90 (s, 6H) ppm.

13C NMR (CDCl,, 126 MHz) § 220.8, 143.6, 143.2, 139.53, 139.51, 139.4, 137.95, 137.92, 137.27,
137.26, 137.01, 136.98, 136.90, 129.8, 129.44, 129.42, 127.80, 127.78, 127.4, 126.6, 125.8, 124.6,
124.7, 116.71, 116.68, 59.80, 59.79, 50.6, 48.1, 44.4, 38.23, 38.22, 36.0, 31.7, 29.4, 26.5, 25.83,
25.82, 21.70, 21.66, 21.65, 21.63, 14.0 ppm.

HRMS (+APCI) calculated for C.sH3,NO5S [M+H]* 464.2259, found 464.2264.

NHTs Prepared following General Procedure C using 1,3-trans-diphenylpropene (5.22m)

Ph Z Ph

(0.038 mL, 0.20 mmol), TsN; (0.061 mL, 0.40 mmol), [Cp*IrCl.]. (0.0040 g, 0.005

5.23m mmol), AgNTf, (0.0078 g, 0.02 mmol), and CsOAc (0.0019 g, 0.01 mmol) in HFIP

(1.0 mL) at 80 °C for 24 h. Purification by flash chromatography on silica gel (10-30% EtOAc in

Hexanes) provided 5.22m (0.0393 g, 54%). 'H NMR spectrum matches previously reported
data.39

tH NMR (CDCl;, 500 MHz) § 7.65 (d, J = 8.3 Hz, 2H), 7.28-7.10 (m, 12H), 6.33 (dd, J = 15.8, 1.2

Hz, 1H), 6.07 (dd, J = 15.8, 6.8 Hz, 1H), 5.22 (d, J = 7.3 Hz, 1H), 5.11 (id, J = 7.1, 1.3 Hz, 1H), 2.31

(s, 3H) ppm.
B NN Reaction conducted by Taylor Nelson. Prepared according to General Procedure
e C, using 6-bromohexene (5.22p) (0.025 mL, 0.20 mmol), TsN; (0.061 mL, 0.40
5.23p

mmol), [Cp*IrCl.]. (0.0040 g, 0.005 mmol), AgNTf, (0.0078 g, 0.02 mmol), and CsOAc (0.0019
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g, 0.01 mmol) in HFIP (1.0 mL) at 80 °C for 40 h. Purification by flash chromatography on silica
gel (0-100% EtOAc in Hexanes) provided 5.23p (0.0045 mg, 9%).

tH NMR (CDCl;, 400 MHz) 6 7.72 (d, J = 8.1 Hz, 2H), 7.31 (d, J = 8.0 Hz, 2H), 5.81 (ddd, J =
16.8, 10.3, 6.0 Hz, 1H), 5.28 (d, J = 17.0 Hz, 1H), 5.12 (d, J = 10.2 Hz, 1H), 4.13 (q, J = 6.9, 6.3 Hz,
1H), 3.45 (ddd, J = 9.8, 7.2, 4.1 Hz, 1H), 3.23 (dt, J = 10.0, 7.5 Hz, 1H), 2.43 (s, 3H), 2.08-1.57
(m, 4H) ppm.

13C NMR (CDCl,, 151 MHz) 6 143.4, 138.8, 135.4, 129.7, 127.7, 115.5, 62.1, 48.9, 32.4, 23.9, 21.7
ppm.

HRMS (+NSI) calculated for C,3H,sNO.S [M-Br]+ 252.1058, found 252.1050.

Diallylsulfonamide 5.25

=

NHTs KoCO3 (2 equiv) NN
Iyl i 1.1 i
Pz allyl bromide (1.1 equiv) P
DMF, rt., 16 h
70%
Bu Bu
5.23b 5.25

Allyl bromide (0.011 mL, 0.126 mmol) and K.CO5 (0.0316 g, 0.229 mmol) were added to a solution
of N-(1-(4-(tert-butyl)phenyl)allyl)-4-methylbenzenesulfonamide (5.23b) (0.0393 g, 0.114
mmol) in DMF (0.50 mL), and the resulting mixture was stirred at room temperature. After 16 h,
the reaction was diluted with water (5 mL) and EtOAc (5 mL). The layers were separated, and the
aqueous layer was extracted with EtOAc (3 x 5 mL). The combined organic extracts were washed
with brine (2 x 15 mL), dried over anhydrous Na,SO,, filtered, and concentrated under reduced
pressure. Purification by flash chromatography on silica gel (5-20% EtOAc in Hexanes) provided
5.25 (0.0305 g, 70%).

'H NMR (CDCl;, 500 MHz) & 7.69 (d, J = 8.3 Hz, 2H), 7.29 (d, J = 8.2 Hz, 2H), 7.24 (d, J = 8.6
Hz, 2H), 7.14 (d, J = 8.9 Hz, 2H), 6.05 (ddd, J = 17.2, 10.3, 7.0 Hz, 1H), 5.62 (d, J = 7.0 Hz, 1H),
5.50 (ddt, J = 16.2, 10.2, 6.3 Hz, 1H), 5.26 (d, J = 10.3 Hz, 1H), 5.14 (d, J = 17.1 Hz, 1H), 4.97-4.84
(m, 2H), 3.83 (dd, J = 16.3, 6.1 Hz, 1H), 3.71 (dd, J = 16.2, 6.6 Hz, 1H), 2.42 (s, 3H), 1.30 (s, 9H)
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13C NMR (CDCl,, 126 MHz) § 151.0, 143.0, 138.4, 135.5, 135.4, 135.1, 129.5, 128.2, 127.7, 125.4,
119.0, 117.2, 63.4, 48.1, 34.6, 31.5, 21.7 ppm.
HRMS (+APCI) calculated for C,3H30,NO,.S [M+H]* 384.1997, found 384.1987.
Dihydropyrrole 5.26
NN ™\
P Grubbs Il (5 mol %) /@/‘3
/@A/ DCM, 40 °C, 16 h
61%
Bu Bu

5.25 5.26

Grubbs II (0.0034 g, 0.00398 mmol) was added to a solution of N-allyl-N-(1-(4-(tert-
butyl)phenyl)allyl)-4-methylbenzenesulfonamide 5.25 (0.0305 g, 0.0795 mmol) in DCM (1.50
mL), and the resulting mixture was stirred in an aluminium heating block preheated to 40 °C.
After 16 h, the reaction was quenched with saturated aqueous NaHCO; (3 mL) and diluted with
DCM (3 mL). The layers were separated, and the aqueous layer was extracted with DCM (3 x 3
mL). The combined organic extracts were washed with brine (8 mL), dried over anhydrous
Na.SO,, filtered, and concentrated under reduced pressure. Purification by flash chromatography
(10-30% EtOAc in Hexanes) provided 5.26 (0.0171 g, 61%).

'H NMR (CDCI3, 600 MHz) 6 7.46 (d, J = 8.3 Hz, 2H), 7.27 (d, J = 8.4 Hz, 2H), 7.14 (d, J = 8.4
Hz, 2H), 7.14 (d, J = 8.5 Hz, 2H), 5.79 (dq, J = 6.1, 2.0 Hz, 1H), 5.66 (dq, J = 6.5, 2.2 Hz, 1H), 5.51
(dq, J = 6.3, 2.2 Hz, 1H), 4.37 (dq, J = 14.5, 2.3 Hz, 1H), 4.25 (ddt, J = 14.5, 5.7, 2.1 Hz, 1H), 2.36
(s, 3H), 1.30 (s, 9H) ppm.

13C NMR (CDCl,, 126 MHz) & 150.9, 143.0, 137.3, 136.1, 130.8, 129.4, 127.3, 127.2, 125.4, 124.5,
70.0, 55.4, 34.6, 31.5, 21.6 ppm.

HRMS (+APCI) calculated for C.;H.sNO,S [M+H]* 356.1684, found 356.1670.

Vinylpyrrolidine 5.27

AN K,COj3 (7 equiv) /

/\/\l/\ _ KOO Teaiy) N
MeCN, 80 °C, 6 h
NHTs 97%

5.23p 5.27

Br
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K>COj; (0.0123 g, 0.0890 mmol) was added to a solution of tosylamide 5.23p (0.0044 g, 0.013
mmol) in CH3CN (0.4 mL). The vial was placed in a sand bath preheated to 80 °C and stirred for
6 h. The vial was removed from heat and allowed to cool to room temperature. The reaction was
filtered through a Celite plug with EtOAc (10 mL), and the filtrate was concentrated under reduced
pressure to provide 5.27 (0.0032 g, 96%). *H NMR spectrum matches previously reported data.4®
tH NMR (CDCl,, 400 MHz) 6 7.73 (d, J = 8.0 Hz, 2H), 7.34-7.29 (m, 2H), 5.81 (ddd, J = 17.1,
10.2, 6.0 Hz, 1H), 5.13 (dt, J = 10.3, 1.3 Hz, 1H), 3.46 (ddd, J = 11.2, 7.2, 4.1 Hz, 1H), 3.28- 3.09

(m, 1H), 2.43 (s, 3H), 1.86-1.57 (m, 4H) ppm.
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Experimental — Section 5.3

(2)-[Rh(2-Me-3-Ph-Ind)(COD)] [(£)-5.42]

Ph KOtBu (2.5 equiv) %
[Rh(COD)Cll, (1 equiv) W e
‘ Me THF (0.1M), 20 °C Rh
63% / N\
e

5.41 5.42
(1.85 equiv) resolved by
chiral HPLC

In a nitrogen-filled glovebox, 2-methyl-3-phenyl-1H-indene (5.41) (0.0580 g, 0.281 mmol),
[Rh(COD)Cl2] (0.0756 g, 0.153 mmol), and potassium tert-butoxide (0.0430 g, 0.383 mmol)
were added to an oven-dried 4 mL vial equipped with a magnetic stir bar and a Teflon-septum
screw cap. The vial was sealed and brought out of the glovebox. THF (2 mL) was added to the vial
and the reaction was stirred at room temperature under a balloon of nitrogen for 16 hours. The
reaction was filtered through a pipette containing celite with hexanes (6 mL) and the filtrate was
concentrated under reduced pressure. Purification by flash chromatography on silica gel with
hexanes provided (+)-[Rh(2-Me-3-Ph-Ind)(COD)] [(£)-5.42] (0.0960 g, 90%) as a yellow oil.
tH NMR (CDCl;, 600 MHz) § 7.46 — 7.39 (m, 4H), 7.29 (it, J = 6.0, 2.8 Hz, 1H), 7.27 — 7.24 (m,
2H), 7.07 — 7.01 (m, 2H), 5.01 (s, 1H), 3.86 (td, J = 7.4, 3.4 Hz, 2H), 3.62 (tt, J = 7.3, 3.0 Hz, 2H),
2.50 (d, J = 1.5 Hz, 3H), 1.97 — 1.83 (m, 4H), 1.79 — 1.67 (m, 4H) ppm.

13C NMR (CDCl,, 151 MHz) 6 135.12, 129.28, 128.38, 126.15, 122.50, 121.80, 119.21, 117.32, 112.32
(d, Je-rn = 2.2 Hz), 111.60 (d, Jc-rn = 2.7 Hz), 107.79 (d, Jc-rh = 5.0 Hz), 95.47 (d, Jc-rh = 3.6 Hz),
76.55 (d, Je-rn = 4.7 Hz), 71.98, 71.89, 69.11, 69.02, 31.43, 31.33, 14.80 ppm.

HRMS (+APCI) calculated for C.,H.sRh [M]* 416.10058, found 416.10045.

Chiral Resolution — Semi-prep HPLC (Chiracel OD-H column, 0% 2-Propanol in Hexanes, 2
mL/min) — (S)-[Rh(2-Me-3-PhInd)(COD)] t = 16.2 min. (R)-[Rh(2-Me-3-Ph-Ind)(COD)] t = 26.9
min. Utilizing a 10 x 250 mm column with stacked injections of variable sizes (10 mg/mL

concentration) up to 307 mg of racemic monomer could be resolved over a 12 hour period.



(S,S)- and (R,R)-[Rh(2-Me-3-Ph-Ind)1:].) [(S,S)-5.44] and [(R,R)-5.44]

%Me 15 (5.43, 2.0 equiv) %
- .

H | H | Me
Rh Et,0, I't,°30 min. Rh—I

/N

A =
o7 :

5.42 5.44

resolved by both enantiomers
chiral HPLC obtained
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To a 20 mL scintillation vial containing complex (S)-5.42 (0.0515 g, 0.124 mmol) and a stir bar,

iodine (0.0785 g, 0.309 mmol) was added and the vial was sealed with a rubber septum.

Anhydrous Et,O (5.0 mL) was added and the reaction stirred for 24 hours under a balloon of

nitrogen. The reaction was filtered through a Biichner funnel and washed with Et.O (50 mL, or

until the filtrate is clear). The solid was collected and dried to afford (S,S)-5.44 as a black solid

(0.0593 g, 85%).

'H NMR (DMSO-ds, 600 MHz) 6 7.87 — 7.84 (m, 4H), 7.69 (dt, J = 8.5, 1.1 Hz, 2H), 7.63 — 7.56

(m, 2H), 7.51 — 7.48 (m, 6H), 7.44 — 7.41 (m, 2H), 6.46 (s, 2H), 2.25 (s, 6H) ppm.

13C NMR (DMSO-ds, 151 MHz) & 133.55, 132.42, 130.89, 129.20, 128.86, 128.41, 127.72, 125.49,

111.39 (d, Jc-rn = 5.5 Hz), 107.32 (d, Jc-rn = 3.6 Hz), 103.61 (d, Jc-rh = 4.7 Hz), 94.84 (d, Jc-rn =

6.0 Hz), 77.87 (d, Jc-rn = 7.1 Hz), 13.61 ppm.
HRMS (+APCI) calculated for C5.Ho6IsRh, [M-I]* 996.72731, found 996.7258.

(R,R)-3 was prepared using the above procedure starting from (R)-5.42.

Dioxazolone substrates

5.49a 5.46 5.49¢ 5.49d 5.49h 5.49¢

Dioxazolones 5.49a, 5.46, 5.49¢, 5.49d, 5.49h, and 5.49e were synthesised according to

previously reported procedures.3



155

o Prepared according General Procedure A using 1-
o

Q)QN'O ((benzyloxy)carbonyl)piperidine-4-carboxylic acid. Purified by filtration through
cor” a plug of silica gel with DCM.

5.49f
tH NMR (CDCl;, 500 MHz) & 7.43 — 7.31 (m, 5H), 5.14 (s, 2H), 4.20 (s, 2H), 3.00 (s, 2H), 2.87
(tt, J = 11.1, 3.9 Hz, 1H), 2.06 — 1.97 (m, 2H), 1.83 — 1.66 (m, 2H) ppm.
13C NMR (CDCl;, 151 MHz) 6 167.92, 155.13, 153.96, 136.56, 128.69, 128.32, 128.13, 67.57, 42.83,
33.05, 27.20 ppm.
HRMS (+NSI) calculated for C,sH.oN.NaOe¢ [M+Na+MeOH]* 359.1219 and C,;H;sN.NaOg

[M+Na]* 327.0957, found 359.1214 and 327.0953.

o /[2 Reaction conducted by Christopher Poff. Prepared according to General
o
(o}
N\%\N' Procedure A from N-phthaloylglycine. Purified by layered recrystallization from
o

DCM and cold hexanes.

5.49g

tH NMR (CDCl;, 600 MHz, Chloroform-d) § 7.96 — 7.92 (m, 2H), 7.84 — 7.79 (m, 2H), 4.89 (s,
2H) ppm.
13C NMR (151 MHz, CDCl;) 6 166.59, 161.47, 153.25, 135.02, 131.63, 124.28, 31.79 ppm.

HRMS (+NSI) calculated for C,;H,N.O; [M + H]* calculated for 247.03495, found 247.0.485.

Olefin substrates
thN/\/\l/\ TBDPSO/\/\I/\
H H
5.51¢c 5.51e
Olefins 5.51¢4 and 5.51e4® were synthesised according to previously reported procedures.

Octenyl styrene 5.52n
| Me e Pd(PPhg), (5 mol %)
o K,CO3 (2.8 equiv) "
¥ B Me DME, 90 °C, 19 h =z ©
C5H13/\/ SO0 Me 37% 4
s3 5.52n
(1.5 equiv)

Reaction was conducted by Dr. Caitlin Farr. In a nitrogen-filled glovebox, Pd(PPh;), (0.142 g,

0.120 mmol) was added to an oven-dried 10-mL round bottom flask equipped with a magnetic
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stir-bar and a septum. The round bottom flask was sealed and brought out of the glovebox. The
flask was placed under N, atmosphere and DME (2.5 mL) was added. Boronic ester S-3 (1.0 mL,
3.68 mmol), saturated aqueous K.CO; (3 mL, 2M, 6.86 mmol), and iodobenzene (275 uL, 2.45
mmol) were added to the flask. The reaction was stirred at 9o °C under a balloon of nitrogen for
19 hours. The reaction was quenched with brine (5 mL). The layers were separated, and the
aqueous layer was extracted with Et,O (3 x 20 mL). The combined organic extracts were dried
over anhydrous MgSO,, filtered, and concentrated under reduced pressure. Purification by flash
chromatography on silica gel (100% Hexanes) provided 5.52n (0.1683 g, 37%) as a clear,
colourless oil. 'TH NMR spectrum matches previously reported data.49

tH NMR (CDCl,, 600 MHz) & 7.35 (d, J = 8.0 Hz, 2H), 7.30 (t, J = 7.4 Hz, 2H), 7.19 (d, J = 7.5,
1.2 Hz, 1H), 6.38 (dd, J = 15.8, 1.4 Hz, 1H), 6.24 (dtd, J = 15.4, 6.9, 1.1 Hz, 1H), 2.21 (tdd, J = 7.1,
5.8, 1.4 Hz, 2H), 1.47 (qnd, J = 8.0, 7.5, 1.2 Hz, 2H), 1.39 — 1.26 (m, 6H), 0.90 (td, J = 6.9, 1.4 Hz,

3H) ppm.

General Procedure D — enantioselective allylic C—H amidation

In a nitrogen-filled glovebox, LiOAc (0.0006 g, 0.010 mmol), AgNTf, (0.0078 g, 0.020 mmol),
LiNTf, (0.0290 g, 0.10 mmol), and [Rh(2-Me-3-Ph-Ind)L.]. (0.0056 g, 0.05 mmol, ((R,R) or
(S,S), as indicated) were added to an oven-dried 4-mL vial equipped with a magnetic stir-bar and
a Teflon-septum screw cap. The vial was capped and brought out of the glovebox. The olefin (0.10
mmol) was added as a stock solution in DCE (0.25 mL), followed by the dioxazolone (0.20 mmol)
as a stock solution in DCE (0.25 mL). The reaction was stirred at room temperature (unless
otherwise indicated) under a balloon of nitrogen for 48 hours. The reaction was filtered through
a pipette containing celite with EtOAc (10 mL) and the filtrate was concentrated under reduced
pressure. Purification by flash chromatography on silica gel provided the amide products.
Racemic amidation products were obtained by conducting the allylic C—H amidation under

previously developed conditions.
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Characterisation of enantioselective allylic C—H amidation products
Me | Reaction conducted by Christopher Poff. Prepared according to General Procedure
" HNTMe D using 4-methylpentene (5.48) (0.0127 mL, 0.10 mmol, 1.0 equiv), 3-methyl-1,4,2-
5.50a dioxazol-5-one (5.49a) (0.0202 g, 0.20 mmol, 2.0 equiv), LiOAc (0.0006 g, 0.010
mmol, 0.10 equiv), AgNTf, (0.0078 g, 0.020 mmol, 0.20 equiv), LiNTf, (0.0290 g, 0.10 mmol,
1.0 equiv), and (S,S)-[Rh(2-Me-3-Ph-Ind)I.]. (0.0056 g, 0.005 mmol, 0.05 equiv) in DCE (0.5
mL) at room temperature for 48 hours. Purified by flash chromatography on silica gel (90-
100% EtOAc in Hexanes) to provide 5.50a (0.0098 g, 69%, >99:1 e.r.) as a yellow oil.
tH NMR (CDCl;, 600 MHz) 6 5.74 (ddd, J = 17.5, 10.2, 5.9 Hz, 1H), 5.41 (s, 1H), 5.17 — 5.11 (i,
2H), 4.34 (dtt, J = 9.1, 5.9, 1.6 Hz, 1H), 2.02 (s, 3H), 1.80 (qnd, J = 6.9, 5.7 Hz, 1H), 0.91 (d, J =
4.8 Hz, 3H), 0.90 (d, J = 4.9 Hz, 3H) ppm.
13C NMR (CDCl;, 151 MHz) § 169.43, 136.67, 115.62, 56.58, 32.01, 23.52, 18.64, 18.19 ppm.
HRMS (+APCI) calculated for CsH;sNO [M+H]* 142.12264, found 142.12267.
HPLC (AD-H column, 1% 2-propanol in Hexanes, 1 mL/min) ty = 19.1 min, t, = 22.8 min, >99:1

e.r.

Me | Reaction conducted by Christopher Poff. Prepared according to General Procedure
" HN% D using 4-methylpentene (5.48) (0.0253 mL, 0.20 mmol, 1.0 equiv), 3-(tert-butyl)-
5-50!? 1,4,2-dioxazol-5-one (5.46) (0.0573 g, 0.40 mmol, 2.0 equiv), LiOAc (0.0012 g,
0.020 mmol, 0.10 equiv), AgNTf, (0.0155 g, 0.040 mmol, 0.20 equiv), LiNTf, (0.0574 g, 0.20
mmol, 1.0 equiv), and (S,S)-[Rh(2-Me-3-Ph-Ind)I.]. (0.0112 g, 0.01 mmol, 0.05 equiv) in DCE
(0.5 mL) at room temperature for 48 hours. Purified by flash chromatography on silica gel (10-
50% EtOAc in Hexanes) to provide 5.50b (0.0285 g, 78% yield, 98:2 e.r.) as a white solid.
tH NMR (CDCl;, 600 MHz) § 5.77 (ddd, J = 17.1, 10.6, 5.6 Hz, 1H), 5.54 (s, 1H), 5.13 — 5.07 (i,
2H), 4.38 — 4.32 (m, 1H), 1.82 (qnd, J = 6.9, 5.6 Hz, 1H), 1.22 (s, 9H), 0.90 (d, J = 6.8 Hz, 3H),

0.89 (d, J = 6.8 Hz, 3H) ppm.
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13C NMR (CDCl,, 151 MHz) & 177.66, 137.13, 115.15, 55.86, 38.92, 32.10, 27.71, 18.80, 17.98 ppm.
HRMS (+APCI) calculated for C,;H..NO [M+H]* 184.16926, found 184.16959.

HPLC (OJ-H column, 10% 2-propanol in Hexanes, 1 mL/min) ty = 5.6 min, tn = 5.0 min, 98:2

e.r.
Mo Prepared according to General Procedure D using 4-methylpent-1-ene (5.48)
Me
HN (0.0127 mL, 0.10 mmol, 1.0 equiv), 3-cyclohexyl-1,4,2-dioxazol-5-one (5.49c¢)
o
5.50¢ (0.0338 g, 0.20 mmol, 2.0 equiv), LiOAc (0.0006 g, 0.010 mmol, 0.10 equiv),

AgNTf, (0.0078 g, 0.020 mmol, 0.20 equiv), LINTf. (0.0290 g, 0.10 mmol, 1.0 equiv), and (S,S)-
[Rh(2-Me-3-Ph-Ind)I.]. (0.0056 g, 0.005 mmol, 0.05 equiv) in DCE (0.5 mL) at room
temperature for 48 hours. Purified by flash chromatography on silica gel (10-30% EtOAc in
Hexanes) to provide 5.50c¢ (0.0114 g, 55% yield, 94:6 e.r.) as a white solid.

tH NMR (CDCl,, 500 MHz) & 5.75 (ddd, J = 17.7, 10.0, 5.6 Hz, 1H), 5.34 (d, J = 9.2 Hz, 1H), 5.14
— 5.08 (m, 2H), 4.36 (dtt, J = 8.9, 5.6, 1.6 Hz, 1H), 2.12 (tt, J = 11.7, 3.5 Hz, 1H), 1.88 (ddd, J =
12.7, 3.6, 1.7 Hz, 2H), 1.85 — 1.77 (m, 3H), 1.67 (dtd, J = 9.5, 3.2, 1.6 Hz, 1H), 1.46 (qd, J = 12.1, 3.2
Hz, 2H), 1.34 — 1.18 (m, 3H), 0.90 (d, J = 8.3 Hz, 3H), 0.88 (d, J = 8.4 Hz, 3H) ppm.

13C NMR (CDCl,, 126 MHz) 6 175.5, 137.2, 115.4, 55.9, 46.0, 32.2, 30.2, 30.0, 26.96, 25.93, 25.92,
18.9, 18.2 ppm.

HRMS (+APCI) calculated for C,sH.,NO [M+H]* 210.1858, found 210.1848.

HPLC (AS-H column, 5% 2-propanol in Hexanes, 1 mL/min) ty = 13.8 min, t, = 10.4 min, 94:6

e.r.
/M(‘J Reaction conducted by Dr. Caitlin Farr. Prepared according to General

Me
HN Procedure D using 4-methylpentene (5.48) (0.0127 mL, 0.10 mmol, 1.0 equiv),

(0]

5.50d 3-benzyl-1,4,2-dioxazol-5-one (5.49d) (0.0354 g, 0.20 mmol, 2.0 equiv), LiOAc

(0.0006 g, 0.010 mmol, 0.10 equiv), AgNTf, (0.0078 g, 0.020 mmol, 0.20 equiv), LiNTf, (0.0290
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g, 0.10 mmol, 1.0 equiv) and (S,S)-[Rh(2-Me-3-Ph-Ind)I.]. (0.0056 g, 0.005 mmol, 0.05 equiv)
in DCE (0.5 mL) at room temperature for 48 hours. Purified by flash chromatography on silica
gel (20-50% EtOAc in Hexanes) to provide 5.50d (0.080 g, 37% yield, 99:1 e.r.) as a white solid.
tH NMR (CDCl,, 400 MHz) 6 7.41 — 7.35 (m, 2H), 7.34 — 7.27 (m, 3H), 5.66 (ddd, J = 17.2, 10.5,
5.5 Hz, 1H), 5.05 (dq, J = 10.5, 1.5 Hz, 1H), 4.95 (dq, J = 17.2, 1.5 Hz, 1H), 4.33 (dtd, J = 9.2, 5.5,
1.5 Hz, 1H), 1.70 (dt, J = 13.6, 6.8 Hz, 1H), 0.79 (d, J = 6.8 Hz, 3H), 0.73 (d, J = 6.9 Hz, 3H) ppm.
13C NMR (CDCl,, 126 MHz) § 170.41, 136.72, 135.20, 129.58, 129.24, 127.60, 115.39, 56.38, 44.25,
32.10, 18.74, 17.90 ppm.

HRMS (+APCI) calculated for C,,H.oNO [M+H]* 218.15394, found 218.15361.

HPLC (AD-H column, 5% 2-propanol in Hexanes, 1 mL/min) tuy = 12.4 min, tn = 10.1 min, 99:1

e.r.

/MSHJ Reaction conducted by Dr. Caitlin Farr. Prepared according to General Procedure
Me

(0]
HNYQ D using 4-methylpentene (5.48) (0.0127 mL, 0.10 mmol, 1.0 equiv), 3-

° (tetrahydro-2H-pyran-4-yl)-1,4,2-dioxazol-5-one (5.49e) (0.0342 g, 0.20 mmol,
2.0 eai;];v), LiOAc (0.0006 g, 0.010 mmol, 0.10 equiv), AgNTf, (0.0078 g, 0.020 mmol, 0.20
equiv), LINTf, (0.0290 g, 0.10 mmol, 1.0 equiv) and (S,S)-[Rh(2-Me-3-Ph-Ind)I.]. (0.0056 g,
0.005 mmol, 0.05 equiv) in DCE (0.5 mL) at room temperature for 48 hours. Purified by flash
chromatography on silica gel (20-50% EtOAc in Hexanes) to provide 5.50e (0.093 g, 44% yield,
98:2 e.r.) as a white solid.
tH NMR (CDCl;, 600 MHz) § 5.76 (ddd, J = 17.1, 10.5, 5.8 Hz, 1H), 5.36 (d, J = 8.7 Hz, 1H), 5.16
—5.10 (m, 2H), 4.37 (dtt, J = 9.0, 5.7, 1.6 Hz, 1H), 4.03 (ddd, J = 11.4, 4.0, 2.3 Hz, 2H), 3.43 (tt, J
= 11.5, 2.4 Hz, 2H), 2.38 (it, J = 11.3, 4.3 Hz, 1H), 1.90 — 1.73 (mm, 5H), 0.91 (d, J = 6.8 Hz, 3H),
0.89 (d, J = 6.9 Hz, 3H) ppm.
13C NMR (CDCl;, 151 MHz) § 173.68, 136.91, 115.69, 67.44, 56.22, 42.72, 32.20, 29.53, 18.87,

18.22 ppm.
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HRMS (+APCI) calculated for C,.H,.NO, [M+H]* 212.16451, found 212.16413 ppm.
HPLC (OD-H column, 5% 2-propanol in Hexanes, 1 mL/min) tu = 14.7 min, tm = 10.4 min, 98:2

e.r.

)M;J Prepared according to General Procedure D using 4-methylpent-1-ene (5.48)
_Cbz
Me N
HNYQ (0.0127 mL, 0.10 mmol, 1.0 equiv), benzyl 4-(5-0x0-1,4,2-dioxazol-3-
(0]

yD)piperidine-1-carboxylate (5.49f) (0.0610 g, 0.20 mmol, 2.0 equiv), LiOAc
(0.00025; 0.010 mmol, 0.10 equiv), AgNTf, (0.0078 g, 0.020 mmol, 0.20 equiv), LiNTf, (0.0290
g, 0.10 mmol, 1.0 equiv), and (S,S)-[Rh(2-Me-3-Ph-Ind)I.]. (0.0056 g, 0.005 mmol, 0.05 equiv)
in DCE (0.5 mL) at room temperature for 48 hours. Purified by flash chromatography on silica
gel (30-50% EtOAc in Hexanes) to provide 5.50f (0.0210 g, 61% yield, 99:1 e.r.) as a white solid.
tH NMR (CDCl;, 600MHz) § 7.40 — 7.30 (m, 5H), 5.74 (ddd, J = 16.8, 10.5, 5.8 Hz, 1H), 5.41 (d,
J=9.1Hz, 1H), 5.16 — 5.07 (m, 4H), 4.38 — 4.31 (m, 1H), 4.29 — 4.15 (in, 2H), 2.97 — 2.71 (m, 2H),
2.29 (ddt, J = 11.6, 7.5, 3.7 Hz, 1H), 1.88 — 1.78 (m, 2H) 1.80 (dq, J = 13.6, 6.7 Hz, 1H), 1.72 — 1.63
(s, 2H), 0.90 (d, J = 6.7 Hz, 3H), 0.88 (d, J = 6.8 Hz, 3H) ppm.
13C NMR (CDCl,, 126 MHz) § 173.63, 155.34, 136.85, 136.81, 128.63, 128.15, 128.02, 115.76, 67.31,
56.31, 43.61, 43.58, 32.18, 29.84, 28.98, 28.78, 18.86, 18.23 ppm.
HRMS (+APCI) calculated for C.oH2oN.O5 [M+H]* 345.2178, found 345.2165.
HPLC (AS-H column, 10% 2-propanol in hexanes, 1imL/min) ty = 20.1 min, tm = 14.0 min, 99:1

e.r.

)M%)l Reaction conducted by Christopher Poff. Prepared according to General
Me

HNﬁf\Nf Procedure D using 4-methylpentene (5.48) (0.0127 mL, 0.10 mmol,

° 1.0 equiv), 2-((5-0x0-1,4,2-dioxazol-3-yl)methyl)isoindoline-1,3-dione
5.50g

(5.498) (0.0492 g, 0.20 mmol, 2.0 equiv), LiOAc (0.0006 g, 0.010 mmol, 0.10 equiv),

AgNTf, (0.0078 g, 0.020 mmol, 0.20 equiv), LiINTf, (0.0290 g, 0.10 mmol, 1.0 equiv), and (S,S)-
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[Rh(2-Me-3-Ph-Ind)I.]. (0.0056 g, 0.005 mmol, 0.05 equiv) in DCE (0.5 mL) at room
temperature for 48 hours. Purified by flash chromatography on silica gel (20-50% EtOAc in
Hexanes) to provide 5.50g (0.0250 g, 87% yield, 97:3 e.r.) as a white solid.

tH NMR (CDCl;, 600 MHz) § 7.89 (dd, J = 5.4, 3.1 Hz, 2H), 7.75 (dd, J = 5.5, 3.0 Hz, 2H), 5.74
(ddd, J = 17.2, 10.5, 5.9 Hz, 1H), 5.66 (d, J = 9.1 Hz, 1H), 5.20 — 5.13 (m, 2H), 4.37 (s, 2H), 4.35
(ddt, J = 9.0, 5.8, 1.6 Hz, 1H), 1.88 — 1.78 (m, 1H), 0.91 (d, J = 6.8 Hz, 3H), 0.90 (d, J = 6.9 Hz,
3H) ppm.

13C NMR (CDCl;, 151 MHz, CDCl,) 8 167.79, 165.45, 136.07, 134.28, 132.01, 123.68, 116.17, 57.04,
41.18, 32.03, 18.68, 18.08 ppm.

HRMS (+APCI) calculated for C,sH;(NO; [M+H]* 287.13902, found 287.13889.

HPLC (OJ-H column, 10% 2-propanol in Hexanes, 1 mL/min) ty = 20.2 min, tm = 17.9 min, 97:3

e.r.

)M;J Reaction conducted by Dr. Caitlin Farr. Prepared according to General Procedure
Me

HNp D using 4-methylpentene (5.48) (0.0127 mL, 0.10 mmol, 1.0 equiv), 3-phenyl-

° 1,4,2-dioxazol-5-one (5.49h) (0.0326 g, 0.20 mmol, 2.0 equiv), LiOAc (0.0006 g,
0.01:’:11m01, 0.10 equiv), AgNTf, (0.0078 g, 0.020 mmol, 0.20 equiv), LiNTf, (0.0290 g, 0.10
mmol, 1.0 equiv) and (S,S)-[Rh(2-Me-3-Ph-Ind)I.]. (0.0056 g, 0.005 mmol, 0.05 equiv) in DCE
(0.5 mL) at room temperature for 48 hours. Purified by flash chromatography on silica gel (10-
50% EtOAc in Hexanes) to provide 5.50h (0.0026 g, 13% yield, 99:1 e.r.) as a white solid.
tH NMR (CDCl;, 600 MHz) 6 7.80 — 7.77 (m, 2H), 7.53 — 7.49 (m, 1H), 7.47 — 7.43 (m, 2H), 6.02
(d, J =7.4 Hz, 1H), 5.85 (ddd, J = 17.1, 10.5, 5.8 Hz, 1H), 5.23 (dt, J = 17.2, 1.5 Hz, 1H), 5.19 (dt, J
=10.5, 1.4 Hz, 1H), 4.58 (dtt, J = 8.8, 5.7, 1.5 Hz, 1H), 1.94 (qnd, J = 6.9, 5.7 Hz, 1H), 0.99 (d, J =
3.9 Hz, 3H), 0.98 (d, J = 4.0 Hz, 3H) ppm.
13C NMR (CDCl,, 151 MHz) & 167.06, 136.81, 135.10, 131.58, 128.77, 126.97, 116.02, 57.02, 32.41,

18.95, 18.39 ppm.
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HRMS (+APCI) calculated for C,sH;sNO [M+H]* 204.13854, found 204.13854.
HPLC (AS-H column, 5% 2-propanol in Hexanes, 1 mL/min) ty = 21.5 min, t, = 17.6 min, 99:1

e.r.

M~~~ Reaction conducted by Christopher Poff. Prepared according to General Procedure
HN Bu

T D using hex-1-ene (5.51a) (0.0084 g, 0.10 mmol, 1.0 equiv), 3-(tert-butyl)-1,4,2-
5.52a

dioxazol-5-one (5.46) (0.0286 g, 0.20 mmol, 2.0 equiv), (R,R)-[Rh(2-Me-3-Ph-Ind)I.]. (0.0056
g, 0.005 mmol, 0.05 equiv), LiOAc (0.0006 g, 0.010 mmol, 0.10 equiv), AgNTf, (0.0078 g, 0.020
mmol, 0.20 equiv), and LiNTf, (0.0290 g, 0.10 mmol, 1.0 equiv) in DCE (0.5 mL) at room
temperature for 48 hours. Purified by flash chromatography on silica gel (10-30% EtOAc in
Hexanes) to provide 5.52a (0.0297 g, 90% yield, 98:2 e.r.) as a white solid.

tH NMR (CDCl;, 500 MHz) 6 5.82 — 5.73 (m, 1H), 5.45 (s, 1H), 5.15 — 5.05 (m, 2H), 4.50 — 4.42
(m, 1H), 1.58 — 1.50 (m, 1H), 1.50 — 1.40 (m, 1H), 1.40 — 1.30 (m, 2H), 1.22 (s, 9H), 0.95 — 0.91
(m, 3H) ppm.

13C NMR (CDCl;, 126 MHz) § 177.77, 139.00, 114.43, 50.78, 38.89, 37.24, 27.81, 19.14, 14.04 ppm.
HRMS (+APCI) calculated for C,;H..NO [M+H]* 184.16959, found 184.16954.

HPLC (WHELK column, 1% 2-propanol in Hexanes, 1 mL/min) tum = 18.4 min, tm = 16.1 min, 98:2

e.r.
RV 0 T Reaction conducted by Christopher Poff. Prepared according to General
HN
N . .
. SZJ)]A % Procedure D using hex-1-ene (5.51b) (0.0084 g, 0.10 mmol, 1.0 equiv), 2-
. (0]

((5-0x0-1,4,2-dioxazol-3-yl)methyl)isoindoline-1,3-dione (5.49g) (0.0492
g, 0.20 mmol, 2.0 equiv), (R,R)-[Rh(2-Me-3-Ph-Ind)L.]. (0.0056 g, 0.005 mmol, 0.05 equiv),
LiOAc (0.0006 g, 0.010 mmol, 0.10 equiv), AgNTf, (0.0078 g, 0.020 mmol, 0.20 equiv), and

LiNTf, (0.0290 g, 0.10 mmol, 1.0 equiv) in DCE (0.5 mL) at room temperature for 48 hours.
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Purified by flash chromatography on silica gel (10-30% EtOAc in Hexanes) to provide 5.52b
(0.0297 g, 90% yield, 93:7 e.r.) as a white solid.

tH NMR (CDCl,, 600 MHz) 6 7.92 — 7.85 (m, 2H), 7.78 — 7.71 (m, 2H), 5.75 (ddd, J = 17.2, 10.4,
5.7 Hz, 1H), 5.59 (d, J = 8.3 Hz, 1H), 5.21 — 5.07 (m, 2H), 4.47 (dqd, J = 7.3, 5.9, 1.6 Hz, 1H), 4.35
(s, 2H), 1.56 — 1.45 (m, 2H), 1.40 — 1.30 (m, 2H), 0.92 (t, J = 7.3 Hz, 3H) ppm.

13C NMR (CDCl;, 151 MHz) 6 167.93, 165.44, 137.96, 134.40, 134.34, 132.21, 132.18, 123.81,
115.48, 51.78, 41.18, 41.12, 37.03, 19.06, 13.95 ppm.

HRMS (+APCI) calculated for C,6H1oN.O5 [M+H]* 287.13902, found 287.13888.

HPLC (AD-H column, 5% 2-propanol in Hexanes, 1 mL/min) ty = 29.1 min, tm = 31.6 min, 93:7

e.r.

? Prepared according to General Procedure D using 2-(hex-5-en-1-
N/\/W

o HNTBU yDisoindoline-1,3-dione (5.51¢) (0.0230 g, 0.10 mmol, 1.0 equiv), 3-(tert-

(0]
552 butyl)-1,4,2-dioxazol-5-one (5.46) (0.0286 g, 0.20 mmol, 2.0 equiv),

(R,R)-[Rh(2-Me-3-Ph-Ind)I.]. (0.0056 g, 0.005 mmol, 0.05 equiv), LiOAc (0.0006 g, 0.010
mmol, 0.10 equiv), AgNTf, (0.0078 g, 0.020 mmol, 0.20 equiv), and LiNTf, (0.0290 g, 0.10
mmol, 1.0 equiv) in DCE (0.5 mL) at room temperature for 48 hours. Purified by flash
chromatography on silica gel (10-30% EtOAc in Hexanes) to provide 5.52¢ (0.0297 g, 90% yield,
98:2 e.r.) as a white solid.

'H NMR (CDCl;, 600 MHz) § 7.83 (dd, J = 5.4, 3.0 Hz, 2H), 7.71 (dd, J = 5.5, 2.9 Hz, 2H), 5.74
(ddd, J = 17.3,10.4, 5.5 Hz, 1H), 5.58 (d, J = 8.6 Hz, 1H), 5.16 — 5.05 (m, 2H), 4.55 — 4.46 (m, 1H),
3.70 (t,J = 7.0 Hz, 2H), 1.75 — 1.66 (m, 2H), 1.67 — 1.58 (m, 1H), 1.56 — 1.47 (m, 1H), 1.20 (s, 9H)
ppm.

13C NMR (CDCl;, 126 MHz) & 178.00, 168.55, 138.40, 134.09, 132.24, 123.37, 115.08, 50.68,
38.90, 37.84, 32.06, 27.75, 25.21 ppm.

HRMS (+APCI) calculated for C,oH2;N.O4 [M+H]* 329.1865, found 329.1859.
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HPLC (AS-H column, 1% 2-propanol in Hexanes, 1 mL/min) tu = 13.1 min, t» = 18.3 min, 98:2

e.r.
Q Prepared according to General Procedure D using 2-(hex-5-en-1-
N/\/\;/\ o
o HN\H/\N yl)isoindoline-1,3-dione (5.51d) (0.0230 g, 0.10 mmol, 1.0 equiv),
o
5.52d o)

2-((5-0x0-1,4,2-dioxazol-3-yl)methyl)isoindoline-1,3-dione
(5.498) (0.0492 g, 0.20 mmol, 2.0 equiv), (R,R)-[Rh(2-Me-3-Ph-Ind)I.]. (0.0056 g, 0.005
mmol, 0.05 equiv), LiOAc (0.0006 g, 0.010 mmol, 0.10 equiv), AgNTf, (0.0078 g, 0.020 mmol,
0.20 equiv), and LiNTf, (0.0290 g, 0.10 mmol, 1.0 equiv) in DCE (0.5 mL) at room temperature
for 48 hours. Purified by flash chromatography on silica gel (50-66% EtOAc in Hexanes) to
provide 5.52d (0.0313 g, 73% yield, 92:8 e.r.) as a white solid.

tH NMR (CDCl,, 600 MHz) § 7.85 (dd, J = 5.5, 3.1 Hz, 2H), 7.78 (dd, J = 5.4, 3.1 Hz, 2H), 7.71
(dd, J = 5.5, 3.0 Hz, 2H), 7.70 (dd, J = 5.5, 3.0 Hz, 2H), 6.17 (d, J = 8.5 Hz, 1H), 5.72 (ddd, J =
17.2, 10.4, 5.6 Hz, 1H), 5.25 — 5.05 (m, 2H), 4.56 — 4.48 (i, 1H), 4.38 (s, 2H), 3.71 (t, J = 7.0 Hz,
2H), 1.75 (qn, J = 7.3 Hz, 2H), 1.67 — 1.58 (m, 1H), 1.57 — 1.48 (m, 1H) ppm.

13C NMR (CDCl;, 151 MHz) § 168.69, 167.99, 165.80, 137.53, 134.30, 134.13, 132.21, 132.14,
123.73, 123.40, 115.76, 51.93, 41.15, 37.71, 31.40, 25.46 ppm.

HRMS (+APCI) calculated for C.,H..N;05; [M+H]* 432.1559, found 432.1552.

HPLC (AD-H column, 15% 2-propanol in Hexanes, 1.5 mL/min) ty = 25.2 min, tn = 28.7 min,

92:8 e.r.

TeOPSO” "X  Prepared according to General Procedure D using tert-butyl(hex-5-en-1-
HN Bu

1( yloxy)diphenylsilane (5.51e) (0.0339 g, 0.10 mmol, 1.0 equiv), 3-(tert-

5.52e
butyl)-1,4,2-dioxazol-5-one (5.46) (0.0286 g, 0.20 mmol, 2.0 equiv), (R,R)-[Rh(2-Me-3-Ph-
Ind)IL.]. (0.0056 g, 0.005 mmol, 0.05 equiv) LiOAc (0.0006 g, 0.010 mmol, 0.10 equiv), AgNTTf,

(0.0078 g, 0.020 mmol, 0.20 equiv), and LiNTf, (0.0290 g, 0.10 mmol, 1.0 equiv) in DCE (0.5



165

mL) at room temperature for 48 hours. Purified by flash chromatography on silica gel (10-30%
EtOAc in Hexanes) to provide 5.52e (0.0215 g, 49% yield, 90:10 e.r.) as a white solid.

tH NMR (CDCl;, 600 MHz) & 7.65 (dt, J = 6.6, 1.5 Hz, 4H), 7.45 — 7.34 (m, 6H), 5.76 (ddd, J =
17.2, 10.4, 5.3 Hz, 1H), 5.46 (d, J = 7.8 Hz, 1H), 5.16 — 5.06 (m, 2H), 4.50 — 4.41 (m, 1H), 3.73 —
3.62 (m, 2H), 1.74 — 1.64 (m, 2H), 1.61 — 1.48 (m, 2H), 1.20 (s, 9H), 1.05 (s, 9H) ppm.

13C NMR (CDCl,, 151 MHz) 6 177.66, 138.70, 135.55, 133.95, 133.91, 129.60, 127.64, 114.47, 63.51,
50.66, 38.74, 31.22, 28.89, 27.65, 26.89, 19.23 ppm.

HRMS (+APCI) calculated for C,;H,0NO,Si [M+H]* 438.2828, found 438.2820.

HPLC (AS-H column, 1% 2-propanol in Hexanes, 1 mL/min) ty = 5.2 min, tm = 4.5 min, 90:10

e.r.
180PSO” N o Prepared according to General Procedure D using tert-butyl(hex-5-
HN
N
5szj°]A en-1-yloxy)diphenylsilane (5.51f) (0.0339 g, 0.10 mmol, 1.0 equiv),
- o

2-((5-0x0-1,4,2-dioxazol-3-yl)methyl)isoindoline-1,3-dione (5.49g) (0.0492 g, 0.20 mmol, 2.0
equiv), (R,R)-[Rh(2-Me-3-Ph-Ind)I.]. (0.0056 g, 0.005 mmol, 0.05 equiv), LiOAc (0.0006 g,
0.010 mmol, 0.10 equiv), AgNTf, (0.0078 g, 0.020 mmol, 0.20 equiv), and LiNTf, (0.0290 g, 0.10
mmol, 1.0 equiv) in DCE (0.5 mL) at 60 °C for 48 hours. Purified by flash chromatography on
silica gel (10-50% EtOAc in Hexanes) to provide 5.52f (0.0184 g, 34% yield, 97:3 e.r.) as an off-
white solid.

'H NMR (CDCl;, 600 MHz) 6 7.87 (dd, J = 5.5, 3.0 Hz, 2H), 7.73 (dd, J = 5.5, 3.0 Hz, 2H), 7.68
—17.63 (m, 4H), 7.47 — 7.35 (m, 6H), 5.74 (ddd, J = 17.2, 10.4, 5.6 Hz, 1H), 5.67 (d, J = 8.2 Hz, 1H),
5.20 — 5.10 (m, 2H), 4.49 — 4.41 (m, 1H), 4.29 (d, J = 2.1 Hz, 1H), 4.29 (d, J = 2.1 Hz, 1H), 3.68
(qd, J = 6.0, 3.0 Hz, 2H), 1.75 — 1.66 (m, 2H), 1.63 — 1.57 (m, 2H), 1.04 (s, 9H) ppm.

13C NMR (CDCl;, 151 MHz) 8 167.89, 165.47, 137.83, 135.70, 134.36, 134.03, 132.19, 129.77,
127.82, 123.78, 115.57, 63.57, 51.85, 41.11, 31.15, 28.78, 27.05, 19.38 ppm.

HRMS (+APCI) calculated for C4.H;,N,O,Si [M+H]* 541.2523, found 541.2509.
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HPLC (AS-H column, 5% 2-propanol in Hexanes, 1 mL/min) ty = 56.2 min, tm = 41.2 min, 97:3

e.r.

- Reaction conducted by Christopher Poff. Prepared according to General
HN . _Bu

5529 O ’ Procedure D using 4-phenylbutene (5.51g) (0.0127 mL, 0.10 mmol, 1.0 equiv), 3-
(tert-butyl)-1,4,2-dioxazol-5-one (5.46) (0.0338 g, 0.20 mmol, 2.0 equiv), (R,R)-[Rh(2-Me-3-
Ph-Ind)I.]. (0.0056 g, 0.005 mmol, 0.05 equiv), LiOAc (0.0006 g, 0.010 mmol, 0.10 equiv),
AgNTf, (0.0078 g, 0.020 mmol, 0.20 equiv), and LiNTf, (0.0290 g, 0.10 mmol, 1.0 equiv) in DCE
(0.5 mL) at room temperature for 48 hours. Purified by flash chromatography on silica gel (10-
25% EtOAc in Hexanes) to provide 5.52g (0.0132 g, 57% yield, 98:2 e.r.) as a white solid.
tH NMR (CDCl;, 600 MHz) & 7.30 — 7.27 (m, 2H), 7.24 — 7.20 (m, 1H), 7.19 — 7.15 (m, 2H), 5.85
(ddd, J = 17.2, 10.5, 5.2 Hz, 1H), 5.46 (d, J = 8.2 Hz, 1H), 5.12 — 5.05 (m, 2H), 4.78 (dtdt, J = 8.4,
6.8, 5.2, 1.7 Hz, 1H), 2.92 (dd, J = 13.7, 6.6 Hz, 1H), 2.83 (dd, J = 13.7, 6.8 Hz, 1H), 1.12 (s, 9H)
ppm.
13C NMR (CDCl;, 151 MHz) & 177.71, 138.05, 137.35, 129.65, 128.50, 126.77, 114.91, 51.55, 41.03,
38.86, 27.65 ppm.
HRMS (+APCI) calculated for C,;sH..NO [M+H]* 232.16959, found 232.16947.
HPLC (OD-H column, 5% 2-propanol in Hexanes, 1 mL/min) tu = 8.4 min, tn = 7.6 min, 98:2

e.r.

©/\/\ 0 Reaction conducted by Dr. Caitlin Farr. Prepared according to General

5.::|1ICN Procedure D using 4-phenyl-1-butene (5.51h) (0.015 mL, 0.10 mmol, 1.0
equiv), 2-((5-0x0-1,4,2-dioxazol-3-yl)methyl)isoindoline-1,3-dione (5.49g) (0.0492 g, 0.20
mmol, 2.0 equiv), (R,R)-[Rh(2-Me-3-Ph-Ind)I.]. (0.0056 g, 0.005 mmol, 0.05 equiv), LiOAc

(0.0006 g, 0.010 mmol, 0.10 equiv), AgNTf, (0.0078 g, 0.020 mmol, 0.20 equiv), and LiNTf,

(0.0290 g, 0.10 mmol, 1.0 equiv) in DCE (0.5 mL) at 40 °C for 48 hours. Purified by flash
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chromatography on silica gel (30-50% EtOAc in Hexanes) to provide 5.52h (0.0151 g, 45% yield,
95:5 e.r.) as a white solid.

tH NMR (CDCl;, 600 MHz) § 7.87 (dd, J = 5.4, 3.0 Hz, 2H), 7.75 (dd, J = 5.4, 3.0 Hz, 2H), 7.21
—7.15 (m, 2H), 7.16 — 7.10 (m, 3H), 5.80 (ddd, J = 17.3, 10.4, 5.4 Hz, 1H), 5.71 (d, J = 8.4 Hz, 1H),
5.15 — 5.09 (m, 2H), 4.80 — 4.72 (m, 1H), 4.29 (s, 2H), 2.88 (dd, J = 6.5, 1.7 Hz, 2H) ppm.

13C NMR (CDCl,, 151 MHz) 6 167.79, 165.50, 136.90, 136.79, 134.40, 132.09, 129.62, 128.49,
126.77, 123.79, 115.87, 52.42, 41.17, 40.76 ppm.

HRMS (+APCI) calculated for C,oH,oN.O; [M+H]* 335.13902, found 335.13887.

HPLC (AD-H column, 10% 2-propanol in Hexanes, 1 mL/min) tu = 18.4 min, tm = 21.7 min, 95:5

e.r.

@\/\ Reaction conducted by Christopher Poff. Prepared according to General Procedure
Wi \,Bu D using allyl benzene (5.6) (0.0132 mL, 0.10 mmol, 1.0 equiv), 3-(tert-butyl)-1,4,2-

So2 0 dioxazol-5-one (5.46) (0.0286 g, 0.20 mmol, 2.0 equiv), LiOAc (0.0006 g, 0.010

mmol, 0.10 equiv), AgNTf, (0.0078 g, 0.020 mmol, 0.20 equiv), LiNTf, (0.0290 g, 0.10 mmol,

1.0 equiv), and (R,R)-[Rh(2-Me-3-Ph-Ind)I.]. (0.0056 g, 0.200 mmol, 0.005 equiv) in DCE (0.5

mL) at room temperature for 48 hours. Purified by flash chromatography on silica gel (10-

30% EtOAc in Hexanes) to provide 5.52i (0.0150 g, 69% yield, 93:7 e.r.) as a colourless solid.

tH NMR (CDCl;, 600 MHz) & 7.37 — 7.33 (mm, 2H), 7.30 — 7.27 (m, 3H), 6.02 (ddd, J = 17.1, 10.4,

5.3 Hz, 1H), 5.85 (s, 1H), 5.62 (dd, J = 7.9, 5.5 Hz, 1H), 5.29 — 5.13 (m, 2H), 1.23 (s, 9H) ppm.

13C NMR (CDCl,, 151 MHz) & 173.37, 140.84, 137.50, 128.78, 127.61, 127.11, 115.68, 54.78, 38.79,

27.61 ppm.

HRMS (+APCI) calculated for C,,H.oNO [M+H]* 218.15339, found 218.15394.

HPLC (OJ-H column, 10% 2-propanol in Hexanes, 1 mL/min) ) ty = 9.1 min, tx = 8.1 min, 93:7

e.r.
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@\/\ Prepared according to General Procedure D using allyl benzene (5.6)
H,QT]\AN i (0.0132 mL, 0.10 mmol, 1.0 equiv), 2-((5-0x0-1,4,2-dioxazol-3-
5.52) ° o% yl)methyl)isoindoline-1,3-dione (5.49g) (0.0492 g, 0.20 mmol, 2.0 equiv),
(R,R)-[Rh(2-Me-3-Ph-Ind)I.]. (0.0056 g, 0.005 mmol, 0.05 equiv), LiOAc (0.0006 g, 0.010
mmol, 0.10 equiv), AgNTf, (0.0078 g, 0.020 mmol, 0.20 equiv), and LiNTf, (0.0290 g, 0.10
mmol, 1.0 equiv) in DCE (0.5 mL) at 60 °C for 48 hours. Purified by flash chromatography on
silica gel (10-50% EtOAc in Hexanes) to provide 5.52j (0.0105 g, 33% yield, 93:7 e.r.) as a white
solid.
'H NMR (CDCl,, 600 MHz) & 7.88 (dd, J = 5.4, 3.0 Hz, 2H), 7.74 (dd, J = 5.5, 3.0 Hz, 2H), 7.38
—7.33 (m, 2H), 7.31 — 7.27 (m, 3H), 6.04 (d, J = 8.2 Hz, 1H), 6.00 (ddd, J = 17.1, 10.4, 5.3 Hz, 1H),
5.66 — 5.59 (m, 1H), 5.30 — 5.23 (m, 2H), 4.40 (d, J = 16.0 Hz, 1H), 4.36 (d, J = 16.0 Hz, 1H) ppm.
13C NMR (CDCl;, 151 MHz) & 167.78, 165.15, 139.89, 136.54, 134.28, 132.01, 128.87, 127.90,
127.27,123.68, 116.44, 55.59, 40.99 ppm.
HRMS (+APCI) calculated for C,oH;,N.O; [M+H]* 321.1239, found 321.1229.
HPLC (OD-H column, 3% 2-propanol in Hexanes, 1 mL/min) ty = 22.5 min, tm = 19.0 min, 93:7

e.r.

Yo~.~~"* Reaction conducted by Christopher Poff. Prepared according to General Procedure
HN Bu
D using 2-pentene (5.51Kk) (0.0070 g, 0.10 mmol, 1.0 equiv), 3-(tert-butyl)-1,4,2-

5.52k O
dioxazol-5-one (5.46) (0.0286 g, 0.20 mmol, 2.0 equiv), (S,S)-[Rh(2-Me-3-Ph-Ind)I.]. (0.0056
g, 0.005 mmol, 0.05 equiv), LiOAc (0.0006 g, 0.010 mmol, 0.10 equiv), AgNTf, (0.0078 g, 0.020
mmol, 0.20 equiv), and LiNTf, (0.0290 g, 0.10 mmol, 1.0 equiv) in DCE (0.5 mL) at 40 °C for 48
hours. Purified by flash chromatography on silica gel (5-25% EtOAc in Hexanes) to provide 5.52k

(0.0034 g, 21% yield determined by NMR integration, 91:9 d.r.) as an inseparable mixture of three

regioisomers (0.0040 g overall, 24% total yield).
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tH NMR (CDCl,, 500 MHz) & 5.77 (ddd, J = 17.2, 10.4, 5.4 Hz, oH), 5.57 (dqd, J = 15.4, 6.4, 1.5
Hz, 1H), 5.50 — 5.39 (m, 2H), 5.43 (ddq, J = 15.4, 5.5, 1.6 Hz, 1H), 5.25 (ddq, J = 10.5, 8.6, 1.8 Hz,
oH), 4.77 (dt, J = 14.8, 7.4 Hz, oH), 4.48 (dddt, J = 8.1, 6.8, 5.5, 1.4 Hz, 1H), 4.39 (t, J = 6.9 Hz,
oH), 3.80 (ddd, J = 6.4, 4.9, 1.3 Hz, oH), 2.07 — 1.99 (m, oH), 1.67 (dt, J = 6.4, 1.5 Hz, 3H), 1.65
—1.58 (m, oH), 1.31 (s, 0H), 1.23 (s, 0H), 1.22 (s, 0H), 1.20 (s, 0H), 1.20 — 1.17 (m, 12H) ppm. 13C
NMR (CDCl;, 151 MHz) 6 177.50, 132.84, 132.41, 129.64, 126.64, 125.39, 114.65, 46.12, 42.54,
38.74, 32.08, 29.51, 27.75, 22.84, 21.68, 20.89, 17.87, 14.27, 13.38, 10.21 ppm.

HPLC (OJ-H column, 1% 2-propanol in Hexanes, 1 mL/min) ty = 9.7 min, ¢ty = 11.0 min, 91:9 e.r.
(e.r. determined by comparison to enantiopure D- and L-Piv-Ala-OMe after oxidative cleavage of

olefin product to the carboxylic acid and subsequent methyl protection.

'~~~ Reaction conducted by Dr. Caitlin Farr. Prepared according to General Procedure D
HN Bu

552 O using (E)-prop-1-ene-1,3-diyldibenzene (5.51l1) (0.0194 g, 0.10 mmol, 1.0 equiv), 3-
(tert-butyl)-1,4,2-dioxazol-5-one (5.46) (0.0286 g, 0.20 mmol, 2.0 equiv), (R,R)-[Rh(2-Me-3-
Ph-Ind)I.]. (0.0056 g, 0.005 mmol, 0.05 equiv), LiOAc (0.0006 g, 0.010 mmol, 0.10 equiv),
AgNTf, (0.0078 g, 0.020 mmol, 0.20 equiv), and LiNTf, (0.0290 g, 0.10 mmol, 1.0 equiv) in DCE
(0.5 mL) at 40 °C for 48 hours. Purified by flash chromatography on silica gel (5-30% EtOAc in
Hexanes) to provide 5.521 (0.0065 g, 22% yield, 98:2 e.r.) as a white solid.

tH NMR (CDCl;, 600 MHz) 6 7.37 (t, J = 7.2 Hz, 4H), 7.34 — 7.28 (m, 5H), 7.26 — 7.22 (m, 1H),
6.51(dd, J = 16.0, 1.5 Hz, 1H), 6.35 (dd, J = 15.9, 6.1 Hz, 1H), 5.98 (d, J = 8.0 Hz, 1H), 5.80 (ddd,
J =8.0, 6.2, 1.3 Hz, 1H), 1.25 (s, 9H) ppm.

13C NMR (CDCl,, 151 MHz) 8 177.49, 141.27, 136.62, 131.62, 129.23, 128.96, 128.71, 127.94,
127.75, 127.15, 126.69, 54.63, 38.98, 27.78 ppm.

HRMS (+APCI) calculated for C.oH.4NO [M+H]* 294.18524, found 294.185123.

HPLC (AD-H column, 5% 2-propanol in Hexanes, 1 mL/min) ty = 16.2 min, tm = 13.8 min, 98:2

e.r.
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Ph " Reaction conducted by Dr. Caitlin Farr. Prepared according to General

; o]
HN

5.50m f% Procedure D using (E)-prop-1-ene-1,3-diyldibenzene (5.51m) (0.0194 mg,
’ 0.10 mmol, 1.0 equiv), 2-((5-0x0-1,4,2-dioxazol-3-yl)methyl)isoindoline-1,3-

dione (5.49g) (0.0492 g, 0.20 mmol, 2.0 equiv), (R,R)-[Rh(2-Me-3-Ph-Ind)IL.]. (0.0056 g, 0.005

mmol, 0.05 equiv), LiOAc (0.0006 g, 0.010 mmol, 0.10 equiv), AgNTf, (0.0078 g, 0.020 mmol,

0.20 equiv), and LiNTf, (0.0290 g, 0.10 mmol, 1.0 equiv) in DCE (0.5 mL) at 60 °C for 48 hours.

Purified by flash chromatography on silica gel (20-50% EtOAc in Hexanes) to provide 5.52m

(0.0175 g, 44% yield, 79:21 e.r.) as a white solid.

'H NMR (CDCl;, 600 MHz) 6 7.87 (dd, J = 5.4, 3.0 Hz, 2H), 7.73 (dd, J = 5.4, 3.0 Hz, 2H), 7.38

—7.32 (m, 6H), 7.30 (t, J = 7.5 Hz, 3H), 7.23 (t, J = 7.3 Hz, 1H), 6.56 (dd, J = 15.9, 1.5 Hz, 1H),

6.32 (dd, J = 15.9, 6.0 Hz, 1H), 6.22 (d, J = 8.1 Hz, 1H), 5.80 (ddd, J = 7.8, 6.0, 1.5 Hz, 1H), 4.40

(s, 2H) ppm.

13C NMR (CDCl,, 151 MHz) 8 167.92, 165.32, 140.35, 136.44, 134.39, 132.14, 132.05, 129.04,

128.70, 128.22, 128.00, 127.33, 126.76, 123.81, 55.42, 41.17 ppm.

HRMS (+APCI) calculated for C,;H.;:N.O4 [M+H]* 397.15467, found 397.15448.

HPLC (AD-H column, 8% 2-propanol in Hexanes, 1.5 mL/min) tu = 40.0 min, tm = 45.0 min,

79:21 e.r.

©\/\/\/\/ Reaction conducted by Dr. Caitlin Farr. Prepared according to General
= Me

HN. By Procedure D using (E)-oct-1-en-1-ylbenzene (5.51n) (0.0188 g, 0.10

- mmol, 1 equiv), 3-(tert-butyl)-1,4,2-dioxazol-5-one (5.46) (0.0286 g,

0.20 mmol, 2 equiv), (R,R)-[Rh(2-Me-3-Ph-Ind)I.]. (0.0056 g, 0.005 mmol, 0.05 equiv), LiOAc
(0.0006 g, 0.010 mmol, 0.10 equiv), AgNTf, (0.0078 g, 0.020 mmol, 0.20 equiv), and LiNTf,

(0.0290 g, 0.10 mmol, 1 equiv) in DCE (0.5 mL) at 40 °C for 48 hours. Purified by flash
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chromatography on silica gel (15-50% EtOAc in Hexanes) [silica gel pipette column] to provide
5.52n (0.0065 g, 23% yield, 99:1 e.r.) as a white solid.

tH NMR (CDCl,, 600 MHz) & 7.35 (d, J = 7.2 Hz, 2H), 7.30 (t, J = 7.7 Hz, 2H), 7.24 — 7.21 (m,
1H), 6.49 (dd, J = 16.0, 1.4 Hz, 1H), 6.11 (dd, J = 15.9, 6.3 Hz, 1H), 5.54 (d, J = 8.5 Hz, 1H), 4.61
(dddd, J = 14.0, 8.0, 6.5, 1.5 Hz, 1H), 1.69 — 1.53 (m, 3H), 1.41 — 1.27 (m, 8H), 1.23 (s, 9H) ppm.
13C NMR (CDCl,, 151 MHz) 6 177.68, 136.99, 130.49, 130.37, 128.67, 127.66, 126.52, 50.78, 38.93,
35.40, 31.75, 27.83, 25.67, 22.69, 14.15 ppm.

HRMS (+APCI) calculated for C,oH30NO [M+H]* 288.23219, found 288.232.

HPLC (AS-H column, 5% 2-propanol in Hexanes, 1 mL/min) ty = 5.0 min, tm = 6.7 min, 99:1 e.r.

@\/\/\/\6 Reaction conducted by Dr. Caitlin Farr. Prepared according to General
= Me

i T]A” Procedure D using (E)-oct-1-en-1-ylbenzene (5.510) (0.0188 g, 0.10
(0]
[e]

5.520
mmol, 1.0 equiv), 2-((5-0x0-1,4,2-dioxazol-3-yl)methyl)isoindoline-1,3-

dione (5.49g) (0.0492 g, 0.20 mmol, 2.0 equiv), (R,R)-[Rh(2-Me-3-Ph-Ind)IL.]. (0.0056 g, 0.005
mmol, 0.05 equiv), LiOAc (0.0006 g, 0.010 mmol, 0.10 equiv), AgNTf, (0.0078 g, 0.020 mmol,
0.20 equiv), and LiNTf, (0.0290 g, 0.10 mmol, 1.0 equiv) in DCE (0.5 mL) at 60 °C for 48 hours.
Purified by flash chromatography on silica gel (15-50% EtOAc in Hexanes) [silica gel pipette
column] to provide 5.520 (0.0287 g, 74% yield, 98:2 e.r.) as a white solid and as an inseparable
mixture of regioisomers (3.5:1).

tH NMR (CDCl;, 600 MHz) & 7.87 (td, J = 5.6, 3.0 Hz, 2H), 7.73 (dd, J = 5.5, 3.0 Hz, 2H), 7.36 —
7.32 (m, 2H), 7.32 — 7.27 (mn, 2H), 7.24 — 7.20 (m, 1H), 6.52 (dd, J = 15.9, 1.4 Hz, 1H), 6.07 (dd, J
=15.9, 6.4 Hz, 1H), 5.78 (d, J = 8.5 Hz, 1H), 5.66 (dtd, J = 17.4, 6.4, 3.5 Hz, 0H), 5.61 — 5.53 (m,
1H), 4.66 — 4.55 (m, 1H), 4.36 (s, 2H), 2.05 (q, J = 7.1 Hz, 1H), 1.68 — 1.55 (m, 3H), 1.42 — 1.32
(m, 3H), 1.31 — 1.24 (m, 8H), 0.91 — 0.83 (m, 4H) ppm.

13C NMR (CDCl,, 151 MHz) 8 167.91, 167.89, 165.41, 165.09, 141.02, 136.74, 134.37, 134.35,

133.87, 132.16, 131.07, 129.37, 128.82, 128.65, 128.50, 127.75, 127.67, 127.12, 126.58, 123.78,
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123.76, 55.28, 51.78, 41.22, 41.11, 35.24, 32.35, 31.67, 31.53, 28.84, 25.59, 22.64, 22.61, 14.18,
14.13 ppm.

HRMS (+APCI) calculated for C,,H,;N.O5 [M+H]* 391.20162, found 391.20136.

HPLC (AS-H column, 10% 2-propanol in Hexanes, 1 mL/min) ty = 28.0 min, tn = 36.0 min, 98:2

e.r.
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5.6 Spectral data
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1H NMR (CDCl;, 600 MHz)

Phenylalanine-derived allylbenzene 5.22k
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Dihydropyrrole 5.26
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Vinylpyrrolidine 5.27
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Complex (+)-5.42

DAD1 B, Sig=230,4 Ref=off (29-Oct-2019\October-28-2019 2019-10-29 09-07-38\007-91-Rac-CDP-0035-0156 D)
mAU 1 ®
1000
E 2
800 &
600
400
200
0 '
T T 7 T T T T 1 T LA B T T T T T T T T
5 10 15 20 25 mir
Signal 2: DADl B, Sig=230,4 Ref=off
Peak RetTime Type Width Area Height Area
& [min] [min] [mMAU*s] [mAU] %
- [ | === |- | === I
1 15.343 BB 0.6713 6.09575e4 1081.97058 50.4581
2 23.586 BB 0.9789 5.98507e4 715.51105 49.5419
Totals : 1.20808e5 1797.48163
Complex (S)-5.42
DAD1 B, Sig=230,4 Ref=off (29-Oct-2019\October-28-2019 2019-10-29 09-07-38\016-92-CDP-0035-0156-en1 D)
mAU 3
600
500
400
300
200
100
0 ; ;
T T L T L T T T L T T T T T U T T T T
5 10 15 20 25 mir

Signal 2: DADl1 B, Sig=230,4 Ref=off

Peak RetTime Type Width Area Height Area
# [min] [min] [MAU*s] [mAU] %
- |- === |- | === I
1 15.380 BB 0.6345 3.5796¢6e4 669.86053 100.0000

Totals : 3.57966e4 669.86053
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Complex (R)-5.42

DAD1 B, Sig=230,4 Ref=off (29-Oct-2019\October-28-2019 2019-10-29 09-07-38\019-93-CDP-0035-0156-en2.D)

mAU -
7003
600
500
400
300
200
100
[ — — e — — — —

5 10 15 2 25 min

Signal 2: DADl B, Sig=230,4 Ref=off

Peak RetTime Type Width Area Height Area
i [min] [min] [MAU*5] [mAU] %
=== [ === === | === [ === I
1 23.322 BB 0.9844 6.60966e4 789.35767 100.0000

Totals : 6.60966e4 789.35767
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Complex (S,S)-5.44
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N-Cbz piperidine dioxazolone 5.49f
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Phth-glycine dioxazolone 5.49g
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Olefin 5.52n
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Acetamide 5.50a
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(+)-Acetamide 5.50a

205

DAD1 C, Sig=210,4 Ref=off (C:\CHEM32\2\DATA\AMAAN\2019-07-27\006-0301.D)

mAU ]
800
600 -
] N~
400 s <
] o -
207 ///;:\\\\4///;E\\\\_\__7
0 E T T T T T T T T T T T T T : T T T - T T T T ! T T
5 10 15 20 25 min|
Signal 1: DAD1l C, Sig=210,4 Ref=off
Peak RetTime Type Width Area Height Area
# [min] [min] [MAU*S ] [mAU ] ]
e | === === | == | -mmmoem- R |
1 19.017 BV 0.9845 1.18197e4 174.45068 47.1135
2 21.729 VB 1.1997 1.32681e4 154.53239 52.8865
Totals : 2.50878e4 328.98308
(S)-Acetamide 5.50a
DAD1 C, Sig=210,4 Ref=off (C:\CHEM32\2\DATA\AMAAN\2019-07-27\021-0501.D)
mAU ]
100 ()
80
60
! N
40 L
20 P
3 s
] &
0 T : Edv\.
T — — T T T T ‘ — — — T — T T : — T
5 10 15 20 25 min|

Signal 1: DADl C, Sig=210,4 Ref=off

Peak RetTime Type Width Area
#  [min] [min] [MAU*S ] [MAU] %

1.0659 8066.80420 111.78791 99.3867
0.8456 49.77714 9.81139%e-1 0.6133

1 19.124 BB
2 22.776 MM

Totals : 8116.58134 112.76905
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(S)-Pivalamide 5.50b
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(+)-Pivalamide 5.50b
DAD1 C, Sig=210,4 Ref=off (C:\CHEM32\2\DATA\CHRIS\2019-07-11\031-1701.D)
mAU 8L

Signal 1: DAD1 C, Sig=210,4 Ref=off

Peak RetTime Type Width Area Height Area
# [min] [min] [MAU*s ] [MAU] %

1 5.003 vv 0.1348 767.14093 80.80962 50.2210
2 5.610 VB 0.1585 760.38782 67.99258 49.7790

Totals : 1527.52875 148.80220

(S)-Pivalamide 5.50b
DAD1 C, Sig=210,4 Ref=off (C:\CHEM32\2\DATA\CHRIS\2019-08-05\023-0501.D)
mAU
500
400
300
200
100
0 T

T T T T T T T T T T T T T T T T T T T T T T T

5 10 15 20 25 min
Signal 2: DAD1l C, Sig=210,4 Ref=off

5.013

Peak RetTime Type Width Area Height Area
#  [min] [min] [MAU*S] [mAU] %
e | == | =mmmmmmmee | =mmmmeee | =mmmmmee |
1 5.013 Vv 0.1808 126.23240 9.27309 1.6162
2 5.580 VB 0.1861 7684.32129 597.17950 98.3838

Totals : 7810.55369 606.45259
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(S)-cyclohexanecarboxamide 5.50¢
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(+)-cyclohexanecarboxamide 5.50¢

mAU 2 &
E 0 @
mAU - =3
g ™
120 - r
100 —
80 —
] ~
60 — @
1 @
40 =
205 - /4 S — T -
0 :‘77 T . g T T T T T T T T T T
10 15 20 25
rean neliime iype  wiuen nrca uciyuy nrca
Signal 1: DADl C, Sig=210,4 Ref=off
Peak RetTime Type Width Area Height Area
#  [min) [min] [mAU*s ] [mAU ] 3
e |mmmmmee | === - —mmn | e |
1 10.387 BB 0.4364 308.14096 10.75106 5.6265
2 13.848 BB 0.6063 5168.50635 132.14665 94.3735
Totals : 5476.64731 142.89771
(S)- cyclohexanecarboxamide 5.50¢
mAU =3
E o
g )
120 - r
100;:
80 —
] N~
60 ©
1 «
40 =]
20—: - /4 S S * A
0 ‘777 . T T T
5 10 15 20 25
Signal 1: DAD1 C, Sig=210,4 Ref=off
Peak RetTime Type Width Area Height Area
#  [min) [min] [mAU*s ] [mAU ] 3
e -|
1 10.387 BB 0.4364 308.14096 10.75106 5.6265
2 13.848 BB 0.6063 5168.50635 132.14665 94.3735
Totals : 5476.64731 142.89771
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(S)-phenylacetamide 5.50d
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(+)-phenylacetamide 5.50d

DAD1 B, Sig=230,4 Ref=off (1-Nov-2019\31-OCT-2019 2019-11-01 10-04-33\002-96-AK-0052-0095-rac.D)

mAU 2 NS
> ]
500
400
300
200
100
0 Y PSS |\ ) S— .
—
5 10 15

Signal 2: DAD1 B, Sig=230,4 Ref=off

T T T T T T T T T T T T

20 25 min

Peak RetTime Type Width Area Height Area
# [min] [min] [mAU*s] [mAU] %
ininindl Etettettty [==== === [ === | ======—— [======== |
1 9.969 BB 0.2953 1.24203e4 601.79449 50.0175
2 12.374 BB 0.3257 1.24116e4 539.88324 49.9825

Totals : 2.48319e4 1141.67773

(S)- phenylacetamide 5.50d
DAD1 B, Sig=230,4 Ref=off (1-Nov-2019\31-OCT-2019 2019-11-01 10-04-33\005-97-CMBF-0039-0135.D)
mAU o

100

80
60 |

40

T T T T T T T T T T T T T T T T T T T T T T T T T T T T T ]

5 10 15 20 25 min
Signal 2: DADl B, Sig=230,4 Ref=off

Peak RetTime Type Width Area Height Area
# [min] [min] [mAU*s] [mAU] %
=== [====|=====—= [=======— [=======—== [========
1 10.091 BB 0.1825 29.42900 1.91270 1.1574
2 12.382 BB 0.3081 2513.15894 115.86034 98.8426

Totals : 2542.58794 117.77304



(S)-pyran carboxamide 5.50e
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(+)-pyran carboxamide 5.50€
DAD1 A, Sig=210,4 Ref=off (1-Nov-2019\31-OCT-2019 2019-11-01 10-04-33\032-98-AK-0052-0093.D)
N~

mAU

250

9.838

200
150
100

50

o

5 10 15 20 25 min|
Signal 1: DAD1l A, Sig=210,4 Ref=off

Peak RetTime Type Width Area Height Area
# [min] [min] [mAU*s] [mAU] %
=== |====1 | === | = | ======== |
1 9.838 BB 0.5782 1.02362e4 216.05847 50.1859
2 14.507 BB 0.4867 1.01603e4 298.80368 49.8141

Totals : 2.03965e4 514.86215

(S)- pyran carboxamide 5.50e

DAD1 A, Sig=210,4 Ref=off (1-Nov-2019\31-OCT-2019 2019-11-01 10-04-33\035-99-CMBF-0039-0125.D)
o

3

>

c
1

i

120
100

P P

5 10 15 20 25 min
Signal 1: DAD1 A, Sig=210,4 Ref=off

Peak RetTime Type Width Area Height Area
# [min] [min] [mAU*s] [mAU] %
| | ====1 | | | === |
1 10.354 MM 0.9799 88.43910 1.50416 1.9941
2 14.702 BB 0.3927 4346.60986 136.60260 98.0059

Totals : 4435.04897 138.10676
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(S)-N-Cbz piperidine amide 5.50f
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(+)-N-Cbz piperidine amide 5.50f:

DAD1 C, Sig=210,4 Ref=off (C:\CHEM32\2\DATA\AMAAN\2019-08-29 1\021-0701.D)

mAU 2
150 - P s
125 -
100
75
50
25
05“4444, — —
2% -
5 10 15 20 25 min|
Signal 1: DADl1 C, Sig=210,4 Ref=off
Peak RetTime Type Width Area Height Area
# [min] [min] [mMAU*s] [mAU] %
el e [-===]=====- [-====—- [-===——- |-===- |
1 13.744 BB 1.4529 1.59141e4 169.26764 50.0525
2 20.845 BB 1.8050 1.58808e4 127.50879 49.9475
Totals : 3.17949%e4 296.77643
(S)- N-Cbz piperidine amide 5.50f:
DAD1 C, Sig=210,4 Ref=off (C:\CHEM32\2\DATA\AMAAN\2019-08-30\061-0701.D)
mAU
o
100 o
N
80
60
40 o
(]
20 @ \—‘/
0 S .
-20
" T " T T " v T T T T T T T T T T T T T T T N N T N T N T
5 10 15 20 25 min|

Signal 1: DADl1 C, Sig=210,4 Ref=off

Peak RetTime Type Width Area Height Area
# [min] [min] [mAU*s] [mAU] %

e L e e R |-=mmmmm - |-=mmmmm - |--—----- |
1 13.981 BB 0.5363 191.27362 4.95513 1.3938
2 20.075 BB 1.5830 1.35318e4 118.25837 98.6062

Totals : 1.37231e4 123.21350
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(S)-Phth-glycine amide 5.50g
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(+)-Phth-glycine amide 5.50g
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DAD1 C, Sig=210,4 Ref=off (C:\CHEM32\2\DATA\CHRIS\2019-08-13 1\022-0701.D)

mAU J 3
300
250
2004
150 4
100 4
504
0F—— S =
E T T T T T T T T T [ T T T T ‘ T T T T ‘ T T T T T T
5 10 15 20 25 min
Signal 1: DAD1 C, Sig=210,4 Ref=off
Peak RetTime Type Width Area Height Area
#  [min] [min] [MAU*S ] [MAU] %
e e |==mmmmme- e — e |
1 17.404 BV 0.7204 1.70021le4  362.99741 49.9559
2 20.233 VB 0.7666 1.70322e4  334.19327 50.0441
Totals : 3.40343e4  697.19067
(S)- Phth-glycine amide 5.50g
DAD1 C, Sig=210,4 Ref=off (C:\CHEM32\2\DATA\CHRIS\2019-08-13 1\023-0501.D)
mAU 7
400
300
200 o
1 8
100-E :
0 :
- T T T T T T T T T T T T T T T T T T T T T T T T T T
5 10 15 20 25 min

Signal 1: DAD1 C, Sig=210,4 Ref=off

Peak RetTime Type Width Area Height Area
# [min] [min] [MAU*s ] [mAU] %
e R e o |=mmmmme- |--mmo- |
1 17.853 BV 0.6325 740.67694 16.66547 2.5624
2 20.216 VB 0.7857 2.81644e4 547.89539 97.4376

Totals : 2.89050e4 564.56085
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(S)-benzamide 5.50h
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(+)-benzamide 5.50h

DAD1 D, Sig=230,16 Ref=360,100 (C:\CHEM32\2\DATA\CAITLIN\2019-08-14\035-1901.D)
mAU 1 ]
400
300 -
200 -
100 -
e :
T T T T T T T T T T T T T T T T T T T T T T T T T T T T T
5 10 15 20 25 min
Signal 3: DAD1 D, Sig=230,16 Ref=360,100
Peak RetTime Type Width Area Height Area
# [min] [min] [mAU*s] [mAU] %
Bt e R o |-=mmmmm |
1 17.066 VB 0.8521 2.98950e4 546.56543 50.0149
2 21.162 BB 1.0538 2.98772e4 444.71542 49.9851
Totals : 5.97723e4 991.28085
(S)- benzamide 5.50h
DAD1 D, Sig=230,16 Ref=360,100 (C:\CHEM32\2\DATA\CAITLIN\2019-08-14\036-2301.D)
mAU -
200 - <
150 -
100
] [l
50 5
] =
0 r— * * ~ I - - - - . - T T v I ' r T r T T T
5 10 15 20 25 min

Signal 3: DADl1 D, Sig=230,16 Ref=360,100

Peak RetTime Type Width Area Height Area
# [min] [min] [MAU*s] [mAU] %
il Bl [ === === [=======——- | === [======== |
1 17.578 BB 0.4992 142.68413 4.14934 0.8498

2 21.519 BB 1.0024 1.66485e4 254.08482 99.1502

Totals : 1.67912e4 258.23416
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(R)-pivalamide 5.52a
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(+)-pivalamide 5.52a

DAD1 A, Sig=210,4 Ref=off (29-Oct-2019\October-28-2019 2019-10-29 09-07-38\061-88-CDPoff-0035-0153.D)

mAU ] R S
] 3 )
[ee]

5 10 15 20 25 min
Signal 1: DAD1 A, Sig=210,4 Ref=off

Peak RetTime Type Width Area Height Area
# [min] [min] [MAU*s] [mAU] %
| [l |——== [ === | ===
1 16.126 BB 0.3726 2631.26929 88.56808 49.1456
2 18.501 BB 0.4307 2722.75781 75.95327 50.8544

Totals : 5354.02710 164.52135

(R)- pivalamide 5.52a

DAD1 A, Sig=210,4 Ref=off (11-Nov-2019\11-NOV-2019 2019-11-11 08-17-06\046-75-CDPoff-0035-0149.D)
mAU 3 3 RS
] >
140 &
120 QT@""
100—; \
80~; ,\
60 ‘ &
40- N 3 &
20_E \f‘ N s &'6'
05 h\«/\\\J\\\vkﬁ‘gm\‘g,/\\‘,;v_lm;\_,\_,_kf?il\~J- B —
1 T T T T T T T T T T T T T T T T T T T T T
0 5 10 15 20 25 min
Signal 1: DAD1 A, Sig=210,4 Ref=off
Peak RetTime Type Width Area Height Area
# [min] [min] [mMAU*s] [mAU] B
il ettt [ === === [ === [====mm——= [======== I
1 16.053 MM 0.4373 108.02784 4.11707 1.5433

2 18.386 MM 0.7130 6891.71094 161.10773 98.4567

Totals : 6999.73878 165.22480
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(R)-Phth-glycine amide 5.52b
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(+)-Phth-glycine amide 5.52b

223

DAD1 B, Sig=230,4 Ref=360,100 (12-Dec-2019\CDP-BLAKEY 2019-12-12 10-49-45\006-P2-B3-CDPoff-0035-0146.D)

mAU S & ox WX
o T 9
40 h e;w%% «sff;b
| @ @
30 \ ‘TF | \Y
{1
20 [
[ ‘\
10 “ \\ /‘ \
0- Nt N N e /J/'J \y \»—,—-N.,, S
‘ T T T min
Signal 2: DAD1 B, Sig=230,4 Ref=360,100
Peak RetTime Type Width Area Height Area
# [min] [min] [mAU*s] [mAU] %
S R P | =nmmeeee |-mmmeeeee |-nmmeees |
1 26.808 MF 0.9051 2590.33911 47.69818 50.0793
2 29.127 FM 0.9676 2582.13672 44.47890 49.9207
Totals : 5172.47583  92.17709

(R)-Phth-glycine amide 5.52b

DAD1 B, Sig=230,4 Ref=360,100 (19-Dec-201...c-2019 2019-12-19 14-02-08\006-P2-B1-CDPoff-0035-0168_HPLC.D)

mAU ';_ '\r;,

] [ oo
400 ‘ “v@
300 [

] | N
200 R %°

] [ 32 r{}/

] \ © a
100 R

IRE=X
0 £ e — — — — n "V/ \j/\ﬁ— —_ - ~
B T T T T T T T T T T T T T T T T T T T T T
10 20 30 40 50 min

Signal 2: DAD1 B, Sig=230,4 Ref=360,100

Peak RetTime Type Width Area Height Area
# [min] [min] [mAU*s] [mAU] %
S R PN |-mmnmeeeee |-mmmmeeeee |-nnnnee |
1 29.131 MF 0.9020 3.03213e4 560.25873 93.0761
2 31.618 FM 1.0542 2255.60840 35.66072 6.9239
Totals : 3.25769e4 595.91945
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(+)-pivalamide 5.52¢

DAD1 D, Sig=230,16 Ref=360,100 (CACHEM32\2\DATAAMAAN\2019-09-291092-0301.D)

mAU >
1000 -
800 -
600 -
400
200 -
04

17.971

g ' ' I I 1|0 I , ' ‘ 15 ' I I I 20 I ' I ' 25 ' ' I I min
Signal 1: DADL D, Sig=230,16 Ref=360,100

Peak RetTime Type Width Area Height Area
# [min] [min] [mAU*s] [mAU] %
e EEE e | ====|======= | =====mm= | ====mmmm- | =====-== |
1 13.201 w 0.5408 4.32601e4 1193.61682 49.6816
2 17.971 BV 0.7675 4.38145e4 835.98889 50.3184

Totals : 8.70746e4 2029.60571

(R)- pivalamide 5.52¢
DAD1 D, Sig=230,16 Ref=360,100 (C:\CHEM32\2\DATA\AMAAN\2019-11-14\008-0501.D)
mAU =
1500 - ©
1250
1000 -
750 &
500 ~
E 3]
250 )
0] _ S

T T T T T T T T

T T T T T T T T T T T T T T T T T T T

5 1T0 15 20 25 min|
Signal 1: DAD1 D, Sig=230,16 Ref=360,100

Peak RetTime Type Width Area Height Area
# [min] [min] [mMAU*s] [mAU] %
== |- [==== === [ === | === |======
1 13.117 vv 0.8071 9.34638e4 1826.09387 98.3687
2 18.317 MM 1.0358 1549.98071 24.93963 1.6313

Totals : 9.50138e4 1851.03350
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(R)-Phth-glycine amide 5.52d
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(+)-Phth-glycine amide 5.52d
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DAD1 C, Sig=210,4 Ref=off (C:\CHEM32\2\DATA\CHRIS\2019-12-05 1\031-0601.D)
mAU
12
10
8
6
4
2
0 N NP
72 T T T T T T T T T T T T T T T T T T T T T T T T T T T T T T T T T T T T T
5 10 15 20 25 30 35 min
Signal 1: DAD1 C, Sig=210,4 Ref=off
Peak RetTime Type Width Area Height Area
# [min] [min] [MAU*S] [mAU] ]
e e B | =mmmmmmee | =mmmmmeee o |
1 25.433 MM 1.3514 1177.55273 14.52247 52.1740
2 29.060 MM 1.4997 1079.41809 11.99581 47.8260
Totals : 2256.97083 26.51828
(R)- Phth-glycine amide 5.52d
DAD1 C, Sig=210,4 Ref=off (C:\CHEM32\2\DATA\CHRIS\2019-12-05 1\032-0401.D)
mAU
150
125
100
75 3 ép
50 N 3 (&
25 ‘ & o &
0 T —
- T T - T T 1 T T T 1 1 LS ) H
5 10 15 20 25 30 35 mir

Signal 2: DAD1 C, Sig=210,4 Ref=off

Peak RetTime Type Width Area Height Area
# [min] [min] [MAU*s] [MAU] %
e e |==mmmooee |-mmmoem o |
1 25.224 BB 1.0140 1269.50793 15.49218 91.8678
2 28.663 MM 1.3726 112.37718 1.36449 8.1322
Totals : 1381.88512 16.85667
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(R)-pivalamide 5.52e

S 9 g9 9 8 2 2 2 9 9 2 2 ° o 8 s o
g 8 8 s g3 2 3 2 8 2 =
8 2 S 8 = H 8 8 S S ¢ 2888 8 S 858885 828888 ¢8 g g g g 8 g
3 8 R 3 B g @ & e I & 8 &8 &§ @ @ &t ¢ © 3 © & £ 2 § § R 8 8 § 8 & ¢ o v 9
1 L L 1 1 L Il 1 L L L L Il Il L L L L L L L L Il L 1 L L 1 Il L L Il L I Il Il
o
e
Lo
8
Lw
3
czo—
Lo
—— T
o =
68’82~
Lo wie"
T oove [ 2
v
vrae—
Lo
2
so0s— -]
Lw
8
iseo—
Lo
3
Lw
2
Fooez
Lo
3
ool wE
<8
Lo
2
= sz
wu—
FosoL L w
2
E oo voin— :
| o toei—
2 e i
seen >
S
o Lw (&)
4 ‘ 4
T = Lo T B
-4 (&) ~ uly-4 o
= =
o o
— Eoeso |
2
o Q, o Q
- vy g
Lo
@ 99'LLL— ———
/ a
@, Lw @,
® ©
£
o
Q rs 9
? ?
Lw
2
=

-20

-10

210 200 190 180 170 160 150 140 130 120 110

20

1 (ppm)



229

(+)-pivalamide 5.52e

mAU | g8

{ Al ©

< %
600
400
200

0; {
5 10 15 20 25

Signal 1: DAD1 D, Sig=230,16 Ref=360,100

Peak RetTime Type Width Area Height Area
# [min] [min] [MAU*s ] [MAU ] %
—mmm o P | ==mmmmmm e R | === |
1 4.249 BV 0.1793 1.00245e4 827.66113 50.5216
2 4.808 VB 0.2003 9817.56543 732.81635 49.4784

Totals : 1.98421e4 1560.47748

(R)- pivalamide 5.52e

mAU
700

600
500
400
300 -
200

100 -

5:231

whi oo

ool
+4.549

o

5 10 15 20 25
Signal 1: DAD1 D, Sig=230,16 Ref=360,100

Peak RetTime Type Width Area Height Area
# [min] [min] [mMAU*s ] [mAU] %
memmfmmmmeee P B |==mmmmee | =mmmmm e R |
1 4.549 VvV 0.2670 1279.76208 71.44872 9.8542

2 5.231 VvV 0.2262 1.17072e4 784.25903 90.1458

Totals : 1.29870e4 855.70775
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(R)-Phth-glycine amide 5.52f
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()-Phth-glycine amide 5.52f

DAD1 B, Sig=230,4 Ref=off (17-Dec-2019\17-Dec-2019 2019-12-17 17-13-59\003-83-AK-0052-0115.D)
mAU ] N
E [ o8 o P
15 [T\ 5 8
1257 ¥ B
10- [
75 \
: AN N
259 | |} o/ e
s AN~
0= L L A A L L T — T T
10 20 30 40 50 60 70 min
Signal 2: DADl1 B, Sig=230,4 Ref=off
Peak RetTime Type Width Area Height Area
# [min] [min] [MAU*s] [mAU] %
- [ === | ——=——- | —————- | -——————-
1 41.807 MM 3.2564 3352.10791 17.15645 48.5946
2 58.306 MM 5.9019 3545.99854 10.01379 51.4054
Totals 6898.10645 27.17023
(R)-Phth-glycine amide 5.52f
DAD1 B, Sig=230,4 Ref=off (19-Dec-2019\17-Dec-2019 2019-12-19 10-19-15\006-84-AK-3-219.D)
mAU "b\
E &
60— / '.{ﬁ:;b
50 / \
40~ / \
30 o / \
] v /
I g 5 / \
10 ‘ &
0 \L“\_ . S T~ /\47/;'?3\—, — / S~ —_—
T T e s 60 - 70 min
Signal 2: DADl B, Sig=230,4 Ref=off
Peak RetTime Type Width Area Height Area
# [min] [min] [MAU*s] [mAU] %
e EEEEEE | == | |- | = |- |
1 41.231 MM 3.2846 794.28815 4.03041 3.0436
2 56.167 MM 5.8123 2.53031e4 72.55560 96.9564
Totals 2.60974e4 76.58601

231



232

(R)-pivalamide 5.52g
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(+)-pivalamide 5.52g

DAD1 C, Sig=210,4 Ref=off (C:\\CHEM32\2\DATA\CAITLIN\2019-02-25\041-0201.D)
mAU 1 8
E ©
80
60
40
20
0
e
5 10 15 20 25 mir|

Signal 1: DAD1l C, Sig=210,4 Ref=off

Peak RetTime Type Width Area Height Area
# [min] [min] [MAU*s ] [MAU] %
o o |==mmmee- e R

1 7.509 BV 0.2528 1852.07629 107.60557 49.7381
2 8.335 VB 0.2887 1871.58264 95.46971 50.2619
Totals : 3723.65894 203.07528

(R)-pivalamide 5.52¢g

DAD1 C, Sig=210,4 Ref=off (C:\CHEM32\2\DATA\CHRIS\2019-10-09\084-0201.D)

—

3
>
c

150

100

50

Signal 2: DAD1 C, Sig=210,4 Ref=off

Peak RetTime Type Width Area Height Area
#  [min] [min] [MAU*S ] [mAU] )
o R e O | -mmmmmee- | -mmme- |
1 7.598 MM 0.4611 74.01132 2.67536 1.6245
2 8.431 VB 0.3117 4481.90283 207.74052 98.3755

Totals : 4555.91415 210.41588



(R)-Phth-glycine amide 5.52h
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(+)- Phth-glycine amide 5.52h

mAU 5 3
©
120 N
100 /\
80 \
60 { \
40 /
20
i I o N )
i - : - - T - - - - - - : - - T : - - : T - : - - T :
0 5 10 15 20 25
Signal 1: DAD1l A, Sig=210,4 Ref=off
Peak RetTime Type Width Area Height Area
# [min] [min] [mMAU*s] [mAU] %
| | === === [ === [ === | === |
1 18.457 BV R 0.4429 4955.47949 135.42155 49.8705
2 21.655 BB 0.5359 4981.21240 109.15691 50.1295
Totals : 9936.69189 244.57847
(R)- Phth-glycine amide 5.52h
mAU a
500
400 - ’
300 \
200
, ™
4 ™
100 — N
0- N T~
T T T y T T T T T T T T T T T T T T T T T T T T T T
10 15 20 25

0 5
Signal 1: DAD1 A, Sig=210,4 Ref=off

Peak RetTime Type Width Area Height Area
# [min] [min] [mMAU*s] [mAU] %
=== |- === |—=====—- | === | ===
1 18.429 BB 0.5074 2.18200e4 538.26617 95.4123
2 21.733 BV R 0.5099 1049.16833 24.14909 4.5877

Totals : 2.28691e4 562.41527
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.52i

(S)-pivalamide 5
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(+)-pivalamide 5.52i

237

DAD1 C, Sig=210,4 Ref=off (CA\CHEM32\2\DATA\CHRIS\2019-08-09\021-0201 D)
mAU ] 2
= D
400
300
200 ‘
100 \¥
05.,.|,,‘:“,.,‘,.,|.,.| —
5 10 15 20 25 min
Signal 1: DAD1l C, Sig=210,4 Ref=off
Peak RetTime Type Width Area Height Area
#  [min] [min] [MAU*s ] [MAU ] %
mem e e | =mmmmm e e |- |
1 8.270 BB 0.2251 7979.37158 537.64404 49.9904
2 9.370 BB 0.2526 7982.44971 483.54959 50.0096
Totals : 1.59618e4 1021.19363
(S)-pivalamide 5.52i
DAD1 C, Sig=210,4 Ref=off (C\CHEM32\2\DATA\CHRIS\2019-08-09\022-0401 D)
mAU P
1500 4
1250 5
1000
7503 |
500 3
250 ©
04
————— ;
5 10 15 20 25 mir|

Signal 2: DAD1l C,

Peak RetTime Type
# [min]

Sig=210,4 Ref=off

width Area Height Area
[min] [MAU*s ] [MAU ] %

1 8.109 vv
2 9.064 VB

Totals :

0.2769 2515.46436 130.49010 6.6902
0.3233 3.50839e4 1725.01147 93.3098

3.75993e4 1855.50157
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.52

(S)-Phth-glycine amide 5

1400

1300

~1200

1100

1000

900

800

700

600

500

400

300
200
100

100

{7500
[~7000

[~6500

6000

5500

5000
[~4500
4000
[~3500
3000
2500
2000
1500
1000
[~500

-500

o

——

007

=001

602

=982
C

=02
=502

T
45 4.0

1 (ppm)

5.0

6607 —

6595 —

vrou—

s9EzL—"
Z~

686EL~

sLggL—
8L9L—

o
’\3‘0

-20

-10

T
920

T
110

T
120

T T T T T T T
200 190 180 170 160 150 140

T
210

20

1 (ppm)



239

(+)- Phth-glycine amide 5.52j

mAU -
300 - .
250 - S
E| > (ob‘
200 - NP o &
| @ @ R
150 = 92?50 ; 0,5.
100 = e
50 —
00— B T T - B
5 10 15 20 25
Signal 1: DAD1l C, Sig=210,4 Ref=off
Peak RetTime Type Width Area Height Area
# [min] [min] [mMAU*s ] [mAU] %
e P | ===mmmmmme | ==mmmmmme |~-mmmm- |
1 19.974 MM 0.9513 5793.55469 101.50015 51.2745
2 23.722 MM 1.1756 5505.54199 78.05405 48.7255
Totals : 1.12991e4 179.55421
(S)- Phth-glycine amide 5.52j
] ]
mAUi g @?
] & _ég
600 - &
3 S
400 — Q°
| © O
] S W
] 8
200 o
0 o o . — —_—
: —
5 10 15 20 25

Signal 1: DAD1l C, Sig=210,4 Ref=off

Peak RetTime Type Width Area Height Area
# [min] [min] [MAU*s ] [mAU ] $
e e | =mmmmmmmem | =mmmmm e o |
1 19.008 MM 0.8312 4400.37354 88.22954 6.9645
2 22.492 MM 1.1531 5.87824e4 849.64386 93.0355

Totals : 6.31827e4 937.87340
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(S)-pivalamide 5.521

CCMBF-0039-0165-F20-26-proton. 17 fid
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()-pivalamide 5.521

mAU o )
140 - - S
120 - N
100 -
80 -
60 -
40
20 -
Oé 444quﬂuwwww,“¢‘_,f\/~fxs_,g_”MA\‘_ﬁ., - — S

Signal 2: DADl1 B, Sig=230,4 Ref=off

Peak RetTime Type Width Area Height Area
# [min] [min] [MAU*s] [mAU] %
=== [====] === [======= | === | === |
1 13.732 BB 0.3546 3845.48267 152.53081 49.9790
2 16.249 BB 0.4231 3848.71924 126.26714 50.0210

Totals : 7694.20190 278.79794

(S)-pivalamide 5.521
mAU - q
700 -
600
500
400 -
300 -
200 -
100 -

13.806

0-

5 10 15 20 25
Signal 2: DAD1 B, Sig=230,4 Ref=off

Peak RetTime Type Width Area Height Area
# [min] [min] [mMAU*s] [mAU] %
=== | === === [ === | === |======—= |
1 13.806 BB 0.2922 508.97794 20.60517 1.9261
2 16.242 BB 0.4517 2.59169e4 795.23010 98.0739

Totals : 2.64258e4 815.83527



(S)-Phth-glycine amide 5.52m
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()-Phth-glycine amide 5.52m

244

DADT A, Sig=254.4 Ref=off (CA\CHEM32\2\DATA\CHRIS\2019-12-09\041-1301.D)
mAU *
24
15

T
5 10 15 20 25 30

Signal 1: DAD1 A, Sig=254,4 Ref=off

Peak RetTime Type Width Area Height Area
# [min] [min] [MAU*s] [MAU] %
e o B B |
1 40.373 MM 1.9487 298.65140 2.55428 45.0065
2 45.632 MM 2.6789 364.92325 2.27036 54.9935
Totals : 663.57465 4.82464

(S)-Phth-glycine amide 5.52m

DAD1 A, Sig=254,4 Ref=off (C:\CHEM32\2\DATA\CHRIS\2019-12-09\042-1501.D)
mAU

35
30

N
o
oy

T T T T T T T T T T T T T T

I
10 20 30

Signal 1: DAD1l A, Sig=254,4 Ref=off

Peak RetTime Type Width Area Height Area
#  [min] [min] [MAU*S ] [mAU] ]
o e e | =mmmmee- | -mmmee- | -mmee- |
1 40.035 MM 2.0817 5040.07373 40.35269 78.7840
2 44.978 MM 3.0088 1357.25916 7.51837 21.2160

Totals : 6397.33289 47.87106
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(+)-pivalamids.52n
DAD1 A, Sig=254,4 Ref=off (CA\CHEM32\2\DATA\CAITLIN\2019-11-08 3\011-0201.D)
mAU o

600 - g

500

400 -

300

200

100 -

0-

6.690

T T T T T T T T T T T T T T T T T T T T T T T T T T T T

5 10 15 20 25 min|
Signal 1: DAD1 A, Sig=254,4 Ref=off

Peak RetTime Type Width Area Height Area
# [min] [min] [MAU*s] [mAU] %

e it B | === | === |- !
1 5.031 VB 0.1722 8128.28955 686.04407 50.1367
2 6.690 BB 0.3005 8083.97021 395.41028 49.8633

Totals : 1.62123e4 1081.45435

(S)-pivalamide 5.52n

DAD1 A, Sig=254,4 Ref=off (C:\CHEM32\2\DATA\CAITLIN\2019-11-08 3\012-0401.D)

mAU >
3 N;
] d &
2000 P
3 P
1500 *
3 ©
1000 &
] N+
500 - e &
] hsg?
0] —
T T T T T T T T T T T T T T T T T T T T T T T T T T T T T
5 10 15 20 25 min

Signal 1: DADl A, Sig=254,4 Ref=off

Peak RetTime Type Width Area Height Area
# [min] [min] [mAU*s] [mAU] %
e R | === == |==mmmmm |- | === !
1 5.020 MM 0.2419 3.56814ed4 2458.60937 98.6136
2 6.710 MM 0.4265 501.64560 19.60351 1.3864

Totals : 3.61831led4 2478.21289
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(S,E)-Phth-glycine amide 5.520
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(£)-Phth-glycine amide 5.520

248

DAD1 C, Sig=254,4 Ref=off (13-Nov-2019\15-NOV-20198 2019-11-15 14-44-37\007-93-CMBF-0039-0156.D)
mAU ] % R o
4 . © fb
] N 8 &v
] 3 > S
40 [ @ 8 B
] ] ‘Qﬂ Yse;
- | ﬂ \
E ) /
20: } \
10 / \
d AV |
e — i
10 20 30 40 50 min

Signal 3: DAD1 C, Sig=254,4 Ref=off

Peak RetTime Type Width Area Height Area
i [min] [min] [MAU*s] [mAU] %
=== [==== === [====== [===== [======—= |
1 28.037 MM 1.6556 5111.39160 51.45485 50.4342

2 35.569 MM 2.3009 5023.37891 36.38676 49.5658

Totals : 1.01348e4 87.84162

(S)-Phth-glycine amide 5.520

DAD1 C, Sig=254,4 Ref=off (13-Nov-2019\15-NOV-2019B 2019-11-15 14-44-37\004-91-CMBF-0039-0158.D)
mAU P
600

500
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| \\ o &
100 | S 4
© @
0 /—q/ L i‘

T T T T T T T T

T T T T T T T T T T

T - - - -
10 20 30 40 50

Signal 3: DAD1 C, Sig=254,4 Ref=off

Peak RetTime Type Width Area Height
# [min] [min] [mMAU*s] [mAU] %
=== [ === === === [ === [ ========
1 28.037 MM 1.7505 6.83317e4 650.59467 97.7242
2 36.015 MM 2.3517 1591.27356 11.27731 2.27758

Totals : 6.99230e4 661.87197
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Chapter 6. Studies Towards the Total Synthesis of Darobactin A

In this chapter, we will discuss our efforts to develop a strategy for the synthesis of darobactin A,
a ribosomally-synthesised post-translationally modified peptide (RiPP) natural product. We will
begin with a brief introduction to RiPPs and their biosynthesis, followed by a discussion on the
structure and biology of darobactin A, an antibiotic that has shown activity against Gram-negative
bacteria. We will then discuss different synthetic strategies to assemble the right-hand Trps-Lys5
cross-link present in the natural product.
6.1 Introduction

Ribosomally-synthesised and post-translationally modified peptides (RiPPs) are an
emerging class of structurally diverse and biologically active natural products.»2 A distinct
characterising feature of these natural products is the presence of cross-linked peptide residues
as a result of post-translational modifications (PTMs) by various cyclising enzymes.
Biosynthetically, RiPPs originate from a precursor peptide made up of a central core peptide, a
leader peptide, and in some cases, a follower peptide (Figure 6.1). PTMs take place on the core
peptide to establish a modified core region. Removal of the leader and follower peptides then
generates the mature RiPP product.34 Advances in genome sequencing and genome mining
approaches have led to the rapid discovery of newer RiPP classes from novel biosynthetic gene
clusters (BGCs). In particular, cyclophane macrocycles formed by post-translational cyclisation

of a precursor peptide are increasingly common structural motifs in newer classes of RiPPs. These

| Leader | Core Follower

Post-translational modifications

~ Leader  Modified Core Follower

Proteolysis

RiPP

Figure 6.1: General representation of RiPP biosynthesis (Figure
adapted from Nat. Prod. Rep. 2020, DOI: 10.1039/donpo0027b)
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PTMs typically manifest as C—C or C-O bonds between an aromatic side chain (such as Trp or
Tyr) and another amino acid residue in the peptide.s

While modern bioinformatics tools have enabled the discovery of novel structural features,
further characterisation and biological evaluation of these RiPPs is necessary. For example, the
complete structure and relative stereochemistry of ryptides (6.2)° and the orphan RiPP derived
from the WGK gene cluster (6.3)7 have yet to be reported (Figure 6.2). Synthetic approaches to
these natural products would allow complete stereochemical characterisation and provide
valuable material for biological evaluation. Total synthesis also presents the opportunity to
confirm the structures of fully characterised RiPPs, as exemplified by Boger’s recent synthesis and
stereochemical re-assignment of streptide (6.4),%7 four years after its initial isolation and

characterisation.?

6.2, ryptides

N
NH, HoN
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6.3, Orphan RiPP .
(WGK gene cluster) 6.4, streptide \H SMe

NH,

Figure 6.2: RiPPs containing cyclophane macrocycles

The synthesis of RiPPs presented an ideal and significant opportunity for us to
demonstrate the synthetic applications of our recently reported synthetic methods and has
developed into a major research thrust of the Blakey lab. In particular, along with David Laws, a

graduate student in the Blakey lab, we are currently developing a synthetic route to darobactin A

17 Boger’s synthesis of streptide will be discussed in further detail later in this chapter.
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(6.1), a recently isolated RiPP that has shown preliminary biological activity against Gram-

negative bacteria.®°

6.2 Darobactin A — structure and biology

Trp‘ Asn? Trp3 Ser Ly35 Ser® Phe’ Heptapeptide backbones for darobactins B-E
6.5, darobactin B — Trp'-Asn-Trp3-Thr-Lys5-Arg-Phe
6.6, darobactin C — Trp'-Ser-Trp3-Ser-Arg®-Ser-Phe
6.6, darobactin D — Trp'-Asn-Trp3-Ser-Arg®-Ser-Phe
6.7, darobactin E — Trp'-Ser-Trp3-Ser-Lys5-Ser-Phe

Figure 6.3: Darobactins A—E

Darobactin A is produced by a silent biosynthetic gene cluster (BGC) in several strains of
Photorhabdus khanii and was first isolated and characterised in 2019 by Lewis and co-workers.°
Structurally, it is a modified heptapeptide with the amino acid sequence Trp'-Asn2-Trp3-Ser4-
Lyss-Ser¢-Phe” (Figure 6.3). The compound contains a post-translational modification in the form
of a C—C bond between indole-C6 of Trp3 and the [3-C of Lys5 (blue highlight), forming the right-
hand macrocycle. Though this cross-link is uncommon in cyclophane-containing RiPPs, a similar
macrocyclic Trp-Lys linkage is present in streptide (see Figure 6.2).9 Darobactin A also contains
an additional cross-link at the indole-C7 of Trp! in the form of an ether linkage with the -C of
Trp3 (green highlight), which is unprecedented in known RiPP post-translational modifications.
This cross-link forms the left-hand macrocycle of the natural product. The peptide precursor to
darobactin A is encoded by darA, the structural gene of the larger darABCDE operon. The darE
operon was found to encode a radical S-adenosyl methionine (SAM) enzyme, which are known to
catalyse free-radical reactions and were recently implicated in the formation of the Trp-Lys
cross-link present in streptide.? Lewis and co-workers suggest that this darE SAM enzyme is also
responsible for the formation of Trp'-Trp3 ether linkage. The authors’ search also unearthed
homologues of the dar operon that are proposed to encode four additional analogues of

darobactin A, darobactins B—E, with modified heptapeptide backbones (Figure 6.3, blue inset).
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All analogues of darobactin contain the Trp*-Trp3 ether cross-link. The Trp3-Lyss cross-link is also
preserved in darobactins B and E, but is modified to a Trp3-Args cross-link in darobactins C and
D. Although the peptide precursor for darobactin A was most commonly observed, only 3 mg/L
of the antibiotic was isolable from the strain of P. khanii in which it was most abundant.

Darobactin A exhibited activity against a range of Gram-negative pathogens like
Escherichia coli and Klebsiella pneumoniae, but was largely inactive against Gram-positive
bacteria. Lewis and co-workers observed in vitro inhibition of BamA, an outer membrane protein
(OMP) — and a component of the larger BamABCDE (BAM) complex — which is responsible for
folding and inserting additional outer membrane proteins from the periplasm into the outer
membrane. Darobactin A also exhibited in vivo activity against E. coli, K. pneumoniae, and
Pseudomonas aeruginosa.

The outer membrane is essential for the protection of Gram-negative bacteria, and its
disruption can be lethal.>13 To date, very few antibiotics can penetrate this barrier, highlighting
the significance of darobactin A’s anti-bacterial activity.'4'5 Furthermore, the inhibition of BamA
by darobactin A, a chaperone protein on the surface of the outer membrane, bypasses the
longstanding problem of membrane permeability of Gram-negative bacteria. This, coupled with
the low quantities of the antibiotic isolable from Nature, underscore the need for a synthetic route

towards darobactin A.

6.3 Synthetic strategies towards related cyclophane macrocycle natural products
Before embarking on a synthetic campaign of darobactin A, a brief overview of successful

synthetic strategies towards related cyclophane macrocycle natural products is appropriate.

Specifically, in this section, we will discuss prior syntheses of celogentin C and streptide, a recently

characterised RiPP natural product.
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6.3.1 Synthesis of celogentin C

pyroGlu’
Leu? 6.8, celogentin C

Figure 6.4: Celogentin C
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Scheme 6.1: Total synthesis of celogentin C via a Knoevenagel condensation/radical Michael addition
sequence (Castle, 2009)

Celogentin C is a non-ribosomal peptide natural product that displays antimitotic activity
by inhibiting tubulin polymerization (Figure 6.4).1-18 It is a modified octapeptide with the amino
acid sequence pyroGlu'-Leu>-Leus-Val4-Trps5-Pro°-Arg7-His8. The compound contains a C-C
cross-link between the -C of Leu? and indole-C6 of Trps (highlighted in green), reminiscent of

the Trp-Lys cross-link present in streptide and darobactin A, as well as a C—N cross-link between
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indole-C2 of Trps and N1 of His7 (highlighted in blue).

The first synthesis of this structurally daunting target was reported in 2009 by Castle and
co-workers (Scheme 6.1).192°¢ The Leu2-Trp5 cross-link was assembled by a Knoevenagel
condensation of modified tripeptide 6.9 with tryptophan-derived aldehyde 6.10 to provide olefin
6.11 as a single stereoisomer, followed by a radical Michael addition to install the iso-propyl group
in 6.12. However, diastereoselectivity of this reaction was poor, delivering 6.12 as a mixture of
diastereromers. A series of inter- and intramolecular peptide couplings delivered macrocycle
6.13. The Trps-His? cross-link was cleverly established with a novel intermolecular oxidative
coupling reaction between macrocycle 6.13 and Arg-His dipeptide 6.14. The reaction was
hypothesised to proceed through a dichlorinated intermediate which was converted to the
required monochlorinated intermediate with Pro-OBn, and subsequent hydrogenolysis to provide

6.15. Finally, macrocylisation and deprotection completed the synthesis of celogentin C (6.8).

X
NHBoc NHBoc
o] —
< Pd(OAc), (20 mol %) N 4
PhthN,, N CO,Bu AgOAc, (1.5 equiv) o NH CO,Bu
N + A N
Me H N BuOH, 110 °C, 46 h
| N 85% PhthN® N
Me Ts Ts
6.16 6.17 Me Me  6.18
@cozsn
X CO,Bu Me N

Me
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Scheme 6.2: Total synthesis of celogentin C via 8-aminoquinoline-directed f C—H arylation of Leu? (Chen,
2010)

In 2010, Chen and co-workers adopted a different strategy to address the Leu2-Trps cross-
link (Scheme 6.2).2! They forged the C—C bond via an aminoquinoline-directed Pd-catalysed 3 C—
H arylation of leucine 6.16 with indolyliodide 6.17 to provide 6.18 with excellent
diastereoselectivity. Conversion of the phthalimide group into an azide and global Boc protection

provided 6.19, which could be treated with LiOH and H.O, to remove the aminoquinoline
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auxiliary to provide carboxylic acid 6.20. Following a sequence of deprotection and peptide
coupling steps, this intermediate was converted to macrocycle 6.13, an intermediate in Castle’s
original route to celogentin C. Indeed, 6.13 was carried forward to the natural product following
Castle’s protocol for oxidative C—N coupling to form the Trps-His? cross-link and subsequently

close the right-hand macrocycle.

1) 'PrMgCl, THF, -30 °C
then CuBr-Me,S, -30 °C, then

0 (0]
CO,Me
COMe )N Me -
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Ng N ]L
0 SN
H

6.24 6.13

Scheme 6.3: Formal synthesis of celogentin C via addition to a Michael acceptor
equipped with a chiral auxiliary (Jia, 2010).

In the same year, Jia and co-workers completed a formal synthesis of celogentin C.22 Their
approach involved the Michael addition of the Grignard reagent of aryl iodide 6.22 to an acceptor
6.21 equipped with a chiral auxiliary, and subsequent trapping with NBS. Substitution of the alkyl
bromide with NaN; provided azide 6.23. Following removal of the chiral auxiliary to provide
6.24, a series of protecting group manipulations and peptide couplings provided Castle’s

macrocycle 6.13, thus constituting a formal synthesis of celogentin C.

6.3.2 Synthesis of streptide
First isolated from Streptococcus thermophilus,?324 streptide was fully characterised and
established as a RiPP by Seyedsayamdost and co-workers in 2015 (Figure 6.5).9 The macrocyclic

natural product is made up of a modified nonapeptide backbone with the amino acid sequence
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R configuration
(re-assigned in 2019)

Ala' " Lyszﬁ\/ NH,
e Z

H,N

Gly i Val®
07 NH
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6 Me Me
H o H 0]
Asp H{N\)J\N N\_)J\N N\.)J\OH
* I ays H :on o

HO (6] °©
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SMe

NH,

ZT

Figure 6.5: Streptide
Alar-Lys2-Glys3-Asp4+-Glys-Trpe-Lys7-Val8-Met9. Additionally, the compound contains one post-

translational modification in the form of a C—C bond between the -C of Lys2? and indole-C7 of
Trp® (highlighted in green), formed by a radical SAM metalloenzyme. Although initially assigned
with S configuration, the stereochemistry of the PTM stereocenter was reassigned in 2019 with
the disclosure of the first total synthesis of streptide by Boger and co-workers in collaboration
with Seyedsayamdost.8

In this approach to streptide (Scheme 6.4), the Lys2-Trp® cross-link was established by 8-
aminoquinoline-directed f C—H arylation of lysine 6.25 with diaryliodonium salt 6.26 to provide
6.27 in 59% yield with 6:1 d.r.*8 Use of an iodoaniline instead of the diaryliodonium salt only
resulted in modest yields of the arylated product. Intermediate 6.27 was converted to the
hexapeptide 6.28 through a sequence of protecting group manipulations and peptide coupling
steps. This hexapeptide was subjected to a previously developed macrocyclising heteroannulation
reaction with Pd(P'Bus). (1.1 equiv) to provide the cyclic core of streptide 6.29 after hydrolysis of
the C-terminal methyl ester with excess Me;SnOH; the use of LiOH resulted in epimerisation and
partial indole deacetylation. Attachment of the Lys7-Val8-Met? tripeptide chain, followed by global

deprotection of the tert-butyl esters and carbamates and the triethylsilyl ether, completed the

18 The major diastereomer had the correct relative stereochemistry and was carried forward to the completed natural
product, and the minor diastereomer was also converted to the epimer of streptide.
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synthesis of streptide.
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Scheme 6.4: Total synthesis and stereochemical re-assignment of streptide (Boger, Seyedsayamdost,
2019)
6.4 Evolution of a synthetic strategy towards darobactin A
6.4.1 Initial approach — enantioselective allylic amidation/oxidative cleavage

sequence
Our retrosynthetic plan for the synthesis of darobactin A is outlined in Scheme 6.5. The
natural product would be obtained by late stage installation of the Ser®-Phe” dipeptide chain and
global deprotection of bicyclic intermediate 6.30. The C-O cross-link between Trp* and Trps3
would be established by inter- or intramolecular Chan-Lam coupling between secondary alcohol
6.32 and boronic ester 6.31,25 which would in turn be accessed by C7—H borylation as reported
by Movassaghi and co-workers.2® The aminoalcohol motif in 6.32 would be assembled by
Sharpless asymmetric aminohydroxylation of acrylate 6.33.27 In this approach, Trp3-Lys5 cross-

linked motif would be set up by enantioselective allylic amidation of olefin 6.35 with serine-
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derived dioxazolone 6.34,28 followed by oxidative cleavage of the terminal olefin. Stereogenic
substrate 6.35 would be generated by a redox-relay Sigman-Heck reaction of arylboronic ester

6.36 with allylic alcohol 6.372° and Wittig olefination of the resulting aldehyde.

oTBS

H
N
N/g(
(o]
(6]

NPhth

coupling
oTBS Enantioselective allylic amidation/

/ oxidative cleavage
H

N .COMe

BocHN N

BuO,C o —
NTs
/ N\ NPhth
7~ Bpin 6.33
Sharpless asymmetric s 6.32 s
6.31 \aminohydroxylation
C7-H borylation Sigman-Heck
reaction/
methylenation C6-H borylation
B
uozC 1BuO,C _~_OH
OoTBS Oxidative Heck /
O, + — —Bpin 4+
BocHN/’;W \/,_o | 6.37
N-g N
6.34 s 636 NPhth

6.35 PhthN

Scheme 6.5: Initial retrosynthetic plan to access darobactin A via an allylic amidation/oxidative cleavage
sequence to assemble the Trp3-Lys5 cross-link.

We have already established conditions for the oxidative cleavage of enantioenriched
amide products derived from allylic amidation (see Chapter 5). However, in the context of
darobactin A, we had to ensure that stereogenic olefin and dioxazolone substrates were amenable
to our enantioselective allylic C—H amidation reaction without compromising their
stereochemical integrity. To this end, we prepared the racemic olefin substrate 6.38 with a
homoallylic stereocenter by In-catalysed allylation of commercially available alcohol 6.37
(Scheme 6.6).3° This substrate was then subjected to allylic C—H amidation with tert-butyl
dioxazolone 6.39a, catalysed by a racemic mixture of our recently developed planar chiral
rhodium indenyl catalyst 6.40. Under these conditions, pivalamide 6.41a was obtained in a

modest yield of 33% with 4.1:1 d.r, indicating that the homoallylic methyl substituent imparted
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very little stereoinduction to the reaction. We were therefore excited at the prospect of efficiently
selectively accessing both diastereomers of 6.41a using both enantiomers of 6.40.

To test this hypothesis, we prepared enantioenriched 6.38 following the sequence of steps

in Scheme 6.7. Wittig methylenation of biphenyl aldehyde 6.42 provided vinyl biphenyl 6.43.3!

Enantioselective hydroallylation of this substrate, as developed by Buchwald and co-workers,

provided (R)-6.38 in 67% yield with excellent enantioselectivity.32 (R,R)-6.40-catalysed

enantioselective allylic C—H amidation of (R)-6.38 with tert-butyl dioxazolone 6.39a or Phth-

glycine dioxazolone 6.39b provided the corresponding amide products (S,S)-6.41a (37% yield,

>20:1 d.r.) and (S,S)-6.41b (41% yield, >20:1 d.r.) in modest yields and excellent

oA
N A<V g asm

. Bu
Me (2 equiv) (2)-[Rh(2-Me-3-Ph-Ind)l,], (6.40, 5 mol %) Me

Me
InClg (5 mol %) AgNTf, (20 mol %), LIOAc (10 mol %)
TMS—Br (10 mol %) o LiNTt, (1 equiv) N
OH X
Hexane, r.t. " DCE (0.2 M), r.t., 48 h Ph HN (0]
43% %, 4.1:1 d.r.

o A o 33%, 4.1+1 dor. \i
u

(+)-6.37 (+)-6.38 (+)-6.41a

Scheme 6.6: Preparation and racemic allylic C—H amidation of racemic homoallylic stereogenic olefin

A. CuCl/(S,S)-Ph-BPE (2 mol %)
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| PPhszMeBr, KOBu (OMe),MeSiH (2 equiv)
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THF, -78 °C to r.t. OP(O)(OPh),
95% oh /\/
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6.42 67%, 99% e.e.
0o
o/[<
0
)QN/ 6.39a or 6.39b
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X H
LiOAC (10 mol %) HN_ _O
o H LiNTt, (1 equiv) Ph \[4

DCE (0.2 M), r.t., 48 h
(R)-6.38

(S,S)-6.41a, R = Bu, 37%, >20:1 d.r.
(S,5)-6.41b, R = CH,NPhth, 41%, >20:1 d.r.

0
o//<
o)
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(S,R)-6.41b, R = CH,NPhth

(R)-6.38

Scheme 6.7: Preparation and enantioselective allylic C—H amidation
of (R)-6.38
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diastereoselectivity (Scheme 6.7 A). The use of (S,S)-6.40 as the precatalyst, however, did not
provide any observable amide products, indicating that the (S,R) diastereomers of 6.41a and
6.41b are the mismatched diastereomers (Scheme 6.7 B). Unfortunately, the relative
stereochemistry of the Trps-Lyss cross-link in darobactin A corresponds to mismatched (S,R)-
diastereomer of 6.41. If this is to be a feasible strategy to establish this cross-link, further catalyst

and reaction development would be necessary in the context of allylic C—H amidation.
Me
(0]
PhthN )\/
\ (o]
6.45, (2 equiv) N\o>:
[(2-Me-3-Ph-indenyl)Rhl,], A
X (2.5 mol %) HN o
H AgSbFg (40 mol %) \E
CsOAc (5 mol %)
1,2-DCE (0.2 M), 40 °C Me" NPhth
42%,1:1.8 d.r. 6.46

6.44

Scheme 6.8: Enantioselective amidation of 4-
phenylbutene with Phth-alanine dioxazolone (Dr. Caitlin
Farr)

Concurrently, we investigated the use of stereogenic amino-acid derived dioxazolones in
our allylic amidation methodology. We have previously demonstrated the use of Phth-alanine
dioxazolone in racemic amidation reactions (see Chapter 5), which delivered the amide product
with low diastereoselectivity (1:1.5 d.r.). However, when 4-phenylbutene 6.44 was subjected to
enantioselective amidation with Phth-alanine dioxazolone 6.45 by Dr. Caitlin Farr (Scheme 6.8),
diastereoselectivity of the reaction remained low (1:1.8 d.r.). Based on the excellent
enantioselectivity observed when Phth-glycine dioxazolone was used (see Chapter 5), we
hypothesised that while the allylic C—N bond was being formed with high enantioselectivity, the
low diastereoselectivity was a result of the epimerizable stereocenters present in the alanine

fragment.

enantioenriched racemised

Me Mja/ My
: H
on CDI, NH,OH-HCI o ol - o
PhthN DCM, 0 °C to rt. PhthN OH DCM | >:O
o) 0 N—g
6.47 6.48 (£)-6.45

Scheme 6.9: Amino acid stereocenters racemise during dioxazolone
synthesis (Quincy McKoy)
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To probe this issue, Quincy McKoy, a graduate student in the Blakey lab, converted L-
Phth-alanine (6.47) to its corresponding hydroxamic acid 6.48. HPLC analysis confirmed that
no epimerisation had taken place at this stage. Treatment with CDI then converted hydroxamic
acid 6.48 to dioxazolone 6.45. HPLC analysis at this stage indicated that complete racemisation
of the alanine stereocenters had occurred during conversion to the dioxazolone, which explains
the low diastereoselectivity observed in Scheme 6.8.

We hypothesise that the key to suppressing racemisation during dioxazolone synthesis
would be to use a carbonyl source other than CDI, which generates basic imidazole during the
reaction. Additionally, it is possible that the use of the electron-withdrawing phthalimide
protecting group at the N-terminus exacerbates the acidity of the a-proton of the dioxazolone.
Therefore, we first turned our attention towards the synthesis of amino acid-derived dioxazolones

with carbamate protecting groups.

Ph Ph Ph
CDI, NH,OH-HClI H col
OH ——m N_ _— o
BocHN THF, r.t. BocHN OH DCM, r.t. BocHN 0 \Fo
¢ o) N—g
6.49 6.50 6.51

5 minutes - 7-10% yield
30-45 s, 46% yield
over two steps

0 0 0.9
m CDI (1.5 equiv), 2 h m CDI (1 equiv) D_<\ \[4
N N\ N N/O

\ OH NH,0H-HCI (2 equiv) HN—OH DCM, r.t., 15 min
Boc THF, r.t., 16 h Boc 37% over two steps \Boc

6.52 6.53 6.54

Scheme 6.10: Synthesis of stereogenic amino acid-derived dioxazolones

We targeted Boc-protected phenylalanine and Boc-protected proline derivatives as
suitable representatives of secondary and tertiary protected amines, respectively (Scheme 6.10).
Conversion of Boc-Phe-OH (6.49) to its corresponding hydroxamic acid 6.50 occurred smoothly
and the crude residue was carried forward. Surprisingly, we observed that carbonylative
cyclisation of this intermediate occurred almost instantaneously when treated with CDI at room
temperature. TLC analysis of the reaction mixture 3-5 minutes after addition of CDI showed
complete consumption of the hydroxamic acid and appearance of a new spot, which was
determined to be the desired dioxazolone 6.51 by 'H and 3C NMR. However, very low quantities

of dioxazolone 6.51 were isolable in yields ranging from 7—10% over two steps. Upon addition of
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CDI to the flask, the reaction mixture rapidly changed from a cloudy white suspension to a clear,
colourless solution (within 30 seconds). By quenching the reaction with saturated aqueous
NaHCOs as soon as its appearance changed, we were able to isolate 6.51 in 46% yield over two
steps. Similarly, Boc-Pro-OH (6.52) was converted to hydroxamic acid 6.53 and the crude
product was treated with CDI to provide dioxazolone 6.54 in 37% yield over two steps.

Unfortunately, solubility issues prevented Quincy from immediately establishing whether
any racemisation of these dioxazolones had occurred or not. In the meantime, we subjected
dioxazolones 6.51 and 6.54 to RhCp*- and IrCp*-catalysed allylic C—H amidation conditions (not
shown). However, no desired allylic amide products were observed in either case, even at elevated
temperatures. Instead, unidentified side products, presumably arising from dioxazolone
decomposition, were observed in the crude *H NMR spectra.

Our original plan for establishing the Trp3-Lys5 cross-link present in darobactin A centred
around an allylic C—H amidation/oxidative cleavage sequence of reactions, and we conducted
preliminary reactions to test the feasibility of stereogenic olefin- and dioxazolone-coupling
partners. The enantioselective allylic C—H amidation of a homoallylic stereogenic olefin showed
that the mismatched diastereomer was required for the synthesis of darobactin A, and that our
catalyst system was as yet unable to access this diastereomer. Secondly, Quincy McKoy
determined that chiral amino acid-derived dioxazolones racemised during their preparation,
severely hampering their utility in the synthesis of darobactin A. Furthermore, the allylic
amidation sequence does not deliver the product at the required oxidation state, requiring an
additional oxidative cleavage step to continue the synthesis. For these reasons, we decided to
abandon this approach, and develop an alternate strategy to assemble the Trp3-Lyss cross-link of

darobactin A.19

19 At this time, David Laws began working on this project alongside us, with the primary goal of establishing
conditions for the Chan-Lam coupling to forge the C—O-C linkage between Trp* and Trp3.



269

6.4.2 Revised approach — olefin carboamination

O\efln carboamination
BuO,C

OH  NPhth C7-H borylatlon/ o NHB"C NPhth
Chan-Lam coupling :

Sotes
6.33 6.55 6.56 6.57

Scheme 6.11: Revised plan to establish the Trp3-Lyss cross-link — stereoselective carboamination of
acrylate 6.57

Our revised strategy to establish the Trps-Lyss cross-link is shown in Scheme 6.11.
Intermediate 6.33 would be accessed by triflation and reduction of 7-hydroxyindole 6.55. The
C—C cross-linkage and the adjacent C—N bond would be formed stereoselectively via an ortho C—
H functionalisation/carboamination reaction between indole 6.56 and olefin 6.57. C7-H
borylation2¢ and Cu-mediated coupling would forge the aryl C—O present in 6.56.33 Glorius and
co-workers have previously shown that treatment of phenoxyacetamide (6.58) and "butyl acrylate
(6.59) with [CoCp*(CO)L.] (10 mol %) in the presence of AgSbFs (20 mol %), CsOAc (25 mol %),
and K;PO, (25 mol %) provides hydroxylated phenylalanine 6.60 in 82% yield (Scheme 6.12 A).34

The proposed mechanism for the CoCp*-catalysed carboamination reaction is depicted in
Scheme 6.12 B. Directed C(sp2)—H activation at the ortho position of phenoxyacetamide (6.58)
provides metallocycle 6.61. Migratory insertion with "butyl acrylate then forms the C—C bond to
provide alkyl Co(IIT)Cp*-complex 6.62. The authors propose that C—N reductive elimination at
this stage forms the C—N bond and provide Co(I)Cp*-complex 6.63. Oxidative addition and
protodemetalation then provides amino acid product 6.60 and regenerates the Co(III)Cp* active
catalyst. However, a mechanism in which oxidative addition to access a Co(V)-intermediate

precedes C—N reductive elimination cannot be ruled out. RhCp*-complexes were shown to be
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ineffective catalysts for the carboamination of acrylates, instead predominantly providing the

oxidative Heck products arising from (-hydride elimination of the alkyl Rh(III)Cp*-complex.

A. Carboamination of "butyl acrylate with phenoxyacetamide

[CoCp*(CO)l,] (10 mol %)
AgSbFg (20 mol %) o
CsOAc (25 mol %) )J\
H /\H/O"Bu K3PO, (25 mol %) HN Me
+
[°N 0"Bu

NH o TFE, 40°C, 22 h
)\ 3A mol sieves
o Me 82% oH °
6.58 6.59 6.60
B. Proposed catalytic cycle
j\ [Co(lll)Cp*(CO)ly]
6.58
HN™ Mo AgSbFe H
O"Bu CsOAc
KsPO, O
OH 6.60 O ® NHAc
[Co(II)Cp*OAc] HOAc + Base
2AcOH C—H activation
protodemetalation 6.61
o
oy /o
6.64 /Co Cp Cp*Co''—N
. N \
\ Ac
"BuO Ac
0 migratory
inserti
O-N oxidative nsertion
addition
o
\
o C—N reductive /’\IJH\ Ac
I elimination Co''Cp*
NAc BUO
\ u
Co'Cp* o 6.62

"BuO O 6.63

Scheme 6.12: CoCp*-catalysed intermolecular carboamination of
acrylates via directed C(sp2)—H activation of phenoxyacetamide
(Glorius, 2016)

An independent and simultaneous report from Liu and co-workers demonstrated that to
achieve the same reaction under RhCp*-catalysis, N-methoxyacrylamide was required as the
olefin acceptor (not shown).35 In Liu’s work, competitive B-hydride elimination of the putative
alkyl RhCp*-complex was suppressed by coordinatively saturating the metal centre with the N-
methoxyamide motif, while the oxidative Heck products were formed in the absence of a bidentate
coupling partner (as observed by Glorius and co-workers). A similar tactic was employed by Rovis
and co-workers in 2015.3% However, the use of CoCp*-catalysts obviated the need for such

limitations, due to the slower rate of B-hydride elimination of Co-complexes.
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For this strategy to be feasible in the context of darobactin A, certain advances had to be
made to the reactions reported by Rovis, Glorius, and Liu. Despite three iterations of
intermolecular carboamination triggered by C(sp2)—H activation, no asymmetric variants of this
reaction had been reported at this stage. We considered this an ideal opportunity to apply our
recently developed planar chiral indenyl complexes, which were originally developed for
enantioselective allylic C—H functionalisation, as catalysts for a mechanistically distinct reaction.
Secondly, both examples of carboamination with phenoxyacetamide, reported by Glorius and Liu,
involved terminal acrylates or acrylamides as the olefin reaction partner, respectively; we would
need to extend the scope of this reaction to include disubstituted olefins. Furthermore, by
appending an amino acid residue to the phenoxyamide, we could directly install the required
amino acid chain present in darobactin A. Lastly, Glorius’s work demonstrated that Co-catalysis
was essential for the successful carboamination of acrylates, which are more synthetically
tractable than N-methoxyacrylamides. We would need to expand our planar chiral indenyl

catalyst catalogue to include cobalt complexes.

o)
(R,R)-6.40 (2.5 mol %) )J\
H /\H/NHOMe K3PO4 (50 mol %) HN™  "Me
+
°N TFE, 60 °C, 22 h NHOMe
41\ 4A mol sieves

80:20 e.r. OH o

6.58 6.65 6.66

Scheme 6.13: Preliminary experiment — enantioselective
carboamination of N-methoxyacrylamide with phenoxyacetamide

As a preliminary experiment, we performed the enantioselective carboamination of N-
methoxyacrylamide (6.65) with phenoxyacetamide (6.58) under Liu’s conditions using (R,R)-
6.40 as the catalyst at 60 °C. The reaction proceeded very sluggishly and showed minor amounts
of the desired amino acid 6.60 and large quantities of unreacted phenoxyacetamide in the crude
'"H NMR spectrum. In order to avoid losing the small quantity of product that was observed, a

filtered sample of the crude reaction mixture was prepared and run down the chiral HPLC,
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showing a modest e.r. of 80:20 for this reaction.2° Unfortunately, we were unable to isolate pure
samples of 6.66 by chromatography on silica gel. Nevertheless, this experiment established that
we could apply our planar chiral rhodium indenyl catalysts to intermolecular carboamination

reactions.
OR3
(0]
S Y )iy X ()
' o N7 Me

ey H
6.68 -
0 6.72 (5 mol %) NHOMe OHHN
SNH or AgOTf (10 mol %)

A oo S
2 CsOAc, 4A MS (e} Me

0] R X

HFIP, 30 °C, 14 h
A@

6.67 6.70

6.71

Scheme 6.14: Co-catalysed enantioselective intermolecular carboamination of
monosubstituted acrylates and strained bicyclic olefins with aryloxyamides (Cramer,
2020).

For the reasons discussed earlier, and based on our preliminary experiments, we expected
that a chiral Co-catalyst would be necessary for this reaction to proceed efficiently. At this stage,
however, Cramer and co-workers reported the enantioselective intermolecular carboamination of
olefins with aryloxyamides using BINOL-derived Co-complex 6.72 (5 mol %) as the catalyst,
AgOTf (10 mol %) as the halide scavenger, and CsOAc as the base (Scheme 6.14).37 Under these
conditions, a range of substituted aryloxyamides could be applied to the carboamination of
various monosubstituted acrylates (6.68) and strained bicyclic olefins (6.69) to provide products

6.70 or 6.71, respectively. Consistent with previous findings from Glorius and Liu, Cramer and

0 > HNJ\Me
©\ + 0//<O 7777777777777777777777 - :
X _-CO,Me CO,Me
B(OH =/ Me” X
( )2 Me)\N e Me
6.72 6.73 6.74

Scheme 6.15: Proposed Co-catalysed enantioselective three-
component carboamination with an internal acrylate, an aryl
boronic acid, and a dioxazolone (Christopher Poff)

20 The peaks for (+)- and (-)-6.66 were identified by repeating the racemic reaction developed by Liu and co-workers.
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co-workers report that this reaction is specific to Co-catalysis; Rh-complexes were shown to be
ineffective catalysts for this reaction.

We therefore turned our attention towards further developing this reaction for the
enantioselective carboamination of 1,2-disubstituted acrylates as olefin acceptors that are more
representative of darobactin A. Furthermore, this reaction leaves behind a phenol moiety which
is absent on Trp3 of darobactin A and would have to be reductively removed. In the context of
RiPPs synthesis, future work will also be directed towards the development of a three-component
carboamination reaction with an internal acrylate, an aryl boronic acid, and a dioxazolone as the
amidating reagent (Scheme 6.15). This project was taken over by Christopher Poff, a graduate
student in the Blakey lab. In the meantime, we turned our attention towards an alternate strategy
to install the Trps3-Lyss cross-link present in darobactin A.

6.4.3 Current approach - iterative aminoquinoline-directed 3 C-H

functionalisation of alanine
OTBS

o o} o
BocHN 0 L Buo
i L SN | V 0
SooH \ M N L e L
. | E— ’ | E— w N
BuO,C Y 4 Me N
N
\ 17> NPhth ¢ :
NPhth
\Ts
6.33 6.75 6.76 6.77 6.78

Aminoquinoline-directed
B C-H alkylation

Scheme 6.16: Current plan to establish the Trp3-Lyss cross-link — iterative § C—H arylation/alkylation
sequence of alanine 6.78 equipped with an 8-aminoquinoline directing auxiliary

As our current strategy to assemble the Trps-Lys5 darobactin A cross-link, we are
investigating the iterative aminoquinoline-directed 3 C—H functionalisation of phthalimidoyl
alanine 6.78 equipped with an 8-aminoquinoline directing auxiliary (Scheme 6.16). Inspired by
Chen’s synthesis of celogentin C (see Scheme 6.2)2' and Boger’s synthesis of streptide (see Scheme

6.4),8 this approach would allow us to diastereoselectively form the C—C bond between the two
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amino acid residues. In both of these prior syntheses, f C—H arylation of a canonical amino acid
residue (Leu or Lys, respectively) stereoselectively formed the C—C cross-links present in the
natural products. The observed diastereoselectivity is a result of the putative trans metalacyclic
intermediate that is favoured during these reactions (Scheme 6.16, blue inset). However, the
relative stereochemistry of the Trp3-Lyss cross-link in darobactin A is opposite to those present in
celogentin C and streptide, thus ruling out direct f C—H arylation of lysine as a viable path
forward. Thus, this approach involves the sequential C—H arylation of alanine 6.78 with aryl
iodide 6.77, followed by diastereoselective C—H alkylation of 6.75 with alkyl iodide 6.76
proceeding through a trans metacyclic intermediate.

6.4.3.1 Aminoquinoline-directed 3 C—H alkylation of amino acids

-OAc
o 0] —Aryl
Pd(ll) cat. —Alkyl
PhthN,, N . PhthN,, N R2- -SiMes
H H —Alkene
. H N Ri R2 N —CH,R,(O)P
6.79 6.80

—CO,R

Scheme 6.17: 8-Aminoquinoline-directed § C—H functionalisation
of amino acids

The 8-aminoquinoline motif was first reported as a directing auxiliary for catalytic
reactions by Corey and co-workers for Pd-catalysed f C—H acetoxylation.3® § C—H arylation
reactions, the first examples of C—C bond formation, were also independently reported by Corey
and Daugulis.?9 In the intervening years since Corey’s seminal report, 8-aminoquinoline-directed
B C—H functionalisation of amino acids has been expanded to include alkylation, alkenylation,
silylation, and carboxylation, among other reactions (Scheme 6.17).40-42 While C—H arylation has
seen the most widespread use in the synthesis of complex molecules, as exemplified by the
syntheses of celogentin C and streptide, C—H alkylation reactions are comparatively much less

studied.
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Conditions A (Shi, 2013)
Pd(OAc), (10 mol %)

(BnO),PO,H (20 mol %) o
Ag,COj3 (2 equiv)
*AmylOH, 110 °C PhRION,,.
PhthN,, ~_~CO2Et Y N
Conditions B (Chen, 2013) N
Pd(OAc), (10 mol %) Ph
(BnO),PO,H (30 mol %) CO,Et
Ag,COj3 (0.8 equiv) 6.83
DCE/'BUOH (2:1), 90 °C A 85%,.50:1 d.r.
B 84%, >15:1 d.r.
o (o}
reductive PhthN,
COZEt phtini - 1 elimination " N
PhthN: ” Ee— “pgV - \ |
pd oxidative N pd'-N&
addition PH > N\ / Ph
EtO,C CO,Et
6.84 6.85 6.86

Scheme 6.18:  C—H alkylation of phenylalanine with alkyl iodides lacking  hydrogen atoms
(Shi, Chen, 2013)

In 2013, Shi43 and Chen4#4 independently reported the (3 alkylation secondary C—H bonds
of amino acids (Scheme 6.18). Under their very similar conditions, phenylalanine 6.81 could be
alkylated with a-iodoacetate 6.82 to provide modified peptide 6.83 in good yields. However,
these early reports were limited to alkyl electrophiles without B-hydrogen atoms. The authors
propose a catalytic mechanism in which oxidative addition of a-iodoacetate 6.82 with trans
Pd(IT)-metalacyclic 6.84 intermediate leads to Pd(IV)-complex 6.85. Rapid C—C reductive
elimination of this complex and protodemetalation of 6.86 then provides the desired product.
Alkyl electrophiles with f-hydrogen atoms were reportedly incompatible with this reaction due to
competing f-hydride elimination of the putative Pd(IV)-intermediate 6.85.

PhAN,,

Pd(OAc), (10 mol %) N
o Ag,CO; (1.5 equiv) H N
i X
PhthNﬁ s NPhth NaOCN (2 equiv) Ph
” SN
N Cl SO,NH
Ph H S 4©7 z 2
6.81 6.87

f 4-Gioxane 80020 h 6.89
77%, >30:1 d.r. NPhth
Scheme 6.19: Modified conditions for f C—H alkylation of phenylalanine with alkyl iodides
containing -hydrogen atoms (Shi, 2014)

In 2014, Shi and co-workers addressed this challenge and reported conditions for the 3
functionalisation of secondary C(sp3)—H bonds of amino acids with alkyl electrophiles containing
B-hydrogen atoms (Scheme 6.19).45 Key to the success of this reaction was the use of p-Cl-
benzenesulfonamide (6.88, 30 mol %) as a reversibly coordinating ligand to suppress -hydride

elimination of the Pd(IV) intermediate. NaOCN (2 equiv) was also added as an additional halide
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scavenger. Under these conditions, alkyl iodide 6.8 could be employed as an alkylating reagent
to provide modified peptide 6.89 in 77% yield and >30:1 d.r.
6.4.3.2 Model studies with phenylalanine

To test the feasibility of this strategy, we first decided to conduct the f C—H alkylation of
phenylalanine 6.81 with known differentially protected iodo-propylamine electrophiles 6.904%47
and 6.914849 (Scheme 6.20). Interestingly, under the reaction conditions, only trace amounts of
alkylation product 6.92 (identified by the presence of an indicative doublet a C—H peak) were
observed with low reproducibility when iodide 6.90 was used as the electrophile. When
iodosulfonamide 6.91 was used, no trace of alkylation product 6.93 was observed. In both cases,
complete consumption of the alkyl iodide electrophile and large amounts of unreacted 6.81 were
observed by TLC analysis and in the crude 'H NMR spectra. Additionally, the crude *H NMR
spectra indicated the presence of unidentified side products, presumably resulting from
decomposition of the iodide electrophiles. The presence of olefinic peaks suggests p-hydride

elimination as a possible side reaction pathway.

Pd(OAC), (10 mol %)
o AgzCO; (1.5 equiv) PRION,, AN\ |
NaOCN (2 equiv) H
PhthN
ﬁ H | PN Ph NS
N CI—< >—so NH
Ph”” “H X 2\

6.88 (30 mol %)

1,4-dioxane, 80 °C, 20 h R
6.81 6.90, X = NPhth not observed
6.91, X = NHTs 6.92, X = NPhth
6.93, X = NHTs
Scheme 6.20: Model § C-H alkylation of phenylalanine 6.81 with protected

iodopropylamines

This result was especially curious because Shi and co-workers have previously
demonstrated the use of iodide 6.87, which differs from iodide 6.90 only by a chain length of two
methylenes, as a feasible electrophile in this reaction (see Scheme 6.19). We hypothesise that alkyl
iodide electrophiles containing Lewis basic functionality (such as phthalimides or sulfonamides)
could coordinate the Pd center, thus preventing Pd(IV)-Pd(II) C—C reductive elimination. This
could explain the unproductive consumption of the aminoiodide electrophiles 6.90 and 6.91

under the reaction conditions, whereas aminoiodide 6.87, in which the Lewis basic functionality
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is two carbons further, leads to productive C—C coupling. We successfully repeated the  C—H
alkylation of phenylalanine 6.81 with 1-iodohexane, as reported by Shi and co-workers (not
shown), which suggested that the poor reactivity observed with iodides 6.90 and 6.91 was indeed

due to the Lewis basic functional groups present on these electrophiles.

Pd(OAc), (10 mol %)
o Ag,CO; (1.5 equiv) PhthN, N |
NaOCN (2 equiv) H
PhthN, I OTBDPS N
. +
J\A” ) T B P S
N cl SO,NH
Ph”” “H X 2\

6.88 (30 mol %)
solvent, 80 °C, 20 h OTBDPS
6.81 6.94 6.95

in 1,4-dioxane, 23%, >20:1 d.r.
in {AmylOH, 56%, >20:1 d.r.

Scheme 6.21: 3 C—H alkylation of phenylalanine 6.81 with alkyl iodide 6.94

We hypothesised that an electrophile containing a less Lewis basic amine-surrogate would
allow the reaction to proceed. With this in mind, we conducted the } C—H arylation of
phenylalanine 6.81 with iodo-silyl ether 6.94475° under Shi’s modified conditions. Indeed, this
electrophile had been previously used by Shi and co-workers in the functionalisation of (-
methylalanine. When we performed the reaction in 1,4-dioxane at 80 °C, we isolated modified
phenylalanine 6.95 in 23% yield as a single diastereomer (as determined by crude *H NMR).
Importantly, no side products arising from decomposition of iodide 6.94 were observed in this
reaction. We were able to increase the yield of 6.95 to 56% by switching the solvent to tAmylOH,
which is very well-precedented in reactions of this type. With a feasible electrophile for the f C—
H alkylation in hand, we decided to move on to the synthesis of the C—H arylation coupling
partner. We envisioned that the TBDPS-protected alcohol could eventually be displaced with a
sulfonyl-protected amine after f C—H functionalisation.
6.4.3.3 B C—H arylation with aryl iodide 6.77

We began our synthesis of aryl iodide 6.77 (see Scheme 6.16) with the oxidative C3
olefination of 6-bromoindole (6.96), adapting the procedure laid out by Gaunt and co-workers.5
Thus, treatment of 6-bromoindole with tbutyl acrylate in the presence of PA(OAc). (10 mol %) and

CuOAc (1.8 equiv) as an external stoichiometric oxidant in DMF at 70 °C for 18 h regioselectively
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provided the C3 alkenylated product 6.97 in 54% yield (Scheme 6.22). The indole nitrogen was
then protected with a Ts and p-Ns group to provide 6.98 (53%) and 6.99 (77%), respectively. We
expected to employ the same protecting group on the Trp* and Trp3 indoles as well as on the Lyss

amine, which could be simultaneously removed at a later stage in the synthesis.

/\COZ’BU CO,Bu CO,Bu
H Pd(OAc), (10 mol %) — sulfonyl chloride —
N\ Cu(OAc), (1.8 equiv) Et;N, DMAP (0.10 equv)
DMF N\ DCM, 0°Cto rt A\
Br N 70°C, 18 h
H 54% Br N Br N
H
R
6.96 6.97 6.98, R =Ts, 53%
6.99, R = p-Ns, 77%

Scheme 6.22: Synthesis of C3-alkenylated indoles 6.98 and 6.99
Before converting 6.98 and 6.99 to their respective aryl iodides, we first attempted the 3

C—H arylation of alanine 6.78 with the aryl bromides themselves. In 2014, Wu and Zeng reported
the B C—H arylation of aminoquinoline-containing carboxamides with aryl bromides (Scheme
6.23 A). Pd(TFA), was found to be a superior catalyst compared to Pd(OAc).. However, no amino

acid derivatives were reported in the substrate scope of this reaction.

A. Aminoquinoline B C—H arylation with aryl bromides (Wu, Zeng, 2014)

0}
Pd(TFA), (5 mol %)
PivOH (0.5 equiv) N
K>COj3 (3.5 equiv) H
N&
'AmyIOH, 120 °C, 36 h Me
94%
N—Me
6.100 6.101 6.102

B. Attempted B C—H arylation of alanine 6.78 with aryl bromides 6.98 and 6.99

Pd(TFA), (5 mol %)
PivOH (0.5 equiv)

o
o ¢} Br - I
N Hk K2COj3 (3.5 equiv)
,
- N
H | B0\ tAmyIOH, 120 °C, 36 h
o Me Na \
N

6.78 6.9
6.9

R
8, R=Ts 6.103, R=Ts
9, R = p-Ns 6.104, R =p-Ts

o Br o

H
BuO \ I i H
e
6.97 \NH HO™ ~O 6.105

(tentative)

Scheme 6.23: Aminoquinoline-directed § C—H arylation with aryl bromides
Unfortunately, when we attempted this reaction with aryl bromides 6.98 and 6.99 under

the reported conditions, we did not observe any arylated products 6.100 or 6.101 (Scheme 6.23

B). Instead we observed deprotected indole 6.97 as a major side product, as well as another
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compound that we have tentatively assigned as carboxylic acid 6.105, arising from ring-opening

of the phthalimide functional group.

6.5 Conclusion and Future Work

We have explored different strategies to assemble the Trp3-Lyss cross-link present in
darobactin A. In our initial approach, we envisioned establishing the C—C bond with via a Sigman-
Heck reaction and converting the resulting aldehyde to a corresponding terminal olefin. Our
newly developed enantioselective allylic C—H amidation would then install the amino acid
fragment. However, further investigation by Quincy McKoy showed that amino acid-derived
dioxazolones racemised during their synthesis, rendering this strategy infeasible. We next
envisioned a stereoselective carboamination reaction across an internal olefin to form a C—C and
C—Nbond in a single step. While an enantioselective variant of this reaction was recently reported
by Cramer and co-workers, further work in necessary for this reaction to be feasible in the context
of darobactin A. Christopher Poff is currently working on further development of this reaction.
Our current strategy was inspired by Chen’s synthesis of celogentin C and Boger’s synthesis of
streptide, and involves the iterative § C—H arylation and alkylation of alanine equipped with an
aminoquinoline directing group. Model studies indicated that we would require a protected
alcohol as a precursor to the amine. Current work is directed towards accessing the aryl iodide
coupling partner required for the reaction, which we will access via aromatic Finkelstein

iodination of the aryl bromide.52 This chapter concludes Part IT of this dissertation.
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6.6 Experimental

General Information

All reactions were carried out under a nitrogen atmosphere with anhydrous solvents in oven- or
flame-dried glassware using the standard Schlenk technique, unless otherwise stated.
Anhydrous dichloromethane (DCM), diethyl ether (Et20), tetrahydrofuran (THF), and toluene
were obtained by passage through activated alumina using a Glass Contours solvent purification
system. 1,2-Dichloroethane (DCE), 2,2,2-trifluoroethanol (TFE), and tert-Amyl alcohol were
distilled over calcium hydride (CaH.) and stored over activated molecular sieves. Solvents for
workup, extraction, and column chromatography were used as received from commercial
suppliers without further purification. InCl;, AgSbFs, CsOAc, LiNTf., LiOAc, [Cp*IrCl.].,
[Cp*RhCl.]s, (S,S)-[Rh(2-Me-3-Ph-Ind)1.],, (R,R)-[Rh(2-Me-3-Ph-Ind)I.],, and CDI were
stored and weighed in a nitrogen-filled glovebox. All other chemicals were purchased from
Sigma-Aldrich, Strem Chemicals, Oakwood Chemicals, Alfa Aesar, or Combi-Blocks, and used as
received without further purification, unless otherwise stated. *H and 3C nuclear magnetic
resonance (NMR) spectra were recorded on a Varian Inova 600 spectrometer (600 MHz 'H, 151
MHz 3C), a Bruker 600 spectrometer (600 MHz *H, 151 MHz 13C), a Varian Inova 500
spectrometer (500 MHz 'H, 126 MHz 3C), and a Varian Inova 400 spectrometer (400 MHz *H,
100 MHz 13C) at room temperature in CDCI3 (neutralized and dried over anhydrous K.COs) with
internal CHCl; as the reference (77.26 ppm for *H, 77.16 ppm for 13C), unless otherwise stated.
Chemical shifts (8 values) were reported in parts per million (ppm), and coupling constants (J
values), in Hz. Multiplicity was indicated using the following abbreviations: s = singlet, d =
doublet, t = triplet, q = quartet, qn = quintet, m = mutiplet, br = broad. Infrared (IR) spectra
were recorded using a Thermo Electron Corporation Nicolet 380 FT-IR spectrometer. High
resolution mass spectra (HRMS) were obtained using a Thermo Electron Corporation Finigan
LTQFTMS (at the Mass Spectrometry Facility, Emory University). Analytical thin layer

chromatography (TLC) was performed on precoated glass backed Silicycle SiliaPure 0.25 mm
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silica gel 60 plates and visualized with UV light, ethanolic p-anisaldehyde, or aqueous potassium
permanganate (KMnO,). Flash column chromatography was performed using Silicycle
SiliaFlash F60 silica gel (40—63 um) on a Biotage Isolera One system. Preparatory TLC was

performed on pre-coated glass backed Silicycle SiliaPure 1.0 mm silica gel 60 plates.

Procedures and Characterisation

Olefin (+)-6.38

N"1ws
(2 equiv)
Me InCls (5 mol %) Me
TMS-Br (10 mol %)
OH X
Hexane, r.t.
43% H
Ph Ph
(+)-6.37 (+)-6.38

This procedure was adapted from Baba and co-workers.3° In a nitrogen-filled glovebox, InCl,
(0.056 g, 0.25 mmol) was weighed into a round-bottom flask equipped with a magnetic stir bar.
The flask was capped with a septum and brought of the glovebox. Hexane (3 mL),
allyltrimethylsilane (1.6 mL, 10.0 mmol), and TMS—Br (0.065 mL, 0.50 mmol) were added to
the reaction flask. A solution of alcohol (+)-6.37 in hexane (3 mL) was added slowly over 5
minutes and the reaction was stirred at room temperature for 24 hours. The reaction was
quenched with saturated aqueous NaHCOj; (10 mL) and diluted with Et.O (10 mL). The layers
were separated, and the aqueous layer was washed with Et,O (2 x 10 mL). The combined organic
extracts were washed with brine (30 mL), dried over anhydrous MgSO,, filtered, and
concentrated under reduced pressure. Purification by flash chromatography on silica gel (0-2%
Et,O in Hexanes) provided (+)-6.38 (0.484 g, 43%). *H NMR spectrum matches previously
reported data.3°

tH NMR (CDCl;, 500 MHz) & 7.62 — 7.59 (m, 2H), 7.57 — 7.52 (m, 2H), 7.44 (dd, J = 8.5, 7.0
Hz, 2H), 7.38 — 7.32 (m, 1H), 7.29 (d, J = 8.2 Hz, 2H), 5.77 (ddt, J = 17.4, 10.2, 7.1 Hz, oH), 5.04
(ddtd, J = 17.1, 2.1, 1.4, 0.6 Hz, 1H), 5.00 (ddq, J = 10.2, 2.0, 1.0 Hz, 1H), 2.86 (h, J = 7.0 Hz, H),

2.45 (dt, J = 13.7, 6.7 Hz, H), 2.34 (dt, J = 13.8, 7.5 Hz, H), 1.31 (d, J = 6.9 Hz, 3H) ppm.
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Pivalamide (+)-6.41a

0
0J<
0
~ 7/
Bu N 6.39a (2 equiv) Ve

Me (#)-[Rh(2-Me-3-Ph-Ind)l,], (6.40, 5 mol %)
AgNTY, (20 mol %), LIOAc (10 mol %)
N LiNTf, (1 equiv) X
DCE (0.2 M), r.t., 48 h HN_ _O
H Ph Y
Ph

33%, 4.1:1d.r.

1
(+)-6.38 (+)6.412 U
4.1:1 mixture
of diastereomers

o
Prepared according to the general procedure for allylic C—H amidation (see Chapter 5

experimental, General Procedure D) using (£)-6.40 (0.0056 g, 0.005 mmol), AgNTf, (0.0078
g, 0.020 mmol), LiOAc (0.00066 g, 0.010 mmol), LiNTf, (0.029 g, 0.10 mmol), tert-butyl
dioxazolone 6.39a (0.029 g, 0.20 mmol), and (+)-6.38 (0.022 g, 0.10 mmol) in DCE (0.25
mL) at room temperature for 48 hours. The reaction was filtered through a celite plug with
EtOAc (8 mL) and the filtrate was concentrated under reduced pressure. Purification by flash
chromatography on silica gel provided (+)-6.41a as a ~4:1 mixture of diastereomers (0.0107 g,
33%).

tH NMR (CDCl;, 600 MHz) 6 7.61 — 7.58 (m, 10H), 7.58 — 7.53 (m, 10H), 7.44 (td, J = 7.9, 2.2
Hz, 10H), 7.34 (td, J = 7.3, 1.3 Hz, 5H), 7.27 (d, J = 8.2 Hz, 2H), 7.24 (d, J = 8.2 Hz, 8H), 5.83
(ddd, J = 16.7, 10.4, 5.9 Hz, 1H), 5.71 (ddd, J = 16.9, 10.5, 6.1 Hz, 4H), 5.51 (d, J = 8.9 Hz, 4H),
5.40 (d, J = 8.7 Hz, 1H), 5.15 — 5.11 (m, 5H), 5.12 — 5.06 (m, 5H), 4.71 (dtt, J = 9.3, 6.3, 1.6 Hz,
4H), 4.66 (dtt, J = 8.7, 5.9, 1.5 Hz, 1H), 3.03 (p, J = 7.0 Hz, 4H), 2.99 (p, J = 7.1 Hz, 1H), 1.35 (d,

J = 7.4 Hz, 15H), 1.19 (s, 36H), 1.05 (s, 9H) ppm.

CuCl/(S,S)-Ph-BPE (2 mol %)

o | LiO'Bu (2 equiv) Me
| PPhzMeBr, KOBu (OMe),MeSiH (2 equiv) B
I
X
THF, -78 °Cto rt. OP(O)(OPh),
e P (O)( 2 D/T\
Ph Ph Ph

(2 equiv)
THF, r.t, 17 h (R)-6.38
67%, 99% e.e.

6.42 6.43

(R)-6.38 was prepared in two steps from biphenyl aldehyde 6.42 according to previously

reported procedures.3%32



283

Me Pivalamide (S,S)-6.41a: Prepared according to the general procedure for

th/\:o enantioselective allylic amidation (see Chapter 5 experimental, General

Goeda B Procedure D) using (R)-4-(pent’4-en-2-yl)-1,1'-biphenyl [(R)-6.38] (0.0220 g,
0.10 mmol, 1.0 equiv), 3-(tert-butyl)-1,4,2-dioxazol-5-one (6.39a) (0.0286 g, 0.20 mmol, 2.0
equiv), (R,R)-[Rh(2-Me-3-Ph-Ind)1.]. [(R,R)-6.40] (0.0056 g, 0.005 mmol, 0.05 equiv),
LiOAc (0.0006 g, 0.010 mmol, 0.10 equiv), AgNTf, (0.0078 g, 0.020 mmol, 0.20 equiv), and
LiNTf, (0.0290 g, 0.10 mmol, 1.0 equiv) in DCE (0.5 mL) at 40 °C for 48 hours. Purified by flash
chromatography on silica gel (5-30% EtOAc in Hexanes) to provide (S,S)-6.41a (0.0120 g, 37%
yield, >20:1 d.r.) as a white solid.
tH NMR (CDCl,;, 600 MHz) 6 7.59 (d, J = 8.0 Hz, 1H), 7.55 (d, J = 8.3 Hz, 1H), 7.44 (t,J = 7.8
Hz, 1H), 7.37 — 7.32 (m, 1H), 7.24 (dd, J = 8.2, 2.4 Hz, 2H), 5.70 (ddd, J = 16.8, 10.4, 6.1 Hz,
1H), 5.50 (d, J = 8.8 Hz, 1H), 5.15 — 5.04 (m, 1H), 4.75 — 4.66 (m, 1H), 3.03 (q, J = 6.9 Hz, 1H),
1.35 (d, J = 7.2 Hz, 2H), 1.19 (s, 2H) ppm.
13C NMR (CDCl,, 126 MHz) & 177.53, 141.48, 140.90, 139.83, 135.58, 128.92, 128.87, 127.38,
127.13, 127.10, 116.42, 55.82, 43.57, 39.00, 27.77, 18.00 ppm.
HRMS (+APCI) calculated for C..H.sNO [M + H]* 322.2171, found 322.2167.

We N-Phth-glycine amide (S,S)-6.41b: Prepared according to the general

TN
Ph/©/:'i/\% procedure for enantioselective allylic amidation (see Chapter 5, General

(S,5)-6.41b NPhih

Procedure D) using (R)-4-(pent’4-en-2-yl)-1,1'-biphenyl [(R)-6.38]
(0.0220 g, 0.10 mmol, 1.0 equiv), 2-((5-0x0-1,4,2-dioxazol-3-yl)methyl)isoindoline-1,3-dione
(6.39b) (0.0492 g, 0.20 mmol, 2.0 equiv), (R,R)-[Rh(2-Me-3-Ph-Ind)L.]. [(R,R)-6.40]
(0.0056 g, 0.005 mmol, 0.05 equiv), LiOAc (0.0006 g, 0.010 mmol, 0.10 equiv), AgNTT,
(0.0078 g, 0.020 mmol, 0.20 equiv), and LiNTf, (0.0290 g, 0.10 mmol, 1.0 equiv) in DCE (0.5
mL) at 60 °C for 48 hours. Purified by flash chromatography on silica gel (20-50% EtOAc in

Hexanes) to provide (S,S)-6.41b (0.0290 g, 41% yield, >20:1 d.r.) as a white solid.



284

tH NMR (CDCl;, 600 MHz) 6 7.85 (dd, J = 5.4, 3.0 Hz, 2H), 7.67 (dd, J = 5.4, 3.0 Hz, 2H), 7.50
—7.47 (m, 2H), 7.44 — 7.37 (m, 4H), 7.36 — 7.32 (m, 1H), 7.19 (d, J = 8.2 Hz, 2H), 5.68 (ddd, J =
17.0, 10.5, 6.3 Hz, 1H), 5.59 (d, J = 9.0 Hz, 1H), 5.20 — 5.09 (m, 2H), 4.76 — 4.65 (m, 1H), 4.37
(d, J = 16.1 Hz, 1H), 4.31 (d, J = 16.0 Hz, 1H), 3.05 (q, J = 7.1 Hz, 1H), 1.34 (d, J = 7.2 Hz, 3H)
ppm.

13C NMR (CDCl,, 151 MHz) & 167.82, 165.37, 140.77, 140.71, 139.85, 134.42, 134.29, 132.04,
128.89, 128.85, 127.37, 127.12, 127.11, 123.79, 117.48, 56.48, 43.24, 41.30, 17.89 ppm.

HRMS (+APCI) calculated for C.,H.;N.O3 [M + H]* 425.1865, found 425.1869.

Ph Ph Ph
CDI, NH,OH-HCI H cDI
OH —— ———— N — o}
BocHN THF, rt. BocHN OH DCM, r.t,, 30 s BocHN 1 >.—__:o
o
o o 46% over two steps N—d
6.49 6.50 6.51

0 0 o0
CDI (1.5 equiv), 2 h CDI (1 equiv) \(
\ -0
N N~

N OH NH,OH-HCI (2 equiv) N HN—OH DCM, r.t., 15 min
Boc THF, r.t., 16 h Boc 37% over two steps \Boc

6.52 6.53 6.54
Amino acid-derived hydroxamic acids 6.50 and 6.53 were synthesised according to

previously reported procedures for hydroxamic acids and were carried forward crude without
further purification.5354
General Procedure A: Synthesis of amino acid-derived dioxazolones from
hydroxamic acids: CDI (1 equiv) was added to a solution of hydroxamic acid (1 equiv) in DCM
and the resulting mixture was stirred for the indicated time. The reaction mixture was filtered
through a plug of silica and washed with DCM (~50 mL). The filtrate was concentrated under
reduced pressure to provide the amino acid-derived dioxazolones.
Fh Boc-Phe-dioxazolone 6.51: Prepared according to General Procedure A
BOCHN]\E;\FO using Boc-Phe-NHOH 6.50 (0.7245 g, 2.585 mmol) and CDI (0.4191 g, 2.585
- mmol) in DCM (20 mL) at room temperature for 30 seconds to provide Boc-

Phe-dioxazolone 6.51 (0.3642 g, 46% over two steps). Used without further purification.

tH NMR (CDCl;, 500 MHz) 6 7.39 — 7.28 (m, 3H), 7.20 — 7.12 (m, 2H), 5.05 (app s, 1H), 4.81
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(app s, 1H), 3.22 — 3.08 (m, 2H), 1.41 (s, 9H) ppm.

13C NMR (CDCl,, 151 MHz) § 165.76, 154.58, 153.71, 134.08, 129.27, 128.98, 128.02, 48.07,

37.85, 28.31 ppm.

HRMS (-APCI) calculated for C,sH;;N.O5 [M — H]- 305.1173, found 305.1146.

mo\[yo Boc-Pro-dioxazolone 6.54: Prepared according to General Procedure A using
N‘Bgcs \ " Boc-Pro-NHOH 6.53 (0.322 g, 1.40 mmol) and CDI (0.227 g, 1.40 mmol) in DCM

(10 r.nL) at room temperature for 15 minutes to provide Boc-Pro-dioxazolone 6.54 (0.1327 g,

37% over two steps) as a 1:1 mixture of rotamers. Used without further purification.

tH NMR (CDCl;, 600 MHz, CDCl;) & 4.84 — 4.78 (m, 1H), 4.73 — 4.63 (m, 1H), 3.56 — 3.35 (m,

4H), 2.40 — 2.23 (m, 2H), 2.18 — 1.97 (m, 6H), 1.45 (s, 9H), 1.42 (s, 9H) ppm.

13C NMR (CDCl,, 151 MHz) & 166.89, 166.69, 154.17, 154.05, 153.88, 153.18, 124.93, 81.45,

81.15, 52.23, 46.62, 46.40, 30.78, 29.88, 28.41, 28.36, 24.28, 23.58 ppm.

HRMS (+NSI) calculated for C,;H;;N.O; [M + H]* 257.1137, found 257.1132.

o)
(R,R)-6.40 (2.5 mol %) L
H /\H/NHOMe K3PO, (50 mol %) HN Me
+
o. TFE, 60 °C, 22 h NHOMe

4A mol sieves
80:20 e.r. OH (o]

(e} Me

6.58 6.65 6.66

In a nitrogen-filled glovebox, N-phenoxyacetamide (6.58) (0.012 g, 0.079 mmol), K;PO, (0.007
g, 0.033 mmol), 4A MS (~50 mg), and (R,R)-6.40 (0.0019 g, 0.0017 mmol) were added to a 4-
mL vial equipped with a magnetic stir bar and a Telfon-septum cap. The vial was sealed and
brought out of the glovebox. A solution of N-methoxyacrylamide (6.65) (0.0067 g, 0.066 mmol)
in TFE (0.4 mL) was added and the vial was sealed with Teflon and parafilm. The reaction was
stirred at 60 °C for 24 hours. The reaction was removed from heat and allowed to cool to room
temperature. The reaction was filtered through a plug of celite with EtOAc (8 mL) and the
filtrate was concentrated under reduced pressure. Minimal quantities of the desired product
6.66 was detected in the crude '"H NMR spectrum by comparison to previously reported *H

NMR data.35 Enantioselectivity was determined by HPLC analysis of the crude reaction mixture.
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HPLC (AD-H column, 10% 2-propanol in Hexanes, 1 mL/min) ty = 17.5 min, tm = 25.6 min,
o
I\/\/i@ I\/\/NHTS I\/\/OTBDPS
6.90 0 6.91 6.94

Alkyl iodides 6.90,447 6.91,4349 and 6.94475° were prepared according to previously reported

80:20 e.r.

procedures.

This procedure was adapted from previously reported work by Shi and co-workers.45

Pd(OAc), (10 mol %)
o AGoCOs (1.5 equiv) PRN,, S\ |
NaOCN (2 equiv) H
PhthN,
fLH | + I _~_OTBDPS o N
N cl SO,NH
Ph” “H X < > 2Nz

6.88 (30 mol %)
tAmylOH, 80 °C, 20 h OTBDPS
6.81 6.94 56%, >20:1 d.r. 6.95

Phenylalanine 6.81 (0.021 g, 0.050 mmol), Pd(OAc). (0.0011 g, 0.005 mmol), NaOCN (0.0065

g, 0.10 mmol), Ag.CO; (0.021 g, 0.075 mmol), and 4-chlorobenzenesulfonamide (6.88) (0.0029
g, 0.015 mmol) were added to a 4-mL vial equipped with a magnetic stir bar and Teflon-septum
cap. The vial was sealed, and evacuated and backfilled with nitrogen three times. A solution of
alkyl iodide 6.94 (0.042 g, 0.10 mmol) in ‘Amyl alcohol (0.5 mL) was added and the vial was
sealed with Teflon and parafilm. The reaction was stirred at 80 °C for 36 h. The reaction was
removed from heat and allowed to cool to room temperature. The reaction mixture was filtered
through a plug of celite with DCM (8 mL) and the filtrate was concentrated under reduced
pressure. Purification by flash chromatography on silica gel (10-30% EtOAc in Hexanes)
provided modified amino acid 6.95 (0.0201 g, 56%) as a single detectable diastereomer.

tH NMR (CDCl,;, 400 MHz) 6 10.72 (br s, 1H), 8.85 (dd, J = 4.3, 1.7 Hz, 1H), 8.81 (dd, J = 5.3,
3.7 Hz, 1H), 8.14 (dd, J = 8.3, 1.7 Hz, 1H), 7.69 (dd, J = 5.5, 3.0 Hz, 2H), 7.59 (dd, J = 5.5, 3.0
Hz, 2H), 7.57 — 7.47 (m, 6H), 7.43 (dd, J = 8.3, 4.2 Hz, 1H), 7.33 (dd, J = 7.3, 1.7 Hz, 2H), 7.30 —
7.27 (m, 3H), 7.25 — 7.20 (m, 3H), 7.15 (t, J = 7.6 Hz, 2H), 7.05 (t, J = 7.3 Hz, 1H), 5.23 (d, J =

11.8 Hz, 1H), 4.20 (id, J = 11.6, 3.2 Hz, 1H), 3.54 (t, J = 6.2 Hz, 2H), 1.92 — 1.77 (m, 2H), 1.41 —
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1.29 (m, 2H), 0.86 (s, 9H) ppm.

Z>co,Bu CO,Bu
H Pd(OAc), (10 mol %) _
N Cu(OAc), (1.8 equiv)
DMF N
Br N 70°C, 18 h
54% N
Br H
6.96 6.97

Adapted from previously reported procedures.5* 6-bromoindole (6.96) (0.0392 g, 0.20 mmol)
and Cu(OAc). (0.0654 g, 0.360 mmol) were weighed into a 4-mL vial equipped with a magnetic
stir bar and Teflon-septum cap. Tert-butyl acrylate (0.0581 mL, 0.40 mmol) was added via
microsyringe. Pd(OAc). (0.0045 g, 0.020 mmol) was added as a solution in DMF (0.40 mL).
DMSO (0.044 mL) was added and the reaction was stirred at 70 °C for 24 hours. The reaction
was removed from heat and allowed to cool to room temperature. The mixture was diluted with
H.O (1 mL) and EtOAc (1 mL) and the resulting biphasic mixture was filtered through a plug of
celite. The layers were separated, and the aqueous layer was washed with EtOAc (3 x 5 mL). The
combined organic extracts were washed with brine, dried over anhydrous Na.SO,, filtered, and
concentrated under reduced pressure. Purification by flash chromatography on silica gel (10-
40% EtOAc in Hexanes) provided cinnamate 6.97 (0.035 g, 54%).

tH NMR (CDCl;, 600 MHz) 6 8.63 (br s, 1H), 7.77 (d, J = 14.4 Hz, 1H), 7.75 (d, J = 6.9 Hz, 1H),
7.56 (d,J = 1.7,1H), 7.42 (d, J = 2.7 Hz, 1H), 7.33 (dd, J = 8.5, 1.7 Hz, 1H), 6.35 (d, J = 16.0 Hz,
1H), 1.56 (s, 9H) ppm.

13C NMR (CDCl,, 151 MHz) § 167.76, 137.99, 136.68, 128.83, 124.69, 124.40, 121.74, 116.80,
116.24, 114.87, 113.80, 80.36, 28.46 ppm.

HRMS (+APCI) calculated for C,sH,,BrNO, [M + H]* 322.0443, found 322.0275.

CO,Bu CO,Bu
— NsClI —

EtsN, DMAP (0.10 equv)
N\ DCM, 0 °C to rt A\
53%

N
Br N Br \
H Ts

6.97 6.98
Adapted from previously reported procedures.55 TsCl (0.108 g, 0.564 mmol), DMAP (0.0069 g,
0.0564 mmol), and Et;N (0.0857 g, 0.846 mmol) were added to a solution of cinnamate 6.97

(0.200 g, 0.621 mmol) in DCM (7 mL) and the reaction was stirred at room temperature for 16
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hours. The reaction was diluted with H,O (10 mL). The layers were separated, and the aqueous
layer was washed with DCM (3 x 10 mL). The combined organic extracts were washed with
brine, dried over anhydrous Na.SO,, filtered, and concentrated under reduced pressure.
Purification by flash chromatography on silica gel (10-40% EtOAc in Hexanes) provided 6.98
(0.151 g, 56%).

tH NMR (CDCl,;, 400 MHz) 6 8.18 (d, J = 1.8, Hz, 1H), 7.82 — 7.74 (m, 3H), 7.64 (d, J = 8.5 Hz,
1H), 7.62 (d, J = 16.1, Hz, 1H), 7.43 (dd, J = 8.5, 1.8 Hz, 1H), 7.28 (d, J = 8.7, Hz, 1H), 6.39 (d, J

=16.1 Hz, 1H), 2.38 (s, 3H), 1.53 (s, 9H) ppm.

CO,Bu CO,Bu
— p-NsClI p—
EtsN, DMAP (0.10 equv)

N\ DCM, 0 °C fo rt N

77% N

Br H Br \
p-Ns

6.97 6.99

Adapted from previously reported procedures.5s The reaction was conducted as described above
for compound 6.98 with p-NsCl (0.1483 g, 0.669 mmol), DMAP (0.0082 g, 0.0669 mmol),
Et;N (0.140 mL, 1.00 mmol), and 6.97 (0.2372 g, 0.736 mmol) in DCM (7 mL). Purification by
flash chromatography on silica gel (20-50% EtOAc in Hexanes) provided 6.99 (0.2623 g, 77%).
tH NMR (CDCl;, 600 MHz) 6 8.33 (d, J = 8.8 Hz, 2H), 8.18 (d, J = 1.7 Hz, 1H), 8.08 (d, J = 8.8
Hz, 2H), 7.73 (s, 1H), 7.66 (d, J = 8.5 Hz, 1H), 7.61 (d, J = 16.2 Hz, 1H), 7.48 (dd, J = 8.5, 1.7 Hz,
1H), 6.42 (d, J = 16.2 Hz, 1H), 1.53 (s, 9H) ppm.

13C NMR (CDCl,, 151 MHz) & 165.84, 151.00, 142.71, 136.13, 133.02, 128.24, 128.18, 127.37,

127.15, 124.91, 122.12, 122.08, 119.87, 119.70, 116.79, 81.01, 28.19 ppm.
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6.7 Spectral data
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